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A. Stargardt

Let’s not forget peptidases in Alzheimer’s disease as important players in the 

progression of the disease. Also, ‘Let’s not forget’  is the ultimate goal of the 

research described in this thesis.
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1
INTRODuCTION

Alzheimer’s disease (AD) is the most common form of dementia and is a devastating progressive 

neurodegenerative disorder currently affecting over 35 million people worldwide. This number is 

expected to raise because of the growing world population and increasing longevity. Symptoms 

of AD include impaired memory, personality changes, hallucinations and cognitive decline.  

Aging is an important risk factor to develop AD; 1 in 3 people over the age of 85 are affected by AD. 

Cure or disease-modifying therapies are not available and clinical diagnosis is based on impairment 

of memory and other cognitive functions. 

AD is hallmarked by extracellular aggregates of Aβ peptides (plaques) and accumulation of these 

peptides starts decades before the onset of the first symptoms. The Aβ peptide is generated from 

the amyloid precursor protein (APP). Depending on the processing of APP, either the Aβ peptide is 

produced (amyloidogenic pathway) or a different, non-toxic peptide (non-amyloidogenic pathway). 

Understanding of the underlying biological processes has been gained from studies investigating gene 

mutations in familial AD which is the rare, heritable form of the disease. These gene mutations lead 

to an increased production of the Aβ peptide, resulting in the formation of plaques and associated 

symptoms. Knowledge about these gene mutations has also contributed to the generation of AD 

mouse models.

However, most cases of AD (over 95%) are not inherited and are termed ‘sporadic’. It is likely that 

this form of AD is not caused by excessive production of the Aβ peptide but rather a less efficient 

clearance. The final result is the same, the Aβ peptide accumulates and leads to plaque formation as 

observed in the brains of AD patients.

The aim of this thesis is to investigate the role of peptidases in AD, as part of the cellular proteostasis 

network that degrades peptides. We have analyzed which peptidases are able to degrade the Aβ 

peptide and how their levels and activity change during the development of AD. We have been 

particularly interested in changes that occur in early stages of AD before the onset of symptoms 

and whether these changes can be observed in AD mouse models. Understanding of processes that 

take place in the early stages of the disease is important to allow therapeutic intervention before 

AD becomes manifest. In addition, we have examined whether changes in peptidase activity can be 

used to diagnose AD in early stages. 

SCOPE OF THE THESIS

Production and secretion of the Aβ peptide is affected by neuronal activity. In chapter 2, we review 
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underlying molecular mechanisms and discuss the role of neuronal hyperactivity in the presymptomatic 

stages of AD. 

Changes in the brains of presymptomatic AD patients are investigated in chapter 3. We designed 

a quenched fluorogenic Aβ40 peptide that becomes fluorescent upon degradation. By measuring 

degradation of the quenched Aβ40 peptide in human post mortem hippocampal tissue in different Braak 

stages of sporadic AD we showed less efficient Aβ clearance by the peptidase insulin-degrading enzyme 

already in Braak stage I and II, before the onset of any symptoms. Furthermore, we demonstrated that, 

unlike in human hippocampal tissue, two commonly used AD mouse models did not show decreased 

Aβ clearance during AD development. In chapter 4, we investigated whether the reduction in Aβ 

degradation as observed in human post mortem hippocampal tissue can be observed in CSF or blood 

plasma of AD patients. We describe an assay of measuring the quenched Aβ40 peptide degradation as 

a diagnostic and prognostic tool for AD. In chapter 5, a filed patent is described for the application of 

quenched Aβ40 peptide degradation as a diagnostic and prognostic tool. In chapter 6, we describe 

in detail the method in which quenched fluorescent peptides are used to study peptide degradation 

in living cells and cell lysates. 

In chapter 7, we examine early changes in human and mouse brains during the progression to 

AD. We describe a microarray screen to study gene expression changes in the prefrontal cortex of an 

AD mouse model during the development of AD. Mainly genes involved in the immune response 

showed altered expression. We compared this data to gene expression changes in the human prefrontal 

cortex during AD development and show that there is almost no overlap; in human prefrontal cortex 

mainly genes involved in synaptic activity have altered expression. 

In chapter 8, we study the tripeptidyl peptidase II (TPP2) that is involved in many cellular processes 

including antigen presentation, cancer, cell proliferation and DNA repair. To identify (in)direct 

proteomic targets of TPP2, we performed a proteomic screen in SH-SY5Y cells with the use of the SILAC  

(stable isotope labeling by amino acids in cell culture) method. Diminished TPP2 activity resulted 

in decreased levels of phosphorylated ERK1 and ERK2 in the nucleus. Furthermore, we show for the 

first time the involvement of TPP2 in synaptic activity and its ability to alter cellular levels of APP.  

In chapter 9, we investigate the link between TPP2 and the amyloid precursor protein and show that 

TPP2 knock down led to accumulation of O-glycosylated APP in the Golgi complex and higher levels 

of C-terminal APP fragments that result from α-secretase cleavage (CTF-α) (the non-amyloidogenic 

pathway) in SH-SY5Y cells and organotypic hippocampal mouse brain slices. 

In chapter 10, we summarize the results presented in the preceding chapters and  

formulate conclusions.
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ABSTRACT

Neuronal activity directly promotes the production and secretion of Aβ. Interestingly, neuronal 

hyperactivity can be observed in presymptomatic stages of both sporadic and familial Alzheimer’s 

disease (AD) and in several AD mouse models. In this review, we will highlight recent evidence for 

neuronal hyperactivity before or during the onset of cognitive defects in mild cognitive impairment. 

Furthermore, we review specific molecular mechanisms through which neuronal hyperactivity affects 

Aβ production and degradation. With these data, we will provide more insight into the two-faced 

nature of neuronal hyperactivity: does enhanced neuronal activity during the presymptomatic stages 

of AD provide protection against the earliest disease processes, or is it a pathogenic contributor to AD?

INTRODuCTION

Sporadic Alzheimer’s disease (AD) is the most common form of dementia. Although major risk factors 

for AD have been identified - most notably aging and the ApoE ε4 allele - , it remains unknown 

why people develop AD, and there is no cure for AD. Neuropathologically, AD is characterized by 

extracellular plaques containing aggregated forms of the Aβ peptide, and neurofibrillary tangles 

consisting of hyperphosphorylated tau. Additionally, the loss of functional synapses correlates 

with cognitive decline (Arendt, 2009). The progression of AD can be divided into 7 so-called Braak 

stages (Braak and Braak, 1991). In Braak stages 0-II, subjects are cognitively unaffected. In these 

stages, AD neuropathology is practically absent in brain areas important for memory and cognition:  

the prefrontal cortex is free from tangles but may contain some (diffuse) plaques, whereas a few 

tangles may be observed in the hippocampus. In stages III and IV (mild cognitive impairment), plaque 

density dramatically increases in the prefrontal cortex and significant tangle pathology becomes 

apparent in the hippocampus. In fully demented patients (Braak stages V and VI dementia), plaques 

and tangles can be observed throughout most brain areas.

The discovery that familial, early onset AD (fAD) correlates with several mutations in the 

genes encoding for presenilin 1 (PSEN1), presenilin 2 (PSEN2), or the amyloid precursor protein 

(APP) has focused much of the AD research field on the Aβ peptide - a peptide that is formed after 

sequential β- and γ–secretase-mediated cleavage of APP - as cause for AD. Indeed, these mutations 

cause an increase in the brain levels of Aβ and shift the ratio between Aβ40 and Aβ42 - the two 

dominant Aβ species - towards the more aggregate-prone Aβ42 species (Shen and Kelleher, 2007). 

Interestingly, subsequent research into the properties of Aβ has revealed that excessive levels of Aβ 

inhibit activity-dependent synaptic plasticity, the basis for learning and memory (Koffie et al., 2011;  
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LaFerla et al., 2007). For example, infusion of Aβ in rats transiently impairs cognitive function  

(Cleary et al., 2005), and acute neuronal overproduction of Aβ blocks synaptic plasticity  

(Kessels et al., 2013; Wei et al., 2010). These unique synaptotoxic properties, together with its 

accumulation in both familial and sporadic AD, established Aβ as a key player in AD.

In contrast, the normal physiological role of Aβ is poorly understood. Aβ is continuously 

produced throughout life in the healthy brain, and endogenous Aβ is required for synaptic plasticity 

and memory (Puzzo et al., 2011). The effects of Aβ on synaptic function are dose-dependent:  

picomolar concentrations of Aβ enhance learning and memory, while nanomolar concentrations 

block learning and memory (Puzzo and Arancio, 2012). Interestingly, neuronal activity directly 

promotes the production and secretion of Aβ (Cirrito et al., 2008, 2005), suggesting that neuronal 

activity and plasticity and Aβ together form a negative feedback loop. Thus, learning and memory 

require a precisely tuned balance between synaptic activity and plasticity on one hand, and Aβ 

levels on the other hand (Fig. 1). Disturbances in the balance between Aβ and neuronal activity may 

initiate a pathogenic cascade of events that eventually results in cognitive decline and dementia. 

In this review, we will discuss how increased neuronal activity during the initial, presymptomatic 

stages of AD affects the levels and synaptotoxic properties of Aβ. We will highlight recent evidence 

that demonstrates that neuronal hyperactivity is observed during or even before mild cognitive 

impairment (MCI). Furthermore, we review specific molecular mechanisms through which 

neuronal hyperactivity affects Aβ production and degradation. With these data, we will provide 

more insight into the two-faced nature of neuronal hyperactivity: does enhanced neuronal activity 

during the presymptomatic stages of AD provide protection against the earliest disease processes,  

or is it a pathogenic contributor to AD?

It should be noted that in this review, we specifically consider the situation where neuronal 

hyperactivity already exists. As schematically depicted in Fig. 1, this does not imply that neuronal 

hyperactivity – by increasing Aβ production and secretion - is the cause of increased Aβ, as it can also 

be that neuronal hyperactivity is compensatory response to the first synaptotoxic effects of increased 

Aβ levels. It remains at this moment unclear whether neuronal hyperactivity precedes the buildup 

of synaptotoxic Aβ levels, or vice-versa. We therefore focus our discussion on the modulatory role 

of neuronal hyperactivity on Aβ levels.
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1. NEuRONAL HyPERACTIvITy DuRING THE EARLIEST STAGES 
OF AD AND IN AD MOuSE MODELS

During the last decade, an increasing amount of evidence has been gathered that shows that the 

typical decrease in neuronal activity associated with advanced Alzheimer’s disease (AD) is preceded 

by a period of neuronal hyperactivity in brain areas relevant to AD. Interestingly, this can already be 

observed in the earliest stages of AD, prior to plaque formation.

1.1 Neuronal hyperactivity in the presymptomatic Alzheimer’s disease brain

1.1.1 fMRI evidence for neuronal hyperactivity in sporadic mild cognitive impairment

The majority of experimental evidence for neuronal hyperactivity in the brain of patients with MCI 

has been gathered by functional magnetic resonance imaging (fMRI) measurements that assess 

brain activity levels during memory tasks. Using this technique, a substantial number of studies 

have reported that MCI is associated with hyperactivation of multiple brain areas compared to  

age-matched controls (e.g. Celone et al., 2006; Dickerson et al., 2005, 2004; Hämäläinen et al., 2007;  

Kim et al., 2012; Kircher et al., 2007), for a review see Pihlajamäki et al., 2009). Although fMRI 

measurements do not reach neuronal resolution, increased synaptic function indeed forms the 

basis for elevated levels of regional metabolic, blood flow or BOLD-signal changes in the healthy 

brain (Logothetis et al., 2001). In the MCI and/or AD brain however, pathological changes such as 

reactive gliosis and vascular changes may provide additional sources to the observed fMRI signal. 

Thus, when we refer to “neuronal hyperactivity” based on fMRI evidence, we cannot exclude that 

metabolic changes from non-neuronal sources also contribute to the observed changes. fMRI studies 

of Bassett et al. demonstrated that asymptomatic offspring (50-75 years of age) of autopsy-confirmed  

late-onset, sporadic AD cases showed more intense and extensive activation in the frontal and 

temporal lobes including the hippocampus during memory encoding, compared to age-matched 

controls. These findings were corroborated by data showing that MCI was associated with hyperactivity 

of the hippocampus (Putcha et al., 2011). Importantly, the increase in hippocampal activity correlated 

with atrophy in cortical regions vulnerable to AD, such as the medial temporal lobe, suggesting a 

relationship between hyperactivity and atrophy in these functionally connected brain areas. Also 

in amnestic MCI (aMCI), a task dependent on verbal working memory induced a higher activation 

in the parietal and frontal lobes during the maintenance phase in the aMCI group compared to 

matched controls (Bokde et al., 2010). The authors hypothesized that the activation differences may 
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be indicative for a compensation mechanism counteracting the first AD associated neuropathological 

alterations.

In contrast, other studies explain neuronal hyperactivity rather as an early pathological event 

that directly contributes to memory deficits in MCI. For example, Yassa et al. suggested that 

functional hyperactivity may be an indication of aberrant memory encoding: they observed an 

increase in neuronal activity in CA3/dentate gyrus areas in aMCI compared to age-matched healthy 

adults, which was associated with a functional deficit in pattern separation (Yassa et al., 2010). 

Bakker et al. provided experimental support for the hypothesis that early hyperactivity is linked to 

functional impairment. In this study, aMCI patients that were treated with a low dose of the anti-

epileptic levetiracetam (which reduces hippocampal activation) showed significantly improved 

task-related memory performance compared to aMCI patients that received a placebo treatment  

(Bakker et al., 2012). It should be noted that some studies (e.g. Johnson et al., 2006;  

Machulda et al., 2003; Petrella et al., 2006) actually observed lower levels of neuronal activity in MCI. 

This apparent discrepancy may in part be due to subtle differences in disease stages in the included 

cohorts. For example Celone et al. observed a reduction in hippocampal activity in patients with 

Figure 1  -  The feedback loop between synaptic activity and Aβ in the normal and Alzheimer’s disease brain.

In the normal physiological situation, Aβ levels and synaptic activity and plasticity are tightly coupled (left panel). In this system, 

Aβ acts as a “brake” to prevent excessive synaptic activity: when neuronal activity levels increase too much (bottom left), a 

physiological increase in Aβ can desensitize synapses and restore normal synaptic activity levels. On the other hand, a reduction 

in synaptic transmission due to slightly elevated Aβ levels can be overcome by increasing neuronal activity levels. However, 

more severe disturbances in the feedback loop between neuronal activity and Aβ levels can trigger a self-amplifying pathogenic 

cascade that ultimately results in Aβ accumulation and synaptic dysfunction, as observed in AD (right panel). For example, if Aβ 

levels rise above a pathological threshold and start to accumulate, a physiological increase in synaptic activity is not sufficient 

anymore to restore normal synaptic transmission levels. Neuronal hyperactivity may temporally overcome the Aβ-induced block 

in learning and memory, but could in the long run exacerbate Aβ accumulation and overload the synaptic machinery, leading to 

the first AD symptoms: Aβ aggregation and synaptic dysfunction.
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late aMCI and early AD, while less impaired aMCI patients showed increased hippocampal activity  

(Celone et al., 2006). Secondly, enhanced metabolic activity in a particular brain area may be a 

compensatory response to decreased activity in another brain area. In addition, functional activation 

strongly depends on performance and task difficulty (reviewed in Prvulovic et al., 2005).

1.1.2 fMRI evidence for neuronal hyperactivity associated with genetic factors for AD

Neuronal hyperactivity is not only described in sporadic forms of AD, but is also associated with 

genetic components of the disease. Multiple studies, using a number of memory paradigms, 

have shown that carriers of the Apolipoprotein E gene (ApoE) variant ε4 show enhanced 

activation of multiple brain areas, already when still cognitively unaffected (reviewed in  

Bookheimer and Burggren, 2009). Interestingly, carriers of the ApoE ε4 variant have a 10-30 times 

higher risk of developing late-onset sporadic AD (Corder et al., 1993). Also non-demented carriers 

of a clusterin (CLU) allele that recently was identified as a risk factor for AD (Harold et al., 2009;  

Lambert et al., 2009), show higher activity levels in the frontal and posterior cingulate cortex and the 

hippocampus, particularly during working memory tasks, as compared to subjects with the protective allele  

(Lancaster et al., 2011). Finally, Quiroz et al. compared hippocampal activation in young, healthy carriers 

of the E280A mutation in the presenilin 1 gene (PS1) with matched controls. The presymptomatic 

PS1 mutation carriers performed equally well as the control group on an encoding task, but this 

was associated with an increased activation of the right anterior hippocampus (Quiroz et al., 2010).

1.1.3 Cellular and molecular indications for neuronal hyperactivity in MCI

We have observed indications for early neuronal activation in control and MCI brains using 

cellular and molecular biological techniques. Using Golgi apparatus size as a measure for neuronal 

metabolic activity, Dubelaar et al. reported that neurons in the nucleus basalis of Meynert, the 

main source of cholinergic projections to the neocortex, are metabolically hyperactive during MCI  

(Dubelaar et al., 2006). In addition, we have recently conducted a genome-wide gene expression 

study to elucidate the transcriptional alterations associated with the development and progression 

of AD in the prefrontal cortex. This study revealed that in non-demented controls (Braak stage I 

and II), the expression of a large number of genes involved in synaptic activity and plasticity is 

increased, which is followed by a decrease in later Braak stages (Bossers et al., 2010) (Fig. 2, middle 

panel). Examples of genes that follow this pattern of regulation are the synaptic activity-dependent 

genes Arc and EGR1, BDNF and NPTX2. In a subsequent study in the same tissue, we analyzed 
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Figure 2  -  Patterns of synaptic activity, 

Aβ accumulation and Aβ degradation 

during the course of Alzheimer’s disease.

In the earliest, presymptomatic stages 

of AD (Braak stages I-II), Aβ starts to 

accumulate inside neurons (top panel). 

At the same time, neuronal activity 

levels increase (middle panel) but  

IDE-mediated degradation of intraneuronal 

Aβ is decreased (bottom panel). In the 

symptomatic stages of the disease 

(Braak III and later), Aβ levels rise above a 

physiological threshold and plaques start 

to accumulate, intraneuronal Aβ disappears, 

and synaptic gene expression is decreased. 

Although IDE activity slightly recovers at 

Braak III, IDE activity again decreases at 

later disease stages. These parallel events 

may drive disease progression to more 

severe stages of AD, leading to the cognitive 

defects as observed in AD patients. Top 

and middle panel adapted from Bossers 

et al., (2010), bottom panel adapted from  

Stargardt et al., (2013).

miRNA changes during the progression of AD. This study revealed that the expression pattern of  

miR-132, which promotes synaptic activity and plasticity, also increases in the earliest nonsymptomatic 

Braak stages, and decreases during the symptomatic stages of the disease (Lau et al., 2013).  

These findings may be a representation of neuronal hyperactivity on a molecular level. Interestingly, 

the increase in synaptic activity and plasticity gene and miRNA expression coincided with an 

increase in intraneuronal Aβ levels (Fig. 2, top and middle panels). These data suggest that during 

the course of AD, Aβ and neuronal activity levels are linked in the human brain. As these studies 
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were performed on human postmortem material, the exact temporal relationship between increased 

neuronal metabolism, elevated expression of synaptic activity and plasticity gene expression and 

the buildup of intraneuronal Aβ levels remains unknown: we cannot conclude if Aβ triggers a  

(perhaps compensatory) increase in synaptic activity, or that neuronal hyperactivity directly causes 

the buildup of intraneuronal Aβ.

1.1.4 Epilepsy and AD

There is accumulating evidence for a link between neuronal hyperactivity disorders and AD.  

Chronic epilepsy (which is characterized by episodes of neuronal hyperactivity) is associated with an 

increased risk of AD, and cognitive decline and memory problems similar to those in AD have been 

described in epileptic patients, most notably in patients with early onset temporal lobe epilepsy 

(reviewed in Thom et al., 2011). Also, the occurrence of the classical pathological hallmarks of AD 

is increased in epileptic brain areas. A postmortem analysis of the brains of 138 chronic epilepsy 

patients revealed that intermediate levels of neurofibrillar pathology (Braak stages III/IV) were found 

more often in middle-aged epileptic brains as compared to age-matched controls (Thom et al., 2011),  

and the incidence of senile plaque pathology is increased in brain biopsies of epileptic patients 

(Mackenzie and Miller, 1994). Finally, epileptic activity is observed in a subset of sporadic 

AD patients and in many pedigrees with familial AD, and aggravates the disease course  

(Palop and Mucke, 2009). e.g. aMCI patients with epilepsy develop cognitive defects at a younger 

age than non-epileptic aMCI patients (Vossel et al., 2013). 

1.2 Neuronal hyperactivity in animal models for AD

The majority of mouse models for AD are based on genetic mutations that cause rare, presenile 

familial forms of AD. Neuropathologically, the introduction of these genes in mice is usually associated 

with increased levels of the Aβ peptide, a shift towards higher Aβ42/Aβ40 ratios, plaque formation 

and memory deficits. Interestingly, an increasing number of publications report increased neuronal 

excitability and neuronal hyperactivity in several AD mouse models (see below), which suggests 

that indeed neuronal activity and Aβ levels are linked and that the balance between these two is 

disturbed already early in the disease. Similar to neuronal hyperactivity in the earliest AD stages in 

humans, it remains unclear whether hyperactivity in AD mouse models represents a compensatory 

mechanism or is an early pathological event that directly contributes to memory deficits and the 

development of AD.
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1.2.1 Neuronal hyperactivity is a prominent feature in multiple AD mouse models

In a series of seminal papers, Palop, Mucke and colleagues investigated the molecular mechanisms 

underlying spontaneous nonconvulsive seizure activity in cortical and hippocampal networks in 

a mouse model that overexpresses a mutated form of human APP (hAPPFAD) (Palop et al., 2007).  

The investigators demonstrated functional impairment in the inhibitory interneuron circuit in 

these mice that resulted in aberrant excitatory activity. Restoring the inhibitory synaptic activity 

to normal levels reduced epileptic activity, memory deficits and even premature mortality  

(Verret et al., 2012). In addition, they showed that application of the anti-epileptic drug levetiracetam 

reversed abnormal spike activity, hippocampal remodeling, and learning and memory deficits in these mice  

(Sanchez et al., 2012). It is striking to note that the same drug also reversed memory deficits in 

aMCI patients (Bakker et al., 2012), adding further support to the hypothesis that neuronal network 

hyperactivity may causally contribute to cognitive impairment in both aMCI and AD mouse models.

This view is further supported by data from the double-transgenic APP23xPS45 mice, 

overexpressing the APPswe and PS1G384A mutations (Sturchler-Pierrat et al., 1997).  

These mice show neuronal hyperactivity exclusively near Aβ plaques, as was demonstrated by 

in vivo two-photon calcium imaging (Busche et al., 2008). Hyperactivity of neurons in the visual 

cortex of these mice was coupled to defects in neuronal tuning for the orientation of visual stimuli  

(Grienberger et al., 2012). Interestingly, the fraction of hyperactive neurons was already dramatically 

increased in the CA1 area before the onset of plaque pathology, compared to control mice. Treatment 

with a γ-secretase inhibitor reversed the neuronal hyperactivity and reduced soluble Aβ levels, 

and infusion of soluble Aβ was sufficient to induce neuronal hyperactivity (Busche et al., 2012).  

As intraneuronal Aβ accumulation precedes plaque formation in AD brains ((Bossers et al., 2010;  

Gyure et al., 2001; Wirths et al., 2001), Fig. 2), it would be of interest to investigate whether 

intraneuronal Aβ levels were increased in the population of hyperactive neurons compared to those 

exhibiting normal levels of activity. As the aforementioned mouse AD models are all based on the 

overexpression of transgenic forms of APP, they are not directly suitable to study the hypothesis 

that neuronal hyperactivity by itself can alter Aβ levels to such an extent that it triggers the 

pathogenic cascade associated with AD. It is however striking to see that interaction between Aβ 

and neuronal activity appears to play an essential modulatory role in the phenotypes observed in 

these mice: cognitive defects can be rescued by reversing neuronal hyperactivity (Sanchez et al., 2012;  

Verret et al., 2012), and neuronal hyperactivity can be reduced by interfering with Aβ production 

(Busche et al., 2012). As such, these models clearly suggest that the interaction between Aβ and 

neuronal activity may play an important role in the development of AD.
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1.2.2 Increasing synaptic activity and plasticity can protect against Aβ

Despite a lot of data showing neuronal hyperactivity as a pathological event, there are also many 

studies that indicate that increasing neuronal activity and plasticity protects against Aβ-related 

pathological changes in the brain. Cognitive stimulation by means of environmental enrichment  

- which increases synaptic transmission and plasticity (Eckert and Abraham, 2013) - has been shown 

to be beneficial for learning and memory in both mice and rat AD models, not only by stimulating 

clearance of Aβ, but also by modulating APP processing. For example, rats housed in an enriched 

environment show lower amounts of C-terminal fragments of APP, resulting in decreased Aβ plaque 

load compared to rats in a normal, not enriched environment (Briones et al., 2009). A similar effect 

was demonstrated in the APP/PS1 mouse model; environmental enrichment of these mice reduced 

Aβ levels and deposition compared to mice in standard housing conditions, which coincided with 

increased expression of synaptic activity genes (Lazarov et al., 2005). In line with this, early cognitive 

stimulation of Tg2576 mice not only reduced soluble and oligomeric Aβ levels, but also led to 

increased levels of hippocampal post-synaptic markers and proteins involved in synapse formation 

(Gerenu et al., 2013). The beneficial effects of environmental enrichment on memory appear to 

be independent of physical exercise (Birch et al., 2013), which may explain why physical exercise 

programs in demented patients did not reveal clear cognitive improvements (Eggermont et al., 2009;  

Littbrand et al., 2011).

The seemingly contradictory effects of synaptic activity on Aβ-associated neuropathology 

as outlined in sections 1.2.1 and 1.2.2 may be attributable to the level of neuronal hyperactivity.  

In animal experiments, environmental enrichment and cognitive training enhance neuronal 

excitability, synaptic transmission and plasticity within physiological levels. Epileptiform activity on 

the other hand is a pathological increase in excitability, activity and plasticity. It is also conceivable that 

the stage of the disease in part defines if neuronal hyperactivity protects against Aβ or aggravates the 

pathological processes that are already initiated. Finally, the age of onset of neuronal hyperactivity 

can severely impact the functional outcome. Aged neurons exhibit specific changes in dendritic 

morphology, cellular connectivity, Ca2+ homeostasis, and immediate early gene expression (reviewed 

in Burke and Barnes, 2006). Collectively, these age-related changes may render neurons less resilient 

during periods of neuronal hyperactivity. For example, as intracellular Ca2+ levels are increased in 

aged neurons, additional Ca2+ influx during prolonged periods of synaptic hyperactivity can increase 

their vulnerability to neurodegeneration (Hajieva et al., 2009).
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2. NEuRONAL HyPERACTIvITy MODuLATES Aβ LEvELS AND 
SECRETION

The data in section 1 reviews evidence that neuronal hyperactivity and Aβ accumulation are linked 

during the earliest stages of AD in both humans and AD mouse models. To gain a more mechanistic 

understanding of the impact of neuronal hyperactivity on the development and progression of AD, 

we now discuss how neuronal hyperactivity affects the production and degradation of Aβ.

2.1 Neuronal hyperactivity increases Aβ production via the endocytic pathway

2.1.1 Neuronal hyperactivity increases the production of Aβ by enhancing clathrin-mediated endocytosis

During synaptic transmission, neurotransmitters are released by fusion of the synaptic vesicles with 

the plasma membrane. The size and molecular composition of the presynaptic membrane is held 

constant by a continuous recycling of the membrane after vesicle fusion. The clathrin-mediated 

endocytic pathway mediates this recycling process and also recycles, modifies and degrades 

receptors and other integral membrane proteins after neurotransmitter release (Cataldo et al., 2000).  

When neurons become hyperactive, elevated levels of synaptic activity result in an increase in the 

frequency of vesicle fusion events. Consequently, the rate of endocytosis needs to be enhanced 

to maintain the normal size of the synapse. On the postsynaptic side, synaptic activity-dependent 

changes in the molecular makeup of the postsynaptic membrane are believed to underlie long term 

potentiation and –depression (Kennedy and Ehlers, 2006). Notably, the amount of AMPA receptors is a 

strong determinant of synaptic strength, and both AMPA and NMDA receptor trafficking is mediated 

through endocytosis (Malinow and Malenka, 2002; Newpher and Ehlers, 2008; van der Sluijs and 

Hoogenraad, 2011).

Interestingly, it has become apparent that synaptic activity-dependent clathrin-mediated 

endocytosis in particular is required for Aβ production (reviewed in Wu and Yao, 2009).  

Synaptic activity increases the amount of APP-containing vesicles moving to dendritic synapses 

and the amount of APP localized at the plasma membrane. After vesicle fusion, APP-containing 

membranes are internalized by endocytosis (Tampellini et al., 2009). Both β-secretase and 

γ-secretase accumulate in endosomes, where their activity is enhanced due to the mild acidic pH  

(Frykman et al., 2010; Huse et al., 2000). Particularly in these endosomes, there is a continued 

close interaction between APP and β-secretase. Indeed, β-secretase cleaved C-terminal APP 

fragments (β-CTF) are present in endosomes (Kinoshita et al., 2003; Rajendran et al., 2006;  
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Tampellini et al., 2009) and endosomal β–CTF levels are significantly enhanced upon increased 

synaptic activity in hippocampal slices of APPswe transgenic mice (Kamenetz et al., 2003).  

The opposite effect was also observed: decreasing neuronal activity significantly lowered β-CTF 

levels. Importantly, Holtzmann and coworkers demonstrated that the inhibition of clathrin-mediated 

endocytosis was sufficient to immediately lower Aβ levels in vivo, and established that the majority of 

the Aβ pool in the brain is generated through synaptic activity-dependent endocytotic mechanisms 

(Cirrito et al., 2008). Thus, the increase in neuronal activity in the earliest stages of AD may increase 

Aβ production through synaptic activity-dependent clathrin-mediated endocytosis.

2.1.2 Endocytosis is disturbed in the earliest stages of AD

There is a growing amount of evidence that suggests that the endocytic pathway is becoming 

dysfunctional during these earliest stages of AD, causing aberrances in the endocytic machinery that 

may amplify the increase in activity-dependent Aβ production. Cataldo et al. observed abnormally 

large endosomes in neurons in the entorhinal cortex, hippocampus and prefrontal cortex of the  

pre-AD cases (nondemented elderly exhibiting the earliest AD-like pathological changes restricted 

to the entorhinal cortex and hippocampus), as well as in pre-dementia Down Syndrome patients  

(Cataldo et al., 2000). Endosomal enlargement could already be detected in the absence of extracellular 

Aβ accumulation or neurofibrillary tangles and thus precedes the formation of these inclusions in 

sAD brains. A potential molecular basis for these structural changes in endosomes in pre-clinical 

AD was discovered by Ginsberg et al, who performed a microarray analysis on laser-dissected CA1 

hippocampal neurons and detected a specific increase in genes regulating early and late endocytosis 

(Rab-4, Rab-5 and Rab-7) (Ginsberg et al., 2010). Indeed, Rab-5 overexpression in murine L cells 

stably transfected with human APP695 resulted in abnormally enlarged endosomes, resembling the 

endosome morphology observed in pre-AD patients and led a 2-fold increase in endosomal β-CTF 

levels and a 2.5-fold increase in secreted Aβ levels (Grbovic et al., 2003).

Our microarray analysis of human postmortem AD tissue also revealed alterations in endocytic 

processes during the first presymptomatic stages of AD (Bossers et al., 2010). Specifically, we 

observed an increase in the expression of clathrin heavy chain and protein kinase C and casein kinase 

substrate in neurons 1 (PACSIN1), which are both involved in activity-dependent bulk endocytosis  

(Clayton et al., 2009). At the same time, stonin 2 (involved in endocytic synaptic vesicle protein 

sorting (Kononenko et al., 2013)) and dynamin 2 (involved in vesicle recycling (Durieux et al., 2010)) 

were downregulated. These data might indicate a shift in the balance between specific early and 

late events in endocytosis and vesicle recycling.
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In addition, there is increasing evidence that the postsynaptic protein Arc may be linked to 

endosomal dysfunction in early AD. Wu et al. showed that Arc recruits endophilin2/3 and dynamin 

to early/recycling endosomes. These Arc-recruited endosomes contain both APP and β-secretase. 

Arc physically associates with γ-secretase, and Arc expression is required for Aβ production  

(Wu et al., 2011). Furthermore, the authors showed that Arc expression was significantly increased in 

the prefrontal cortex of patients with MCI/early AD (Braak III-VI) whereas the occipital cortex, which 

is less affected by Alzheimer pathology, did not show upregulated Arc expression (Wu et al., 2011).  

In the APPswe/PS1dE9 mouse model for AD, Arc levels were aberrantly increased in hyperactive 

neurons near senile plaques in the visual cortex (Rudinskiy et al., 2012). Interestingly,  

a polymorphism in the ARC gene was recently identified that is associated with a reduced risk for AD  

(Landgren et al., 2012).

Finally, two recently discovered genetic variations, in BIN1 and PICALM, are associated with 

an increased risk for AD. Both these genes play a role in clathrin-mediated endocytosis: BIN1 is a 

regulatory accessory protein that aids in membrane deformation (Doherty and McMahon, 2009) 

and PICALM mediates assembly of clathrin (Tebar et al., 1999). These data further strengthen 

the involvement of the clathrin-mediated endocytosis pathway in AD pathogenesis. It remains 

to be established whether altered clathrin-mediated endocytosis is a primary contributor to AD  

(through modulation of Aβ levels) or that one of the earliest synaptotoxic effects of Aβ is to 

perturb clathrin-mediated endocytosis. These data shows that both neuronal hyperactivity and 

disturbances in the endocytic pathway are already observed in the pre-symptomatic stage of AD. 

The resulting increase in Aβ production may explain the observations made by us and others that Aβ 

accumulates inside neurons in the pre-AD and Down syndrome brain and in several AD mouse models, 

before the onset of plaque pathology (e.g. Bossers et al., 2010; Youmans et al., 2012, reviewed in  

LaFerla et al., 2007). Whether neuronal hyperactivity is causally linked to disturbances in clathrin-

mediated endocytosis (for example by overloading the system), or that it amplifies the effects of 

alterations already present in the endocytic machinery, is unclear at this moment. In any case, the 

interaction between neuronal hyperactivity and clathrin-mediated endocytic dysfunction appears 

to significantly contribute to increased Aβ production and Aβ pathology observed in AD.

2.2 Neuronal hyperactivity and Aβ degrading enzymes

Although the data discussed in section 2.1 suggest that neuronal hyperactivity leads to an increase 

of Aβ production and secretion, neuronal hyperactivity also triggers compensatory processes to 

counteract increased levels of Aβ in the brain.
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2.2.1 Neuronal activity increases the degradation of extracellular Aβ

Several studies have shown that housing mice in an enriched environment is widely beneficial 

to brain function. Environmental enrichment stimulates sensory and cognitive functions, social 

behavior and physical exercise. Exposure to enriched environments leads to multiple physiological 

changes in the brain, such as increased blood flow, enhanced neuronal activity and plasticity, and 

increased dendritic branching and spine formation (reviewed in Nithianantharajah and Hannan, 2006).  

In AD mouse models, environmental enrichment attenuates cognitive defects through  

Aβ–dependent and Aβ–independent mechanisms, and can even lower brain Aβ levels (reviewed in 

Xu et al., 2014). Interestingly, environmental enrichment-induced neuronal hyperactivity alters the 

localization and activity of several Aβ degrading enzymes. One prominent Aβ degrading enzyme, 

whose activity is regulated by neuronal activity, is the peptidase neprilysin (NEP) (Hafez et al., 2011;  

Hersh and Rodgers, 2008; Marr et al., 2004). Lazarov and coworkers demonstrated that after 

environmental enrichment, neuronal activity-dependent NEP activity caused a decrease of Aβ levels 

in vivo (Lazarov et al., 2005). In this study, cerebral Aβ levels and deposits were markedly reduced 

in AD mice housed in the enriched environment, compared to AD animals under standard housing. 

The reduction in Aβ levels was correlated with increased NEP activity in these mice. Furthermore, 

Tampellini et al. showed that in NEP knock-out neurons or when NEP activity was blocked, synaptic 

activity failed to reduce intraneuronal Aβ levels (Tampellini et al., 2009). NEP is a type II membrane 

protein with a catalytic site on the extracytoplasmic side and emerges on the cell surface through the 

secretory pathway (Hama et al., 2004; Wang et al., 2006). Although overexpression of NEP in primary 

cortical neurons not only reduced extracellular, but also cell-associated Aβ levels, postsecretory 

degradation might have contributed to the decreases in cell-associated degradation by altering 

the equilibrium of intra versus extracellular Aβ (Hama et al., 2004). Other studies confirmed that 

NEP mainly degrades extracellular Aβ (Malito et al., 2008) and that intracellular Aβ is not affected by 

inhibiting NEP (Abdul-Hay et al., 2012; Sudoh et al., 2002).

In addition to NEP, the matrix metalloproteinase-9 (MMP-9) has received considerable attention 

for its Aβ degrading capacity (Backstrom et al., 1996; Merlo and Sortino, 2012; Yan et al., 2006) and 

its ability to elevate sAPPα levels, the product of the non-amyloidogenic pathway of APP processing 

(Fragkouli et al., 2012). Szklarczyk et al. demonstrated that MMP-9 is regulated by synaptic activity 

(Szklarczyk et al., 2002). The authors induced a generalized increase in synaptic activity and seizures in 

rats by intraperitoneal injections of kainate, mimicking neuronal hyperactivity. Kainate administration 

resulted in upregulation of MMP-9 mRNA and protein levels as well as its enzymatic activity in the 

dentate gyrus. Furthermore, the neurotrophin NGF also induces MMP-9 expression and α-secretase 
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activity in PC12 cells in a TrkA-dependent manner (Fragkouli et al., 2011). In addition, Michaluk 

et al. demonstrated that increased activity of MMP-9 indeed resulted in increased degradation of 

its substrates (Michaluk et al., 2007). Although this study did not directly evaluate Aβ turnover, 

Aβ is a substrate of MMP-9, which suggests that the increased activity of MMP-9 would result in 

enhanced Aβ degradation. Both NEP and MMP-9 only degrade extracellular Aβ (Backstrom et al., 1996;  

Malito et al., 2008): they therefore merely have an indirect effect on intraneuronal Aβ levels through 

the balance between intra- and extracellular Aβ pools. An important question that remains to be 

addressed is: if neuronal hyperactivity both increases the production and degradation of Aβ, why 

does Aβ start to accumulate inside neurons during the earliest stages of AD (Fig. 2, top panel)?  

It is well possible that the balance between the activity-dependent production and degradation 

of Aβ is shifted towards more Aβ production or less degradation during these stages. Intriguingly, 

we have observed evidence that suggests that this imbalance may be due to a specific loss of the 

cytosolic degradation of intraneuronal Aβ during these initial disease stages.

2.2.2 The degradation of intraneuronal Aβ is decreased in the earliest stages of AD

The intraneuronal Aβ pool does not only consist of Aβ trapped in vesicles like endosomes,  

multi-vesicular bodies and lysosomes, but Aβ is also found in the cytoplasm, probably by passive 

leakage of Aβ along the secretory pathway or by transport via the ER-associated degradation (ERAD) 

(e.g. Bückig et al., 2002; Schmitz et al., 2004; Yang et al., 1998, reviewed in Li et al., 2007). Therefore, we 

investigated whether intracellular Aβ can be cleared by cytosolic peptidases. Using homogenates 

of human postmortem hippocampal tissue, we found that insulin-degrading enzyme (IDE) is the 

main peptidase degrading intraneuronal Aβ in the human brain (Stargardt et al., 2013). In addition, 

we showed that only monomeric Aβ is degraded by IDE and that Aβ oligomerization prevents its 

clearance by IDE. We further showed that in the human hippocampus, the activity of IDE is decreased 

already in the earliest Braak stages (stages I and II) (Fig. 2, bottom panel). This decrease in IDE activity 

is correlated with a decrease in IDE protein levels. In later Braak stages, IDE activity and protein levels 

recover to roughly baseline levels and decline again in full-blown AD (Braak V and VI). Intriguingly, the 

initial decline in IDE activity in Braak I-II thus coincides with the period when neuronal hyperactivity is 

observed (Bossers et al., 2010). In other words, at the moment that activity-dependent Aβ production 

is increased, intraneuronal Aβ degradation is decreased. Indeed, during these stages, Aβ accumulates 

inside neurons (Fig. 2, top panel).

Together, these data show that neuronal hyperactivity during the earliest stages of AD might be 

able to increase the activity of the Aβ degrading enzymes NEP and MMP-9. However, these enzymes 
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are mainly involved in degrading extracellular Aβ, but not intraneuronal Aβ. In fact, the activity of 

IDE, which is the main peptidase degrading intraneuronal Aβ, is already significantly decreased in 

the first Braak stages, the stages at which neuronal hyperactivity and intraneuronal Aβ accumulation 

is observed. It should be noted that there is as of yet no evidence that IDE activity levels are directly 

or indirectly linked to neuronal activity. A specific loss of IDE activity could therefore constitute an 

additional trigger, independent of neuronal hyperactivity, that affect Aβ levels during the initial stages 

of AD. Importantly however, as reduced IDE activity coincides with hyperactivity, it may disrupt the 

physiological balance between synaptic activity-dependent production and degradation of Aβ by 

shifting the balance towards Aβ accumulation.

3. SETTING THE STAGE FOR AD: MuLTIPLE CONCuRRENT 
PATHwAyS THAT INCREASE INTRANEuRONAL Aβ

In this review, we discussed multiple concurrent events that alter Aβ levels during the initial, 

nonsymptomatic stages of AD. Firstly, neuronal hyperactivity is observed in cognitively 

unaffected individuals at risk for AD. Secondly, the increase in neuronal activity requires more  

clathrin-mediated endocytosis. However, preclinical AD is associated with specific disturbances in 

clathrin-mediated endocytosis that amplify the activity-dependent production of Aβ and may cause 

a rise in intraneuronal Aβ levels. Thirdly, the activity of IDE, the main peptidase degrading cytosolic 

Aβ, is severely decreased. These parallel events may create a sudden and drastic accumulation 

of Aβ inside neurons, as observed in the brains of presymptomatic AD patients. Eventually,  

when Aβ levels rise above a physiological threshold and become pathological, patients will progress 

into the symptomatic stages. At this stage, the synaptotoxic effects of Aβ cause the first cognitive 

defects and Aβ starts to aggregate into plaques (Fig. 3).

Since Aβ oligomerization initiates rather inside cells than extracellularly, the intraneuronal 

Aβ pool is an important source for the synaptotoxic oligomeric forms of Aβ (Cleary et al., 2005;  

Walsh et al., 2002, 2000) and may therefore represent the disease initiating pool of Aβ. A large body of 

evidence suggest that the synaptotoxic effects of oligomeric Aβ are mainly mediated extracellularly: 

to a large extent, the intraneuronal Aβ pool is secreted, again through a synaptic activity-dependent 

manner. This extracellular Aβ interacts with several cell surface receptors located at or near synapses, 

such as the NMDA, AMPA, cellular PrP and EphB2 receptors and LilrB2 (Benilova and De Strooper, 2013;  

Kim et al., 2013). Indeed, several studies confirm that the secretion of intraneuronal Aβ and 

the resulting increase of extracellular, oligomeric Aβ levels have a severe impact on synaptic 

function and cause learning and memory dysfunctions (Billings et al., 2005; Holscher et al., 2007;  
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Figure 3  -  The interplay between 

neuronal hyperactivity and Aβ triggers 

synaptic dysfunction in Alzheimer’s 

disease. In the healthy brain, the levels 

of synaptic activity, Aβ production and 

Aβ degradation are in balance. During 

the earliest, asymptomatic stages of AD 

however, the combined effects of neuronal 

hyperactivity, increased Aβ production and 

a paradoxical decrease in Aβ clearance by 

IDE, culminate into the accumulation of Aβ. 

When Aβ levels have risen past the disease 

initiating threshold, synaptic dysfunction 

becomes so severe that cognitive defects 

arise and AD for the first time manifests itself 

clinically.

Shankar et al., 2007). However, intraneuronally located oligomeric Aβ also directly contributes to AD 

neuropathology. For example, Aβ has been observed inside axonal mitochondria, and Aβ affects 

axonal mitochondrial movement (Du et al., 2012). It would be very interesting to study if selectively 

reducing cytosolic Aβ, for example by increasing IDE activity, would be able to prevent the intracellular 

toxic properties of Aβ such as mitochondrial dysfunction.

There is still much uncertainty about the exact role of neuronal hyperactivity in the earliest stages 

of AD: is it one of the first pathological hallmarks of AD or does it counteract the first pathological 

alterations? The data reviewed here provides evidence for both hypotheses. In the situation where 

neuronal hyperactivity is a contributing factor to AD, the pathological cascade could for example start 

with a decrease in IDE activity. This results in an increase in intraneuronal Aβ levels, which is secreted 

upon neuronal activity and blocks synaptic transmission. Recent data suggest that interneurons may 

be particularly vulnerable to Aβ (Sanchez et al., 2012; Verret et al., 2012). The resulting loss of inhibitory 

input then causes network hyperactivity, which further increases Aβ levels and feeds a self-amplifying 

loop of ever-increasing Aβ levels and neuronal hyperactivity, which will likely overload the endocytic 

pathway. In this hypothesis, neuronal hyperactivity is clearly an integral part of the pathological 

cascade and preventing neuronal hyperactivity – for example by increasing IDE activity and thereby 

lowering Aβ levels - may delay or even prevent the progression towards symptomatic stages of AD.

On the other hand, there is substantial evidence that increased synaptic activity and plasticity 

reduces the risk for AD. Intellectual performance and bilingualism may delay the onset of AD in 
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humans (Alladi et al., 2013; Stern, 2009; Wilson et al., 2002) and cognitive training reverses some of the 

cognitive deficits in AD mouse models (section 1.2.2). In this scenario, the initial increase in neuronal 

activity may act to prevent the onset of cognitive decline. Indeed, our gene and miRNA expression 

data in the human brain suggest that only when neuronal activity and plasticity is lost, patients 

develop memory deficits, and decreased levels of EGR1, Arc and miR-132 – all essential modulators 

of synaptic activity, plasticity and memory – may be the molecular correlates of cognitive decline. 

Restoration of for example EGR1 levels may therefore represent a therapeutic strategy to reverse 

memory loss in MCI and/or AD.

Based on the data reviewed here, we cannot unequivocally identify which of these two hypotheses 

has a dominant effect on the development of AD symptoms. This review does however highlight 

the central role of neuronal hyperactivity in presymptomatic AD and deepens our insight into the 

exact molecular mechanisms through which neuronal hyperactivity and Aβ levels are connected.  

These combined data warrant further studies to decipher the exact roles of specific molecules 

including - but not limited to - IDE, EGR1 and miR-132 in the initial pathogenic cascade of AD. In the 

long run, such experiments may open up new avenues for the development of preventive treatments 

of this devastating disease.
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ABSTRACT

Alzheimer’s disease (AD) is hallmarked by amyloid-β (Aβ) peptides accumulation and aggregation 

in extracellular plaques, preceded by intracellular accumulation. We examined whether intracellular 

Aβ can be cleared by cytosolic peptidases and whether this capacity is affected during progression 

of sporadic AD (sAD) in humans and in the commonly used APPswePS1dE9 and 3xTg-AD mouse 

models. A quenched Aβ peptide that becomes fluorescent upon degradation was used to screen 

for Aβ-degrading cytoplasmic peptidases cleaving the aggregation-prone KLVFF region of the 

peptide. In addition, this quenched peptide was used to analyze Aβ-degrading capacity in the 

hippocampus of sAD patients with different Braak stages as well as APPswePS1dE9 and 3xTg-AD mice.  

Insulin-degrading enzyme (IDE) was found to be the main peptidase that degrades cytoplasmic, 

monomeric Aβ. Oligomerization of Aβ prevents its clearance by IDE. Intriguingly, the Aβ-degrading 

capacity decreases already during the earliest Braak stages of sAD, and this decline correlates with 

IDE protein levels, but not with mRNA levels. This suggests that decreased IDE levels could contribute 

to early sAD. In contrast to the human data, the commonly used APPswePS1dE9 and 3xTg-AD mouse 

models do not show altered Aβ degradation and IDE levels with AD progression, raising doubts 

whether mouse models that overproduce Aβ peptides are representative for human sAD.

INTRODuCTION

Alzheimer’s disease (AD) is hallmarked by extracellular deposits of amyloid-β (Aβ) peptides 

in plaques and intracellular neurofibrillary tangles containing hyperphosphorylated tau. 

According to the hypothesis, Aβ accumulation in the brain drives further AD pathogenesis, such 

as tau aggregation, synaptic dysfunction, and eventually neuronal death (Hardy & Allsop, 1991;  

Murrell et al., 1991; Hardy & Selkoe, 2002; Querfurth & LaFerla, 2010; Tam & Pasternak, 2012). 

The progression of AD is classified by different Braak stages and amyloid scores (Braak & Braak, 

1991), reflecting the distribution of plaques and tangles in well-defined brain areas. Aβ peptides are 

generated from the transmembrane amyloid precursor protein (APP) by β-secretase and γ-secretase 

in organelles including the endoplasmic reticulum, Golgi apparatus and the endosomal-lysosomal 

pathway (Selkoe, 2001; LaFerla et al., 2007). Predominantly, Aβ peptides of 40 (Aβ40) or 42 amino 

acids (Aβ42) are generated, with Aβ42 being more aggregation prone (Thinakaran & Koo, 2008).  

While extracellular Aβ aggregation has long been considered as the primary cause of AD, 

intracellular Aβ accumulation is detected in neurons prior to the appearance of extracellular deposits  

(Wirths et al., 2001; Youmans et al., 2012) and is associated with cytotoxicity, dysfunction of organelles, 
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and neurodegeneration (Bayer & Wirths, 2010). Translocation of Aβ peptides into the cytoplasm 

could occur via various routes (Li et al., 2007), including transport of ER-generated Aβ peptides 

into the cytoplasm via systems related to ER-associated degradation (ERAD) (Buckig et al., 2002;  

Schmitz et al., 2004), passive leakage of Aβ along the secretory pathway, or by membrane permeability 

of lysosomes containing internalized Aβ (Yang et al., 1998). 

While the rare autosomal dominant familial AD (fAD) is mostly due to overproduction 

of Aβ (Bertram et al., 2010; O’Brien & Wong, 2011) or enhancing Aβ protofibril formation  

(Nilsberth et al., 2001), far more common is late-onset sporadic AD (sAD), thought to be caused 

by decreased clearance of the Aβ peptide (Dorfman et al., 2010; Mawuenyega et al., 2010). Several 

proteases are able to degrade Aβ and especially insulin-degrading enzyme (IDE), also named 

insulysin, is extensively described for its role as an Aβ-degrading enzyme (Kurochkin & Goto, 1994;  

Qiu et al., 1998; Perez et al., 2000; Vekrellis et al., 2000; Caccamo et al., 2005). IDE is mainly cytoplasmic 

(Kurochkin & Goto, 1994) but also has a neuronal transmembrane isoform (Vekrellis et al., 2000) 

is found in peroxisomes (Chesneau et al., 1997) and can be secreted via exosomes by microglia  

(Qiu et al., 1998) and astrocytes (Jiang et al., 2008). Knock down of IDE levels in HeLa cells was shown 

to result in accumulation of cytoplasmic Aβ peptides after they were transported to the cytoplasm 

via ERAD (Schmitz et al., 2004), subsequently capable of inducing cell death (Lee et al., 2006). 

Our study aims at elucidating the role for peptidases in cytoplasmic Aβ clearance during different 

stages in the development of AD, in both human post mortem brains and brains of the commonly 

used APPswePS1dE9 and 3xTg-AD mouse models. Using a quenched Aβ peptide that becomes 

fluorescent upon cleavage inside the KLVFF region critical for Aβ peptide aggregation, we confirmed 

IDE to be the main peptidase that degrades cytoplasmic Aβ. More important, we found that the 

capacity to degrade Aβ is already dramatically decreased during the earliest stages of sAD in humans. 

This decline correlated with IDE protein levels but not RNA levels. Interestingly, these changes in IDE 

levels and Aβ degradation were not observed in the APPswePS1dE9 and 3xTg-AD mouse models, 

raising doubts whether mouse models that overproduce Aβ peptides mimic the alterations in Aβ 

clearance in human sAD.

RESuLTS

IDE is the main cytoplasmic peptidase degrading the monomeric Aβ peptide 

We developed a sensitive Aβ degradation assay by generating a quenched Aβ40 peptide containing 

a small fluorescein group and a quenching dabcyl group (Reits et al., 2004) flanking the KLVFF 
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sequence present in the middle of the Aβ peptide that is a critical region for aggregation  

(Fig. 1A) (Tjernberg et al., 1996). The quenched Aβ40 peptide (qAβ40) only becomes fluorescent upon 

separation of quencher and fluorophore, hence after degradation of Aβ. The qAβ40 peptides were 

added to cytoplasmic fractions of mildly lysed HEK293 cells, thereby preventing contamination 

with extracellular membrane-bound or lysosomal proteases, resulting in an increase in fluorescent 

signal (Fig. 1B). To identify which proteases play a role in this Aβ clearance machinery, different 

protease inhibitors were added to the cytosolic fractions prior to adding the qAβ40. The proteasome 

inhibitor MG132 did not show any effect on Aβ degradation, nor did inhibition of cystein  

peptidases (E64), bestatin-sensitive aminopeptidases, serine proteases (PMSF), aspartyl proteases 

Figure 1  -  Monomeric and oligomeric 

qAβ40 degradation. (A) Fluorescence 

can only be detected upon degradation 

of the quenched amyloid-β40 (qAβ40) 

peptide when the fluorescein group (F) is 

separated from the quencher group (Q). 

(B) qAβ40 is degraded in HEK293 cytosolic 

fractions (dashed line) but not in KMH 

buffer (solid line). (C) qAβ40 degradation 

in HEK293 cytosolic fractions without 

inhibitor (solid line), pre-incubated with  

100 μM phenanthroline (dashed line) and 

pre-incubated with 200 μM bacitracin 

(dotted line). (D) Degradation of qAβ40 that 

was pre-incubated at 37 °C for 0 h (dashed 

line), 2 h (upper dotted grey line), 4 h (solid 

black line), or 6 h (lower dotted line) in 

HEK293 cell lysates. (E) Oligomeric Aβ does 

not impair insulin-degrading enzyme, as 

monomeric qAβ40 is as efficiently degraded 

in HEK293 cell lysates pre-incubated with 

monomeric qAβ40 (solid line) and with  

2 h pre-incubated qAβ40 (dotted line). The 

additional pool of monomeric qAβ40 was 

added when the fluorescence plateau level 

was reached (arrow). (F) Electron microscopy 

images showing increased oligomerization 

with time of qAβ40 and synthetic Aβ42  

at 37 °C.
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(pepstatin), puromycin-sensitive aminopeptidase (PAQ22), tripeptidyl-peptidase II (butabindide, 

AAF-CMK), thimet oligopeptidase (Cpp-AAF-pNa), or nardilysin (amasatin). However, inhibiting 

metalloproteases by adding phenanthroline significantly decreased the rate of qAβ40 degradation. 

Specific inhibition of the metallopeptidase IDE using bacitracin reduced qAβ40 degradation  

(Fig. 1C) and as no additional decrease was observed upon combining phenanthroline and bacitracin, 

this indicates that IDE is the main cytoplasmic protease responsible for efficient Aβ degradation. 

As most peptidases can only target monomeric Aβ, inhibition of IDE, and the resulting decrease 

in degradation rate of qAβ40, could accelerate aggregation of the nondegraded qAβ40. Therefore, 

the effect of Aβ oligomerization on degradation rates was investigated. The qAβ40 peptide was 

pre-incubated at 37 °C to allow oligomerization for 2-6 h before addition to the cytosolic fraction. 

Reduced fluorescent levels were found with pre-incubated qAβ40 peptides (Fig. 1D), suggesting 

that aggregation of qAβ40 peptides prevents its degradation. To exclude that this effect was due 

to impeding of IDE rather than an inability to degrade oligomeric forms of qAβ40, monomeric or  

2 h pre-incubated oligomeric qAβ40 was added to cytosolic fractions. When no degradation occurred 

anymore, indicated by reaching the plateau level of fluorescence, a second pool of only monomeric 

qAβ40 peptides was added to the same lysates. These peptides were equally efficiently degraded 

(Fig. 1E), demonstrating that IDE did not become impede by oligomeric qAβ40. Aggregation of qAβ40 

was confirmed by electron microscopy, showing increased oligomerization in time, comparable with 

unmodified Aβ42 (Fig. 1F).

Aβ peptides are less efficiently degraded by IDE with sAD development

As the hippocampus is highly susceptible to Aβ accumulation, we examined whether the ability to 

degrade Aβ is affected in sporadic (sAD) using human hippocampal tissue of post mortem brains with 

Table 1  -  Detailed donor information

Amyloid score Age Sex PMD pH BW

Br 0 (n = 9) 6O-2A-1B 60.1 ± 6.0 2F-7M 7.2 ± 3.1 5.9 ± 2.2 1282 ± 177

Br I (n = 10) 4O-3A-1B-1C-1NA 81.8 ± 9.4 5F-5M 6.7 ± 1.9 6.6 ± 0.3 1239 ± 144

Br II (n = 9) 3O-2B-2C-2NA 84.8 ± 6.8 6F-3M 6.0 ± 0.9 6.5 ± 0.2 1213 ± 99

Br III (n = 10) 1O-1A-2B-2C-4NA 85.2 ± 6.6 6F-4M 5.2 ± 2.1 6.5 ± 0.3 1235 ± 151

Br IV (n = 10) 1B-7C-2NA 85.2 ± 5.6 5F-5M 5.5 ± 1.8 6.6 ± 0.2 1176 ± 163

Br V (n = 10) 2B-7C-1NA 81.2 ± 9.4 5F-5M 5.8 ± 1.4 6.4 ± 0.2 1138 ± 95

Br VI (n = 10) 1B-6C-3NA 77.5 ± 11.4 5F-5M 5.6 ± 1.7 6.5 ± 0.2 1072 ± 143

BW, brain weight (grams); NA, not available; PMD, post mortem delay (hours).
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varying Braak stages. Included were Braak 0 (control, no AD) and Braak I-VI. Information regarding 

post mortem samples is listed in Table 1. When the ability to degrade qAβ40 was determined for 

each Braak stage (Fig. 2A, solid bars), a strong decrease in qAβ40 degradation rate was already 

observed in Braak stage I (two-tailed t-test, P = 0.03), which further decreased during the progression 

to Braak stage II (two-tailed t-test, P = 0.01). Intriguingly, in Braak stage III, the ability to degrade 

qAβ40 was partially restored, only to decrease again in Braak stage IV (two-tailed t-test, P = 0.02) and 

further decrease as a function of progression of Braak stage (Braak V: two-tailed t-test, P = 0.0005,  

Braak VI: two-tailed t-test, P = 0.000). In Braak VI, Aβ40 degradation rate decreased with more than 

65% compared with Braak 0. When bacitracin was added to hippocampal lysates prior to addition of 

the qAβ40, the ability to degrade qAβ40 was strongly reduced in all Braak stages upon IDE inhibition  

(Fig. 2A, dotted bars). This indicates that IDE is also the main protease responsible for Aβ clearance in 

human hippocampal lysates and suggests that IDE is impaired in sAD. Also, oligomerized Aβ was less 

well degraded with increasing Braak stage (Fig. 2B). AD progression can also be classified by plaque 

distribution in well-defined brain areas giving a particular amyloid score, ranging from O (no plaques) 

to C. Similar to increasing Braak stages, the rate of qAβ40 degradation decreased with increasing 

amyloid score, being significant for hippocampal fractions of brains classified with amyloid score 

C (two-tailed t-test, P = 0.017) (Fig. 2C). Whereas qAβ40 degradation rate is significantly negatively 

correlated with amyloid score and Braak stages respectively; Pearson’s correlation coefficient 

r = 0.499, P = 0.000 and r = 0.469, P = 0.000), qAβ40 degradation rate was not significantly correlated 

with post mortem delay, sex, age, and ApoE genotype. When combining Braak stages and amyloid 

scores, the correlation with qAβ40 degradation was even stronger (Pearson’s correlation coefficient 

r = 0.583, P = 0.000) (Table 2). 

To examine the reduced qAβ40 degradation in sAD in more detail, we examined IDE protein 

and mRNA levels, because IDE was found to be the main peptidase degrading the qAβ40. Strikingly,  

a strong decrease in IDE protein levels was observed already in Braak stage I, which further decreased 

during the progression to Braak stage II, in parallel with the qAβ40 degradation rate. Similarly, IDE 

protein levels partially restored in Braak stage III, and decreased again as a function of progression 

of Braak stage from Braak stage IV onwards (Fig. 2D), indicating that decreased IDE protein levels 

were directly linked to impaired qAβ40 degradation and development of sAD. In contrast, IDE mRNA 

did not correlate with IDE proteins levels and qAβ40 degradation; mRNA levels did not change with 

Braak stage (Fig. S2A) and were even upregulated with amyloid score (Fig. S2B), being significant for 

amyloid score B (two-tailed t-test, P = 0.03).
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Figure 2  -  qAβ40 degradation during the progression of sporadic AD (sAD). (A) qAβ40 degradation in human 

hippocampal lysates at different Braak stages, without inhibitor (solid bars), and with bacitracin (dotted bars). qAβ40 

degradation is significantly decreased in Braak stage I, II, IV, V, and VI. Error bars represent standard error of the mean 

(SEM) (*P < 0.05; ***P < 0.001; ****P < 0.0001). (B) Degradation of differently pre-incubated, oligomeric qAβ40 in 

human hippocampal lysates at Braak stage 0, III, and VI. qAβ40 degradation is significantly decreased in Braak stage 

VI, at 0 h (P < 0.01), 2 h (P < 0.01), 4 h (P < 0.01), and 6 h (P < 0.01) of pre-incubion. Error bars represent SEM (**P < 0.01). 

(C) qAβ40 degradation in human hippocampal lysates at different amyloid scores. qAβ40 degradation is significantly decreased 

in amyloid score C (P < 0.05). Error bars represent SEM. (D) Upper panel: Western blot analysis of human hippocampal lysates at 

different Braak stages, showing a decrease of insulin-degrading enzyme (IDE) with increasing Braak stage in sAD. Lower panel: 

Western blot quantification of IDE protein levels in human hippocampal lysates at different Braak stages.

Aβ peptides are efficiently degraded in all stages of AD in the APPswePS1dE9 mice

Several genetically modified mouse models have been generated that mimic human AD pathology, 

including the APPswePS1dE9 double transgenic mice which coexpress APP695 with the Swedish 

mutation (K594M/N595L) and the human exon-9-deleted variant of PS1 (PS1-dE9). The APPswe 

mutation is a favorable substrate for β-secretase, whereas the PS1dE9 mutation alters γ-secretase 

cleavage, thereby promoting overproduction of Aβ42. Consequentially, APPswePS1dE9 mice show 

increased Aβ42 production accompanied by plaque pathology in the brain, becoming evident 

at the age of 6 months (Jankowsky et al., 2004). APPswePS1dE9 mice are commonly used in AD 

research for behavioral tests and studying the molecular mechanisms in plaque progression  
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(Oksman et al., 2006; Song et al., 2008; Yan et al., 2009). To examine whether the APPswePS1dE9 mice 

show a similar decrease in Aβ degradation rate with progression of AD, qAβ40 degradation was measured 

using hippocampal lysates of APPswePS1dE9 mice at the age of 3 months (no plaque pathology), 

9 months (starting plaque pathology), and 18 months (severe plaque pathology)  

(Kamphuis et al., 2012b) in parallel with wild-type age-matched controls (n = 3 per age group). 

Strikingly, hippocampal lysates of the APPswePS1dE9 mice at all stages of AD showed equal qAβ40 

degradation rates as those of age-matched wild-type controls (Fig. 3A), which is in clear contrast with 

Figure 3  -  qAβ40 degradation during the progression of Alzheimer’s disease (AD) in the APPswePS1dE9 mice. (A) qAβ40 

degradation in mouse hippocampal lysates of both wild-type (solid bars) and APPswePS1dE9 mice (dotted bars) at 3, 9, and 18 

months of age. Error bars represent standard error of the mean (SEM). (B) Upper panel: Western blot analysis of APPswePS1dE9 

mice hippocampal lysates at 3, 9, and 18 months of age, stained for insulin-degrading enzyme (IDE) and β-actin (loading control). 

Lower panel: Western blot quantification of IDE protein levels in APPswePS1dE9 mice hippocampal lysates at different ages.

Figure 4  -  qAβ40 degradation during the progression of Alzheimer’s disease (AD) in the 3xTg-AD mice. (A) qAβ40 

degradation in mouse hippocampal lysates of both wild-type (solid bars) and 3xTg-AD mice (dotted bars) at 3, 9, and 15 

months of age. Error bars represent standard error of the mean (SEM). (B) Upper panel: Western blot analysis of 3xTg-AD mice 

hippocampal lysates at 3, 9, and 15 months of age, stained for insulin-degrading enzyme (IDE) and β-actin (loading control). 

Lower panel: Western blot quantification of IDE protein levels in 3xTg-AD mice hippocampal lysates at different ages.
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human sAD. As qAβ40 degradation was equally decreased in all lysates upon inhibition of IDE (Fig. 3A), 

this suggests that IDE is also the main peptidase responsible for Aβ degradation in APPswePS1dE9 

mice. Just as for the human hippocampal lysates, we measured IDE protein levels in the hippocampal 

lysates of the APPswedE9 mice at all stages of AD. However, in clear contrast with the human data, 

neither IDE protein (Fig. 3B) nor mRNA levels (data not shown) change during AD progression in 

mice. Unaltered IDE protein levels could explain why APPswePS1dE9 mice do not show a decrease 

in Aβ-degrading abilities with AD development and indicates that in APPswePS1dE9 mice plaque 

formation is mainly the result of an increase in Aβ production.

Aβ peptides are efficiently degraded in all stages of AD in the 3xTg-AD mice

The triple transgenic mouse model (3xTg-AD) is the first mouse model to develop both plaque 

and tangle pathology in AD-relevant brain regions (Oddo et al., 2003b) and is often used to study 

human AD pathology. The 3xTg-AD mice harbor three mutant genes; APP695 with the Swedish 

mutation (K670M/N671L), PS1M146V and tauP301L, together promoting the overproduction of Aβ42 

and tau. Despite equivalent overexpression of human APP and tau, intraneuronal Aβ accumulation 

and Aβ deposition precede tangle pathology, and both pathologies develop in an age-dependent 

manner with a temporal- and regional-specific profile that closely mimics their development in 

human AD brain (Oddo et al., 2003a). To examine whether the 3xTg-AD mice mimic the decreased 

Aβ degradation rate with progression of AD as observed in the hippocampus of human sAD,  

we measured qAβ40 degradation rate in hippocampal lysates of 3xTg-AD mice at the age of  

3 months (no AD pathology), 9 months (starting AD pathology), 15 months (severe AD pathology),  

Table 2  -  Correlation patient variables and qAβ40 degradation

Pearson’s correlation P-value

Braak stage -0.469 0.000

Amyloid score -0.499 0.000

Braak stage × Amyloid score -0.583 0.000

Postmortem delay (h) 0.009 0.941

Age at death -0.153 0.213

Sex -0.133 0.281

ApoE -0.151 0.243

Pearson’s correlation values and significance for correlation between qAβ40 degradation and 

Braak stage, Amyloid score, Braak stage × Amyloid score, postmortem delay, age at death, 

sex, and ApoE.



48

Reduced Aβ degRAdAtion in eARly AlzheimeR’s diseAse

3

in parallel with wild-type age-matched controls (n = 3 per group). Interestingly, just like we observed 

in the APPswePS1dE9 mouse model, and in clear contrast with the human data, also the 3xTg-AD 

mice do not show any change in Aβ degradation capabilities with AD progression; at all stages 

of AD, the 3xTg-AD mice show equal qAβ40 degradation rates as those of age-matched wild-type 

controls (Fig. 4A). Inhibition of IDE resulted in decreased qAβ40 degradation, again showing IDE as 

the main peptidase-degrading Aβ. As expected from these results, IDE protein levels were equal at  

all stages of AD (Fig. 4B).

DISCuSSION

In the present study, a unique qAβ40 peptide was used to screen for Aβ-degrading cytoplasmic 

peptidases. In addition, this quenched peptide was used to analyze Aβ degrading capacity in the 

hippocampus of sAD patients with different Braak stages as well as APPswePS1dE9 and 3xTg-AD 

mice. Since specifically the KLVFF region in the Aβ peptide was shown to mediate binding during 

polymerization and to be essential and sufficient for aggregation (Tjernberg et al., 1996), the quencher 

and fluorophore were positioned such that they are flanking this important region. A similar approach 

to generate a quenched Aβ42 was unsuccessful due to its high aggregation-prone properties, making 

it impossible to efficiently solubilize and fluorescently label the synthesized qAβ42 peptides. Using 

the qAβ40 peptide, Aβ degrading peptidases could be identified that are specifically cleaving inside 

the KLVFF region, which is of interest when studying changes in Aβ degradation underlying the 

development of AD and consequent plaque pathology. The present study shows IDE as the main 

peptidase that degrades cytoplasmic monomeric Aβ, cleaving inside the critical, aggregation-prone 

KLVFF sequence as previously suggested by HPLC and mass spectrometry analysis of Aβ fragments 

generated by IDE (Chesneau et al., 2000; Guo et al., 2010). Also, neprilysin is described to be able to 

cleave inside the KLVFF region; however, in the present study, cytoplasmic peptidases were examined, 

excluding the plasma membrane glycoprotein neprilysin. In addition, we provide evidence that IDE 

less efficiently degrades oligomeric Aβ and deficiencies in IDE activity might therefore lead to less 

Aβ degradation and subsequent Aβ oligomerization and accumulation. The present study is the first 

showing that the capacity to degrade Aβ is already decreased dramatically in Braak stage I and II  

of sAD, in contrast to nondemented controls that are efficiently degrading Aβ. Interestingly, 

degradation of Aβ is partly restored in stage III and then again decreased until stage VI. This decrease 

in Aβ degradation is in parallel with IDE protein levels, including the temporal revival in stage III. 

It is tempting to speculate that IDE levels are increased as a rescue mechanism to cope with AD 

pathology, but might also result from changes in IDE secretion. This pattern has not been described 
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before, probably because previous studies were grouping different-staged AD patients together 

(Perez et al., 2000; Zhao et al., 2007; Wang et al., 2010) and because peptidase activities were never 

investigated for the separate Braak stages. However, our study includes a relatively high number of 

individuals covering all stages of AD. It seems that the decrease in IDE activity is not the result of a 

general decrease in peptidase activities, because other peptidases did not show the same pattern 

of decreasing activity across the Braak stages (data not shown) (Reits et al., 2004). Also, it is unlikely 

that the observed pattern was caused by competition of the qAβ40 with increased endogenous Aβ 

for degradation by IDE, as endogenous Aβ levels were are a 10 000-fold lower than the added qAβ40 

levels (Roher et al., 2009). In addition, increased endogenous Aβ levels are found in both hippocampal 

tissue of AD patients (Matsui et al., 2007), as well as in the APPswePS1dE9 and 3xTg-AD mouse models 

(Oddo et al., 2003a; Kamphuis et al., 2012b). Together, these observations exclude a significant effect 

of competition or accelerated aggregation of endogenous Aβ levels as an alternative explanation 

for the correlation of IDE levels and Aβ degradation in sAD. 

As intracellular Aβ accumulation is already occurring prior to plaque formation (Wirths et al., 2001; 

Youmans et al., 2012) and is described to be associated with cytotoxicity and neurodegeneration 

(Bayer & Wirths, 2010), this study was mainly interested in identifying cytoplasmic peptidases that 

are responsible for degrading intracellular Aβ and may cause Aβ accumulation when their activity is 

decreasing. Cytoplasmic IDE was shown to be such a peptidase degrading intracellular Aβ. However, 

in addition to its cytoplasmic form, IDE also has a neuronal transmembrane isoform, which is 

suggested to face the extracellular environment (Vekrellis et al., 2000), is present in peroxisomes  

(Chesneau et al., 1997), and can be secreted in exosomes by microglia (Qiu et al., 1998) and astrocytes 

(Jiang et al., 2008). In future studies, it would be interesting to investigate the role of these IDE isoforms 

and other peptidases present in specific organelles in degrading Aβ and whether these enzymes 

show altered levels during the progression to AD.

In addition, the mechanisms underlying the partial recovery of IDE protein levels and Aβ 

degradation at Braak stage III remain to be established. It should be noted that stage III is also 

the stage at which large transcriptional changes occur in human AD brain (Bossers et al., 2010).  

IDE mRNA levels were not changed with increasing Braak stage and thus did not correspond to 

altered protein levels of IDE. This suggests that changes in IDE protein levels that were observed 

in AD brain are caused by changes in IDE half-life or secretion. Interestingly, a similar decrease and 

temporal increase were observed when measuring qAβ40 degradation in the cerebrospinal fluid of 

sAD patients at different stages (manuscript in preparation), indicating that the ability to degrade 

Aβ may be globally affected in the central nervous system. Because changes in Aβ degradation can 

already be monitored during the earliest stages of the disease, this would provide possibilities to 
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diagnose AD before the appearance of symptoms and the development of plaque pathology. 

The present study also provides evidence that the commonly used mouse models APPswePS1dE9 

and the 3xTg-AD mice, both showing increased Aβ42 production accompanied by dense-core plaque 

pathology in the brain (Jankowsky et al., 2004), do not mimic the alterations in Aβ clearance observed 

in human sAD. Neither changes in Aβ degradation with AD development nor changes in IDE levels 

were observed in these mice. A possible explanation for the observed difference between mice 

and men could be differences in neuronal loss, as APPswePS1dE9 mice do not show significant 

neuronal loss (Kamphuis et al., 2012a), although this remains a point of debate (Wirths & Bayer, 2010).  

The level of neuronal loss in the 3xTg-AD mouse models is also not yet established  

(LaFerla & Oddo, 2005). In contrast, significant neurodegeneration is thought to occur in the 

human brain; however, the extent to which neuronal loss occurs in the human hippocampal area 

in sAD is contradictory (Rossler et al., 2004). Because decreased IDE levels are already observed 

in Braak stage I and II in which there is not yet any significant neuronal cell loss, a more likely 

explanation would be the genetic background of the transgenic mice. Here, overproduction of 

the Aβ peptide is the primary cause for AD, in contrast to human sAD where decreased clearance 

of Aβ seems to be the primary mechanism underlying the development of the disease, also 

confirming previous data (Dorfman et al., 2010; Mawuenyega et al., 2010). Also, the present study 

is supporting this view by showing altered levels of IDE in human hippocampal tissue, but not in 

APPswePS1dE9 and 3xTg-AD mouse hippocampi. Furthermore, these data show that aging per 

se does not affect the IDE activity and IDE levels, because aging wild-type mice did also not show 

decreased Aβ degradation. The comparison of our results from mice and human show that mice 

data should be considered with caution, as they seem to be not representative for human sAD. 

MATERIALS AND METHODS

Human subjects

Human post mortem tissue was obtained from the Netherlands Brain Bank (NBB; Amsterdam, 

the Netherlands). The brain donors have given informed consent for using the tissue and for 

accessing the extensive neuropathological and clinical information for scientific research, in 

compliance with ethical and legal guidelines (Huitinga et al., 2008). Included in this study were 

Braak stage 0 (n = 9), I (n = 10), II (n = 9), III (n = 10), IV (n = 10) V (n = 10), and VI (n = 10).  

Samples were matched as closely as possible for age, sex, post mortem interval, pH-CSF and ApoE 

genotype. More detailed donor information is presented in Table 1.
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Animals

Double APPswePS1dE9 transgenic mice expressed chimeric mouse/human APP containing the 

K595N/M596L Swedish mutation and human PS1 variant carrying the exon 9 deletion both driven 

by mouse prion promoter elements, directing the expression to neurons (Jankowsky et al., 2004). 

For details, see The Jackson Laboratory [strain B6C3-Tg(APPswe, PSEN1-dE9)85Dbo/J; stock number 

004462; http://jaxmice.jax.org/]. AD mice were maintained as hemizygous and crossed with wild-type 

C57BL/6. Genotyping was performed by real-time PCR assays specific for the two transgenes and 

the prion promoter. The 3xTg-AD line was originally generated by comicroinjection of human APP 

(K670M/N671L) and tau (P301L) transgenes under the control of the Thy 1.2 promoter into mutant 

PS-1 (M146V) knock-in mice (Oddo et al., 2003b). For details, see The Jackson Laboratory [strain 

B6;129-Psen1tm1MpmTg (APPswe, tauP301L)1Lfa/Mmjax; stock number 004807; http://jaxmice.jax.org/]. 

Wild-type littermates served as controls for the AD animals. All animals were housed under standard 

conditions with access to water and food ad libitum. Animal handling and experimental procedures 

were reviewed and approved by the ethical committee for animal care and use of experimental 

animals of the Royal Netherlands Academy for Arts and Sciences, acting in accordance with the 

European Community Council directive of November 24, 1986 (86/609/EEC). All efforts were made to 

minimize suffering and number of animals used for the study presented here. Nine APPswePS1dE9 

mice and nine wild-type mice were used, each divided in age groups 3 months (n = 3), 6 months (n = 3) 

and 18 months (n = 3). Also, nine 3xTg-AD mice and again nine wild-type mice were used, each 

divided in age groups 3 months (n = 3), 6 months (n = 3) and 15 months (n = 3).

Protein isolation

HEK cells were lysed in 25 μM digitonin (Sigma-Aldrich, St. Louis, MO, USA) in KMH buffer  

(110 mM KAc, 2 mM MgAc and 20 mM Hepes-KOH, pH 7.2). Human and mouse brain hippocampal 

tissue was lysed in 400 μL (adjusted to the amount of tissue) of homogenization buffer 

[50 mM Tris/HCl pH 7.5, 250 mM sucrose, 5 mM MgCl2 and freshly added 2 mM ATP, 1 mM DTT, 

and 0.025% digitonin (Sigma)]. Tissue was homogenized on ice in homogenization buffer 

using a homogenizer. Cell lysates were incubated for 30 min on ice and centrifuged for 15 min  

at 20 800 x g at 4 °C.
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Quenched Aβ peptide degradation assays

Peptide synthesis

An Aβ40 peptide DAEFRHDSGYE(q)HHQKLVFFA(f)DVGSNKGAIIGΜMVGGVV containing a fluorophore 

and quencher was synthesized as described before (Reits et al., 2004), introducing a fluorescein (f ) 

at the cysteine (position 22) and a quenching dabcyl group (q) at position 12.

Quenched Aβ peptide degradation assay 

HFIP-treated aliquots of Aβ40 were resuspended in DMSO followed by sonication for 10 min, 

immediately before use. 75 ng (340 nM) of quenched Aβ40 was added to 5 μg protein from the cell 

lysates in KMH buffer (110 mM KAc, 2 mM MgAc, and 20 mM Hepes-KOH, pH 7.2) to a total volume 

of 50 μL. Protease inhibitors [100 μM 1,10-phenanthroline, 200 μM bacitracin, 100 μM E64, 20 μM 

MG-132, 100 μM puromycin, 100 μM PMSF, 200 μM pepstatin A (all Sigma), 100 μM AAF-CMK, 100 μM 

amastatin or 50 μM bestatin (Enzo life sciences AG, Lausen, Switzerland), 50 μM PAQ-22  

(Wako Chemicals, Osaka, Japan), 100 μM Cpp-AAF-pNa (InstruChem, Manila, Philippines), 50 μM 

PAQ-22 (SopaChem, Nieuwegein, The Netherlands), and 100 μM butabindide (Tocris Bioscience, 

Ellisville, MO, USA)] were added to the cell lysates and incubated for 30 min at 4 °C. Degradation of 

the peptide was analyzed at 37 °C using the FLUOstar OPTIMA (BMG Labtec., Jena, Germany).

Electron microscopy

Aβ peptide preparations were adsorbed on 300-mesh formar/copper grids for 2 min, and excess 

fluid was filtered off. Upon staining with 2.5% uranyl acetate for 2 min, grids were analyzed  

with a Fei technai-12 G2 transmission electron microscope.

RNA isolation and quantitative PCR

RNA from human and mouse hippocampal tissue was isolated using Trizol (Invitrogen, Carlsbad, 

CA, USA) and an overnight precipitation in isopropanol. Total RNA (1.0 μg) was DNAse I treated 

and used to generate cDNA (QuantiTect Reverse Transcription Kit; Qiagen, Hilden, Germany) using 

oligo-dT and random hexamer primers. The reverse transcriptase reaction was incubated at 42 °C 

for 30 min. The resulting cDNA was diluted 1:20 and served as a template in real-time qPCR assays. 

Real-time qPCR (SYBR® Green PCR Master Mix; Applied Biosystems, Nieuwerkerk, The Netherlands) 

for IDE was performed using forward primer GGACAGGTTTGCGCAGTTTT and reverse primer 
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ACAGCGTTCACCTCTCTGTCTTT. Expression levels of human AD samples were normalized against 

a selection of 10 reference genes (GAPDH, ACTB, PPIA, UBE2D2, EEF1A, RPS27A, AARS, XPNPEP1, 

RPLP0, and IPO8) based on a geNorm analysis. The normalization factor was the geomean of the  

10 reference genes. Samples with a RIN value below 5.0 were excluded from analysis based on a poor 

correlation with the normalization factor. Expression levels of mouse AD samples were normalized 

against a selection of four reference genes (GAPDH, HPRT, ACTB, and 18S rRNA). The geomean of the 

reference gene levels was used to normalize the assessed transcript levels of IDE. 

western blotting

Equal protein amounts obtained from the hippocampal cell lysates were separated on  

7.5% SDS-PAGE gels. After electrophoresis, proteins were transferred onto a 0.45 μm pore size PVDF 

membrane filter (Schleicher & Schuell, Dassel, Germany). Blots were blocked in 5% dry milk in TBS 

and incubated with the primary antibodies against IDE (1:500; Abcam, Cambridge, UK) and β-actin 

(1:500; Abcam) and subsequently with secondary antibodies IRDye 680 or IRDye 800 (1:15.000;  

LI-COR Biosciences, Lincoln, NE, USA). Signal was detected using the Odyssey imaging system  

(LI-COR Biosciences).
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SuPPLEMENTARy DATA

Supplementary Figure 1  -  Peptidases degrading qAβ40 

qAβ40 degradation in HEK cell lysates without inhibitor or pre-incubated with protease inhibitor phenantroline (100 μM), 

butabindide (100 μM) AAF-CMK (100 μM), bestatin (50 μM), bacitracin (200 μM), PMSF (100 μM), E64 (100 μM), MG-132 (20 μM), 

pepstatin A (200 μM), Cpp-AAF-pNA (100 μM), amastatin (100 μM), puromycin (100 μM), PAQ-22 (50 μM). Error bars represent 

standard deviations (SD).

Supplementary Figure 2  -   IDE mRNA levels with sAD progression

(A) Normalized IDE mRNA expression levels in human hippocampal tissue, for different Braak stages. (B) Normalized IDE mRNA 

expression levels in human hippocampal tissue, for different amyloid scores. mRNA expression level is significantly increased at 

Amyloid score B (P < 0.05). Error bars represent standard error of the mean (SEM). 
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ABSTRACT

Alzheimer’s disease (AD) affects as a progressive neurodegenerative disease 35 million people 

worldwide. This number is expected to grow, raising the need for a cure and a way to diagnose AD. 

The definite diagnosis of AD relies on post mortem analysis of plaques and neurofibrillay tangles, 

however, to modify or stop disease progression preclinical diagnosis of AD is necessary. Therefore, 

biomarkers are needed that detect people at risk to develop AD. The amyloid cascade hypothesis 

states that Aβ accumulation is the initiator of AD pathology, probably caused by decreased clearance 

of the Aβ peptide. Based on this hypothesis, we investigated a quenched Aβ40 peptide that only 

becomes fluorescent upon degradation as a potential novel biomarker for early AD. We show that 

its degradation is significantly decreased in early Braak stages in post mortem cerebrospinal fluid 

(CSF) of AD patients, but not in blood plasma. In CSF this decrease was coinciding with a decline in 

insulin-degrading enzyme levels. However, in ante mortem CSF obtained by lumbar puncture, qAβ40 

degradation did not correlate with clinical diagnosis and could not differentiate stable mild cognitive 

impaired (MCI) subjects from MCI subjects that converted to AD within 2 years. In conclusion, qAβ40 

degradation was not proven to be a diagnostic or prognostic marker by itself, however combining 

the qAβ40 degradation assay with other biomarkers such as Aβ42 levels, increased diagnostic accuracy.

INTRODuCTION

Alzheimer’s disease (AD) is the most common neurodegenerative disorder currently affecting 

over 35 million people worldwide. Due to the growing world population and the fact that people 

reach a higher age, this number is expected to raise to 115 million in 2050 (Mapstone et al., 2014).  

No cures or disease-modifying therapies are available and clinical diagnosis is based on impairment of 

memory and other cognitive functions as measured with the MMSE (Mini-Mental State Examination) 

introducing a high misdiagnosis rate (Blennow et al., 2014). However, early detection and accurate 

diagnosis are crucial to modify or stop disease progression in an early stage before AD patients are 

too advanced to derive clinical benefit from treatment. Therefore, biomarkers are needed that can 

detect cognitively healthy people at risk to develop AD. Amyloid-β42 (Aβ42), total tau (t-tau) and 

phosphorylated tau (p-tau) proteins in cerebrospinal fluid (CSF) are well-established biomarkers for 

AD and are increasingly used for diagnosis in clinical practice (Vos et al., 2014). However, variability of 

CSF analyses between laboratories influence their diagnostic accuracy. In addition, increased levels 

of t-tau and p-tau in CSF are only detected from the MCI (mild cognitive impairment) stage onwards, 

when clinical symptoms are already apparent. The decline in Aβ42 already occurs in cognitively normal 
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individuals who later develop dementia but is not correlated with the severity of the disease in 

later stages (Hampel et al., 2014). Therefore, there is a need for more sensitive biomarkers to detect 

preclinical AD. 

According to the amyloid cascade hypothesis, Aβ accumulation is the initiator of AD  

(Hardy and Allsop, 1991) and drives further AD pathogenesis such as tau aggregation, synaptic 

dysfunction and eventually neuronal death (Hardy and Selkoe, 2002; Tam and Pasternak, 2012; 

Stargardt et al., 2013). Several lines of evidence indicate that Aβ accumulation is caused by decreased 

clearance of the Aβ peptide (Qiu and Folstein, 2006; Zhao et al., 2007). To study alterations in Aβ 

clearance during AD progression, we developed a sensitive Aβ degradation assay by generating a 

quenched Aβ40 (qAβ40) peptide containing a small fluorescein group and a quenching dabcyl group  

(Stargardt et al., 2013). The qAβ40 only becomes fluorescent upon separation of the quencher and 

fluorophore, which occurs after degradation, enabling a direct measurement of Aβ clearance in tissues 

or body fluids. We have shown that degradation of the qAβ40 was already decreased in presymptomatic 

stages of sporadic AD in hippocampal brain tissue and that this decrease was correlated with decreased 

protein levels of the insulin-degrading enzyme (IDE), the main peptidase degrading the qAβ40 peptide  

(Stargardt et al., 2013).

In the present study we investigated whether decreased qAβ40 degradation can be detected in 

CSF and blood in preclinical stages of AD, thereby providing a potential diagnostic and prognostic 

tool for early AD. 

RESuLTS

Decreased qAβ40 degradation and IDE protein levels in post mortem CSF of AD patients

To investigate whether the ability to degrade qAβ40 is affected in CSF of AD patients, we examined 

post mortem CSF of control subjects and sporadic AD patients in different stages of the disease. 

Included were Braak stage 0 (control, no AD), Braak I-II (cognitively healthy but starting AD pathology 

in brain) and IV – VI (mild to severe AD). Information regarding the post mortem CSF samples is listed 

in Table 1. Fig. 1A (left panel, solid bars) shows that qAβ40 degradation was decreased already in 

Braak stage I (two-tailed t-test, P = 0.04), II (two-tailed t-test, P = 0.03), IV (two-tailed t-test, P = 0.03) 

and VI (two-tailed t-test, P = 0.02) when compared to Braak stage 0. Analysis of qAβ40 degradation 

in post mortem CSF from subjects with different amyloid scores ranging from O (no plaques),  

to C (severe plaque pathology) showed less efficient clearance of qAβ40 in amyloid score B and C  

(Fig. 1A, right panel). By grouping CSF samples based on the post mortem diagnosis of the 
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Figure 1  -  QAβ40 degradation in CSF 

during the progression of sporadic AD. 

(A) Left panel: qAβ40 degradation in post 

mortem CSF at different Braak stages, in 

the absence of inhibitor (solid bars) and 

in presence of the IDE inhibitor bacitracin 

(dotted bars). QAβ40 degradation is 

significantly decreased in Braak stages I, II, IV 

and VI compared to Braak stage 0. Error bars 

represent standard error of the mean (SEM) 

(*P < 0.05). Right panel: qAβ40 degradation 

in post mortem CSF at different amyloid 

scores. (B) Left panel: qAβ40 degradation 

is significantly decreased in post mortem 

CSF of AD patients compared to cognitively 

healthy control, grouped by their post 

mortem definite diagnosis. Right panel:  

qAβ40 degradation in subjects grouped 

by their clinical diagnosis; cognitively 

healthy control, mild cognitive impairment 

(MCI) and AD. Error bars represent SEM. 

(C) Upper panel: Western blot analysis of 

IDE in post mortem CSF at different Braak 

stages. Proteins were separated on a 7.5% 

SDS-PAGE gel. Lower panel: Western blot 

quantification of IDE levels in post mortem 

CSF at different Braak stages.  
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subjects (Braak stage 0: control versus Braak stage I-VI: AD) the rate of qAβ40 degradation was 

significantly different in cognitively healthy subjects compared to subjects with AD (two-tailed t-test,  

P = 0.0004) (Fig. 2B, left panel). However, when CSF samples were grouped on the basis of the 

clinical diagnosis of the subjects, in which Braak stage I-II subjects are cognitively healthy controls, 

the qAβ40 degradation rate could not differentiate control subjects from Braak stage III – VI subjects 

that correspond to MCI and AD patients (Fig. 1B, right panel). To test for effects of age, sex, post 

mortem delay, pH and brain weight on qAβ40 degradation, Spearman correlation analysis and  

a Chi-square test were performed that did not show a correlation between these variables (Table 2).  

This supports qAβ40 degradation as being a direct measurement for AD pathology in post mortem CSF.  

When bacitracin, an IDE inhibitor, was added to the CSF prior to the addition of qAβ40, the ability 

to degrade qAβ40 was strongly reduced in all Braak stages (Fig. 1A, left panel, dotted bars).  

This indicated that IDE has a main role in qAβ40 clearance and that its activity is decreased in post mortem 

CSF from subjects with AD. Indeed, IDE protein levels in CSF were decreased with increasing Braak stage  

(Fig. 1C). Together, our data show that in post mortem CSF the rate of qAβ40 degradation is 

decreased in Braak stages I-IV when compared to Braak stage 0, likely caused by a decrease in  

IDE levels and activity.

Table 1  -  Detailed donor information

 Age Sex PMD pH BW

Br 0 (n =  6) 72.5 ± 9.8 2F-4M 6.9 ± 1.7 6.7 ± 0.3 1277 ± 166

Br I (n =  6) 83.8 ± 4.4 4F-2M 5.4 ± 2.0 6.5 ± 0.2 1267 ± 115

Br II (n =   7) 81.6 ± 6.2 3F-4M 6.4 ± 1.9 6.6 ± 0.2 1335 ± 92

Br IV (n =  7) 83.3 ± 3.6 2F-5M 5.0 ± 1.0 6.5 ± 0.2 1178 ± 138

Br V (n =  7) 82.0 ± 6.0 5F-2M 4.5 ± 1.3 6.6 ± 0.3 1162 ± 107

Br VI (n =  6) 72.8 ± 11.9 2F-4M 4.5 ± 0.8 6.6 ± 0.1 1239 ± 185

PMD, post mortem delay (hours); BW, brain weight (grams).

Table 2  -  Correlation subject variables with qAβ40 degradation

 Spearman correlation P-value

Post mortem delay (h) 0.163 0.322

Age at death -0.110 0.505

pH 0.192 0.241

Brain weight (grams) -0.046 0.780

Spearman correlation values and significance for correlation between qAβ40 degradation in post mortem 

CSF and post mortem delay (hours), age at death, pH and brain weight (grams).
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No decrease in qAβ40 degradation in blood plasma of AD patients 

To test whether the qAβ40 degradation assay can be used in blood plasma to detect early AD,  

we examined the degradation rates of qAβ40 in post mortem blood samples of control and subjects 

with sporadic AD covering different Braak stages of the disease. We analyzed most representative 

subjects in each Braak stage from our previous study (Stargardt et al., 2013). Detailed donor 

information is listed in Table 3. There was a high inter-individual variation and no correlation was 

found between qAβ40 degradation and the different Braak stages or amyloid scores (Fig. 2). 

QAβ40 degradation in ante mortem CSF to predict AD development

A biomarker should distinguish cognitively healthy subjects at risk to develop AD from those not 

at risk to develop AD and predict further cognitive decline in MCI patients. To examine whether 

measurements of qAβ40 degradation meet these requirements, we analyzed qAβ40 degradation 

rates in 75 ante mortem CSF samples of subjects with subjective memory complains (SMC, n = 19), 

MCI subjects that remained stable over a period of 2 years (MCI stable, n = 18), MCI subjects that 

converted to clinical AD-type dementia within a 2 year follow-up (MCI converter, n = 18), and 

subjects diagnosed with probable AD (Prob AD, n = 20). Detailed subject information is listed in 

Table 4. QAβ40 degradation showed a trend towards reduced degradation rates in CSF from subjects 

diagnosed with prob AD compared to SMC and MCI stable subjects (respectively P = 0.11 and P = 0.05;  

SMC mean: 4.25 ± 1.34; MCI stable mean: 4.36 ± 1.24; MCI converter mean: 4.07 ± 1.42; Prob AD mean: 

3.69 ± 0.79; Fig. 3A). Furthermore, we analyzed qAβ40 degradation rates in subjects grouped by their AD 

profiles based on their CSF levels of Aβ42 (≤ 550 pg/mL), total tau (t-tau; ≥ 375 pg/mL) and phosphorylated 

tau (p-tau ≥ 52 pg/mL) (Duits et al., 2014). Fig. 3B shows less efficient qAβ40 degradation in subjects with 

the AD profile, which was however not significant (non-AD mean: 4.25 ± 1.34; AD mean: 3.8 ± 0.99).  

A Spearman correlation analysis showed that there was no significant correlation between CSF levels 

of Aβ42, t-tau, p-tau, age and MMSE scores and a Chi-Square test showed no effect of sex (Table 5).

 

In summary, qAβ40 degradation seems slightly lower in ante mortem CSF of AD subjects, however, 

there was a high inter-individual variation within groups and could therefore not significantly 

differentiate stable MCI subjects from MCI subjects that converted to AD within 2 years. To assess 

whether a combination of the qAβ40 degradation assay with other potential biomarkers increases 

diagnostic accuracy, we performed a forward stepwise logistic regression analysis including all 

biomarkers (Aβ42, p-tau, t-tau and qAβ40 degradation). The model including both Aβ42 and qAβ40 
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degradation classified subjects with SMC and probable AD patients with a higher accuracy from 

subjects with SMC (94.9%, P = 0.01) than without qAβ40 degradation (87.2%, P = 0.001).

Table 3  -  Detailed donor information

 Age Sex PMD pH

Br 0 (n =  3) 64.0 ± 5.0 1F-2M 5.3 ± 0.1 6.7 ± 0.1

Br I (n =  2) 79.0 ± 3.6 0F-3M 7.7 ± 1.2 6.7 ± 0.6

Br II (n =  3) 78.0 ± 7.1 1F-2M 6.9 ± 0.1 6.3 ± 0.1

Br III (n =  3) 84.3 ± 1.5 1F-2M 7.0 ± 2.6 6.4 ± 0.2

Br IV (n =  3) 89.0 ± 3.6 3F-0M 6.2 ± 2.4 6.6 ± 0.4

Br V (n =  3) 81.7 ± 10.4 2F-1M 6.1 ± 2.4 6.4 ± 0.2

Br VI (n =  3) 82.0 ± 10.8 3F-0M 5.0 ± 0.7 6.4 ± 0.2

PMD, post mortem delay (hours).

Table 4  -  Detailed subject information

 Age Sex First MMSE score Last MMSE score

SMC (n =  19) 61.4 ± 9.1 12F-8M 27.8 ± 1.2         28.6 ± 0.9

MCI stable (n =  18) 66.0 ± 9.1 8F-12M 27.4 ± 1.5         26.6 ± 2.6

MCI converter (n =  18) 65.8 ± 6.6 11F-9M 25.5 ± 3.0         21.5 ± 4.9

Prob AD (n =  20) 64.5 ± 8.4 7F-13M 23.3 ± 5.5         21.3 ± 5.1

SMC, subjective memory complains; MCI, mild cognitive impairment; Prob AD, probable Alzheimer’s disease.

Figure 2  -  QAβ40 degradation in post mortem blood plasma during the 

progression of sporadic AD. Left panel: qAβ40 degradation in post mortem 

blood plasma of patients with different Braak stages. Right panel: qAβ40 

degradation in post mortem blood plasma of patients with different amyloid 

scores. Error bars represent standard error of the mean (SEM).
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DISCuSSION

In the present study we investigated the potential of the qAβ40 degradation assay as a diagnostic and 

prognostic tool to detect early sporadic AD. In our previous study we showed decreased degradation 

of qAβ40 in post mortem hippocampal brain tissue of AD patients already in the first two Braak stages 

(Stargardt et al., 2013). In the present study, we investigated whether this decrease could also be 

detected in CSF and blood plasma. Since the definite diagnosis for AD and the determination of the 

Braak stages can only be performed post mortem, we investigated in post mortem blood plasma and 

Table 5  -  Correlation subject variables with qAβ40  degradation

 Spearman correlation P-value

Aβ42 -0.011 0.927

T-tau -0.198 0.089

P-tau -0.205 0.078

Age 0.176 0.132

First MMSE score -0.016 0.890

Last MMSE score 0.119 0.309

Spearman correlation values and significance for correlation between qAβ40 degradation in ante mortem 

CSF and levels of Aβ42, total tau (t-tau) and phosphorylated tau (p-tau), age, first MMSE score and last MMSE 

score.

Figure 3  -  QAβ40 degradation in ante mortem CSF of subjects followed over a  

2-year period. (A) QAβ40 degradation in subjects with subjective memory complains  

(SMC), subjects with mild cognitive impairment that remained stable (MCI stable), subjects that 

converted from MCI to AD (MCI converter) and subjects diagnosed with probable AD (Prob AD). 

Error bars represent standard error of the mean (SEM). (B) QAβ40 degradation in cognitively 

healthy control subjects and subjects with AD, based on their AD profiles (CSF levels of Aβ42, total 

tau (t-tau) and phosphorylated tau (p-tau)).
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CSF whether qAβ40 degradation rates and Braak stages were correlated. In post mortem blood plasma, 

qAβ40 degradation was not different between control subjects and AD patients. However, in post 

mortem CSF qAβ40 degradation was significantly decreased already in the early Braak stages and this 

decrease was associated with decreased IDE protein levels. Although IDE protein levels correlated with 

the progression of the disease, qAβ40 degradation rates were similar in Braak stages I, II, IV and VI. This 

suggests that in Braak stages I - VI peptidases other than IDE contribute to qAβ40 degradation in CSF, 

compensating for the increasing loss of IDE. This is different from what we observed in hippocampal 

tissue (Stargardt et al., 2013) where the decrease in IDE protein levels corresponded to decreased qAβ40 

degradation rates, suggesting no compensation for the loss of IDE by other peptidases. However, 

this was investigated in hippocampal tissue, which is highly susceptible for AD pathology, and may 

explain the susceptibility of the hippocampus for Aβ accumulation as there may be no compensation 

by other Aβ degrading enzymes. It would be interesting to examine whether other brain areas can 

compensate for decreased levels of IDE by upregulating other peptidases during AD development, 

thereby limiting their susceptibility for Aβ accumulation.

When grouping subjects by their post mortem diagnosis, qAβ40 degradation was significantly 

decreased in subjects diagnosed with AD (Braak stage I - VI) compared to control subjects  

(Braak stage 0). However, clinical diagnosis is only possible when symptoms are apparent, starting at 

Braak stage III. Consequently, qAβ40 degradation was not significantly different between controls and 

AD subjects when grouped by clinical diagnosis. Also, changes in qAβ40 degradation in ante mortem 

CSF did not predict further cognitive decline in MCI patients. Although qAβ40 degradation may in 

theory allow for diagnosis of early, presymptomatic AD, we could not confirm this in ante mortem CSF 

samples. The reason may be that the definite post mortem diagnosis does not correspond with the 

clinical diagnosis in our cohort and ‘masks’ the correlation between qAβ40 degradation and disease 

progression. In addition, post mortem CSF was obtained from ventricles, whereas ante mortem CSF 

was obtained by lumbar puncture. Ventricular CSF is enriched in brain-derived proteins as compared 

to lumbar CSF (Lewczuk, 2014) what potentially explains why qAβ40 degradation differences between 

control subjects and subjects with AD are more pronounced in post mortem CSF.

In conclusion, our study shows a significant decrease in qAβ40 degradation rates in post mortem 

CSF of AD patients, but the qAβ40 degradation assay cannot be applies as a diagnostic or prognostic 

marker in ante mortem blood or CSF. 
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MATERIALS AND METHODS

Human post mortem CSF and blood plasma

Human post mortem CSF (ventricular) and blood plasma were obtained from the Netherlands 

Brain Bank (NBB; Amsterdam, The Netherlands). The donors have given informed consent for 

using the tissue and for accessing the extensive neuropathological and clinical information 

for scientific research, in compliance with ethical and legal guidelines (Huitinga et al., 2008).  

Included in the post mortem CSF study were Braak stage 0 (n = 6), I (n = 6), II (n = 7), IV (n = 7), V (n = 7)  

and VI (n = 6). Detailed subject information is presented in Table 1. Included in the post mortem blood 

plasma study were Braak stage 0 (n = 3), I (n = 3), II (n = 3), III, (n = 3), IV (n = 3), V (n = 3) and VI (n = 3). 

Detailed subject information is listed in Table 3. All samples were matched as closely as possible for 

age, sex, post mortem delay and pH-CSF. 

Human ante mortem CSF

CSF from different patient groups were included from the Alzheimer Centre Memory Cohort  

(van der Flier et al., 2014). Diagnosis was defined in a multidisciplinary meeting according to state 

of the art criteria, but excluding CSF biomarker results (van der Flier et al., 2014). Human ante 

mortem CSF was collected by lumbar puncture, centrifuged within 2 hours (1800 x g, 10 min at 

room temperature) and stored at -80°C in polypropylene tubes in agreement with consensus 

guidelines (Teunissen et al., 2009). CSF levels of Aβ42, t-tau and p-tau were measured with an 

InnoTest sandwich ELISA (Innogenetics, Ghent, Belgium) as described previously (Mulder et al., 2010).  

Detailed subject information is listed in Table 4. 

Quenched Aβ40 degradation assay

HFIP-treated aliquots of the qAβ40 peptide were resuspended in DMSO followed by vortexing and 

sonication for 10 min, immediately before use. Lysates were diluted in KMH buffer (110 mM KAc,  

2 mM MgAc and 20 mM Hepes-KOH, pH 7.2) and bacitracin (Sigma, St. Louis, MO, USA) was added 

to a final concentration of 200 µM followed by 30 min incubation at 4°C. Then, peptides were added 

to a final concentration of 340 nM in 50 µL total volume. Degradation of the qAβ40 peptides was 

analyzed at 37°C using the FLUOstar OPTIMA (BMG Labtec, Jena, Germany).
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IDE protein levels on western blot

Post mortem CSF samples (100 µL per sample) were concentrated by centrifugation in a SpeedVac 

(Savant, Hicksville, NY, USA) for 1.5 hours. 6 x SDS-sample buffer (350 mM Tris-HCl pH 6.8, 10% SDS, 

6% β mercaptoethanol, 30% glycerol and 0.02% Bromphenol blue) was added to the concentrated 

CSF samples and heated for 5 min at 95°C. Samples were separated on 7.5% SDS-PAGE gels.  

After electrophoresis, proteins were transferred onto a nitrocellulose membrane. Blots were 

blocked in 5% milk in TBS and incubated with the primary antibody against IDE (1:500; Abcam, 

Cambridge, UK) overnight at 4°C. Subsequentially, membranes were washed and incubated with 

the secondary antibody IRDye 680 (1:15.000; LI-COR Biosciences, Lincoln, NE, USA) for 1.5 hours at 

room temperature. Signal was detected using an Odyssey imaging system (LI-COR, Lincoln, NE, USA). 

Protein bands were quantified using ImageJ software (Developed at National Institutes of Health,  

http://rsb.info.nih.gov/ij).

Statistical analysis

Statistical analyses were performed with the SPSS version 19.0 software (Chicago, IL, USA). 

Nonparametric Student’s t-tests were used for 2 groups analysis. Correlation analysis was performed 

using Spearman test. In addition, logistic regression was performed using the forward stepwise 

method to assess whether a combination of markers resulted in a higher diagnostic accuracy.  

P-values < 0.05 were considered significant. 

ACkNOwLEDGEMENTS

We like to thank prof. dr. Elly Hol and the Netherlands Brain Bank for providing post mortem 

CSF and blood plasma. We want to thank dr. Miriam van Strien, dr. Willem Kamphuis and Michiel 

Kooreman for helping us to select the post mortem CSF and blood samples. Also, we would like 

to thank Marta Del Campo Milan for preparing and selecting the ante mortem CSF samples.  

We like to thank prof. dr. Ron van Noorden for critically reading the manuscript.



72

QUENCHED Aβ PEPTIDE DEGRADATION AS A DIAGNOSTIC AND PROGNOSTIC MARKER 

4

REFERENCES

Blennow K, Dubois B, Fagan AM, Lewczuk P, de Leon MJ, Hampel 

H (2014) Clinical utility of cerebrospinal fluid biomarkers in the 

diagnosis of early alzheimer’s disease. Alzheimers Dement doi:10.1016/j.

jalz.2014.02.004

Duits FH, Teunissen CE, Bouwman FH, Visser P, Mattsson N, Zetterberg 

H, Blennow K, Hansson O, Minthon L, Andreasen N, Marcusson J, 

Wallin A, Rikkert MO, Tsolaki M, Parnetti L, Herukka SK, Hampel H, 

De Leon MJ, Schröder J, Aarsland D, Blankenstein MA, Scheltens P, 

van der Flier WM (2014) The cerebrospinal fluid “Alzheimer profile”: 

Easily said, but what does it mean? Alzheimers Dement doi: 10.1016/j.

jalz.2013.12.023

Hampel H, Lista S, Teipel SJ, Garaci F, Nistico R, Blennow K, Zetterberg H, 

Bertram L, Duyckaerts C, Bakardjian H, Drzezga A, Colliot O, Epelbaum 

S, Broich K, Lehéricy S, Brice A, Khachaturian ZA, Aisen PS, Dubois 

B (2014) Perspective on future role of biological markers in clinical 

therapy trials of alzheimer’s disease: A long-range point of view 

beyond 2020. Biochem Pharmacol 88, 426-449 

Hardy J, Allsop D (1991) Amyloid deposition as the central event in the 

aetiology of alzheimer’s disease. Trends Pharmacol Sci 12, 383-388 

Hardy J, Selkoe DJ (2002) The amyloid hypothesis of alzheimer’s 

disease: Progress and problems on the road to therapeutics. Science 

297, 353-356 

Lewczuk P (2014) Currently available biomarkers and strategies 

for the validation of novel candidates for neurochemical dementia 

diagnostics in Alzheimer’s disease and mild cognitive impairment. 

Adv Geriatr doi: 10.1155/2014/891780

Mapstone M, Cheema AK, Fiandaca MS, Zhong X, Mhyre TR, MacArthur 

LH, Hall WJ, Fisher SG, Peterson DR, Haley JM, Nazar MD, Rich SA, 

Berlau DJ, Peltz CB, Tan MT, Kawas CH, Federoff HJ (2014) Plasma 

phospholipids identify antecedent memory impairment in older 

adults. Nat Med 4, 415-418 

Mulder C, Verwey NA, van der Flier WM, Bouwman FH, Kok A, van 

Elk EJ, Scheltens P, Blankenstein MA (2010) Amyloid-beta(1-42), 

total tau, and phosphorylated tau as cerebrospinal fluid biomarkers 

for the diagnosis of alzheimer disease. Clin Chem 56, 248-253 

Qiu WQ, Folstein MF (2006) Insulin, insulin-degrading enzyme and 

amyloid-β peptide in alzheimer’s disease: Review and hypothesis. 

Neurobiol Aging 27, 190-198

Stargardt A, Gillis J, Kamphuis W, Wiemhoefer A, Kooijman L, Raspe 

M, Benckhuijsen W, Drijfhout JW, Hol EM, Reits E (2013) Reduced 

amyloid‐β degradation in early alzheimer’s disease but not in the 

APPswePS1dE9 and 3xTg‐AD mouse models. Aging Cell 12, 499-507 

Tam JH, Pasternak SH (2012) Amyloid and alzheimer’s disease: Inside 

and out. Can J Neurol Sci 39, 286-298

Teunissen CE, Petzold A, Bennett JL, Berven FS, Brundin L, Comabella 

M, Franciotta D, Frederiksen JL, Fleming JO, Furlan R, Hintzen RQ, 

Hughes SG, Johnson MH, Krasulova E, Kuhle J, Magnone MC, Rajda 

C, Rejdak K, Schmidt HK, van Pesch V, Waubant E, Wolf C, Giovannoni 

G, Hemmer B, Tumani H, Deisenhammer F (2009) A consensus 

protocol for the standardization of cerebrospinal fluid collection 

and biobanking. Neurology 73, 1914-1922



73

QUENCHED Aβ PEPTIDE DEGRADATION AS A DIAGNOSTIC AND PROGNOSTIC MARKER 

4

van der Flier, Wiesje M, Pijnenburg YA, Prins N, Lemstra AW,  Bouwman 

FH, Teunissen CE, van Berckel BN, Stam CJ, Barkhof F, Visser PJ, van 

Egmond E, Scheltens P (2014) Optimizing patient care and research: 

The amsterdam dementia cohort. J Alzheimers Dis 41, 313-327

Vos SJ, Visser PJ, Verhey F, Aalten P, Knol D, Ramakers I, Scheltens 

P, Rikkert MG, Verbeek MM, Teunissen CE (2014) Variability of CSF 

Alzheimer’s disease biomarkers: Implications for clinical practice.  

PloS One 9: e100784

Zhao Z, Xiang Z, Haroutunian V, Buxbaum JD, Stetka B, Pasinetti GM 

(2007) Insulin degrading enzyme activity selectively decreases in the 

hippocampal formation of cases at high risk to develop alzheimer’s 

disease. Neurobiol Aging 28, 824-830



5



5
Department of Cell Biology and Histology, Academic Medical Center, Amsterdam, The Netherlands

method of proGnosis of 
alzheimer’s disease and 
substrates for use therein

stargardt a, reits ea

ep2746402 a1, June 25 (2014)



76

METHOD OF PROGNOSIS OF ALZHEIMER’S DISEASE

5

TECHNICAL FIELD OF THE INvENTION

The present invention relates generally to a method of diagnosis or prognosis of Alzheimer’s 

disease (AD) and substrates for use therein. More specifically, the invention relates to a method of 

prognosticating AD by determining the capability of the Insulin-degrading Enzyme (IDE) to cleave 

Aβ proteins. The invention further relates to substrates suitable for determining the Alzheimer’s 

disease status of a subject in a biological sample.

BACkGROuND

Alzheimer’s disease (AD) is a progressive brain disease with a huge cost to human patients and their 

families. AD is the most common form of dementia, a common term for memory loss and other 

cognitive impairments. The impact of AD is also a growing concern for governments due to the 

increasing number of elderly citizens at risk. No cure for AD is currently available, though a number 

of drug and non-drug based therapies for ameliorating the symptoms of AD are widely accepted.  

In general, drug treatments for AD are directed at slowing the progression of symptoms. While many 

such drug treatments have proven effective for many patients, success is directly correlated with 

detecting the presence of disease at its earliest stages.

Currently, no biochemical tests are known for the diagnosis of AD or for monitoring the 

progression of the disease. Certain publications have identified proteins or signatures that could 

be used as diagnostic tools for AD (see, e.g., Gomez Ravetti, M. et al., PLoS One, 3e3111 (2008); 

and Shaw, L. M. et al., Ann Neurol, 65, 403-13 (2009)). Most AD biomarker studies are focused on 

the quantitative changes in tau and A[beta] proteins and modifications of these proteins in the  

cerebrospinal spinal fluid (CSF) from AD patients. These studies have led to a consensus that an 

increase in both total tau and p-tau and a concomitant decrease in A[beta]1-42 in CSF may be 

indicative of AD. However, these changes in t-tau, p-tau, A[beta]1-42 are not specific indicators of 

AD and also occur in some other forms of dementia (N. Andreasen et al., Arch Neurol. 58, 373-379 

(2001); Formichi, P. et al., J. Cell. Physiol. 208, 39-46 (2006); Lewczuk P, et al., Neurobiol. Aging. 25,  

273-281 (2004); Sunderland T. et al., JAMA 289, 2094-2103 (2003); Bailey P. Can. J. Neurol. Sci. 34, 

Suppl. 1 S72-S76 (2007); Blennow K., J. Am. Soc. Exp. Neurotherapeutics. 1, 213-225 (2004)).

The global prevalence of AD is expected to grow from approximately 6 billion people in 2008 

to 11 billion in 2030, and an urgent need exists to identify markers for early detection of AD and to 

monitor the effectiveness of potential new therapies. As the only body fluid in direct contact with  
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the brain, cerebrospinal fluid (CSF) is a potentially rich source of molecular markers that may be able 

to provide early and specific indication of neurological disorders including sporadic AD.

SuMMARy OF THE INvENTION

The present disclosure is based in part on the finding that Insulin-degrading Enzyme (IDE) degrades 

monomeric Aβ less efficiently at Braak stage I and II of sporadic AD (sAD), in contrast to non demented 

controls that are efficiently degrading Aβ. The capability of IDE of a subject to degrade amyloid-β 

proteins is therefore a biomarker for the detection of AD, especially at an early stage of the disease. 

In Kim et al., J Biol Chem. 2007 Mar 16;282(11):7825-32, it has been described that catalytic activity 

of IDE is decreased in subject suffering from familial Alzheimer’s disease. The authors suggested 

that genetic linkage of affected families to chromosome 10 is driven by defects in IDE leading to 

dysfunction. As such genetic linkage is not expected in patients suffering from sporadic AD, it is 

very surprising that the catalytic activity of IDE is also compromised in biologal samples of patients 

at an early stage of sporadic AD, which were not associated with prior family history of the disease.

In a first aspect, the invention therefore provides a method of diagnosis or prognosis of sporadic 

Alzheimer’s disease in a subject, comprising steps of determining the enzyme activity of IDE in a 

biological sample of a subject and diagnosing or prognosticating sporadic Alzheimer’s disease based 

on said enzyme activity of IDE. Preferably, said biological sample is cerebrospinal fluid or blood.

In another aspect the invention relates to highly specific substrates for determining the enzyme 

activity of IDE which are therefore excellently suitable for detecting sporadic AD at an early phase 

in a biological sample of a subject.

Substrates which are suitable for determining the catalytic activity of IDE are described in 

EP1674580 A1. Herein, a compound is described having the formula F - P - Q

 − wherein P represents a peptide comprising at least one cleavage site of the enzyme,

 − wherein F represents a fluorophore which is attached to at least one amino acid residue of P,

 − wherein Q represents a compound being able to statically quench the fluorophore F, and 

being attached to at least to one amino acid residue of P, and

 − whereby F and Q are attached to amino acid residues on different sides of the enzyme 

cleavage site of P. EP1674580 A1, specifically discloses compounds having the amino acid 

sequence KLVFFAEG (SEQ ID NO:7). The drawback of this compound is that the inventors have 

found that by using this substrate for determining the catalytic activity of IDE present in a 

biological sample, a poor relation is obtained with prognosis of sporadic Alzheimer’s disease.
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Serendipously, the inventors have found that substrates wherein any of the amino acids AE in the 

recognition site KLVFFAE is mutated, substituted or deleted, substrates are obtained which are 

superior in detecting sAD. Without wishing to be bound by theory, the inventors believe that by 

mutating or deleting any of the amino acids AE, which are present in the wild type form of Aβ proteins 

directly flanking the carboxyl end of the VFF cleavage site for IDE (e.g. KLVFFAE) , the cleavage site 

for angiotensin converting enzyme (ACE) is disrupted and thereby improving the specificity of the 

substrate.

Therefore, in another aspect, the invention provides a substrate for detecting the activity of 

IDE, of formula F-P-Q

 − wherein P represents a peptide comprising at least one cleavage site for Insulin-degrading 

Enzyme (IDE),

 − wherein F represents a fluorescent dye which is attached to at least one amino acid residue 

of P,

 − wherein Q represents a quencher substance being able to statically quench the fluorescent 

dye F, and being attached to at least one amino acid residue of P, and

 − whereby F and Q are attached to amino acids residues on different sides of the cleavage 

site of P,

 − with the proviso that there is no cleavage site for Angiotensin Converting Enzyme (ACE) 

present in said peptide between the amino acids to which F and Q are attached.

In a preferred embodiment, said substrate is selected from the group consisting of: a protein having 

the amino acid sequence DAEFRHDSGYEKHHQKLVFFACDVGSNKGAIIGLMVGGVV (SEQ ID NO:1), a 

functional fragment thereof, a homologue thereof, and a chemical derivative of any of the protein, 

functional fragment and analogue as defined above. Preferably, said peptide has an amino acid 

sequence which is at least 70% homologous to SEQ ID NO:1.

Preferably, said peptide comprises the amino acid sequence selected from the group consisting 

of: VFF, LVFF, KLVFF QKLVFF, HQKLVFF, QKLVFFA, HHQKLVFF and HQKLVFFA (SEQ ID NO:2).

In a preferred embodiment, said peptide according to the invention, comprises at least 10, more 

preferably at least 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24 or 25 amino acids.

In a preferred embodiment, said substrate according to the invention, comprises at its termini a 

chemical group, preferably a D amino acid, which protects against degradation by exopeptidases. In 

another embodiment, one or more amino acids of the substrate are chemically modified to make the 

substrate more stable. Preferably, said chemical modification comprises amidation and/or acetylation 

of the terminal amino acids of the substrate. This modification makes the resulting peptide more 
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stable towards unwanted enzymatic degradation resulting from exopeptidases.

If the peptide is from an internal sequence of a protein, terminal amidation (C-terminus) or 

acetylation (N-terminus) will remove its charge and help it imitate its natural structure (amide, 

CONH2). In addition, this modification makes the resulting peptide more stable towards enzymatic 

degradation resulting from exopeptidases. In a preferred embodiment, one or more D amino acids 

are incorporated in the terminal ends of said substrate. An advantage thereof is that both termini 

are protected from degradation, allowing only endopeptidases like IDE to degrade the substrate. 

Preferably the most terminal amino acids of both termini are D-amino acids.

In a preferred embodiment said substrate according to the invention has the amino acid sequence 

selected from the group consisting of: SGYEKHHQKLVFFACDVGS (SEQ ID No. 3), YEKHHQKLVFFACDV 

(SEQ ID No. 4), EKHHQKLVFFACD (SEQ ID No. 5) and RHDSGYEKHHQKLVFFACDVGSNKG (SEQ ID No. 6).

In a preferred embodiment, said quencher substance is selected from the group consisting of Dabcyl, 

QSY7, QSY33, Ferrocene and its derivatives, methyl viologen, and N,N’-dimethyl-2,9-diazopyrenium.

Preferably, said fluorescent dye is selected from the group consisting of fluorescein isothiocyanate 

(FITC) and its derivatives; Alexa 488, Alexa 532, Alexa 350, cy3, cy5, 6-joe, EDANS; rhodamine 6G (R6G) 

and its derivatives, Texas red, BODIPY FL, BODIPY FL/C3, BODIPY FL/C6, BODIPY 5-FAM, BODIPY TMR, 

and derivatives thereof, BODIPY R6G, BODIPY 564, and BODIPY 581.

In a highly preferred embodiment, said quencher substance is Dabcyl and said fluorescent dye 

is fluorescein.

Preferably, said quencher substance is positioned vis-à-vis said fluorescent dye, such that there are 

between 6-12 amino acids between said quencher substance and said fluorescent dye. Preferably, said 

quencher substance and said fluorescent dye are attached to the amino acids of position 12 and 22.

In a preferred embodiment of the method according to the invention, said activity is determined 

by incubating said biological sample with the substrate according to the invention, measuring the 

fluorescence of said substrate and determining the enzyme activity of IDE based on said fluorescence.

In another aspect the invention provides a method of determining the enzyme activity of IDE, 

comprising combining an amount of IDE and a substrate according to the invention, allow said IDE 

to degrade said substrate, and measuring the fluorescence of said substrate and determining the 

enzyme activity of IDE based on said fluorescence.

In a preferred embodiment of the method of diagnosis or prognosis of sporadic Alzheimer’s 

disease according to the invention, said enzyme activity of IDE is determined according to the method 

of determining the enzyme activity of IDE according to the invention.

In a further aspect, the invention provides a method of selecting a compound or composition 

suitable for the treatment of Alzheimer’s Disease comprising steps of:
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 − providing a sample comprising IDE, a compound or composition to be tested, and the 

substrate according to the invention,

 − measuring the fluorescence of said substrate, 

 − determining the activity of IDE based on said fluorescence, and

 − selecting the compound or composition based on an increased enzyme activity of IDE 

compared to a control sample.

 

BRIEF DESCRIPTION OF THE DRAwINGS

Fig. 1(A) shows monomeric and oligomeric qAβ degradation. Fluorescence can only be detected 

upon degradation of the quenched Aβ (qAβ) peptide when the fluorescein group (F) is separated 

from the quencher group (Q). Fig. 1(B) shows that qAβ is degraded in HEK293 cytosolic fractions 

(dashed line) but not in KMH buffer (solid line). Fig. 1(C) shows qAβ degradation in HEK293 cytosolic 

fractions without inhibitor (solid line), pre-incubated with 100 μM phenantroline (dashed line) and 

pre-incubated with 200 μM bacitracin (dotted line). Fig. 1(D) shows the degradation of qAβ that 

was pre-incubated at 37°C for 0 hour (dashed line), 2 hours (upper dotted line), 4 hours (solid line) 

or 6 hours (lower dotted line) in HEK293 cell lysates. Fig. 1(E) shows that oligomeric Aβ does not 

impair IDE, as monomeric qAβ is as efficiently degraded in HEK293 cell lysates pre-incubated with 

monomeric qAβ (solid line) and with 2 hours pre-incubated qAβ (dotted line). The additional pool 

of monomeric qAβ was added when the fluorescence plateau level was reached (arrow). (F) Electron 

microscopy images showing increased oligomerisation with time of qAβ and synthetic Aβ42 at 37°C.

Fig. 2 shows the qAβ degradation during the progression of sporadic AD. Fig. 2(A) shows 

qAβ degradation in human hippocampal lysates at different Braak stages, without inhibitor  

(solid bars) and with bacitracin (dotted bars). qAβ degradation is significantly decreased in Braak stage I  

(P < 0.05), II (P = 0.01), IV (P < 0.05), V (P < 0.001) and VI (P < 0.0001). Error bars represent standard error 

of the mean (SEM). Fig. 2(B) shows the degradation of differently pre-incubated, oligomeric qAβ in 

human hippocampal lysates at Braak stage 0, III and VI. qAβ degradation is significantly decreased 

in Braak stage VI, at 0 hour (P < 0.01), 2 hours (P < 0.01), 4 hours (P < 0.01) and 6 hours (P < 0.01) of  

pre-incubation. Error bars represent SEM. Fig. 2(C) shows the qAβ degradation in human hippocampal 

lysates at different amyloid scores. qAβ degradation is significantly decreased in amyloid score C  

(P < 0.05). Error bars represent SEM. Fig. 2(D) shows in the Upper panel: Western blot analysis of human 

hippocampal lysates at different Braak stages, showing a decrease of IDE with increasing Braak stage 

in sAD. In the lower panel of Fig. 2(D) Western blot quantification of human hippocampal lysates at 

different Braak stages is shown.
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Fig. 3 shows qAβ degradation during the progression of AD in the APPswePS1dE9 mice.  

Fig. 3(A) shows qAβ degradation in mouse hippocampal lysates of both wild-type (solid bars) and 

APPswePS1dE9 mice (dotted bars) at 3, 9 and 18 months of age. Error bars represent standard error 

of the mean (SEM). Fig. 3(B) Upper panel shows the Western blot analysis of APPswePS1dE9 mice 

hippocampal lysates at 3, 9 and 18 months of age, stained for IDE and β-actin (loading control).  

In the lower panel of Fig. 3(B), Western blot quantification of APPswePS1dE9 mice hippocampal 

lysates at different ages is shown.

Fig. 4 shows qAβ degradation during the progression of AD in the 3xTg-AD mice. Fig. 4(A) shows 

qAβ degradation in mouse hippocampal lysates of both wild-type (solid bars) and 3xTg-AD mice 

(dotted bars) at 3, 9 and 15 months of age. Error bars represent standard error of the mean (SEM). 

Fig. 4(B), upper panel shows the Western blot analysis of 3xTg-AD mice hippocampal lysates at  

3, 9 and 15 months of age, stained for IDE and β-actin (loading control). In the lower panel of Fig. 

4(B), the Western blot quantification of 3xTg-AD mice hippocampal lysates at different ages is shown.

Fig. 5 shows the degradation of the 12-mer HQKLVFFACDCB peptide as a monomeric form  

(solid line), an oligomeric form, added after 3 HR incubation in PBS (dashed line) and the monomeric 

form in the presence of Bacitracin (dotted line).

Fig. 6 shows qAβ40 degradation in human post mortem Cerebrospinal fluid. Fig. 6(A) shows the 

degradation of the qAβ40 peptide in human post mortem CSF obtained from patients at different 

Braak stages and healthy controls. qAβ40 degradation in significantly decreased at Braak stage II  

(* P < 0.05). Fig. 6(B) shows the degradation of the qAβ40 peptide in human post mortem pooled CSF 

obtained from Alzheimer patients (Braak stage I to VI) and healthy controls. qAβ40 degradation in 

significantly decreased in pooled CSF obtained from Alzheimer patients (* P < 0.05).

Fig. 7 shows the effect of aggregation on the sensitivity of a substrate of the invention to detect 

IDE activity. Line (A) shows the development in time of the fluorescence of a substrate of the invention 

is the presence of IDE with a normal enzyme activity. When high IDE activity is present (as in healthy 

control persons) the substrate is rapidly degraded in time, leading to a fast increase in fluorescence 

and a high plateau level, indicating that the substrate was degraded fast enough to prevent its own 

aggregation during the assay. Line (B) shows the effect of less IDE activity (e.g. IDE from a subject 

in Braak I phase) when only looking at the speed of substrate degradation. With less IDE activity, 

the degradation rate of the substrate is reduced, resulting in an increased half-life of the substrate 

and therefore a longer time needed to reach the same plateau phase when compared to (A). From 

this, it can be concluded that the degradation rate of substrate is decreased in comparison to the 

results shown in line A, resulting in a slower increase in time. Due to the slower degradation rate, the 

substrate also has time to start oligomerizing during the assay. This results in less monomeric substrate 
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that can be degraded by IDE, resulting in a lower plateau phase too (C). The slower degradation of 

the substrate allows non-degraded substrate to oligomerize in time, which prevents degradation 

by IDE. As a result, less substrate is degraded in samples with lower IDE activity, leading to a lower 

end plateau level of fluorescence (C). The substrate is therefore degraded at a slower rate and in 

lower quantities in samples with lower IDE activity. A substrate of the invention with the capacity to 

aggregate will therefore have a higher sensitivity for the detection of IDE activity than a substrate 

which does not aggregate. 

DETAILED DESCRIPTION OF THE INvENTION

Definitions

As used herein, the terms “Alzheimer’s disease” and “AD” refer to a neurodegenerative disorder 

and encompasses familial Alzheimer’s disease and sporadic Alzheimer’s disease. The term “familial 

Alzheimer’s disease” refers to Alzheimer’s disease associated with genetic factors (i.e., demonstrates 

inheritance) while “sporadic Alzheimer’s disease” refers to Alzheimer’s disease that is not associated 

with prior family history of the disease. Symptoms indicative of Alzheimer’s disease in human 

subjects typically include, but are not limited to, mild to severe dementia, progressive impairment 

of memory (ranging from mild forgetfulness to disorientation and severe memory loss), poor  

visuo-spatial skills, personality changes, poor impulse control, poor judgement, distrust of others, 

increased stubbornness, restlessness, poor planning ability, poor decision making, and social 

withdrawal. In severe cases, patients lose the ability to use language and communicate, and 

require assistance in personal hygiene, eating and dressing, and are eventually bedridden. Hallmark 

pathologies within brain tissue include extracellular neuritic β-amyloid plaques, neurofibrillary 

tangles, neurofibrillary degeneration, granulovascular neuronal degeneration, synaptic loss, and 

extensive neuronal cell death.

The term “Amyloid-β protein” refers to any peptide produced by proteolytic processing of the 

APP gene product, especially peptides which are associated with amyloid pathologies, including 

Aβι39, Aβwo, Aβι-41, Aβi42, and Aβws.

As used herein, the terms “β amyloid”,  “amyloid-β” and “Aβ” are synonymous. As used herein, the 

amyloid-β protein includes naturally occurring human wild type amyloid beta peptides. Wild type 

amyloid beta peptides include amyloid beta 1-38, amyloid beta 1-39, amyloid beta 1-40, amyloid 

beta 1-41, amyloid beta 1-42, and amyloid beta 1-43.

The structure and sequence of Aβ peptides of various lengths are well known in the art.  
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Such peptides can be made according to methods known in the art (e.g., Glenner and Wong, Biochem 

Biophys. Res. Comm. 129: 885-890, 1984; Glenner and Wong, Biochem Biophys. Res. Comm. 122: 113 

1-1135, 1984). In addition, various forms of the peptides are commercially available.

Rather than using the naturally occurring amyloid-β protein, functional derivatives of these 

peptides can be used. By “functional derivative” is meant a fragment, variant, analog, or chemical 

derivative of the amyloid-β peptides, which terms are defined below. A functional derivative retains 

at least its capability of being cleaved by the IDE. This capability can be tested by combining said 

fragment with a functional amount of IDE and allow said fragment to be cleaved. Subsequently, the 

fragment size may be determined, for example using western blotting or Mass spectometry.

The term “fragment” as used herein refers to a fragment of an Aβ protein which can be degraded 

by IDE and therefore is still functional as a specific substrate for IDE.

A “homologue” of the amyloid-β peptide refers to any peptide having a high degree of sequence 

identity with amyloid-β protein. As used herein, a homologue includes natural mutants and analogs 

of the amyloid-β protein. The definition of these terms is set below.

A “natural mutant” of the amyloid-β peptide refers to a molecule which is substantially similar to 

either the entire peptide or a fragment thereof. In particular, it refers to naturally occurring mutant 

amyloid beta peptides. Amyloid beta mutations include A2T, H6R, D7N, A21G, E22G (Arctic), E22Q 

(Dutch), E22K (Italian), D23N (Iowa), A42T, and A42V. These mutations may optionally be present 

in any of the amyloid beta peptides 1-38, 1-39, 1-40, 1-41, 1-42, and 1-43. Variant peptides can 

be conveniently prepared by direct chemical synthesis of the variant peptide, using methods well 

known in the art.

An “analog” of the amyloid-β peptide refers to a non-human molecule or to a non-human homolog 

which is substantially similar to the entire molecule or to a functional fragment thereof which is still 

functional as a specific substrate for IDE. It also includes non-naturally occurring variants having a 

high similarity with amyloid-β protein.

A “chemical derivative” of the amyloid-β peptide contains additional chemical moieties not 

normally part of the amyloid-β amino acid sequence. Covalent modifications of the amino acid 

sequence are included within the scope of this invention. These modifications may be introduced 

into the amyloid-β peptides by reacting targeted amino acid residues from the peptide with an 

organic derivatizing agent that is capable of reacting with selected side chains or terminal residues. 

Alternatively, D-amino acids may be incorporated in the amino acid sequence.

The term “Insuline Degrading Enzym” (IDE) as used herein refers to Insulin-degrading enzyme 

(IDE), which is a Zn2+-metalloprotease with a molecular weight of 113 kDa. The active site signature 

sequence of IDE consists of His-Glu-aa-aa-His (HEXXH) in which the two histidines coordinate the 
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binding of the zinc ion and the glutamate plays an essential role in catalysis. IDE is ubiquitously 

expressed with its highest expression in the liver, testes, muscle and brain. IDE is abundant in the 

cytosol and peroxisomes and is also found in the rough endoplasmatic reticulum.

The gene encoding IDE is located on chromosome 10q23-q25 in humans. It spans approximately 

120 kb and contains 24 exons. The coding sequence is highly conserved during evolution from  

E. coli, to Drosophila, to human.

IDE has been shown to play role in the degradation and clearance of insulin in vivo. Furthermore, 

IDE shows a degradation potential for some peptidic hormones and for amyloid-β peptide. 

Overexpression of IDE in cells in culture has been found to increase the rate of insulin degradation.

It has been shown that IDE is capable of degrading amyloid-β (Aβ). Aβ is neurotoxic and its 

accumulation results in amyloid fibril formation and the generation of senile plaques, the hallmark 

of Alzheimer’s disease. It was suggested that IDE is involved in the clearance of Aβ from the brain and 

cerobrospinal fluid (CSF) and thereby preventing the formation of senile plaques. The mapping of 

the IDE gene to chromosome 10q23-q25 made it a candidate gene for the Alzheimer disease-6 locus.

The DNA sequence of human IDE (hIDE) has the mRNA nucleic acid sequence according to 

NM_001165946.1, and the protein has the amino acid sequence NP_001159418.1.

The term “fluorescent dye” as used herein means fluorescent dyes of the like, which are generally 

used for the determination or detection of nucleic acids by labeling nucleic acid probes. Illustrative of 

such fluorescent dyes are fluorescein and derivatives thereof [for example, fluorescein isothiocyanate 

(FITC) and its derivatives]; Alexa 488, Alexa 532, Alexa 350, cy3, cy5, 6-joe, EDANS; rhodamine 6G (R6G) 

and its derivatives [for example, tetramethylrhodamine (TMR), tetramethylrhodamine isothiocyanate 

(TMRITC), x-rhodamine, Texas red, “BODIPY FL” (trade name, product of Molecular Probes, Inc. (Eugene, 

Oreg., U.S.A.), “BODIPY FL/C3” (trade name, product of Molecular Probes, Inc.), “BODIPY FL/C6” (trade 

name, product of Molecular Probes, Inc.), “BODIPY 5-FAM” (trade name, product of Molecular Probes, 

Inc.), “BODIPY TMR” (trade name, product of Molecular Probes, Inc.), and derivatives thereof (for 

example, “BODIPY TR” (trade name, product of Molecular Probes, Inc.), “BODIPY R6G” (trade name, 

product of Molecular Probes, Inc.), “BODIPY 564” (trade name, product of Molecular Probes, Inc.), and 

“BODIPY 581” (trade name, product of Molecular Probes, Inc.)]. Among these, FITC, EDANS, Texas red, 

6-joe, TMR, Alexa 488, Alexa 532, ” BODIPY FL/C3” and “BODIPY FL/C6” are preferred, with EDANS, 

Texas red, FITC, TMR, 6-joe, “BODIPY FL/C3” and “BODIPY FL/C6” being more preferred.

The term “quencher substance” as used herein refers to a substance which acts on the above-

described fluorescent dye and inhibits or quenches emission of fluorescence from the fluorescent 

dye. Illustrative are Dabcyl, “QSY7” (Molecular Probes), “QSY33” (Molecular Probes), Ferrocene 

and its derivatives, methyl viologen, Blackberry quenchers for red fluorophores, such as TAMRA, 
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Cy3/Cy5 (Berry & Associates, Inc., Dexter, USA), Dansyl, DNP (Biopeptek, Inc., Malvern, USA) and  

N,N’-dimethyl-2,9-diazopyrenium, with Dabcyl and the like being preferred.

As used herein, the term “amino acid” refers to the aminocarboxylic acids that are components of 

proteins and peptides. The amino acid abbreviations are as follows: A (Ala); C (Cys); D (Asp); E (Glu); 

F (Phe); G (Gly); H (His); I (Iso); K (Lys); L (Leu); M (Met); N (Asn); P (Pro); Q (Gin); R (Arg); S (Ser); T (Thr); 

V (Val); W (Trp), and Y (Tyr).

As used herein, the term “homologous” or means either I) a protein or peptide that has an amino 

acid sequence that is substantially similar (i.e., at least 70, 75, 80, 85, 90, 95, or 98%) to the sequence 

of a given original protein or peptide and that retains a desired function of the original protein or 

peptide or II) a nucleic acid that has a sequence that is substantially similar (i.e., at least 70, 75, 80, 

75, 90, 95, or 98%) to the sequence of a given nucleic acid and that retains a desired function of the 

original nucleic acid sequence. In all of the embodiments of this disclosure, any disclosed protein, 

peptide or nucleic acid can be substituted with a homologous or substantially homologous protein, 

peptide or nucleic acid that retains a desired function.

When a subunit position in both of the two molecules is occupied by the same monomeric 

subunit, e.g., if a position in each of two peptide molecules is occupied by valine, then they are 

homologous at that position. The homology between two sequences is a direct function of the 

number of matching or homologous positions, e.g., if half (e.g., five positions in a polymer ten subunits 

in length) of the positions in two compound sequences are homologous then the two sequences 

are 50% homologous, if 90% of the positions, e.g., 9 of 10, are matched or homologous, the two 

sequences share 90% homology. By way of example, the amino acid sequences KLVFFA and DLGFFV 

share 50% homology.

The determination of percent identity between two amino acid sequences can be accomplished 

using a mathematical algorithm. For example, a mathematical algorithm useful for comparing two 

sequences is the algorithm of Karlin and Altschul (1990, Proc. Natl. Acad. Sci. USA 87:2264-2268), 

modified as in Karlin and Altschul (1993, Proc. Natl. Acad. Sci. USA 90:5873-5877). This algorithm 

is incorporated into the NBLAST and XBLAST programs of Altschul et al., (1990, J. Mol. Biol. 215: 

403-410), and can be accessed, for example, at the BLAST site of the National Center for Biotechnology 

Information (NCBI) world wide web site at the National Library of Medicine (NLM) at the National 

Institutes of Health (NIH). BLAST protein searches can be performed with the XBLAST program 

(designated “blastn” at the NCBI web site) or the NCBI “blastp” program, using the following parameters: 

expectation value 10.0, BLOSUM62 scoring matrix to obtain amino acid sequences homologous to 

a protein molecule described herein.

To obtain gapped alignments for comparison purposes, Gapped BLAST can be utilized as 
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described in Altschul et al., (1997, Nucleic Acids Res. 25:3389-3402). Alternatively, PSI-Blast or PHI-Blast 

can be used to perform an iterated search which detects distant relationships between molecules 

(id.) and relationships between molecules which share a common pattern. When utilizing BLAST, 

Gapped BLAST, PSI-Blast, and PHI-Blast programs, the default parameters of the respective programs  

(e.g., XBLAST and NBLAST) can be used as available on the website of the National Center for 

Biotechnology Information of the National Library of Medicine at the National Institutes of Health.

The percent identity between two sequences can be determined using techniques similar to 

those described above, with or without allowing gaps. In calculating percent identity, typically exact 

matches are counted.

As used herein, the term “exopeptidase” refers to a hydrolase enzyme that removes terminal 

amino acids of a peptide or protein by cleaving peptide bonds.

Throughout the application, all references to a particular amino acid position by number  

(e.g., position 28) refer to the amino acid at that position in SEQ ID NO:1 or the corresponding amino 

acid position in any functional derivative, fragment, variant, analog, chemical derivative thereof. 

For example, a reference herein to “position 28” would mean the corresponding position 27 for an 

analog in which the first amino acid of SEQ ID NO:1 has been deleted. Similarly, a reference herein 

to “position 28” would mean the corresponding position 29 for an analog in which one amino acid 

has been added before the N-terminus of SEQ ID NO:1. As used herein an “amino acid modification” 

refers to (I) a substitution or replacement of an amino acid of SEQ ID NO:1 with a different amino acid 

(naturally-occurring or coded or non-coded or non-naturally-occurring amino acid), (II) an addition 

of an amino acid (naturally-occurring or coded or non-coded or non-naturally-occurring amino acid), 

to SEQ ID NO:1 or (III) a deletion of one or more amino acids of SEQ ID NO:1.

Preferred embodiments

Peptide substrate for detecting the activity of Insulin-degrading enzyme

The invention provides a substrate for detecting the activity of IDE, of formula F-P-Q

 − wherein P represents a peptide comprising at least one cleavage site for Insulin-degrading 

Enzyme (IDE),

 − wherein F represents a fluorescent dye which is attached to at least one amino acid residue 

of P,

 − wherein Q represents a quencher substance being able to quench the fluorescent dye F, 

and being attached to at least one amino acid residue of P, and
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 − whereby F and Q are attached to amino acids residues on different sides of the cleavage 

site of P

with the proviso that there is no cleavage site for Angiotensin Converting Enzyme (ACE) present in 

said peptide between the amino acids to which F and Q are attached. The substrate according to 

the invention serves as an easily quantifiable substrate for IDE, to enable measuring the enzyme 

activity level based on the fluorescence level of the spliced product. In order to be able to quantify 

the amount of cleavage of the protein of the invention by IDE, it is required that in one region  

flanking the cleavage site for IDE the fluorescent dye is present and that in the other flanking region 

the quencher substance is present. When the substrate according to the invention is in the unspliced 

form, said quencher substance prevents fluorescence by said fluorescent dye. This quenching effect 

is removed when the substrate of the invention is spliced, resulting in separate fragments having 

a fluorescent dye or a quenching substance, which are not close enough to interact. As a result of 

the cleavage, the fragments start to fluoresce.

The substrate according to the invention comprises a splice site for IDE, which is preferably in the 

middle of the substrate. The splice site is surrounded by amino acids which form also a critical region for 

aggregation. This cleavage site for IDE is crucial for the functionality of the substrate of the invention, 

because it confers the specificity of the substrate of the invention for the enzyme IDE. This cleavage site 

comprises at least the amino acid sequence VFF, because this stretch serves as recognition moiety for 

IDE and cleavage by IDE occurs in this sequence. Therefore, said peptide comprises at least the amino 

acids having the sequence VFF. Without wishing to be bound by theory, it is believed that splicing 

may occur in the peptide bond following each of the amino acids of the VFF sequence. As an example, 

a peptide having the amino acid sequence DAEFRHDSGYEKHHQKLVFFACDVGSNKGAIIGLMVGGVV 

may be cleaved by IDE into the following fragment pairs:

DAEFRHDSGYEKHHQKLV and FFACDVGSNKGAIIGLMVGGVV,

DAEFRHDSGYEKHHQKLVF and FACDVGSNKGAIIGLMVGGVV, or

DAEFRHDSGYEKHHQKLVFF and ACDVGSNKGAIIGLMVGGVV

More preferably, said peptide comprises LVFF and even more preferably at least KLVFF, because 

these sequences are recognized by IDE with a higher degree of specificity. In addition, the substrate 

of the invention comprises two regions flanking said splice site, which become separate fragments 

upon splicing by IDE. Each of these regions comprise either a quencher substance or a fluorescent 

dye. At least one region comprises said quencher substance and the other region comprises said 

fluorescent dye. The quenching substance may be in the region on the N-terminus of the substrate 
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of the invention or on the C terminus. It is understood that if the quenching substance is present 

in the region on the C terminus, then a fluorescent substance is present in the other region on the  

N terminal side of the protein, and vice versa.

In principle, any peptide substrate comprising said cleavage site for IDE may be used. Any 

amyloid-β protein or functional derivative, fragment, variant, analog, chemical derivative thereof as 

defined herein may be used as the basis for the preparation of substrate according to the invention, 

as long as it can be spliced by IDE.

In a preferred embodiment, said peptide comprises the amino acid sequence having at least 5, 

more preferably 6, 7, 8 or all consecutive amino acids of the amino acid sequence HHQKLVFFA (SEQ 

ID NO:2). An advantage of more amino acids of this sequence is that it improves the specificity. Good 

results may be obtained when said recognition site comprises the amino acid sequence selected 

from the group consisting of: QKLVFF, KLVFFV, QKLVFFV, HQKLVFF, HHQKLVF, QKLVFFA, HHQKLVFF 

and HQKLVFFA (SEQ ID NO:2).

Preferably, said substrate has an amino acid sequence which is identical to at least 70, 71, 72, 

73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99% to 

the following sequence:

DAEFRHDSGYEKHHQKLVFFACDVGSNKGAIIGLMVGGVV (SEQ ID No. 1)

1234567890123456789012345678901234567890 (position)

Said substrate according to the invention may vary in length as long as its functionality is retained. 

The length of the substrate should preferably not be longer than 41 amino acids, as this leads to 

aggregation during synthesis. Also fragments of the substrate according to the invention which can 

be degraded by IDE may be used.

Relatively short substrates, for example shorter fragments of the amyloid-β protein or fragments 

of a functional derivative, fragment, variant, analog, chemical derivative of said amyloid-β protein may 

also be used. However, fragments which are shorter than 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 

23, 24 or 25 amino acids should preferably not be used, as such short fragments are less aggregation-

prone. For this reason, aggregation cannot be used as a parameter for IDE activity. Therefore, in a more 

preferred embodiment, said fragments are capable of aggregating. This greatly facilitates the method 

according to the invention, because it results not only in slower degradation of said fragments, but 

also results in a lower fluorescence after the reaction is concluded. As a result, short substrates result 

in a lower sensitivity in the detection of IDE activity. The relation between aggregation capability of a 

substrate according to the invention and its sensitivity for determining IDE activity is shown in Fig. 7. 
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Any method known in the art may be used to establish whether an amyloid-β protein, functional 

derivative, fragment, variant, analog, chemical or derivative is capable of aggregation. For instance, 

said protein or fragment etc. may be visualized by transmission electron microscopy to determine 

whether they form oligomers and fibers in time. Alternatively, the aggregation capability of a 

peptide may be determined by incubating the peptide with IDE and subsequently determining the 

degradation decrease. As IDE only cleaves monomeric substrates, a decrease in degradation can 

be determined in case the peptide is aggregated. It is also possible to determine the aggregation 

capability of a peptide by incubating the peptide with fluorescent compounds like CongoRed or 

Thioflavine S. Aggregated peptides may be visualized by fluorescent microscopy.

The distance between the fluorescent dye and the quenching substance is very important for the 

functioning of the protein according to the invention. When the distance is too large, the fluorescent 

dye and the quenching substance are unable to interact. The distance between the amino acids at 

the positions where the protein of the invention is labeled with the fluorescent dye and the quencher 

substance is preferably between 6 and 12, more preferably between 8 and 12, in terms of the number 

of amino acids, including the amino acids labeled with the fluorescent dye and quenching substance. 

For example, if a quencher substance is position at amino acid 10 and a fluorescent dye at amino 

acid 22, the distance between the quenching substance and the fluorescent dye is 12 amino acids.

The distance between the amino acids depends strongly upon the base sequence of the probe, 

the fluorescent dye and quencher substance to be used for modification, the lengths of linkers 

adapted to bind them to the amino acid, and the like. It is, therefore, difficult to fully specify the amino  

acid-to-amino acid distance. It is to be noted that the above-described acid-to-amino acid distances 

are merely general examples and the distance between the bases includes many exceptions.

In a preferred embodiment, said distance between the fluorescent dye and the quenching substance 

is 10, 11 or 12 amino acids. Preferably, said fluorescent dye and said quencher substance are at position 

22 and at position 12 of SEQ ID. NO:3 or at the comparable positions within a homolog of the protein 

according to the invention. In a highly preferred embodiment, said substrate comprises the amino acid 

sequence HQKLVFFA, wherein the amino acids flanking directly the amino acid sequence HQKLVFFA 

are labeled on the one side with a quencher substance and on the other side with a fluorescent dye, 

for example as indicated with the following formula:

[Q]HQKLVFFA[F] or [F]HQKLVFFA[Q],

wherein [Q] indicates an amino acid labeled with a quenching substance and [F] indicates an amino 

acid labeled with a fluorescent dye.
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In a more preferred embodiment, said amino acid flanking the N- terminal side of the amino 

acid sequence HQKLVFFA is a His (H). In another preferred embodiment, said amino acid flanking 

the C- terminal side of the amino acid sequence HQKLVFFA is a Cys (C).

A highly preferred embodiment of the substrate of the invention includes a Aβ40 peptide having 

the amino acids sequence according to SEQ ID NO:1 or a homologous protein thereof, containing a 

fluorescein-labeled amino acid such as cysteine at position 22 and a quencher-labeled amino acid 

such as histidine at position 12. It is highly preferred that such fragments comprise the amino acid 

sequence HQKLVFFA, preferably flanked on one side by an aminoacid with a quenching group, and on 

the other side by an amino acid with a fluorophore: [Q]HQKLVFFA[F] or [F]HQKLVFFA[Q]. Optionally, 

said substrate may further comprise additional amino acids at the N-terminus and/or C-terminus, 

for example as indicated with the following formula:

xyzE(Q)HHQKLVFFA(F)Dxyz or xyzE(F)HHQKLVFFA(Q)Dxyz

wherein [Q] indicates an amino acid labeled with a quenching substance and [F] indicates an amino 

acid labeled with a fluorescent dye. “xyz” indicate a variable number of random amino acids.

The substrate of the invention may be synthesized according to any method known to the skilled 

person, for example such as described in Reits et al., 2004.

In a preferred embodiment, said substrate according to the invention, comprises at its termini a 

chemical group, preferably a D amino acid, which protects against degradation by exopeptidases.  

In another embodiment, one or more amino acids of the substrate are chemically modified to 

make the substrate more stable. Preferably, said chemical modification comprises amidation  

and/or acetylation of the terminal amino acids of the substrate. This modification makes the resulting 

peptide more stable towards enzymatic degradation resulting from exopeptidases.

In a preferred embodiment, said modification comprises amidation of the C terminus and/or 

acetylation of the N-terminus. This modification makes the resulting peptide more stable towards 

enzymatic degradation resulting from exopeptidases.

In a preferred embodiment, one or more D amino acids are incorporated in the terminal ends of 

said amyloid-β protein, analogue or functional fragment. An advantage thereof is that both termini 

are protected from degradation, allowing only endopeptidases like IDE to degrade the qAβ. Preferably 

the most terminal amino acids of both termini are D-amino acids.
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Method of diagnosis or prognosis of Alzheimer’s disease

The inventors have surprisingly found that the enzyme activity of IDE is impaired already at an 

early stage during the development of Alzheimer’s disease. When the ability to degrade qAβ  

(qAβ = quenched Amyloid-β, which is a substrate according to the invention) was determined for 

each Braak stage (Fig. 2A, solid bars), a strong decrease in qAβ degradation rate was already observed 

in Braak stage I (t-test, two-tailed, P = 0.03), which further decreased during the progression to  

Braak stage II (t-test, two-tailed, P = 0.01). In Braak stage III the ability to degrade qAβ was partially 

restored, but still decreased, only to decrease again in Braak stage IV (t-test, two-tailed, P = 0.02) and 

further decrease as a function of progression of Braak stage (Braak V: t-test, two-tailed, P = 0.0005, 

Braak VI: t-test, two-tailed, P = 0.000, t-test). In Braak VI, qAβ degradation rate decreased with more 

than 65% compared to Braak 0. When bacitracin was added to hippocampal lysates prior to addition 

of the qAβ, the ability to degrade qAβ was strongly reduced in all Braak stages upon IDE inhibition  

(Fig. 2A, dotted bars). This indicates that IDE is also the main protease responsible for Aβ clearance 

in human hippocampal lysates and suggests that IDE is impaired in sporadic Alzheimer’s disease.

Since changes in Aβ degradation can already be monitored during the earliest stages of the 

disease, this would provide possibilities to diagnose Alzheimer’s disease before the appearance of 

symptoms and the development of plaque pathology.

Therefore, the invention relates in another aspect to a method of diagnosis or prognosis of 

Alzheimer’s disease in a subject, comprising steps of determining the enzyme activity of IDE. 

The activity of IDE present in a biological sample from the subject in a biological sample may be 

determined using any means known in the art. A suitable methods for determining the enzyme 

activity of IDE includes for example, using the fluorometric assay as described in James Scott 

Miners, Patrick Gavin Kehoe, Seth Love, J of Neuroscience Methods, Vol. 169, Issue 1, 30 March 2008,  

Pages 177-181. When the capacity of the IDE to digest an Aβ protein is reduced when compared to 

the activity of IDE from a healthy control, there is an increased chance that the patient will develop 

Alzheimer’s disease or already suffers from Alzheimer’s disease. Preferably, the IDE activity is determined 

using the method according to the invention. In another preferred embodiment, said IDE activity is 

determined using a substrate as described in EP1674580A1, wherein said IDE activity is determined in 

the presence of an ACE inhibitor. An advantage thereof is that the presence of ACE inhibitors improve 

the specificity of the method. ACE inhibitors are known in the art and include, for example lisinopril  

(CAS number 83915-83-7).

Said biological sample is a sample which contains IDE in a detectable concentration. Therefore, 

it is preferred to use cerebrospinal fluid (CSF) samples, because these samples are easily obtainable 
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and contain IDE in suitable amounts. In another preferred embodiment, said biological sample 

comprises peripheral blood or serum.

In a more preferred embodiment of the method of the invention, the IDE activity in a sample 

of a subject is quantified by incubating said biological sample with the substrate according to the 

invention, measuring the fluorescence of said protein or functional part thereof and determining 

the enzyme activity of IDE based on said fluorescence.

Preferably, the degradation of the protein or functional part thereof according to the invention 

is analyzed using a fluorometer.

In a preferred embodiment, the method according to the invention is a method of prognosis and 

is used to test subjects in an early stage, before the clinical manifestations of sporadic Alzheimer’s 

disease. In such early stages, there are currently no tests which may be used to prognosticate the 

disease. For example, mental tests, such as the Mini Mental State Examination (MMSE) test cannot 

be related to the lowest Braak stages (see Neurobiology of Aging 33 (2012) Preclinical AD Workgroup 

staging: pathological correlates and potential challenges, page 622.e9, Fig. 6). Therefore, in a preferred 

embodiment, said subject is a patient who has a normal MMSE score.

In a preferred embodiment, the method is combined with another biomarker for AD which is 

suitable for detecting AD at an early stage, preferably a biomarker which correlates with Braak I  

and/or Braak II. Such biomarker may comprise AD biomarkers including cerebrospinal fluid markers 

(amyloid, tau, phospho-tau, isoprostanes, and others) and imaging modalities such as volumetric 

magnetic resonance imaging (MRI), diffusion tensor imaging, functional MRI, metabolic positron 

emission tomography (PET), and amyloid ligand-PET. More preferably, said another biomarker 

comprises the MRI STructural Abnormality iNDex (STAND), which is described in Neurobiology of 

Aging 33 (2012) 622.e1– 622.e16, and is specifically illustrated on page S51, Fig. 3; “MRI STructural 

Abnormality iNDex (STAND) score versus Braak stage”.

In a preferred embodiment, said another biomarker does not indicate a difference with a healthy 

control, while the IDE activity, based on the degradation of the substrate of the invention, is lower 

than in a healthy control. This combination is indicative of a subject developing AD and said subject 

is probably in Braak I or II. In another preferred embodiment, said another biomarker does indicate a 

difference with a healthy control, and the IDE activity, based on the degradation of the substrate of the 

invention, is also lower than in a healthy control. This combination is indicative of a subject developing 

AD and is probably in Braak IV, V or VI. In yet another preferred embodiment, said another biomarker 

indicates a difference with a healthy control, while the IDE activity, based on the degradation of the 

substrate of the invention, is not lower than in a healthy control. Such combination is indicative of 

a subject developing AD and is in Braak III.
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Method for screening and/or selecting a compound or composition suitable for the 

treatment of Alzheimer’s Disease

In another aspect, the invention provides a method for screening and/or selecting a compound or 

composition suitable for the treatment of Alzheimer’s Disease comprising steps of:

 − providing a sample comprising IDE, a compound or composition to be tested, and the 

substrate according to the invention,

 − measuring the fluorescence of said substrate,

 − determining the activity of IDE based on said fluorescence,

 − selecting the compound based on a changed enzyme activity of IDE compared to a control 

sample.

In this method, a compound or composition may be tested which directly interacts with IDE or the 

substrate. Such compounds or compositions are suitable in the treatment of Alzheimer’s disease.

It is also possible to use the method for selecting compounds which interact with factors within 

neuronal cells and indirectly exert an influence on the degradation of Amyloid-β peptides. For 

example, a compound or composition may induce a chaperone that can re-solubilize Amyloid-β 

peptides. Alternatively, said compound or composition may result in increased expression or 

translation of IDE, post-translational modifications of IDE, improved complex formation of IDE, 

increased half-life of IDE and increased catalytic activity of IDE. Therefore, in another embodiment, 

said sample comprising IDE further comprises human cells that mimic neuronal cells affected in 

AD, including immortalized neuronal cells and iPS cells. Preferably, said cells are provided with the 

compound to be tested prior to addition of the substrate of the invention. Preferably, said cells are 

subsequently lysed and mixed with said substrate.

In a preferred embodiment, said changed enzyme activity comprises an increased enzyme activity.

In another embodiment, cells are provided with the compound to be tested prior to addition of the 

substrate of the invention. Preferably, said cells are subsequently lysed and mixed with oligomerized 

substrate of the invention.

In a preferred embodiment, the substrates according to the invention are suitably used to screen 

for compounds that improve the capability of cells in the central nervous system (neurons, glia cells) 

to degrade Aβ, e.g. by increasing endogenous IDE mRNA or protein levels, or IDE activity towards Aβ. 

As shown in Fig. 1(A), the effect on degradation of qAβ40, amount of aggregation, and solubilization 

back to monomeric qAβ, are all reflected in the slope of the fluorescence curve (higher slope, is 

more efficient degradation) and the height of the plateau (a higher plateau is less aggregated/

oligomeric qAβ40).
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The method of the invention may be performed by incubating said cells, preferably human neuronal 

cells, with small molecule compounds or an siRNA library for e.g. 24, 48 or 72 hours, and either 

generate cell lysates, for cytosolic fractions, or use the intact cells to detect improved extracellular 

Aβ degradation. Said cells or lysates may then be incubated with the substrate of the invention and 

the efficiency of degradation in time of said substrate may be determined using a fluorescence plate 

reader. An increase in degradation of said substrate may occur when IDE activity is improved at the 

transcription/translational/post-translational level, or other yet unknown enzymes are activated 

that can target said substrate, or when chaperones are induced that can keep the substrate of the 

invention monomeric in order to improve degradation by IDE. As a control, a peptide comprising a 

quencher and a fluochrome, but not comprising a recognition site for IDE may suitably be used in 

order to identify specific compounds that improve degradation of a substrate of the invention only.

In an alternative embodiment, the substrate of the invention is allowed to oligomerize and 

subsequently added to cells or cell lysates and treated with compounds, as described above.  

An increase in fluorescence will indicate that oligomers are degraded, either as oligomers or due to 

the upregulation of e.g. chaperones that can dissolve the oligomers of the substrate of the invention 

to monomers, which are then subsequently degraded.

ExAMPLE 1

SuMMARy

Alzheimer’s disease is hallmarked by amyloid peptides accumulation and aggregation in extracellular 

plaques, preceded by intracellular accumulation. We examined whether intracellular amyloid can 

be cleared by cytosolic peptidases, and whether this capacity is affected during progression of 

sporadic Alzheimer’s disease in humans and in the commonly used APPswePS1dE9 and 3xTg-AD 

mouse models. A quenched amyloid peptide that becomes fluorescent upon degradation was used 

to screen for amyloid-degrading cytoplasmic peptidases cleaving the aggregation-prone KLVFF 

region of the peptide. In addition, this quenched peptide was used to analyze amyloid degrading 

capacity in the hippocampus of sporadic Alzheimer’s disease patients with different Braak stages 

as well as APPswePS1dE9 and 3xTg-AD mice. Insulin-degrading enzyme (IDE) was found to be the 

main peptidase that degrades cytoplasmic, monomeric amyloid oligomerisation of amyloid prevents 

its clearance by IDE. Intriguingly, the amyloid degrading capacity decreases already during the 

earliest Braak stages of sporadic Alzheimer’s disease, and this decline correlates with IDE protein 

levels, but not with mRNA levels. This suggests that decreased IDE levels could contribute to early 
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sporadic Alzheimer’s disease. In contrast to the human data, the commonly used APPswePS1dE9 and 

3xTg-AD mouse models do not show altered amyloid degradation and IDE levels with Alzheimer’s 

disease progression, raising doubts whether mouse models that overproduce amyloid peptides are 

representative for human sporadic Alzheimer’s disease.

Abbreviations: Aβ= Amyloid-beta peptide, AD= Alzheimer’s disease, sAD= Sporadic Alzheimer’s 

disease, fAD= Familial Alzheimer’s disease IDE= Insulin-degrading enzyme

INTRODuCTION 

Alzheimer’s disease (AD) is hallmarked by extracellular deposits of amyloid-β (Aβ) peptides in 

plaques and intracellular neurofibrillary tangles containing hyperphosphorylated tau. According 

to the amyloid cascade hypothesis, Aβ accumulation in the brain drives further AD pathogenesis, 

such as tau aggregation, synaptic dysfunction, and eventually neuronal death. The progression of 

AD is classified by different Braak stages and amyloid scores (Braak & Braak, 1991), reflecting the 

distribution of plaques and tangles in well-defined brain areas. Aβ peptides are generated from 

the transmembrane amyloid precursor protein (APP) by β-secretase and γ-secretase in organelles 

including the endoplasmic reticulum, Golgi-apparatus and the endosomal-lysosomal pathway. 

Predominantly Aβ peptides of 40 (Aβ40) or 42 amino acids (Aβ42) are generated, with Aβ42 being 

more aggregation-prone (Thinakaran & Koo, 2008). While extracellular Aβ aggregation has long 

been considered as the primary cause of AD, intracellular Aβ accumulation is detected in neurons 

prior to the appearance of extracellular deposits and is associated with cytotoxicity, dysfunction of 

organelles and neurodegeneration. Translocation of Aβ peptides into the cytoplasm could occur 

via various routes, including transport of ER-generated Aβ peptides into the cytoplasm via systems 

related to ER associated degradation (ERAD), passive leakage of Aβ along the secretory pathway, or 

by membrane permeability of lysosomes containing internalized Aβ.

While overproduction of Aβ underlies the rare autosomal dominant familial AD (fAD) , far more 

common is late-onset sporadic AD (sAD), thought to be caused by decreased clearance of the 

Aβ peptide. Several proteases are able to degrade Aβ and especially IDE, also named insulysin, is 

extensively described for its role as an Aβ degrading enzyme (Kurochkin & Goto, 1994;). IDE is mainly 

cytoplasmic, but also has a neuronal transmembrane isoform, is found in peroxisomes and can be 

secreted via exosomes by microglia and astrocytes. Knock down of IDE levels in HeLa cells was shown 

to result in accumulation of cytoplasmic Aβ peptides after they were transported to the cytoplasm 

via ERAD, subsequently capable of inducing cell death.
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Our study aims at elucidating the role for peptidases in cytoplasmic Aβ clearance during different 

stages in the development of AD, in both human post mortem brains and brains of the commonly 

used APPswePS1dE9 and 3xTg-AD mouse models. Using a quenched Aβ peptide that becomes 

fluorescent upon cleavage inside the KLVFF region critical for Aβ peptide aggregation, we confirmed 

IDE to be the main peptidase that degrades cytoplasmic Aβ. More important, we found that the 

capacity to degrade Aβ is already dramatically decreased during the earliest stages of sAD in humans. 

This decline correlated with IDE protein levels but not RNA levels. Interestingly, these changes in IDE 

levels and Aβ degradation were not observed in the APPswePS1dE9 and 3xTg-AD mouse models, 

raising doubts whether mouse models that overproduce amyloid peptides mimic the alterations in 

Aβ clearance in human sAD.

RESuLTS

IDE is the main cytoplasmic peptidase degrading the monomeric Aβ peptide

We developed a sensitive Aβ degradation assay by generating a quenched Aβ40 peptide containing a 

small fluorescein group and a quenching dabcyl group (Reits et al., 2004) flanking the KLVFF sequence 

present in the middle of the Aβ peptides that is a critical region for aggregation (Fig. 1A) (Tjernberg 

et al., 1996). A quenched Aβ42 peptide was difficult to synthesize as the peptide was too aggregation-

prone during synthesis, preventing efficient labeling with the small fluorophore. The quenched Aβ 

peptide (qAβ) only becomes fluorescent upon separation of quencher and fluorophore, hence after 

degradation of Aβ. The qAβ peptides were added to cytoplasmic fractions of mildly lysed HEK293 

cells, thereby preventing contamination with extracellular membrane-bound or lysosomal proteases, 

resulting in an increase in fluorescent signal (Fig. 1B). To identify which proteases play a role in this 

Aβ clearance machinery, different protease inhibitors were added to the cytosolic fractions prior 

to adding the qAβ. The proteasome inhibitor MG132 did not show any effect on Aβ degradation, 

nor did inhibition of cystein peptidases (E64), bestatin-sensitive aminopeptidases, serine proteases 

(PMSF), aspartyl proteases (pepstatin), puromycin-sensitive aminopeptidase (PAQ22), tripeptidyl-

peptidase (butabindide, AAF-CMK), thimet oligopeptidase (Cpp-AAF-pNa) or nardilysin (amasatin). 

However, inhibiting metalloproteases by adding phenantroline significantly decreased the rate of qAβ 

degradation. Specific inhibition of the metallopeptidase IDE by using bacitracin reduced Aβ degradation 

(Fig. 1C) and since no additional decrease was observed upon combining phenantroline and bacitracin, 

this indicates that IDE is the main cytoplasmic protease responsible for efficient Aβ degradation. 

Since most peptidases can only target monomeric Aβ, inhibition of IDE and the resulting decrease in 
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degradation rate of qAβ, could accelerate aggregation of the non-degraded qAβ. Therefore, the effect 

of Aβ oligomerisation on degradation rates was investigated. The qAβ peptide was pre-incubated 

at 37 °C to allow oligomerization for 2-6 hours before addition to the cytosolic fraction. Reduced 

fluorescent levels were found with pre-incubated qAβ peptides (Fig. 1D), suggesting that aggregation 

of qAβ peptides prevents its degradation. To exclude that this effect was due to clogging of IDE 

rather than an inability to degrade oligomeric forms of qAβ, monomeric or 2 hours pre-incubated 

oligomeric qAβ was added to cytosolic fractions. When no degradation occurred anymore, indicated 

by reaching the plateau level of fluorescence, a second pool of only monomeric qAβ peptides was 

added to the same lysates. These peptides were equally efficiently degraded (Fig. 1E), demonstrating 

that IDE did not become clogged by oligomeric qAβ. Aggregation of qAβ was confirmed by electron 

microscopy, showing increased oligomerisation in time, comparable to unmodified Aβ42 (Fig. 1F).

Aβ peptides are less efficiently degraded by IDE with sAD development

Since the hippocampus is highly susceptible to Aβ accumulation, we examined whether the ability 

to degrade Aβ is affected in sporadic (sAD) using human hippocampal tissue of post mortem brains 

with varying Braak stages. Included were Braak 0 (control, no AD) and Braak I-VI. Information regarding 

post mortem samples is listed in Table 1. When the ability to degrade qAβ was determined for each 

Braak stage (Fig. 2A, solid bars), a strong decrease in qAβ degradation rate was already observed 

in Braak stage I (t-test, two-tailed, P = 0.03), which further decreased during the progression to 

Braak stage II (t-test, two-tailed, P = 0.01). Intriguingly, in Braak stage III the ability to degrade qAβ 

was partially restored, only to decrease again in Braak stage IV (t-test, two-tailed, P = 0.02) and 

further decrease as a function of progression of Braak stage (Braak V: t-test, two-tailed, P = 0.0005,  

Braak VI: t-test, two-tailed, P = 0.000, t-test). In Braak VI, qAβ degradation rate decreased with 

more than 65% compared to Braak 0. When bacitracin was added to hippocampal lysates prior 

to addition of the qAβ, the ability to degrade qAβ was strongly reduced in all Braak stages upon 

IDE inhibition (Fig. 2A, dotted bars). This indicates that IDE is also the main protease responsible 

for Aβ clearance in human hippocampal lysates and suggests that IDE is impaired in sAD. Also 

oligomerized Aβ was less well degraded with increasing Braak stage (Fig. 2B). AD progression can 

also be classified by plaque distribution in well defined brain areas giving a particular amyloid score,  

ranging from O (no plaques) to C. Similar to increasing Braak stages, the rate of qAβ degradation 

decreased with increasing amyloid score, being significant for hippocampal fractions of brains 

classified with amyloid score C (t-test, two-tailed, P = 0.017) (Fig. 2C). Whereas qAβ degradation rate 

is significantly negatively correlated with amyloid score and Braak stages (respectively; Pearson’s 
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correlation coefficient r = -0.499, P = 0.000 and r = -0.469, P = 0.000), qAβ degradation rate was 

not significantly correlated with postmortem delay, sex, age, ApoE genotype. When combining 

Braak stages and amyloid scores, the correlation with qAβ degradation was even stronger  

(Pearson’s correlation coefficient r = -0.583, P = 0.000) (Table 2).

To examine the reduced qAβ degradation in sAD in more detail, we examined IDE protein and 

mRNA levels, since IDE was found to be the main peptidase degrading the qAβ. Strikingly, a strong 

decrease in IDE protein levels was observed already in Braak stage I, which further decreased during 

the progression to Braak stage II, in parallel with the qAβ degradation rate. Similarly, IDE protein levels 

partially restored in Braak stage III, and decreased again as a function of progression of Braak stage 

from Braak stage IV onwards (Fig. 2D), indicating that decreased IDE protein levels were directly linked 

to impaired qAβ degradation and development of sAD. In contrast, IDE mRNA did not correlate with 

IDE proteins levels and qAβ degradation; mRNA levels did not change with Braak stage and were even 

upregulated with amyloid score, being significant for amyloid score B (t-test, two-tailed, P = 0.03).

Aβ peptides are efficiently degraded in all stages of AD in the APPswePS1dE9 mice

Several genetically modified mouse models have been generated that mimic human AD pathology, 

including the APPswePS1dE9 double transgenic mice which co-express APP695 with the Swedish 

mutation (K594M/N595L) and the human exon-9-deleted variant of PS1 (PS1-dE9). The APPswe 

mutation is a favorable substrate for β-secretase, whereas the PS1dE9 mutation alters γ-secretase 

cleavage, thereby promoting overproduction of Aβ42. Consequentially, APPswePS1dE9 mice show 

increased Aβ42 production accompanied by plaque pathology in the brain, becoming evident at the 

age of 6 months (Jankowsky et al., 2004). APPswePS1dE9 mice are commonly used in AD research 

for behavioral tests and studying the molecular mechanisms in plaque progression. To examine 

whether the APPswePS1dE9 mice show a similar decrease in Aβ degradation rate with progression 

of AD, qAβ degradation was measured using hippocampal lysates of APPswePS1dE9 mice at the 

age of 3 months (no plaque pathology), 9 months (starting plaque pathology) and 18 months  

(severe plaque pathology) (Kamphuis et al., 2012b) in parallel with wild-type age matched controls 

(n = 3 per age group). Strikingly, hippocampal lysates of the APPswePS1dE9 mice at all stages of 

AD showed equal qAβ degradation rates as those of age matched wild-type controls (Fig. 3A), 

which is in clear contrast with human sAD. As qAβ degradation was equally decreased in all lysates 

upon inhibition of IDE (Fig. 3A), this suggests that IDE is also the main peptidase responsible for Aβ 

degradation in APPswePS1dE9 mice. Just as for the human hippocampal lysates, we measured IDE 

protein levels in the hippocampal lysates of the APPswedE9 mice at all stages of AD. However, in 
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clear contrast with the human data, neither IDE protein (Fig. 3B) nor mRNA levels (data not shown) 

change during AD progression in mice. Unaltered IDE protein levels could explain why APPswePS1dE9 

mice do not show a decrease in Aβ degrading abilities with AD development and indicates that in 

APPswePS1dE9 mice plaque formation is mainly the result of an increase in Aβ production.

Aβ peptides are efficiently degraded in all stages of AD in the 3xTg-AD mice

The triple transgenic mouse model (3xTg-AD) is the first mouse model to develop both plaque and 

tangle pathology in AD-relevant brain regions and is often used to study human AD pathology. 

The 3xTg-AD mice harbor three mutant genes; APP695 with the Swedish mutation (K670M/N671L), 

PS1M146V and tauP301L, together promoting the overproduction of Aβ42 and tau. Despite equivalent 

overexpression of human APP and tau, intraneuronal Aβ accumulation and Aβ deposition precede 

tangle pathology and both pathologies develop in an age-dependent manner with a temporal 

and regional specific profile that closely mimics their development in human AD brain. To examine 

whether the 3xTg-AD mice mimic the decreased Aβ degradation rate with progression of AD as 

observed in the hippocampus of human sAD, we measured qAβ degradation rate in hippocampal 

lysates of 3xTg-AD mice at the age of 3 months (no AD pathology), 9 months (starting AD pathology), 

15 months (severe AD pathology), in parallel with wild-type age matched controls (n = 3 per group). 

Interestingly, just like we observed in the APPswePS1dE9 mouse model, and in clear contrast with 

the human data, also the 3xTg-AD mice do not show any change in Aβ degradation capabilities with 

AD progression; at all stages of AD the 3xTg-AD mice show equal qAβ degradation rates as those of 

age matched wild-type controls (Fig. 4A). Inhibition of IDE resulted in decreased qAβ degradation, 

again showing IDE as the main peptidase degrading Aβ. As expected from these results, IDE protein 

levels were equal at all stages of AD (Fig. 4B).

DISCuSSION

The present study shows IDE as the main peptidase that degrades cytoplasmic monomeric Aβ. In 

addition we provide evidence that IDE less efficiently degrades oligomeric Aβ and deficiencies in 

IDE activity might therefore lead to less Aβ degradation and subsequent Aβ oligomerisation and 

accumulation. The present study is the first showing that the capacity to degrade Aβ is already 

decreased dramatically in Braak stage I and II of sAD, in contrast to non demented controls that 

are efficiently degrading Aβ. Interestingly, degradation of Aβ is partly restored in stage III and then 

again decreased until stage VI. This decrease in Aβ degradation is in parallel with IDE protein levels, 
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including the temporal revival in stage III. It is tempting to speculate that IDE levels are increased as 

a rescue mechanism to cope with AD pathology, but might also result from changes in IDE secretion. 

This pattern has not been described before, probably because previous studies were grouping 

different-staged AD patients together, and because peptidase activities were never investigated 

for the separate Braak stages. However, our study includes a relatively high number of individuals 

covering all stages of AD. It seems that the decrease in IDE activity is not the result of a general 

decrease in peptidase activities, since other peptidases did not show the same pattern of decreasing 

activity across the Braak stages (data not shown) (Reits et al., 2004). Also, it is unlikely that the observed 

pattern was caused by competition of the qAβ with increased endogenous Aβ for degradation by IDE, 

as endogenous Aβ levels were are a 10.000 fold lower than the added qAβ levels (Roher et al., 2009). 

In addition, increased endogenous Aβ levels are found in both hippocampal tissue of AD patients 

(Matsui et al., 2007), as well as in the APPswePS1dE9 and 3xTg-AD mouse models. Together, these 

observations exclude a significant effect of competition or accelerated aggregation of endogenous 

Aβ levels as an alternative explanation for the correlation of IDE levels and Aβ degradation in sAD.

The mechanisms underlying the partially recovery of IDE protein levels and Aβ degradation at 

Braak stage III remains to be established. It should be noted that stage III is also the stage at which 

large transcriptional changes occur in human AD brain. IDE mRNA levels were not changed with 

increasing Braak stage and thus did not correspond to altered protein levels of IDE. This suggests that 

changes in IDE protein levels that were observed in AD brain are caused by changes in IDE half-life or 

secretion. Interestingly, a similar decrease and temporal increase was observed when measuring qAβ 

degradation in the cerebrospinal fluid of sAD patients at different stages, indicating that the ability to 

degrade Aβ may be globally affected in the central nervous system. Since changes in Aβ degradation 

can already be monitored during the earliest stages of the disease, this would provide possibilities 

to diagnose AD before the appearance of symptoms and the development of plaque pathology.

The present study also provides evidence that the commonly used mouse models APPswePS1dE9 

and the 3xTg-AD mice, both showing increased Aβ42 production accompanied by dense-core plaque 

pathology in the brain, do not mimic the alterations in Aβ clearance observed in human sAD. Neither 

changes in Aβ degradation with AD development nor changes in IDE levels were observed in these 

mice. A possible explanation for the observed difference between mice and men would be the genetic 

background of these mice where overproduction of Aβ is the primary cause for AD, in contrast to sAD 

where decreased clearance of Aβ seems to be the primary mechanism underlying the development of 

the disease, also confirming previous data. Also the present study is supporting this view by showing 

altered levels of IDE in human hippocampal tissue, but not in APPswePS1dE9 and 3xTg-AD mouse 

hippocampi. Furthermore, these data show that aging per se does not affect the IDE activity and IDE 
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levels, since aging wild-type mice did also not show decreased Aβ degradation. The comparison of 

our results from mice and human show that mice data should be considered with caution, as they 

seem to be not representative for human sAD.

MATERIALS AND METHODS

Human subjects

Human post mortem tissue was obtained from the Netherlands Brain Bank (NBB; Amsterdam, The 

Netherlands). The brain donors have given informed consent for using the tissue and for accessing 

the extensive neuropathological and clinical information for scientific research, in compliance with 

ethical and legal guidelines (Huitinga et al., 2008). Included in this study were Braak stage 0 (n = 9) 

and I (n = 10), II (n = 9), III (n = 10), IV (n = 10), V (n = 10) and VI (n = 10). Samples were matched as 

closely as possible for age, sex, post mortem interval, pH-CSF and ApoE genotype. More detailed 

donor information is presented in Table 1.

Animals

Double APPswePS1dE9 transgenic mice expressed chimeric mouse/human APP containing the 

K959N/M596L Swedish mutation and human PS1 variant carrying the Exon 9 deletion both driven 

by mouse prion promotor elements, directing the expression to neurons (Jankowsky et al., 2004). 

For details see The Jackson Laboratory [strain B6C3-Tg(APPswe, PSEN1-dE9)85Dbo/J; stock number 

004462; http://jaxmice.jax.org/]. AD mice were maintained as hemizygous and crossed with wild-type 

C57BL/6. Genotyping was performed by real-time PCR assays specific for the two transgenes and 

the prion promoter. The 3xTg-AD line was originally generated by co-microinjection of human APP 

(K670M/N671L) and tau (P301L) transgenes under the control of the Thy 1.2 promotor into mutant  

PS-1 (M146V) knock-in mice (Kamphuis et al., (2012a). For details see The Jackson Laboratory 

[strain B6;129-Psen1tm1MpmTg(APPswe,tauP301L)1Lfa/Mmjax; stock number 004807;  

http://jaxmice.jax.org/]. Wild-type littermates served as controls for the AD animals. All animals were 

housed under standard conditions with access to water and food ad libitum. Animal handling and 

experimental procedures were reviewed and approved by the ethical committee for animal care 

and use of experimental animals of the Royal Netherlands Academy for Arts and Sciences, acting in 

accordance with the European Community Council directive of November 24, 1986 (86/609/EEC).  

All efforts were made to minimize suffering and number of animals used for the study presented 
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here. 9 APPswePS1dE9 mice and 9 wild-type mice were used, each divided in age groups 3 months 

(n = 3), 6 months (n = 3) and 18 months (n = 3). Also, 9 3xTg-Ad mice and again 9 wild-type mice were 

used, each divided in age groups 3 months (n = 3), 6 months (n = 3) en 15 months (n = 3).

Protein isolation

HEK cells were lysed in 25 μM digitonin (Sigma) in KMH buffer (110 mM KAc, 2 mM MgAc and 

20 mM Hepes-KOH, pH 7.2). Human and mouse brain hippocampal tissue was lysed in ± 400 μl 

 (adjusted to the amount of tissue) of homogenization buffer (50 mM Tris/HCl pH 7.5, 250 mM sucrose, 

5 mM MgCl2 and freshly added 2 mM ATP, 1 mM DTT and 0.025 % digitonin (Sigma)). Tissue was 

homogenized on ice in homogenization buffer using a homogenizer. Cell lysates were incubated 

for 30 min on ice and centrifuged for 15 min at 14.000 rpm at 4 °C.

Quenched Aβ peptide degradation assays

Peptide synthesis

An Aβ40 peptide DAEFRHDSGYE(q)HHQKLVFFA(f )DVGSNKGAIIGLMVGGVV containing a 

fluorophore and quencher was synthesized as described before (Reits et al., 2004), introducing  

a fluorescein (f ) at the cysteine (position 22) and a quenching dabcyl group (q) at the lysine position 12.

Quenched Aβ peptide degradation assay

HFIP-treated aliquots of Aβ40 were resuspended in DMSO followed by sonication for 10 min, 

immediately before use. 75 ng (340 nM) of quenched Aβ40 was added to 5 μg protein from the cell 

Table 1  -  Detailed donor information

Amyloid score Age Sex PMD pH BW

Br 0 (n = 9) 6O-2A-1B 60.1 ± 6.0 2F-7M 7.2 ± 3.1 5.9 ± 2.2 1282 ± 177

Br I (n = 10) 4O-3A-1B-1C-1NA 81.8 ± 9.4 5F-5M 6.7 ± 1.9 6.6 ± 0.3 1239 ± 144

Br II (n = 9) 3O-2B-2C-2NA 84.8 ± 6.8 6F-3M 6.0 ± 0.9 6.5 ± 0.2 1213 ± 99

Br III (n = 10) 1O-1A-2B-2C-4NA 85.2 ± 6.6 6F-4M 5.2 ± 2.1 6.5 ± 0.3 1235 ± 151

Br IV (n = 10) 1B-7C-2NA 85.2 ± 5.6 5F-5M 5.5 ± 1.8 6.6 ± 0.2 1176 ± 163

Br V (n = 10) 2B-7C-1NA 81.2 ± 9.4 5F-5M 5.8 ± 1.4 6.4 ± 0.2 1138 ± 95

Br VI (n = 10) 1B-6C-3NA 77.5 ± 11.4 5F-5M 5.6 ± 1.7 6.5 ± 0.2 1072 ± 143

BW, brain weight (grams); NA, not available; PMD, Postmortem delay (hours).
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lysates in KMH buffer (110 mM KAc, 2 mM MgAc and 20 mM Hepes-KOH, pH 7.2) to a total volume 

of 50 μl. Protease inhibitors (100 μM 1,10-phenanthroline, 200 μM bacitracin, 100 μM E64, 20 μM 

MG-132, 100 μM puromycin, 100 μM PMSF, 200 μM pepstatin A (all Sigma), 100 μM AAF-CMK, 100 

μM amastatin or 50 μM bestatin (Enzo lifesciences AG), 50 μM PAQ-22 (Wako Chemicals), 100 μM 

Cpp-AAF-pNa (InstruChem), 50 μM PAQ-22 (SopaChem) and 100 μM butabindide (Tocris Bioscience)) 

were added to the cell lysates and incubated for 30 min at 4 °C. Degradation of the peptide was 

analyzed at 37°C using the FLUOstar OPTIMA (BMG Labtec.).

Electron microscopy

Aβ peptide preparations were adsorbed on 300-mesh formar/copper grids for 2 min and excess 

fluid was filtered off. Upon staining with 2.5% uranyl acetate for 2 min, grids were analyzed with a 

Fei technai-12 G2 transmission electron microscope.

RNA isolation and quantitative PCR

RNA from human and mouse hippocampal tissue was isolated using Trizol (Invitrogen) and an 

overnight precipitation in isopropanol. Total RNA (1.0 μg) was DNAse I treated and used to generate 

cDNA (QuantiTect Reverse Transcription Kit Qiagen) using oligo-dT and random hexamer primers.  

The reverse transcriptase reaction was incubated at 42 °C for 30 min. The resulting cDNA was diluted 

1:20 and served as a template in realt-time qPCR assays. Real-time qPCR (SYBR® Green PCR Master 

Mix; Applied Biosystems) for IDE was performed using forward primer GGACAGGTTTGCGCAGTTTT 

Table 2  -  Correlation patient variables and qAβ40 degradation. 

Pearson’s correlation values and significance for correlation 

between qAβ degradation and Braak stage, Amyloid score, Braak 

stage ×  Amyloid score, Postmortem delay, Age at death, Sex and 

ApoE. 

Pearson’s correlation P-value

Braak stage -0.469 0.000

Amyloid score -0.499 0.000

Braak stage × Amyloid score -0.583 0.000

Postmortem delay (h) 0.009 0.941

Age at death -0.153 0.213

Sex -0.133 0.281

ApoE -0.151 0.243
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(SEQ ID NO:8) and reverse primer ACAGCGTTCACCTCTCTGTCTTT (SEQ ID NO:9).  

Expression levels of human AD samples were normalized against a selection of 10 reference 

genes (GAPDH, ACTB, PPIA, UBE2D2, EEF1A, RPS27A, AARS, XPNPEP1, RPLP0, IPO8) based 

on a geNorm analysis. The normalization factor was the geomean of the 10 reference genes. 

Samples with a RIN value below 5.0 were excluded from analysis based on a poor correlation 

with the normalization factor. Expression levels of mouse AD samples were normalized  

against a selection of 4 reference genes (GAPDH, HPRT, ACTB and 18S rRNA). The geomean of the 

reference gene levels was used to normalize the assessed transcript levels of IDE.

western blotting

Equal protein amounts obtained from the hippocampal cell lysates were separated on 7.5%  

SDS-PAGE gels. After electrophoresis, proteins were transferred either onto a 0.45 μm pore size PVDF 

membrane filter (Schleicher & Schuell). Blots were blocked in 5% dry milk in TBS and incubated with 

the primary antibodies against IDE (1:500; Abcam) and β-actin (1:500; Abcam) and subsequently with 

secondary antibodies IRDye 680 or IRDye 800 (1:15.000; LI-COR Biosciences). Signal was detected 

using the Odyssey imaging system (Licor).
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ExAMPLE 2

Degradation of the 12-mer HQkLvFFACDCB peptide

To proof that shorter variants of the substrates of the invention may also be used as a suitable 

substrate to measure IDE activity, we analyzed the degradation of a substrate having the amino acid 

sequence HQKLVFFACDBC, which contains the KLVFF region flanked by a quenched and fluorophore. 

In addition, we examined the effect of bacitracine, the inhibitor for IDE, on the degradation of this 

12-mer peptide (see Fig. 5), as well as its ability to aggregate and form oligomers. When monomeric 

forms of this 12-mer peptide were added to SH-SY5Y cell lysates, degradation could be observed  

(solid line), that was inhibited by addition of bacitracine (dotted line), demonstrating that the peptide 

is mainly cleaved by IDE. Furthermore, incubation of the peptide at 37°C showed aggregation leading 

to a lower plateau level (dashed line). These results demonstrate that also a shorter variant containing 

the KLVFF region is mainly a substrate for IDE and has aggregation prone properties.

The 12-mer substrate having the amino acid sequence HQKLVFFACDCB (SEQ ID NO:10) containing 

a fluorophore and quencher was synthesized as described before (Reits et al., 2004), introducing a 

fluorescein at the cysteine (position 11) and a quenching dabcyl group at the lysine (position 3).  

The substrate was sonificated immediately before use and added to 5 μg cell lysate. KMH buffer 

(110 mM KAc, 2 mM MgAc and 20 mM Hepes-KOH, pH 7.2) was added to a total volume of 50 μL. 

Degradation of the substrate was analyzed at 37°C using the FLUOstar OPTIMA (BMG Labtec.).

ExAMPLE 3

Degradation of the substrate according to the invention in human cerebrospinal fluid

To proof that the substrates of the invention are suitable for diagnostic purposes, we determined 

the IDE activity in cerebrospinal fluid (CSF) of healthy controls and Alzheimer’s Disease patients in 

different Braak stages, using substrates of the invention. Interestingly, changes in degradation of 

the substrate were already observed in Braak stage I and was significantly changed in Braak stage II  

(P < 0.05) (Fig. 6A). Also when Braak stages were pooled, a significant difference was observed between 

CSF obtained from control and AD (Fig. 6B).
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Materials and Methods

Post mortem non-hemolytic ventricular CSF was obtained from healthy controls (n = 6) and 

neuropathologically confirmed AD patients (n = 39). Included in this study were subjects in Braak 

stage 0 (n = 6) and I (n = 7), II (n = 8), IV (n = 6), V (n = 7) and VI (n = 5). HFIP-treated aliquots of 

qAβ40 were resuspended in DMSO followed by sonication for 10 min, immediately before use.  

75 ng (340 nM) of quenched Aβ40 was added to 5 μg protein in CSF. KMH buffer (110 mM KAc,  

2 mM MgAc and 20 mM Hepes-KOH, pH 7.2) was added to a total volume of 50 μL. Degradation of 

the substrate was analyzed at 37°C using the FLUOstar OPTIMA (BMG Labtec.).

CLAIMS

1.   A substrate for detecting the activity of IDE, of formula F-P-Q

 − wherein P represents a peptide comprising at least one cleavage site for Insulin-degrading 

Enzyme (IDE),

 − wherein F represents a fluorescent dye which is attached to at least one amino acid residue 

of P,

 − wherein Q represents a quencher substance being able to quench the fluorescent dye F, 

and being attached to at least one amino acid residue of P, and

 − whereby F and Q are attached to amino acids residues on different sides of the cleavage 

site of P,

with the proviso that there is no cleavage site for Angiotensin Converting Enzyme (ACE) 

present in said peptide between the amino acids to which F and Q are attached.

2.   Substrate according to claim 1, selected from the group consisting of: 

a)    a peptide having the amino acid sequence 

DAEFRHDSGYEKHHQKLVFFACDVGSNKGAIIGLMVGGVV (SEQ ID NO:1), or

b)    a functional fragment thereof

c)    a homologue thereof, and

d)    a chemical derivative of any of the peptide, functional fragment and analogue as 

defined in a)-c).

3.   Substrate according to claim 1 or 2, wherein said peptide has an amino acid sequence which 

is at least 70% homologous to SEQ ID NO:1.

4.   Substrate according to anyone of claims 1-4, wherein said peptide comprises the amino acid 

sequence selected from the group consisting of: VFF, LVFF, KLVFF, QKLVFF, HQKLVFF, QKLVFFA, 
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HHQKLVFF and HQKLVFFA (SEQ ID NO:2).

5.   Substrate according to anyone of claims 1-4, wherein said peptide comprises at least 10,  

more preferably at least 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24 or 25 amino acids.

6.   Substrate according to anyone of claims 1-5, comprising at its termini a D amino acid,  

or a chemical modification of a terminal residue which protects against degradation by an 

exopeptidase.

7.   Substrate according to anyone of claims 1-6, having the amino acid sequence selected from 

the group consisting of SGYEKHHQKLVFFACDVGS (SEQ ID NO:3), YEKHHQKLVFFACDV (SEQ ID 

NO:4), EKHHQKLVFFACD (SEQ ID NO:5), RHDSGYEKHHQKLVFFACDVGSNKG (SEQ ID NO:6) and 

HQKLVFFACDCB (SEQ ID NO:10).

8.   Substrate according to anyone of claims 1-7, wherein said quencher substance is positioned 

vis-à-vis said fluorescent dye, such that there the distance between said quencher substance 

and said fluorescent dye is between 6-12 amino acids

9.   Substrate according to anyone of claims 1-8, wherein said quencher substance and said 

fluorescent dye are attached to the amino acids of position 12 and 22.

10.   Method of diagnosis or prognosis of sporadic Alzheimer’s disease in a subject, comprising steps 

of determining the enzyme activity of Insulin-degrading enzyme (IDE) in a biological sample 

of a subject and diagnosing or prognosticating sporadic Alzheimer’s disease based on said 

enzyme activity of IDE.

11.   Method of determining the enzyme activity of IDE, comprising contacting an amount of IDE 

to a substrate according to any one of claims 1-10, allow said IDE to degrade said substrate, 

and measuring the fluorescence of said substrate and determining the enzyme activity of IDE 

based on said fluorescence .

12.   Method of determining the enzyme activity of IDE, comprising contacting an amount of IDE to 

a substrate of formula F-P-Q in the presence of an inhibitor of ACE

 − wherein P represents a peptide comprising at least one cleavage site for Insulin-degrading 

Enzyme (IDE),

 − wherein F represents a fluorescent dye which is attached to at least one amino acid residue 

of P,

 − wherein Q represents a quencher substance being able to quench the fluorescent dye F, 

and being attached to at least one amino acid residue of P, and

 − whereby F and Q are attached to amino acids residues on different sides of the cleavage 

site of P,

 − allow said IDE to degrade said substrate, and measuring the fluorescence of said substrate 
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and determining the enzyme activity of IDE based on said fluorescence .

13.   Method according to claim 10, wherein said enzyme activity of IDE is determined according to 

the method of claim 11 or 12.

14.   Method according to claim 10 or 12, wherein said biological sample is cerebrospinal fluid, 

blood or serum.

15.   Method a of selecting a compound or composition suitable for the treatment of Alzheimer’s 

disease in a subject comprising steps of:

a)    providing a sample comprising IDE, a compound or composition to be tested, and the 

substrate according to the invention,

b)    measuring the fluorescence of said substrate,

c)    determining the activity of IDE based on said fluorescence, and

d)    selecting the compound or composition based on an increased enzyme activity of IDE 

compared to a control sample.

ABSTRACT

The invention relates to A substrate for detecting the activity of IDE, of formula F-P-Q

 − wherein P represents a peptide comprising at least one cleavage site for Insulin-degrading 

Enzyme (IDE),

 − wherein F represents a fluorescent dye which is attached to at least one amino acid residue 

of P,

 − wherein Q represents a quencher substance being able to quench the fluorescent dye F, 

and being attached to at least one amino acid residue of P, and

 − whereby F and Q are attached to amino acids residues on different sides of the cleavage 

site of P,

 − with the proviso that there is no cleavage site for Angiotensin Converting Enzyme (ACE) 

present in said peptide between the amino acids to which F and Q are attached.
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Figure 1  -  Monomeric and oligomeric 

qAβ40 degradation (A) Fluorescence 

can only be detected upon degradation 

of the quenched Aβ peptide when the 

fluorescein group (F) is separated from the 

quencher group (Q). (B) qAβ40 is degraded 

in HEK293 cytosolic fractions (dashed line) 

but not in KMH buffer (solid line). (C) qAβ40 

degradation in HEK293 cytosolic fractions 

without inhibitor (solid line), pre-incubated 

with 100 µM phenantroline (dashed line) 

and pre-incubated with 200 µM bacitracin 

(dotted line). (D) Degradation of qAβ40 

that was pre-incubated at 37°C for 0 hour 

(dashed line), 2 hours (upper dotted line), 

4 hours (solid line) or 6 hours (lower dotted 

line) in HEK293 cell lysates. (E) Oligomeric 

Aβ does not impair IDE, as monomeric 

qAβ40 is as efficiently degraded in HEK293 

cell lysates pre-incubated with monomeric 

qAβ40 (solid line) and with 2 hours pre-

incubated qAβ40 (dotted line). The additional 

pool of monomeric qAβ40 was added when 

the fluorescence plateau level was reached 

(arrow). (F) Electron microscopy images 

showing increased oligomerisation with 

time of qAβ40 and synthetic Aβ42 at 37°C.
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Figure 2  -  qAβ40 degradation during the progression of sporadic AD. (A) qAβ40 degradation in human hippocampal lysates 

at different Braak stages, without inhibitor (solid bars) and with bacitracin (dotted bars). qAβ40 degradation is significantly 

decreased in Braak stage I, II, IV, V and VI as indicated (* P <0.05; *** P <0.001; **** P <0.0001). Error bars represent standard error of 

the mean (SEM). (B) Degradation of differently pre-incubated, oligomeric qAβ40 in human hippocampal lysates at Braak stage 0, 

III and VI. qAβ40 degradation is significantly decreased in Braak stage VI, at 0 hour, 2 hours, 4 hours and 6 hours of pre-incubation, 

as indicated (** P <0.01). Error bars represent SEM. (C) qAβ40 degradation in human hippocampal lysates at different amyloid 

scores, without inhibitor (solid bars) and with bacitracin (dotted bars). qAβ40 degradation is significantly decreased in amyloid 

score C as indicated (* P <0.05). Error bars represent SEM. (D) Left panel: Western blot analysis of human hippocampal lysates at 

different Braak stages, showing a decrease of IDE with increasing Braak stage in sAD. Right panel: Western blot quantification of 

IDE protein levels in human hippocampal lysates at different Braak stages.
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Figure 3  -  qAβ40 degradation during the progression of AD in the APPswePS1dE9 mice. (A) qAβ40 degradation in mouse 

hippocampal lysates of both wild-type (solid bars) and APPswePS1dE9 mice (dotted bars) at 3, 9 and 18 months of age.  

Error bars represent standard error of the mean (SEM). (B) Upper panel: Western blot analysis of APPswePS1dE9 mice 

hippocampal lysates at 3, 9 and 18 months of age, stained for IDE and β-actin (loading control). Lower panel: Western blot 

quantification of IDE protein levels in APPswePS1dE9 mice hippocampal lysates at different ages. 

Figure 4  -  qAβ40 degradation during the progression of AD in the 3xTg-AD mice. (A) qAβ40 degradation in mouse 

hippocampal lysates of both  wild-type (solid bars) and 3xTg-AD mice (dotted bars) at 3, 9 and 15 months of age. Error bars 

represent standard error of the mean (SEM). (B) Upper panel: Western blot analysis of 3xTg-AD mice hippocampal lysates at 3, 

9 and 15 months of age, stained for IDE and β-actin (loading control). Lower panel: Western blot quantification of IDE protein 

levels in 3xTg-AD mice hippocampal lysates at different ages.
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Figure 5  -  Degradation of HQxLvFFAE-

DCB peptide. Degradation of the HQX-

LVFFAEDCB peptide as a monomeric form 

(solid line), an oligomeric form, added after 

3 hours pre-incubation in PBS (dashed line) 

and the monomeric form in the presence of 

bacitracin (dotted line). 

Figure 6  -   qAβ40 degradation in human 

post mortem Cerebrospinal fluid.  

(A) Degradation of the qAβ40 peptide in 

human post mortem CSF obtained from 

patients at different Braak stages and 

healthy controls. qAβ40 degradation in 

significantly decreased at Braak stage II 

(*P < 0.05). (B) Degradation of the qAβ40 

peptide in human post mortem pooled CSF 

obtained from Alzheimer patients (Braak 

stage I to VI) and healthy controls. QAβ40 

degradation is significantly decreased 

in pooled CSF obtained from Alzheimer 

patients (*P < 0.05).

Figure 7  -   The effect of aggregation 

on the sensitivity of a substrate of 

the invention to detect IDE activity. 

Line (A): the development in time of the 

fluorescence of a substrate of the invention 

in the presence of IDE with a normal enzyme 

activity. When high IDE activity is present (as 

in healthy control persons) the substrate is 

rapidly degraded in time, leading to a fast 

increase in fluorescence and a high plateau 

level, indicating that the substrate was 

degraded fast enough to prevent its own 

aggregation during the assay. Line (B): the 

effect of less IDE activity (e.g. IDE from a 

subject in Braak I phase) when only looking at the speed of substrate degradation. With less IDE activity, the degradation rate 

of the substrate is reduced, resulting in an increased half-life of the substrate and therefore a longer time needed to reach the 

same plateau phase when compared to (A). From this, it can be concluded that the degradation rate of substrate is decreased 

in comparison to the results shown in line A, resulting in a slower increase in time. Due to the slower degradation rate, the 

substrate also has time to start oligomerizing during the assay. This results in less monomeric substrate that can be degraded 

by IDE, resulting in a lower plateau phase too (C). The slower degradation of the substrate allows non-degraded substrate 

to oligomerize in time, which prevents degradation by IDE. As a result, less substrate is degraded in samples with lower IDE 

activity, leading to a lower end plateau level of fluorescence (C). The substrate is therefore degraded at a slower rate and in lower 

quantities in samples with lower IDE activity. A substrate of the invention with the capacity to aggregate will therefore have a 

higher sensitivity for the detection of IDE activity than a substrate which does not aggregate.
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ABSTRACT

MHC class I molecules present peptides that are derived from intracellular proteins degraded 

by proteasomes. These peptides often require additional trimming by peptidases to fit into the  

peptide-binding grove of MHC class I. However, most peptides are rapidly recycled by the large 

heterogeneous pool of peptidases. Here, we describe a technique to quantify peptide degradation both 

in living cells and in cell lysates, using quenched peptides that contain a quencher and fluorophore.  

As degradation results in separation of the quencher and fluorophore, fluorescence will increase. 

This technique enables the examination of changes in peptide length and amino acid sequence on 

its half-life, and hence its chances to become presented by MHC class I.

INTRODuCTION

Inside the cell, protein synthesis and degradation is continuously ongoing. Most proteins  

fulfill their biological function as a mature protein, but sooner or later they become subjective 

to proteolysis by the proteasome which leads to the generation of short peptides ranging in 

size from 3 to 22 amino acids (Kisselev et al., 1999). Most peptides are immediately targeted by  

downstream peptidases that ultimately recycle them into single amino acids. However, some peptides 

escape complete degradation and are presented as MHC class I antigens to the immune system 

(Yewdell et al., 2003; Fruci et al., 2003; Reits et al., 2003). As most MHC class I binding peptides 

have a length of 8–11 amino acids, additional trimming of the proteasomal products by peptidases 

is then required (Rammensee et al., 1993). Various peptidases have been identified that can trim 

these peptides before they are translocated by the Transporter associated with Antigen Processing 

(TAP) into the lumen of the Endoplasmic Reticulum. Here they can be loaded onto MHC class I 

molecules and transported to the plasma membrane for presentation to the immune system.  

The various peptidases show different preferences for specific amino acid sequences and  

peptide lengths in vitro, which can be examined using purified peptidases together with  

synthesized peptides. Upon cleavage, the peptide degradation products can be analyzed by mass 

spectrometry to determine the substrate specificities of each peptidase. This information can  

subsequently be used to predict its role in the trimming of peptides into antigens (Beninga et al., 1998;  

Geier et al., 1999; Mo et al., 1999; Stoltze et al., 2000). 

Trimming of peptides by isolated peptidases in vitro is obviously very different when compared 

to the processing by the heterogeneous pool of cytoplasmic peptidases in vivo. To examine  

peptide processing in the living cell, we previously described the use of a peptide degradation 
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assay to study the effect of peptide sequence or length on antigen processing (Reits et al., 2003;  

Reits et al., 2004). Not only does this allow to investigate the effect of alterations in peptide  

sequence on its half-life, but the effect of peptidase inhibitors also can be examined to  

identify peptidases involved in generation or degradation of the potential epitope. In addition, the  

effect of N-or C-terminal modifications or posttranslational modifications such as phosphorylation 

can be investigated (manuscript in preparation). Moreover, the incorporation of nondegradable  

D-amino acids at the termini can be used to examine the involvement of endo-peptidase  

activities, as exopeptidases are unable to degrade these peptides (Reits et al., 2004; manuscript in 

preparation). In addition to studying antigen processing, this assay might help to understand and  

improve the degradation of aggregation prone peptides as observed in neurodegenerative disorders 

like Alzheimer’s disease or Huntington’s disease. The technique is based on the principle that the  

peptide of interest is modified with a quencher and a small fluorophore like fluoroscein (see Fig. 1).  

The quencher is an organic molecule coupled to a lysine that is able to absorb the energy emitted by the 

fluorophore because its absorption spectrum overlaps with the emission spectrum of the fluorophore.  

For efficient quenching, they should be into close proximity, e.g., separated by 4–8 amino acids.  

When a peptidase is cleaving the peptide, quencher and fluorophore are separated and the  

fluorophore is able to emit its energy as fluorescent light. This allows the determination of the half-life 

of the peptide of interest under different conditions including the inhibition of particular peptidases.  

This method can be applied to living cells as well as in vitro using cell lysates or tissue homogenates. 

It can also be used to study the effect of specific peptidase inhibitors, and examine whether these 

inhibitors are reversible, irreversible, competitive, or noncompetitive. In this protocol we describe 

how to prepare the quenched peptides, how to microinject cells or isolate cytoplasmic fractions, and 

show the possibilities of adding different peptidase inhibitors to investigate the role of peptidases 

in degrading the peptide of interest.

MATERIALS

For preparing the buffers, use ultrapure water, 18 MΩ-cm at 25°C.

Generation of quenched peptides

1. To detect peptide degradation using quenched peptides that become fluorescent upon 

degradation, peptides are synthesized with a fluorescent group (e.g., fluorescein or alexa 488, 

see Note 1) attached to one amino acid (usually a cysteine) and a quenching group attached 
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to another amino acid (usually a Dabcyl group coupled to a lysine residue). With about five 

amino acids between the quencher and fluorophore, the Dabcyl group quenches emission of 

the nearby fluorophore group, and fluorescence will only be detected when the amino acids 

are separated due to peptide degradation (Fig. 1). 

2. The synthesis of quenched peptides can be performed by solid phase strategies using 

an automated multiple peptide synthesizer (Syro II, MultiSyntech) using Fmoc chemistry. 

Fluorescein can be covalently coupled to the cysteine residue using fluorescein-5-iodoacetamide 

(Molecular Probes). Various automated peptide synthesizers exist, and synthesized peptides 

are HPLC purified and validated by mass spectrometry.

Figure 1  -  Schematic representation of a quenched peptide, with a dabcyl group functioning as the quencher (Q) and a 

fluorescein moiety as a fluorophore (F). As these two groups are fused to two different amino acids, cleavage by peptidases 

results in the separation of the quencher and fluorophore and subsequent fluorescent light.

Degradation of quenched peptides upon microinjection in living cells

1. Adherent cells should be used that are not too easily disturbed by micro-injection, such as HeLa 

cells (adherent cells such as HEK 293 cells often de-attach upon injection and remain sticking 

to the needle tip). Ideally, cells are seeded 1–2 days before injection on 35 mm glass coverslips 

in a 6-well plate and kept in regular medium with FCS in a CO2 incubator. 

2. 2× Microinjection buffer: 20 mM Tris–HCl, pH 7.4 and 0.2 mM EDTA, and subsequently autoclaved 

and filter (0.2 μm) sterilized. Store at −20°C.

3. Microinjection mixture: 1 μL of quenched peptide is added to 4 μL microinjection buffer,  

2 μL H2O and 1 μL 2 mM FuraRed (Molecular Probes). Prepare freshly and spin down for 10 min 

at minimal 20 700 × g before use.

4. HBS buffer (HEPES-buffered Saline): 21 mM HEPES, 137 mM NaCl, 5 mM KCL, 0.7 mM Na2HPO4, 

5.5 mM glucose. Sterilize by filtration (0.2 μm). The buffer can be CO2 saturated, e.g., by placing 

the buffer prior to use in a petridish in the CO2 incubator used for tissue culture. Store at 4°C.
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5. Microinjector like the Eppendorf Femtojet coupled to an Injectman NI2 can be used. 

6. Sterile microinjection needles like the Eppendorf Femtotips (5242.952.008) can be used, using 

thin microloader tips (5242.956.003) to load the needles with the microinjection buffer.

7. An inverted fluorescence microscope can be used equipped with a dry 40× or 63× objective 

and with an additional viewing port connected to a fluorescence detector. Emission of the 

simultaneously microinjected quenched peptide and Fura Red is measured after splitting the 

emitted light. Different setups can be used to detect fluorescence; we use a PTI model 612 analog 

photomultiplier system equipped with a 580 nm dichroic mirror with a 480–530 nm filter for 

fluorescein emission and a long pass 590 nm filter for Fura Red emission. The two fluorescent 

signals are simultaneously detected by two PTI model 612 analog photomultipliers (Fig. 2).

8. For data acquisition, software like FELIX (PTI Inc., USA) can be used.

Degradation of quenched peptides in cytosolic lysates

1. 200 μM Digitonin lysis buffer: weigh 1 mg Digitonin (Sigma-Aldrich), add 55 mL H2O. Heat for 

15 min at 98°C in a heating block and cool down at room temperature. Store at 4°C.

2. Bovine Serum Albumin (BSA) solution: dissolve 10 mg BSA in 10 mL water, so that the final 

concentration is 10 μg/μL. Store at 4°C.

3. Bradfort reagent (Sigma-Aldrich).

Figure 2  -  Microinjection setup to detect quenched peptide degradation in living cells. Cells are grown on thin coverslips 

and mounted in a heated cell chamber. A high magnification objective (e.g., 40× or 63×) is used in combination with a small field 

diaphragm in order to create a small detection window showing only the selected cell that is to be microinjected. When exciting 

at 488 nm, a dichroic mirror splitting the emission light at 580 nm can be used to allow simultaneous detection of the peptide 

fluorophore and the injection marker.
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4. KMH buffer: 110 mM KAc, 2 mM MgAc, 20 mM Hepes-KOH, pH 7.4. In an Erlenmeyer or glass 

beaker, weigh 260 mg 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), add water 

to a total volume of 50 mL and let dissolve at room temperature with a magnetic stir bar. 

Adjust pH to 7.4 by adding Potassium hydroxide (KOH). Then add 550 mg potassium acetate 

(KAc) and 14.2 mg magnesium acetate (MgAc). The buffer is filter sterilized and can be stored 

at room temperature.

5. Inhibitors for specific proteases or peptidases. Examples are butabindide for TPPII  

(Tocris Bioscience, Bristol, UK), bacitracin for IDE (Sigma Chemical Co., St. Louis, MO, 

USA), amastatin for nardilysin (Enzo Life Sciences, Lörrach, Germany), and MG132 for 

proteasomes (Sigma-Aldirch, Steinheim, Germany). Bath sonicator, e.g., a Bransonic-221  

(Branson Ultrasonics, Danbury, LT, USA).

6. 96-Well Polystyrene Cell Culture Microplates, black. (Greiner Bio-One) (see Note 2).

7. A microplate reader able to detect “time-resolved Fluorescence” like a Polarstar Galaxy 

microplate reader (BMG Labtech), using filter settings suitable to detect, e.g., fluorescein.

METHODS

Measuring quenched peptide degradation in living cells

1. Plate cells on glass coverslips and let them grow overnight until a confluence of 50–80% before 

mounting the coverslip in a heated stage (see Note 3). Replace the medium for CO2-buffered HBS.

2. Prepare the microinjection mixture containing the quenched peptide and Fura Red. Fura Red is 

added as a control for microinjection and leakage; as it can be excited at the same wavelength 

as fluorescein but emits light at a much higher wavelength than fluorescein, the emitted light 

can be split using a dichroic mirror and separately detected. Since Fura Red is immediately 

fluorescent, it functions as a control for successful injection, while a decrease in Fura red signal 

in time indicates leakage from the cell (which will also affect peptide degradation, see Note 4).

3. About 4–6 μL of the microinjection mixture is loaded in the injection needle, and carefully 

ticking the needle (kept vertically with the injection tip downwards) will remove any remaining 

air bubbles that may obstruct the thin end of the needle upon injection (see Note 5).

4. Since all emitted light from the degraded peptides should ideally go to the detection system 

(e.g., the PMTs) the microinjection has to be performed “blindly” as no light is going to the 

oculars. Therefore, a neighboring cell has to be used to set the Z-level limit for the microinjection 

needle (see Note 6). When the Z-limit is set, the to-be measured cell is centered in the middle 
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of the field. As very little background light should pass through, the field diaphragm of the 

microscope can be closed until only the single cell is visible by transmitted light. Place the 

injection needle above the cell. Only now the emitted light can be switched from the oculars 

to the port connected to the PMTs (and be sure to switch off the transmission light beforehand 

to prevent over-exposure of the PMTs). 

5. With the detection system switched on and the software running, the experiment can start. 

When the centered cell is microinjected, the Fura Red signal should immediately increase 

and remain on a plateau level (Fig. 3), which indicates a successful injection without leakage. 

In time, the green fluorescent signal should also increase, indicating degradation of the 

quenched peptides and no longer quenching of the fluorophore. Also the signal derived from 

the dequenched peptide should reach a plateau level when all peptides are degraded, and 

from this curve the half-life (t1/2) of the peptide can be calculated, which is the time needed 

after micro-injection until 50% of the peptides are degraded (Fig. 3, see Note 7).

6. Upon completion of the experiment, a neighboring cell can be injected after being centered 

in the middle or a new area in the coverslip can be taken.

Figure 3  -  Model graph of a degraded quenched peptide. Upon microinjection or addition of quenched peptides to cell 

lysates, the degradation of the peptides will result in fluorescence until all peptides are degraded (leading to a plateau phase). 

From this graph, the half-life of the peptide can be determined by calculating the time required to reach to 50% of the final 

plateau phase.

Measuring quenched peptide degradation in cytosolic lysates

1. Collect cells by centrifuging at 180 × g for 3 min, 4°C and wash with PBS. Spin again to obtain 

the cell pellet and add ice cold Digitonin lysis buffer, 50 μL to 400,000 cells (see Note 8).  

Vortex and leave on ice for 30 min.

2. Centrifuge lysed cells 16 000 × g for 15 min at 4°C which will spin down membranes but leaves 

the cytosolic proteins soluble in the supernatant. 
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3. Move the supernatant to a fresh tube.

4. The protein concentration in the sample lysate can be determined by performing a Bradfort 

assay.

a. Pipet the standard; 0, 0.5, 1, 2, 4, and 8 μL of BSA solution (corresponding to 0, 0.5, 1, 2, 4, 

and 8 μg BSA) in 6 wells of a clear 96-well plate.

b. Pipet 1 μL of sample lysate in another well.

c. Add 200 μL of Bradfort reagent to all conditions and measure the absorbance at 595 nm 

on the Polarstar Galaxy.

d. Compare value of sample lysate with Standard to determine the protein concentration 

(see Note 9).

Preparation of peptide and inhibitors

1. Dissolve quenched peptide in water (see Note 10).

2. Dilute 1 μL quenched peptide in 30 μL KMH buffer (see Note 11).

3. Dilute the inhibitor in KMH buffer to the working dilution. Keep in mind that the 10 μL of the 

inhibitor working dilution ends up in a total volume of 200 μL. The inhibitor working dilution 

is thus 20 times more diluted in the final experiment and should be made 20 times more 

concentrated than the optimal inhibitor concentration (see Note 12).

4. Immediately prior to use, sonificate peptide solution in the ultrasonic water bath for 10 min 

to prevent aggregation and oligomerization and assure the peptides are soluble monomers 

(see Note 13).

Measuring degradation on the polarstar galaxy microplate reader

1. In each well of a 96-well Polystyrene Cell Culture Microplate add 20 μg lysate. For the negative 

control do not add lysate or use lysate pre-incubated with broad spectrum peptidase inhibitors.

2. Add 10 μL inhibitor working dilution and KMH buffer to a total of 190 μL per well. Incubate 

for 30 min at 4°C to assure the inhibitor is bound to the active site of the proteases of interest 

when adding the peptide. For the “no inhibitor” control, do not add inhibitor.

3. Add 10 μL of sonificated peptide solution to each well and place the plate in the 37°C  

pre-warmed Polarstar Galaxy microplate reader.

4. On the Polarstar select the configuration “Time-resolved Fluorescence”. Select the emission 

and excitation wavelength that correspond to the fluorophore incorporated in the quenched 
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peptide of interest. Set which wells to measure, for how many cycles and over what time span 

(see Note 14).

NOTES

1. Various fluorophores can be used to detect degradation of peptides, but ideally a small 

fluorophore like fluorescein should be used to prevent steric hindrance of peptide degradation. 

Alternatively, fluorophores like Alexa 488 can be used (which remains fluorescent at low pH, e.g., 

upon lysosomal degradation). When multiple cysteines are present in the peptide sequence, 

no specific labeling of one cysteine with a fluorophores is possible. In this case, pre-coupled 

fluorophores attached to an amino acid can be used, such as Edans (which is coupled to a 

glutamic acid). 

2. Using black plates will eliminate cross talk between wells and reduce back-scattered light, 

making the measurements more accurate. The Polarstar Galaxy can do both top and bottom 

readings, but keep in mind to use plates with transparent bottoms in the last case.

3. Different setups can be used to mount living cells prior to micro-injection. We use round 24 

mm glass coverslips (Menzel-Glaeser from Thermo scientific) that are mounted in an Atto fluor 

cell chamber (Cat. No. A-7816, Molecular Probes) which is being heated to 37°C.

4. As also shown in Fig. 3, a well-executed microinjection should not result in a perforated cell 

that leaks all its cytoplasm content in the medium, including the to-be-degraded peptides. 

Therefore, simultaneous detection of the Fura Red shows whether cells become leaky or not, 

and ideally the Fura Red signal should remain similar over time after microinjection.

5. When keeping the needle vertically with the injection tip down, a small air bubble can often be 

seen below the added peptide solution. Careful ticking the needle with your index finger will 

make the bubble go upwards. During the actual microinjection, the needle tip may become 

obstructed by dead cells that adhere to the needle. Briefly pulling the needle out of the medium 

and putting it back again will often result in the removal of these dead cells.

6. When microinjecting adherent cells, a threshold can be set for the injection level (Z-limit) in 

order to microinject numerous neighboring cells without having to set the Z-limit for each 

individual injection.

7. While the height of the plateau phase obviously changes when more or less amount of peptides 

are introduced, the half-life is much less affected by the amounts of peptides, indicating that the 

peptidases are not saturated. Therefore it seems not critical to inject the identical amounts of 

peptides during each microinjection. Still, ideally a similar concentration of (different) peptides 
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should be used to compare the effect of alterations of peptide sequence or upon the addition 

of peptidase inhibitors. 

8. The amount of lysis buffer to add to the cell pellet can be adjusted to obtain the desired protein 

concentrations in the final cell lysate. Although this may differ for each cell type and experiment, 

it is important to make sure that enough lysis buffer is added to the pellet that the cells can 

nicely dissolve and no cell clumps are present.

9. The amount of protein in the cell lysate can be determined by comparing its absorbance value 

with the values of the protein standard generated with the BSA solution. This can be easily done 

in a program like Microsoft Office Excel by adding a linear trend line to the graph containing 

the values obtained for the Standard. The equation corresponding to this trend line can also 

be added and this is used to calculate the protein concentration in the cell lysate by inserting 

the measured absorbance value as x-value. The resulting y-value is the amount of protein in 

the lysate.

10. Peptides are usually supplied as a dry powder. This substance can be dissolved in several 

solvents. What to use depends on the characteristics of the peptide; non-hydrophobic peptides 

will most of the time easily dissolve in water, however, peptides that have hydrophobic 

characteristics may be difficult to dissolve in water and should be dissolved in organic solvent 

like DMSO. Take into account that DMSO can affect cell culture based assays; therefore make 

concentrated stock solutions that will be diluted in the experiment so that no more that 1% of 

the original solvent is present in the final experimental solution.

11. It is important to make a single diluted peptide solution that will be used for all conditions. 

Calculate beforehand how much diluted peptide solution is needed for the whole experiment. 

This will prevent little variations between conditions caused by pipeting differences or 

differences in preparation of the peptide solutions like sonification or pre-incubation times.

12. The optimal inhibitor concentration is the concentration at which the inhibitor has its maximum 

effect on peptide degradation. This concentration can be determined by making a dilution series 

and test what concentration maximally inhibits the degradation of a peptide that is known to 

be degraded by the protease that is inhibited (a positive control).

13. Peptide degradation can be in fluenced by peptide aggregation or oligomerization so it is 

essential to know in what state the peptide is when used in the experiment. Sonification of the 

peptides can be used to enhance solubility and (re-)dissolve possible aggregated peptides.

14. The amount and length of the measurement cycles depends on the degradation speed of the 

peptide of interest. When the peptide is quickly degraded (e.g., the degradation curve reaches 

a plateau within 30 min) then a high amount of short cycles is best (although bleaching due to 
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extensive measurements should be prevented). However, when the peptide is slowly degraded 

(e.g., the degradation curve reaches a plateau after 10 h) then cycles of a few minutes distributed 

over 10 hours will be best.
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ABSTRACT

Using microarray technology we studied the genome-wide gene expression profiles in the frontal 

cortex of APPswe/PS1dE9 mice and age and sex-matched littermates at the age of 2, 3, 6, 9, 12 and 

15/18 months to investigate transcriptional changes that are associated with beta amyloid protein 

(Aβ) plaque formation and buildup. We observed the occurrence of an immune response with glial 

activation, but no changes in genes involved in synaptic transmission or plasticity. Comparison of the 

mouse gene expression data set with a human data set representing the course of Alzheimer’s disease 

revealed a strikingly limited overlap between gene expression in the APPswe/PS1dE9 and human 

Alzheimer’s disease prefrontal cortex. Only plexin domain containing 2, complement component 

4b, and solute carrier family 14 (urea transporter) member 1 were significantly upregulated in 

the mouse and human brain which might suggest a function in Aβ pathology for these 3 genes.  

In both data sets we detected clusters of upregulated genes involved in immune-related processes. 

We conclude that the APPswe/PS1dE9 mouse can be a good model to study the immune response 

associated with cortical Aβ plaques.

INTRODuCTION

Alzheimer’s disease (AD) is the most common form of dementia among older people accounting 

for 60% - 70% of all cases (World Health Organization and Alzheimer’s Disease International, 

2012). The disease is neuropathologically characterized by the presence of extracellular deposits 

of beta amyloid protein (Aβ) in senile plaques, intracellular deposits of hyperphosphorylated tau 

protein in neurofibrillary tangles, dystrophic neurites, and by neuropil threads (Braak et al., 1998).  

Besides the sporadic form of AD, for which aging is the main risk factor, mutations in amyloid 

precursor protein (APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2) have been found to cause  

autosomal dominant early onset familial AD in a small number of families (Bertram and Tanzi, 2005).  

The autosomal dominant form of AD is a very rare disorder with a prevalence less than 0.1%  

(Harvey et al., 2003). Most mutations in these 3 genes result in alterations in the level of Aβ in the 

brain and in the isoforms of Aβ being produced, leading to Aβ species with a higher propensity 

to aggregate. Introducing mutated forms of APP and PSEN1 individually or in combination into 

mice has led to the development of a variety of transgenic mouse lines that model aspects of Aβ 

pathology (Wisniewski and Sigurdsson, 2010). These mouse models have contributed significantly 

to our understanding of the molecular processes associated with plaque formation. It is, however, 

unclear whether the molecular alterations that cause plaque formation in models for familial AD also  
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occur in nonfamilial, sporadic forms of AD. The suitability of current AD mouse models for studying 

sporadic AD therefore warrants further investigation. We have recently performed a genome-

wide gene expression study in the human prefrontal cortex during the progression of sporadic AD  

(Bossers et al., 2010a). One of the most important findings was a concerted increase of genes  

involved in synaptic transmission and plasticity in nondemented individuals, in the preclinical stages 

of AD, just before the onset of plaque pathology in the prefrontal cortex. In parallel, we observed 

an increase in intraneuronal Aβ levels. In contrast, after the development of the first plaques and 

tangles, the expression of these genes, which also include a group of genes involved in the generation 

and breakdown of Aβ, sharply decreased. At the same time patients show memory impairments.  

Thus, we hypothesize that the initial increase in synaptic transmission and plasticity represents 

a compensatory reaction to the earliest Aβ-related changes in AD. Our gene expression data in 

AD provide the unique opportunity to examine whether similar changes in synaptic activity and  

plasticity can also be observed in Aβ-based AD mouse models. We therefore have generated 

genome-wide expression profiles from the frontal cortex of APPswe/PS1dE9 transgenic mice  

(Jankowsky et al., 2004) and from their nontransgenic littermates throughout the entire progression of Aβ  

pathology from 2 to 18 months of age. This double-transgenic mouse coexpresses APP695 with the  

Swedish mutation (K594M/N595L) and the human exon-9-deleted variant of PSEN1 and develops Aβ 

plaques before 6 months of age (Jankowsky et al., 2004). These mice also manifest memory deficits 

as early as the age of 2 months (Bonardi et al., 2011; Jankowsky et al., 2005; O’Leary and Brown, 2009;  

Pillay et al., 2008; Savonenko et al., 2005). Surprisingly, our gene expression data show that plaque  

formation and buildup in the frontal cortex of APPswe/PS1dE9 mice is solely associated with an 

increased expression of genes involved in an immune response and in glial activation, and in this 

brain region does not cause any changes in genes associated with memory, synaptic transmission, 

and plasticity.

MATERIALS AND METHODS

Animals

In this study we used the double transgenic APPswe/PS1dE9 mouse, line 85 (Jankowsky et al., 2004). 

For details see The Jackson Laboratory (strain B6C3-Tg(APPswe,PSEN1dE9)85Dbo/J; stock number 

004462; http://jaxmice.jax.org/). These animals express chimeric mouse/human APP695 with the 

Swedish mutation (K594M/N595L) and the human exon-9-deleted variant of PS1 (PS1dE9) under 

independent mouse prion protein promoters. AD mice were maintained as hemizygous and crossed 
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with wild type (WT) C57BL/6. Genotyping was performed by real-time polymerase chain reaction 

(PCR) assays specific for the 2 transgenes and the prion promotor. All animals were housed under 

standard conditions with access to water and food ad libitum. For microarray and quantitative PCR 

(qPCR) experiments, 3 male and 3 female transgenic APPswe/PS1dE9 mice were used at each age  

(2, 3, 6, 9, 12, and 15/18 months) studied. WT littermate mice served as age- and sex matched control 

animals (2 male, 2 female per age group). For immunoblot analysis, additional APPswe/PS1dE9 mice 

at the age of 3 (n = 2), 6 (n = 3), 9 (n = 1) and 18 (n = 3) months were used. Immunohistochemistry 

was performed on animals also used for microarray, qPCR, or immunoblot studies. Animal handling 

and experimental procedures were reviewed and approved by the ethical committee for animal care 

and use of experimental animals of the Royal Netherlands Academy for Arts and Sciences, acting in 

accordance with the European Community Council directive of November 24,1986 (86/609/EEC).  

All efforts were made to minimize suffering and number of animals used for the study presented here. 

Tissue harvesting

Animals were anesthetized with CO2/O2 and decapitated. The gray matter of the right frontal cortex 

was isolated, snap-frozen in liquid nitrogen, and stored at 80°C for subsequent RNA or protein 

isolation. The left hemisphere was immersion fixed in phosphatebuffered 4% paraformaldehyde 

(PFA/PBS, pH 7.4) overnight at 4°C. After fixation the tissue was cryoprotected in phosphate buffered 

saline (PBS) containing 20% sucrose for a minimum of 5 hours at 4°C, embedded in Tissue-Tek  

(Sakura Finetek Europe, Alphen aan de Rijn, the Netherlands), frozen on dry ice, and stored at 80°C 

to be used for immunohistochemical analysis.

RNA isolation

RNA was isolated using a combination of TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA)-

based and RNeasy Mini Kit (Qiagen, Hilden, Germany) RNA isolation methods. Briefly, frozen cortex 

tissue was homogenized in ice-cold 500 mL TRIzol and centrifuged at 12 000 x g for 10 min. The 

supernatant was transferred to a new tube and vigorously mixed with 100 mL chloroform. Samples 

were loaded onto a Phase Lock Gel tube (5 Prime, Hamburg, Germany) and centrifuged at 12 000 x g 

for 15 min. The aqueous phase was collected, mixed with an equal amount of 70% ethanol, applied 

to an RNeasy spin column and further processed according to the manufacturer’s instructions. RNA 

was eluted in RNase-free water and stored at 80°C. RNA purity and yields were determined by a 

NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). RNA integrity 
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was determined by the RNA integrity number, as measured by the Agilent 2100 bioanalyzer (Agilent 

Technologies, Palo Alto, CA, USA). The isolated RNA was of high integrity (average RNA integrity 

number 8.7, ranging from 7.3-9.5).

RNA labeling and microarray hybridization

For microarray analysis, the Whole Mouse Genome Microarray Kit with 4 × 44000 probes was used 

(Agilent Technologies, Part Number G4122F). RNA labeling and microarray hybridization were 

performed according to the manufacturer’s instructions. In short, for each sample 1 mg total RNA 

was linearly amplified and fluorescently labeled with either Cy3- or Cy5-cytosine triphosphate 

using the Agilent Low RNA Input Fluorescent Linear Amplification Kit (Agilent Technologies).  

Before hybridization, equal amounts (825 ng) of Cy3-labeled and Cy5-labeled complementary 

RNA were mixed and fragmented in 1× fragmentation buffer (Agilent Technologies) at 60°C 

for 30 min. The sample mix was hybridized to a microarray in 1× Hi-RPM Hybridization Buffer  

(Agilent Technologies) at 65°C for 17 hours in a rotating hybridization chamber. A detailed 

description of all hybridizations for both the transgenic and wild type animals can be found in 

Supplementary Fig. 1. After hybridization, microarrays were washed in 6× saline sodium phosphate-

EDTA (SSPE)/0.005% N-Lauroylsarcosine for 5 min (Sigma-Aldrich, St. Louis, MO, USA), in 0.06x 

SSPE/ 0.005% N-Lauroylsarcosine for 1 min and acetonitrile (Sigma-Aldrich) for 30 seconds,  

then dried in a nitrogen flow. The microarrays were scanned with an Agilent DNA Microarray scanner 

at 100% photomultiplier tube setting and 5 mm resolution. Microarray scans were quantified using 

Agilent Feature Extraction software (version 9.5.3).

Microarray normalization and single gene analysis

Raw expression data were analyzed in R statistical processing software (version 2.6.0) using the 

LIMMA package (Smyth, 2004) in Bioconductor (http://www.bioconductor.org). All features that were 

flagged as saturated or as a nonuniformity outlier by the feature extraction software on 1 or more 

arrays were excluded from further analysis. This was applicable for 2039 features, resulting in 39,136 

features which passed these criteria. Data were normalized using LIMMA by applying a background 

correction (using the ‘normexp’ algorithm) followed by normalization of intensity distributions within 

and between arrays (using the ‘quantile’ algorithm). We have recently demonstrated that the analysis 

of the separate intensity channels (the individual Cy3 and Cy5 signals) yields more reproducible results 

than the standard ratio-based approach (the ratio between the Cy3 and Cy5 channels) for dual-color 



134

gene expression changes in the appswe/ps1de9 mouse

7

microarray datasets (Bossers et al., 2010b), so we also applied this approach for the present dataset. 

Thus, the  2log-transformed intensity measurements per sample were extracted from the normalized 

ratio data and used in all following analyses. To detect genes with a significant interaction between 

age and genotype, we performed a 2-way analysis of variance (ANOVA) using age and genotype 

as grouping factors. The BenjaminieHochberg method was used to correct for multiple testing.  

P-values < 0.05 after correction were considered significant. A separate analysis for differences 

between genotypes in each age group using Student t-tests revealed very similar differentially 

regulated genes as the ANOVA and is, therefore, not further considered here. 

Cluster analysis of gene expression profiles 

To follow the expression of individual transcripts over time we constructed time profiles of each 

transcript per genotype. Specifically, for each transcript, mean expression values for each age group 

were determined by averaging the individual intensity measurements. Expression values were  

normalized against the mean expression of all 2-month-old animals. Cluster analysis was performed

to detect groups of transcripts with similar expression profiles (fuzzy clustering with the Mfuzz 

package, version 2.6.1 in Bioconductor). The fuzziness parameter M was determined by optimizing 

the detection of clusters as described in the Mfuzz manual, resulting in an M value of 1.3 that was 

used for further analysis. The microarray expression dataset was clustered into 8 separate clusters 

that allowed for the detection of small differences in expression profiles between gene clusters.

GO analysis of gene clusters 

To gain insight into the biological functions that are associated with the gene clusters,  

overrepresented Gene Ontology (GO) classes associated with these clusters were determined with the 

GoStat program (http://gostat.wehi.edu.au) (Beißbarth and Speed, 2004), using all genes on the array as 

a background dataset. GoStat output was corrected for multiple testing with the BenjaminieHochberg 

method. The first 30 GO classes with a P-value < 0.001 which contained more than 5 genes, for which 

at least 1 gene was represented in the cluster under investigation, are presented in the final results  

(Table 2). GoStat does not allow for an evaluation of whether a significant ‘parental branch’ can be 

solely explained by its children.
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Ingenuity pathway analysis of regulated genes

We performed a pathway analysis for all genes from cluster 4 and 8 (the clusters that showed 

a strong expression regulation over time). Ingenuity Pathway Analysis software (version 7.6;  

Ingenuity Systems, Mountain View, CA, USA) was used to identify direct and indirect physical and/or  

functional interactions between genes and/or their protein products. To keep the results relevant for Aβ  

deposition and AD related processes we included only significantly enriched canonical pathways in 

the final results table which were not related to a specific disease and contained at least 3 molecules.

Real-time qPCR confirmation

All qPCR experiments were performed on the same animals that were used for the microarray study. 

The time points 2, 3, 6, 9,12, and 15/18 months were evaluated. For each sample 1 mg total RNA 

was reverse transcribed using the QuantiTect Reverse Transcription Kit (Qiagen) according to the 

manufacturer’s protocol. As negative control, samples of each batch of reverse transcription were 

pooled and incubated with primer mix lacking reverse transcriptase. The obtained cDNA was stored 

at 20°C until use. Primers were designed using Primer3 (http://frodo.wi.mit.edu) (Rozen and Skaletsky, 

2000). Primer sequences are listed in Supplementary Table 1. For each primer pair, dissociation 

curves were generated to assess specificity. Only single products and no primer dimers were 

detected. Each qPCR reaction contained 1.5 mL 2 mM primer solution, 5 mL SYBR Green Master mix  

(Applied Biosystems) and 2.86 ng cDNA in a 10 mL reaction volume. The reaction was run at default 

settings (95°C,15 seconds; 60°C,1min; 40 cycles) on the ABI Prism7300 sequence detection system 

(Applied Biosystems). Samples were normalized to the housekeeping genes 28S, Gapdh, and 

β-actin that are not regulated between different ages in the mice used. Normalization factors were 

determined using the GeNorm (Vandesompele et al., 2002) VBA applet (version 3.5) for Microsoft Excel.

Immunohistochemistry

10 μm cryostat sections were mounted on Superfrost Plus slides (Thermo Scientific Menzel, 

Braunschweig, Germany). Sections were stored at 80°C or 20°C until use. Cryosections were 

dried for 15 min and fixed in 4% PFA/PBS (pH 7.4) for 3 min. Antigen retrieval was performed in  

10 mM sodium citrate (pH 6.0)/0.05% Tween-20 for 20 min at 95°C. For the  

immunohistochemical detection of Aβ, an additional pretreatment with 70% formic acid for  

10 min was performed. Sections were then blocked with 10% fetal calf serum (FCS) in PBS/0.4% 
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Triton-X 100 for 1 hour at room temperature. Thereafter, sections were incubated with monoclonal 

antibody 4G8 (Signet Laboratories, Dedham, MA, USA; 1:10,000) in PBS/0.4% Triton-X 100 for 1 hour 

at room temperature. Next, sections were incubated with biotinylated horse anti-mouse antibody  

(Vector Laboratories, Burlingame, CA, USA; 1:400) in PBS/1% FCS for 1 hour at room temperature. 

Sections were incubated in ABC solution (Vector Laboratories) for 1 hour at room temperature, 

followed by a 5-min incubation with 3,3’-diaminobenzidine as chromogen. Sections were 

dehydrated in a graded ethanol series followed by xylene and embedded with entellan glue.  

For quantification of Aβ load, tiled photographs of the whole section were taken with a XC-77CE CCD 

monochrome camera (Sony, Badhoevedorp, The Netherlands) through a 10× objective connected to 

an Axioskop microscope (Zeiss, Jena, Germany). Analysis of the cortex area covered with Aβ plaques 

was done using the Image-Pro Plus software (version 6.0, Media Cybernetics, Bethesda, MD, USA) with a  

computer-generated mask manually overlaid on the cortex, which recognized 3,3’-diaminobenzidine 

staining. Plaque load was evaluated in all animals used for the microarray and qPCR studies.  

For immunofluorescent stainings of glial-fibrillary acidic protein (GFAP), allograft inflammatory  

factor 1 (IBA1), and complement component 4b (C4B), cryostat sections of 3- and 15/18-month-old 

animals were used (4 transgenic animals per age group: 4 males at 3 months, 2 males and 2 females at 

15/18 months; 2 WT male animals per age group). Tissue from 6 transgenic animals and the WT animals 

were also used in the microarray study; tissue from 2 transgenic animals was used in the immunoblot 

experiments. Fixation and retrieval were performed as described above. Primary antibodies were 

rabbit anti-C4B (Abcam, Cambridge, UK; 1:300), rabbit anti-IBA1 (Wako Chemicals, Neuss, Germany; 

1:600) and rabbit anti-GFAP (Dako, Glostrup, Denmark; 1:2000) in PBS/0.4% Triton-X 100/3% FCS 

overnight at 4°C. Cy3-conjugated donkey anti rabbit IgG (Jackson Immuno Research, Newmarket, 

Suffolk, UK; 1:1000) in PBS/0.4% Triton-X 100/1% FCS was used as secondary antibody for 2 hours 

at room temperature. Aβ plaques were visualized with 0.0125% thioflavine S in 50% ethanol for  

10 min. Sections were then treated with Hoechst (Invitrogen; 1:20,000) in PBS for 10 min to visualize 

cell nuclei and mounted with Mowiol embedding medium. Photographs were taken using an Axioplan 

2 fluorescent microscope (Zeiss) connected to an MP digital camera (MediaCybernetics) with a  

20× objective.

western blot analysis

The frozen right hemisphere cortex samples were homogenized in suspension buffer  

(0.1 M NaCl, 0.01 M Tris-HCl, 0.001 M ethylenediaminetetraacetic acid) containing  

protease inhibitors (20 mM antipain,1 mM pepstatin, 20 mM chymostatin,10 mg/mL leupeptin, 
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and 100 mg/mL phenylmethanesulphonylfluoride) using an ultra turrax tissue homogenizer. 

Homogenates were centrifuged at 14,000 rpm for 5 min at 4°C, the supernatant was collected 

and protein concentrations were measured using a bicinchoninic acid protein assay kit  

(Pierce, Thermo Scientific, Rockford, IL, USA). Immunoblotting experiments were performed for GFAP, 

C4B, and IBA1 using the same antibodies as for the immunostainings. For each sample, 26.8 mg protein 

was heated in 5× loading buffer containing 10% sodium dodecyl sulphate and 10% β-mercaptoethanol 

at 95°C for 10 min. Tris-glycine sodium dodecyl sulphate polyacrylamide gel electrophoresis was 

performed using the BioRad Mini-PROTEAN 3 gel electrophoresis system (Bio-Rad Laboratories,  

Hercules, CA, USA). Gels contained 8% (C4B), 12% (GFAP), and 15% (IBA1) acrylamide/bisacrylamide. 

Proteins were transferred to nitrocellulose membranes using a semidry (GFAP and IBA1) or wet (C4B)  

blotting procedure and blocked with 5% fat-free milk powder in PBS/0.05% Tween-20 for  

1 hour at room temperature. Blots were incubated with antibodies against GFAP, C4B (diluted 

in PBS/0.05% Tween-20/5% milk) or IBA1 (diluted in supermix: 0.25% gelatin, 0.5% Triton-X 

100 in PBS, pH 7.4) for 2 hours at room temperature or 4°C overnight. β-actin (Sigma-Aldrich; 

1:2000) was used as a loading control. Primary antibodies were detected with an IR800 antibody  

(Rockland Immunohistochemicals, Gilbertsville, PA, USA; 1:5000) and β-actin was detected with a 

Cy5-conjugated antibody (Jackson Immuno Research; 1:2000) for 2 hours at room temperature. Blots 

were scanned and analyzed using the Odyssey Infrared Imager and Odyssey 2.1 scanning software 

(LI-COR Biosciences, Lincoln, NE, USA). The β-actin signal was used to normalize the final protein 

quantifications.

RESuLTS

Aβ plaque pathology in APPswe/PS1dE9 mice increases with age 

We first confirmed the previously documented plaque pathology in our mouse colony. 

Immunohistochemical detection of Aβ, using the 4G8 antibody, in brain sections of the  

APPswe/PS1dE9 transgenic mice showed that Aβ plaque load in the frontal cortex increased 

with age (Fig. 1). The first plaques were detected at the age of 6 months. This is in good 

agreement with earlier reports showing that these mice show plaques from very early in age  

(Garcia-Alloza et al., 2006; Jankowsky et al., 2004; Kamphuis et al., 2012; Ruan et al., 2009). As the plaque 

load in the frontal cortex of APPswe/PS1dE9 mice did not change between 15 and 18 months of age  

(3.61 ± 0.5% vs. 3.65 ± 1.2%; P >  0.05), we combined these 2 age groups for the gene expression 

analysis.
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Figure 1  -  Beta amyloid protein (Aβ) plaque pathology increased with age in APPswe/PS1dE9 mice. (A) Aβ plaques 

were stained with the monoclonal anti-amyloid 4G8 antibody on the left hemisphere of the frontal cortex. First plaques were 

detected at 6 months of age and plaque burden increased with age. A representative example picture of a 2-month-old wild 

type mouse cortex (upper left) is shown together with representative examples from APPswe/PS1dE9 transgenic mice at the age 

of 2, 3, 6, 9, 12, 15 and 18 months. Scale bar: 0.2 mm. (B) Quantification of plaque load in the frontal cortex of APPswe/PS1dE9 

and wild type mice for all age groups (n = 6 per group). Plaque load is represented in percentage of the frontal cortex area that 

is covered with plaques. The increase of plaque load over time is significant (analysis of variance; P < 0.001). Wild type animals 

do not show increased plaque load with age and are pooled for the quantification. Abbreviations: TG, transgenic; WT, wild type.

Microarray analysis of gene expression: upregulation of genes coincides with plaque 

development

To determine the gene expression changes that are specifically associated with Aβ pathology, 

microarrays were used to assess the transcriptional alterations that occur during the development 

of plaque pathology in the frontal cortex of APPswe/PS1dE9 mice, and we compared these with 

age-related gene expression changes in age matched wild type littermates. A total of 87 transcripts 

showed a significant interaction between age and genotype (ANOVA-based P-value < 0.05,  

Table 1). All significantly regulated transcripts were upregulated over time. No genes were detected 

that showed a transcriptional downregulation with age and plaque development. Among the 

significantly upregulated genes were many genes involved in the regulation of immune function 

such as a large group of Cluster of differentiation (Cd) antigens (Cd9, Cd14, Cd48, Cd52, Cd68, Cd84, 

Cd86, Cd180, Cd300d, Cd300lf, Fcgr2b, Fcgr3, Itgax, Lair1, Lilrb4, Pdcd1, Siglecf, Tlr2, Tnfsf13b), 
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chemokine ligands (Ccl3, Ccl4, Ccl6, Cxcl5), and members of the complement system (C1qc, C4b).  

The microglia marker allograft inflammatory factor 1 (Aif1/ Iba1) and the astrocyte marker glial 

fibrillary acidic protein (Gfap) were 2.2- and 7.9-fold upregulated, respectively. Furthermore, 

we found genes involved in lipid metabolism (Apobec1, Apoc4, Ch25h, Lpl) and cathepsins  

(Ctsc, Ctsh, Ctsz) to be upregulated. Next, we performed a cluster analysis on the expression profiles 

of all genes over time in both the APPswe/PS1dE9 transgenic animals and in wild type controls 

to detect groups of genes with concerted patterns of expression. In the APPswe/PS1dE9 mouse, 

this cluster analysis revealed 2 clusters (4 and 8) in which transcripts showed an upregulation 

starting between 3 and 6 months of age; coinciding with the development of Aβ plaque pathology  

(Fig. 2A). Cluster 8 contained the transcripts with the highest fold changes. Transcripts in cluster 4 also 

showed a continuous upregulation over time but with lower fold changes. Before the onset of plaque 

pathology, at the 2- and 3-month time points, no gene regulation was detected. Clusters of transcripts 

of wild type animals did not show any significant changes in their time profile (data not shown).  

We selected a set of 17 regulated genes (Bcl3, synaptogyrin 1 [Syngr1], Baiap2l2, Birc1b, activating 

transcription factor 3 [Atf3], Itgax, Pdcd1, Ccl6, Gpr109a, Tlr2, Trem2, Iba1, Tyropb, Cd9, Bcl2a1b, 

Igf1, Gfap) to validate the microarray data using qPCR. For all selected genes the patterns of gene 

expression over time were highly correlated between the microarray and qPCR measurements  

(R2 ≥ 0.96; P < 0.001; example plots see Fig. 2B) for the APPswe/ PS1dE9 mice. Furthermore, fold 

change between APPswe/PS1dE9 and wild type at 15/18 months as measured by qPCR showed a 

strong linear correlation with the microarray-derived fold change at that same time point (R2 = 0.85; 

P < 0.001; Fig. 2C).

Functional annotation and pathway analysis: immune response is induced after 

plaque formation

To investigate which biological processes were associated with the upregulated genes in  

APPswe/PS1dE9 mice, we performed a GO overrepresentation analysis on the upregulated clusters 

4 and 8. This analysis revealed that these clusters were highly enriched for transcripts involved 

in immune response-associated processes, such as the biological process GO classes ‘immune 

system process, ‘defense response,’ ‘response to external stimulus,’ and ‘response to wounding  

Table 1  -  List of significantly altered transcripts in APPswe/PS1dE9 transgenic mice during the development 

of Aβ papthology. Age data are presented as 2log-transformed fold change against average of all 2-month-

old animals (wild type and transgenic). P-values are Benjamini-Hochberg corrected ANOVA values. Fold 

change = maximum fold change between age groups. Cluster = cluster assignment (see Fig. 2). All genes with  

P < 0.05 are listed. Abbreviations: mRNA, messenger RNA; m, months.
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GeneName Description 2m 3m 6m 9m 12m 15/18m P-value Fold change Cluster

Cst7 Mus musculus cystatin F (leukocystatin) (Cst7), mRNA [NM_009977] 0,4 0,44 3,78 5,58 6,93 7,17 2,29E-11 109,14 8

Itgax Mus musculus integrin alpha X (Itgax), mRNA [NM_021334] 0,58 0,12 1,56 3,29 4,66 5,26 3,04E-06 35,26 8

Clec7a Mus musculus C-type lectin domain family 7, member a (Clec7a), mRNA [NM_020008] -0,13 -0,11 1,7 3,42 4,19 4,72 2,45E-06 28,84 8

Ccl3 Mus musculus chemokine (C-C motif ) ligand 3 (Ccl3), mRNA [NM_011337] 0,17 0 2,14 3,65 4,38 4,59 2,47E-07 24,08 8

C4b Mus musculus complement component 4B (Childo blood group) (C4b), mRNA [NM_009780] 0,36 0,27 1,8 2,79 3,9 4,54 3,74E-04 19,29 8

Ccl4 Mus musculus chemokine (C-C motif ) ligand 4 (Ccl4), mRNA [NM_013652] -0,04 -0,05 1,5 2,85 3,78 3,98 3,98E-09 16,34 8

Gpnmb Mus musculus glycoprotein (transmembrane) nmb (Gpnmb), mRNA [NM_053110] 0,15 0,12 0,73 1,63 3 4,06 1,32E-05 15,35 8

Gpr109 Mus musculus G protein-coupled receptor 109A (Gpr109a), mRNA [NM_030701] 0,13 -0,02 1,1 2,53 3,46 3,84 4,56E-08 14,52 8

Ccl6 Mus musculus chemokine (C-C motif ) ligand 6 (Ccl6), mRNA [NM_009139] 0,09 0,25 1,71 3,04 3,84 3,83 2,77E-09 13,45 8

Pdcd1 Mus musculus programmed cell death 1 (Pdcd1), mRNA [NM_008798] 0,09 0,14 1,28 2,43 3,18 3,62 2,77E-06 11,55 8

Igf1 Mus musculus insulin-like growth factor 1 (Igf1), mRNA [NM_010512] 0,01 -0,3 0,24 1,27 2,43 2,85 1,92E-11 8,88 8

Gfap Mus musculus glial fibrillary acidic protein (Gfap), mRNA [NM_010277] 0,03 0 1,12 1,8 2,41 2,99 0,014 7,94 8

Trem2 Mus musculus triggering receptor expressed on myeloid cells 2 (Trem2), mRNA [NM_031254] 0,01 0,21 0,84 1,84 2,62 2,95 2,38E-06 7,67 8

Spp1 Mus musculus secreted phosphoprotein 1 (Spp1), mRNA [NM_009263] 0,09 -0,17 0,13 0,71 1,68 2,74 3,16E-04 7,52 8

Bcl3 Mus musculus B-cell leukemia/lymphoma 3 (Bcl3), mRNA [NM_033601] 0,08 -0,28 0,17 1,03 1,79 2,49 0,033 6,82 8

Bcl2a1b Mus musculus B-cell leukemia/lymphoma 2 related protein A1b (Bcl2a1b), mRNA [NM_007534] -0,02 -0,25 0,24 1,69 2,3 2,51 4,04E-04 6,77 8

Cd300lf Mus musculus CD300 antigen like family member F (Cd300lf ), mRNA [NM_145634] -0,03 -0,15 0,82 2,1 2,4 2,45 1,22E-06 6,06 8

Tlr2 Mus musculus toll-like receptor 2 (Tlr2), mRNA [NM_011905] 0 -0,1 0,74 1,71 2,34 2,49 0,001 6,02 8

Ch25h Mus musculus cholesterol 25-hydroxylase (Ch25h), mRNA [NM_009890] 0,05 -0,14 0,38 1,56 2,19 2,43 6,49E-05 5,94 8

Cd68 Mus musculus CD68 antigen (Cd68), mRNA [NM_009853] 0,23 0,14 0,81 1,57 2,42 2,63 0,022 5,62 8

Tyrobp Mus musculus TYRO protein tyrosine kinase binding protein (Tyrobp), mRNA [NM_011662] -0,02 0,03 0,59 1,67 2,3 2,44 4,02E-06 5,50 8

Fcgr2b Mus musculus Fc receptor, IgG, low affinity IIb (Fcgr2b), mRNA  [NM_001077189] 0 -0,23 0,29 1,26 2,06 2,22 6,13E-06 5,46 8

Lzp-s Mus musculus P lysozyme structural (Lzp-s), mRNA [NM_013590] 0,22 0,25 0,53 2 2,49 2,66 0,005 5,43 8

St14 Mus musculus suppression of tumorigenicity 14 (colon carcinoma) (St14), mRNA [NM_011176] 0,15 0,15 0,82 1,56 2,33 2,58 0,008 5,39 8

Cd52 Mus musculus CD52 antigen (Cd52), mRNA [NM_013706] 0,23 0,2 1,06 2 2,6 2,62 9,33E-04 5,35 8

Cxcl5 Mus musculus chemokine (C-X-C motif ) ligand 5 (Cxcl5), mRNA [NM_009141] -0,18 -0,05 0,63 1,41 2,15 2,23 0,001 5,31 8

Gpr65 Mus musculus G-protein coupled receptor 65 (Gpr65), mRNA [NM_008152] -0,07 -0,09 0,64 1,64 2,04 2,32 2,42E-09 5,31 8

Cd14 Mus musculus CD14 antigen (Cd14), mRNA [NM_009841] A430060F13Rik  Mus musculus 2 cells egg cDNA, RIKEN full-
length enriched library, clone:B020003F03 product:hypothetical protein, full insert sequence. [AK139527] 0,11 0,05 0,62 1,37 2,11 2,42 4,00E-03 5,17 8

Mamdc2 Mus musculus MAM domain containing 2 (Mamdc2), mRNA [NM_174857] 0,04 0,05 -0,09 0,49 1,62 2,28 6,93E-09 5,17 8

4930431B09Rik  Mus musculus cDNA clone IMAGE:6306854, partial cds. [BC046309] 0,05 0,17 0,84 1,62 2,4 2,39 6,13E-06 5,10 8

Asb10 Mus musculus ankyrin repeat and SOCS box-containing protein 10 (Asb10), Mrna [NM_080444] 0 -0,18 0,46 1,38 2 2,15 0,03 5,03 8

AU020206 Mus musculus 7 days embryo whole body cDNA, RIKEN full-length enriched library, clone:C430005K08 
product:unclassifiable, full insert sequence [AK049415]

0 0,12 0,85 1,92 2,28 2,32 2,73E-07 4,99 8
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GeneName Description 2m 3m 6m 9m 12m 15/18m P-value Fold change Cluster

Cst7 Mus musculus cystatin F (leukocystatin) (Cst7), mRNA [NM_009977] 0,4 0,44 3,78 5,58 6,93 7,17 2,29E-11 109,14 8

Itgax Mus musculus integrin alpha X (Itgax), mRNA [NM_021334] 0,58 0,12 1,56 3,29 4,66 5,26 3,04E-06 35,26 8

Clec7a Mus musculus C-type lectin domain family 7, member a (Clec7a), mRNA [NM_020008] -0,13 -0,11 1,7 3,42 4,19 4,72 2,45E-06 28,84 8

Ccl3 Mus musculus chemokine (C-C motif ) ligand 3 (Ccl3), mRNA [NM_011337] 0,17 0 2,14 3,65 4,38 4,59 2,47E-07 24,08 8

C4b Mus musculus complement component 4B (Childo blood group) (C4b), mRNA [NM_009780] 0,36 0,27 1,8 2,79 3,9 4,54 3,74E-04 19,29 8

Ccl4 Mus musculus chemokine (C-C motif ) ligand 4 (Ccl4), mRNA [NM_013652] -0,04 -0,05 1,5 2,85 3,78 3,98 3,98E-09 16,34 8

Gpnmb Mus musculus glycoprotein (transmembrane) nmb (Gpnmb), mRNA [NM_053110] 0,15 0,12 0,73 1,63 3 4,06 1,32E-05 15,35 8

Gpr109 Mus musculus G protein-coupled receptor 109A (Gpr109a), mRNA [NM_030701] 0,13 -0,02 1,1 2,53 3,46 3,84 4,56E-08 14,52 8

Ccl6 Mus musculus chemokine (C-C motif ) ligand 6 (Ccl6), mRNA [NM_009139] 0,09 0,25 1,71 3,04 3,84 3,83 2,77E-09 13,45 8

Pdcd1 Mus musculus programmed cell death 1 (Pdcd1), mRNA [NM_008798] 0,09 0,14 1,28 2,43 3,18 3,62 2,77E-06 11,55 8

Igf1 Mus musculus insulin-like growth factor 1 (Igf1), mRNA [NM_010512] 0,01 -0,3 0,24 1,27 2,43 2,85 1,92E-11 8,88 8

Gfap Mus musculus glial fibrillary acidic protein (Gfap), mRNA [NM_010277] 0,03 0 1,12 1,8 2,41 2,99 0,014 7,94 8

Trem2 Mus musculus triggering receptor expressed on myeloid cells 2 (Trem2), mRNA [NM_031254] 0,01 0,21 0,84 1,84 2,62 2,95 2,38E-06 7,67 8

Spp1 Mus musculus secreted phosphoprotein 1 (Spp1), mRNA [NM_009263] 0,09 -0,17 0,13 0,71 1,68 2,74 3,16E-04 7,52 8

Bcl3 Mus musculus B-cell leukemia/lymphoma 3 (Bcl3), mRNA [NM_033601] 0,08 -0,28 0,17 1,03 1,79 2,49 0,033 6,82 8

Bcl2a1b Mus musculus B-cell leukemia/lymphoma 2 related protein A1b (Bcl2a1b), mRNA [NM_007534] -0,02 -0,25 0,24 1,69 2,3 2,51 4,04E-04 6,77 8

Cd300lf Mus musculus CD300 antigen like family member F (Cd300lf ), mRNA [NM_145634] -0,03 -0,15 0,82 2,1 2,4 2,45 1,22E-06 6,06 8

Tlr2 Mus musculus toll-like receptor 2 (Tlr2), mRNA [NM_011905] 0 -0,1 0,74 1,71 2,34 2,49 0,001 6,02 8

Ch25h Mus musculus cholesterol 25-hydroxylase (Ch25h), mRNA [NM_009890] 0,05 -0,14 0,38 1,56 2,19 2,43 6,49E-05 5,94 8

Cd68 Mus musculus CD68 antigen (Cd68), mRNA [NM_009853] 0,23 0,14 0,81 1,57 2,42 2,63 0,022 5,62 8

Tyrobp Mus musculus TYRO protein tyrosine kinase binding protein (Tyrobp), mRNA [NM_011662] -0,02 0,03 0,59 1,67 2,3 2,44 4,02E-06 5,50 8

Fcgr2b Mus musculus Fc receptor, IgG, low affinity IIb (Fcgr2b), mRNA  [NM_001077189] 0 -0,23 0,29 1,26 2,06 2,22 6,13E-06 5,46 8

Lzp-s Mus musculus P lysozyme structural (Lzp-s), mRNA [NM_013590] 0,22 0,25 0,53 2 2,49 2,66 0,005 5,43 8

St14 Mus musculus suppression of tumorigenicity 14 (colon carcinoma) (St14), mRNA [NM_011176] 0,15 0,15 0,82 1,56 2,33 2,58 0,008 5,39 8

Cd52 Mus musculus CD52 antigen (Cd52), mRNA [NM_013706] 0,23 0,2 1,06 2 2,6 2,62 9,33E-04 5,35 8

Cxcl5 Mus musculus chemokine (C-X-C motif ) ligand 5 (Cxcl5), mRNA [NM_009141] -0,18 -0,05 0,63 1,41 2,15 2,23 0,001 5,31 8

Gpr65 Mus musculus G-protein coupled receptor 65 (Gpr65), mRNA [NM_008152] -0,07 -0,09 0,64 1,64 2,04 2,32 2,42E-09 5,31 8

Cd14 Mus musculus CD14 antigen (Cd14), mRNA [NM_009841] A430060F13Rik  Mus musculus 2 cells egg cDNA, RIKEN full-
length enriched library, clone:B020003F03 product:hypothetical protein, full insert sequence. [AK139527] 0,11 0,05 0,62 1,37 2,11 2,42 4,00E-03 5,17 8

Mamdc2 Mus musculus MAM domain containing 2 (Mamdc2), mRNA [NM_174857] 0,04 0,05 -0,09 0,49 1,62 2,28 6,93E-09 5,17 8

4930431B09Rik  Mus musculus cDNA clone IMAGE:6306854, partial cds. [BC046309] 0,05 0,17 0,84 1,62 2,4 2,39 6,13E-06 5,10 8

Asb10 Mus musculus ankyrin repeat and SOCS box-containing protein 10 (Asb10), Mrna [NM_080444] 0 -0,18 0,46 1,38 2 2,15 0,03 5,03 8

AU020206 Mus musculus 7 days embryo whole body cDNA, RIKEN full-length enriched library, clone:C430005K08 
product:unclassifiable, full insert sequence [AK049415]

0 0,12 0,85 1,92 2,28 2,32 2,73E-07 4,99 8
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Osmr Mus musculus oncostatin M receptor (Osmr), mRNA [NM_011019] 0,01 -0,15 0,18 0,96 1,41 2,14 1,39E-08 4,89 8

Ly86 Mus musculus lymphocyte antigen 86 (Ly86), mRNA [NM_010745] -0,08 -0,03 0,6 1,55 2,08 2,2 4,70E-10 4,86 8

Cd84 Mus musculus CD84 antigen (Cd84), mRNA [NM_013489] -0,06 -0,15 0,51 1,41 1,85 2,08 1,54E-06 4,69 8

Slc15a3 Mus musculus solute carrier family 15, member 3 (Slc15a3), mRNA [NM_023044] 0,07 -0,21 0,5 1,21 1,95 2,01 0,026 4,66 8

Syngr1 Mus musculus synaptogyrin 1 (Syngr1), transcript variant 1b, mRNA [NM_009303] 0,08 0,1 0,53 1,34 2,11 2,3 0,003 4,66 8

Slc11a1 Mus musculus solute carrier family 11 (proton-coupled divalent metal ion transporters), member 1 (Slc11a1), mRNA 
[NM_013612]

0,17 0,01 0,63 1,41 2,05 2,21 0,029 4,59 8

Siglecf Mus musculus sialic acid binding Ig-like lectin F (Siglecf ), mRNA [NM_145581] 0,03 -0,18 0,52 1,54 1,9 1,94 6,49E-05 4,35 8

5430435G22Rik  Mus musculus RIKEN cDNA 5430435G22 gene (5430435G22Rik), mRNA [NM_145509] -0,05 -0,48 -0,03 0,6 1,34 1,56 9,60E-09 4,11 8

Irf8 Mus musculus interferon regulatory factor 8 (Irf8), mRNA [NM_008320] 0,15 0,08 0,64 1,34 1,93 2,08 0,011 4,00 8

Ctsz Mus musculus cathepsin Z (Ctsz), mRNA [NM_022325] 0,13 0,21 0,83 1,44 1,94 2,04 0,009 3,76 8

Lrmp Mus musculus lymphoid-restricted membrane protein (Lrmp), mRNA [NM_008511] 0,09 0,19 0,95 1,35 1,67 1,94 5,54E-05 3,61 8

Pon3 Mus musculus paraoxonase 3 (Pon3), mRNA [NM_173006] 0,02 -0,14 0,32 0,98 1,54 1,7 0,004 3,58 8

Samsn1 Mus musculus SAM domain, SH3 domain and nuclear localization signals, 1 (Samsn1), mRNA [NM_023380] -0,05 -0,21 -0,21 0,9 1,29 1,61 0,002 3,53 8

Cd9 Mus musculus CD9 antigen (Cd9), mRNA [NM_007657] 0,13 0 0,57 1,12 1,61 1,78 1,13E-06 3,43 4

Ebi2 Mus musculus Epstein-Barr virus induced gene 2 (Ebi2), mRNA [NM_183031] -0,02 -0,26 0,05 0,73 1,28 1,5 7,31E-04 3,39 8

Mpeg1 PREDICTED: Mus musculus macrophage expressed gene 1, transcript variant 1 (Mpeg1), mRNA [XM_129176] -0,09 -0,25 0,24 1,06 1,49 1,5 6,02E-04 3,36 8

Atf3 Mus musculus activating transcription factor 3 (Atf3), mRNA [NM_007498] 0,1 0,13 0,64 1,21 1,75 1,84 0,036 3,34 8

Gusb Mus musculus glucuronidase, beta (Gusb), mRNA [NM_010368] 0,08 0,17 0,59 1,27 1,79 1,71 2,59E-04 3,27 8

Cd300d Mus musculus Cd300D antigen (Cd300d), mRNA [NM_134158] 0,04 0,01 0,29 1 1,52 1,71 7,00E-04 3,25 8

Birc1b Mus musculus baculoviral IAP repeat-containing 1b (Birc1b), mRNA [NM_010872] 0,1 -0,14 0,5 1,36 1,54 1,51 0,01 3,20 8

C1qc Mus musculus complement component 1, q subcomponent, C chain (C1qc), mRNA [NM_007574] 0,11 0,06 0,48 0,99 1,52 1,72 0,032 3,16 4

Fcgr3 Mus musculus Fc receptor, IgG, low affinity III (Fcgr3), mRNA [NM_010188] 0,09 -0,04 0,42 1,1 1,61 1,55 0,01 3,14 8

Lair1 Mus musculus leukocyte-associated Ig-like receptor 1 (Lair1), mRNA [NM_178611] -0,06 0,04 0,52 1,05 1,39 1,57 1,17E-04 3,10 4

Cybrd1 Mus musculus adult male urinary bladder cDNA, RIKEN full-length enriched library, clone: 9530059N16 
product:cytochrome b reductase 1, full insert sequence [AK162525]

0,05 -0,44 -0,21 0,33 0,95 1,19 0,004 3,10 4

Lilrb4 Mus musculus leukocyte immunoglobulin-like receptor, subfamily B, member 4 (Lilrb4), RNA [NM_013532] 0,17 0,1 0,28 0,84 1,28 1,71 7,03E-05 3,05 4

Baiap2l2 Mus musculus BAI1-associated protein 2-like 2 (Baiap2l2), mRNA [NM_177580] 0,19 0,18 0,55 0,89 1,41 1,66 0,017 2,79 4

Slc14a1 Mus musculus solute carrier family 14 (urea transporter), member 1 (Slc14a1), mRNA [NM_028122] 0,14 -0,01 0,29 0,76 1,26 1,46 2,62E-05 2,77 4

Fyb Mus musculus FYN binding protein (Fyb), mRNA [NM_011815] -0,12 0,01 0,34 0,94 1,14 1,34 0,031 2,75 4

Msr2 Mus musculus macrophage scavenger receptor 2 (Msr2), mRNA [NM_030707] -0,01 -0,08 0,39 0,87 1,36 1,37 0,017 2,73 4

Apoc4 Mus musculus apolipoprotein C-IV (Apoc4), mRNA [NM_007385] 0,01 -0,15 0,13 0,35 0,82 1,3 6,28E-04 2,73 4

Hexb Mus musculus hexosaminidase B (Hexb), mRNA [NM_010422] -0,03 -0,05 0,36 0,96 1,25 1,4 7,73E-05 2,73 4

Tnfsf13b Mus musculus tumor necrosis factor (ligand) superfamily, member 13b (Tnfsf13b), mRNA [NM_033622] 0,06 0,03 0,28 1,16 1,47 1,47 0,022 2,71 4

Table 1 (continued)



143

gene expression changes in the appswe/ps1de9 mouse

7

GeneName Description 2m 3m 6m 9m 12m 15/18m P-value Fold change Cluster

Osmr Mus musculus oncostatin M receptor (Osmr), mRNA [NM_011019] 0,01 -0,15 0,18 0,96 1,41 2,14 1,39E-08 4,89 8

Ly86 Mus musculus lymphocyte antigen 86 (Ly86), mRNA [NM_010745] -0,08 -0,03 0,6 1,55 2,08 2,2 4,70E-10 4,86 8

Cd84 Mus musculus CD84 antigen (Cd84), mRNA [NM_013489] -0,06 -0,15 0,51 1,41 1,85 2,08 1,54E-06 4,69 8

Slc15a3 Mus musculus solute carrier family 15, member 3 (Slc15a3), mRNA [NM_023044] 0,07 -0,21 0,5 1,21 1,95 2,01 0,026 4,66 8

Syngr1 Mus musculus synaptogyrin 1 (Syngr1), transcript variant 1b, mRNA [NM_009303] 0,08 0,1 0,53 1,34 2,11 2,3 0,003 4,66 8

Slc11a1 Mus musculus solute carrier family 11 (proton-coupled divalent metal ion transporters), member 1 (Slc11a1), mRNA 
[NM_013612]

0,17 0,01 0,63 1,41 2,05 2,21 0,029 4,59 8

Siglecf Mus musculus sialic acid binding Ig-like lectin F (Siglecf ), mRNA [NM_145581] 0,03 -0,18 0,52 1,54 1,9 1,94 6,49E-05 4,35 8

5430435G22Rik  Mus musculus RIKEN cDNA 5430435G22 gene (5430435G22Rik), mRNA [NM_145509] -0,05 -0,48 -0,03 0,6 1,34 1,56 9,60E-09 4,11 8

Irf8 Mus musculus interferon regulatory factor 8 (Irf8), mRNA [NM_008320] 0,15 0,08 0,64 1,34 1,93 2,08 0,011 4,00 8

Ctsz Mus musculus cathepsin Z (Ctsz), mRNA [NM_022325] 0,13 0,21 0,83 1,44 1,94 2,04 0,009 3,76 8

Lrmp Mus musculus lymphoid-restricted membrane protein (Lrmp), mRNA [NM_008511] 0,09 0,19 0,95 1,35 1,67 1,94 5,54E-05 3,61 8

Pon3 Mus musculus paraoxonase 3 (Pon3), mRNA [NM_173006] 0,02 -0,14 0,32 0,98 1,54 1,7 0,004 3,58 8

Samsn1 Mus musculus SAM domain, SH3 domain and nuclear localization signals, 1 (Samsn1), mRNA [NM_023380] -0,05 -0,21 -0,21 0,9 1,29 1,61 0,002 3,53 8

Cd9 Mus musculus CD9 antigen (Cd9), mRNA [NM_007657] 0,13 0 0,57 1,12 1,61 1,78 1,13E-06 3,43 4

Ebi2 Mus musculus Epstein-Barr virus induced gene 2 (Ebi2), mRNA [NM_183031] -0,02 -0,26 0,05 0,73 1,28 1,5 7,31E-04 3,39 8

Mpeg1 PREDICTED: Mus musculus macrophage expressed gene 1, transcript variant 1 (Mpeg1), mRNA [XM_129176] -0,09 -0,25 0,24 1,06 1,49 1,5 6,02E-04 3,36 8

Atf3 Mus musculus activating transcription factor 3 (Atf3), mRNA [NM_007498] 0,1 0,13 0,64 1,21 1,75 1,84 0,036 3,34 8

Gusb Mus musculus glucuronidase, beta (Gusb), mRNA [NM_010368] 0,08 0,17 0,59 1,27 1,79 1,71 2,59E-04 3,27 8

Cd300d Mus musculus Cd300D antigen (Cd300d), mRNA [NM_134158] 0,04 0,01 0,29 1 1,52 1,71 7,00E-04 3,25 8

Birc1b Mus musculus baculoviral IAP repeat-containing 1b (Birc1b), mRNA [NM_010872] 0,1 -0,14 0,5 1,36 1,54 1,51 0,01 3,20 8

C1qc Mus musculus complement component 1, q subcomponent, C chain (C1qc), mRNA [NM_007574] 0,11 0,06 0,48 0,99 1,52 1,72 0,032 3,16 4

Fcgr3 Mus musculus Fc receptor, IgG, low affinity III (Fcgr3), mRNA [NM_010188] 0,09 -0,04 0,42 1,1 1,61 1,55 0,01 3,14 8

Lair1 Mus musculus leukocyte-associated Ig-like receptor 1 (Lair1), mRNA [NM_178611] -0,06 0,04 0,52 1,05 1,39 1,57 1,17E-04 3,10 4

Cybrd1 Mus musculus adult male urinary bladder cDNA, RIKEN full-length enriched library, clone: 9530059N16 
product:cytochrome b reductase 1, full insert sequence [AK162525]

0,05 -0,44 -0,21 0,33 0,95 1,19 0,004 3,10 4

Lilrb4 Mus musculus leukocyte immunoglobulin-like receptor, subfamily B, member 4 (Lilrb4), RNA [NM_013532] 0,17 0,1 0,28 0,84 1,28 1,71 7,03E-05 3,05 4

Baiap2l2 Mus musculus BAI1-associated protein 2-like 2 (Baiap2l2), mRNA [NM_177580] 0,19 0,18 0,55 0,89 1,41 1,66 0,017 2,79 4

Slc14a1 Mus musculus solute carrier family 14 (urea transporter), member 1 (Slc14a1), mRNA [NM_028122] 0,14 -0,01 0,29 0,76 1,26 1,46 2,62E-05 2,77 4

Fyb Mus musculus FYN binding protein (Fyb), mRNA [NM_011815] -0,12 0,01 0,34 0,94 1,14 1,34 0,031 2,75 4

Msr2 Mus musculus macrophage scavenger receptor 2 (Msr2), mRNA [NM_030707] -0,01 -0,08 0,39 0,87 1,36 1,37 0,017 2,73 4

Apoc4 Mus musculus apolipoprotein C-IV (Apoc4), mRNA [NM_007385] 0,01 -0,15 0,13 0,35 0,82 1,3 6,28E-04 2,73 4

Hexb Mus musculus hexosaminidase B (Hexb), mRNA [NM_010422] -0,03 -0,05 0,36 0,96 1,25 1,4 7,73E-05 2,73 4

Tnfsf13b Mus musculus tumor necrosis factor (ligand) superfamily, member 13b (Tnfsf13b), mRNA [NM_033622] 0,06 0,03 0,28 1,16 1,47 1,47 0,022 2,71 4
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Apbb1ip Mus musculus amyloid beta (A4) precursor protein-binding, family B, member 1 interacting protein (Apbb1ip), mRNA 
[NM_019456]

-0,16 0 0,2 0,62 0,96 1,21 2,00E-02 2,58 4

Ctsh Mus musculus cathepsin H (Ctsh), mRNA [NM_007801] 0,01 -0,19 0,11 0,7 1,05 1,18 6,45E-04 2,58 4

Ctsc Mus musculus cathepsin C (Ctsc), mRNA [NM_009982] -0,01 -0,23 0,04 0,76 1,03 1,12 0,01 2,55 4

Afp Mus musculus alpha fetoprotein (Afp), mRNA [NM_007423] -0,04 -0,13 0,13 0,62 0,84 1,2 0,011 2,51 4

Cd48 Mus musculus CD48 antigen (Cd48), mRNA [NM_007649] 0,06 0,04 0,23 0,91 1,14 1,36 0,043 2,50 4

Klhl6 Mus musculus kelch-like 6 (Drosophila) (Klhl6), mRNA [NM_183390] -0,04 0,24 0,45 0,85 1,27 1,26 0,002 2,48 4

Cd86 Mus musculus CD86 antigen (Cd86), mRNA [NM_019388] -0,05 -0,16 0,09 0,64 0,88 1,12 1,05E-04 2,43 4

Plxdc2 Mus musculus plexin domain containing 2 (Plxdc2), mRNA [NM_026162] -0,16 -0,1 0,24 0,77 1,05 1,11 2,23E-05 2,41 4

Lpl Mus musculus lipoprotein lipase (Lpl), mRNA [NM_008509] -0,06 -0,15 0,17 0,64 0,99 1,08 0,004 2,35 4

Ptx3 Mus musculus pentraxin related gene (Ptx3), mRNA [NM_008987] 0,02 -0,1 -0,11 0,39 0,6 1,05 0,006 2,23 4

B2m Mus musculus beta-2 microglobulin (B2m), mRNA [NM_009735] -0,08 0,04 0,22 0,79 1,04 1,07 0,008 2,22 4

Aif1 Mus musculus allograft inflammatory factor 1 (Aif1), mRNA [NM_019467] 0,08 -0,01 0,36 0,79 1,14 1,07 0,005 2,22 4

D14Ertd668e Mus musculus DNA segment, Chr 14, ERATO Doi 668, expressed (D14Ertd668e), mRNA [NM_199015] -0,07 -0,13 0,16 0,7 0,9 1,01 0,027 2,20 4

Hpse Mus musculus heparanase (Hpse), mRNA [NM_152803] 0,09 -0,19 -0,13 0,31 0,61 0,95 0,018 2,20 4

Frrs1 Mus musculus ferric-chelate reductase 1 (Frrs1), mRNA [NM_009146] -0,04 -0,12 -0,06 0,58 1 0,79 0,004 2,17 4

Rnase4 Mus musculus ribonuclease, RNase A family 4 (Rnase4), transcript variant 1, mRNA [NM_021472] 0,02 -0,1 0,15 0,53 0,83 1,01 0,019 2,16 4

EG328314 Mus musculus adult male corpora quadrigemina cDNA, RIKEN full-length enriched library, clone:B230311A21 
product:unclassifiable, full insert sequence [AK045784]

-0,01 -0,04 0,28 0,87 0,99 1,02 0,031 2,08 4

Cd180 Mus musculus CD180 antigen (Cd180), mRNA [NM_008533] 0,04 -0,09 0,32 0,86 0,95 0,85 0,047 2,06 4

Btk Mus musculus Bruton agammaglobulinemia tyrosine kinase (Btk), mRNA [NM_013482] 0,04 -0,03 0,21 0,63 0,97 0,9 0,039 2,00 4

Arpc1b Mus musculus actin related protein 2/3 complex, subunit 1B (Arpc1b), mRNA [NM_023142] 0,02 -0,01 0,08 0,56 0,93 0,89 3,68E-05 1,92 4

Apobec1 Mus musculus apolipoprotein B editing complex 1 (Apobec1), mRNA [NM_031159] 0,01 0,01 0,02 0,56 0,79 0,94 0,049 1,91 4

Rnaset2 Mus musculus ribonuclease T2 (Rnaset2), transcript variant 1, mRNA [NM_026611] 0,09 0,02 0,31 0,52 0,81 0,91 2,64E-04 1,85 4

Cnn3 Mus musculus calponin 3, acidic (Cnn3), mRNA [NM_028044] 0,04 0,06 0,33 0,49 0,69 0,73 0,012 1,61 4

Table 1 (continued)
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Apbb1ip Mus musculus amyloid beta (A4) precursor protein-binding, family B, member 1 interacting protein (Apbb1ip), mRNA 
[NM_019456]

-0,16 0 0,2 0,62 0,96 1,21 2,00E-02 2,58 4

Ctsh Mus musculus cathepsin H (Ctsh), mRNA [NM_007801] 0,01 -0,19 0,11 0,7 1,05 1,18 6,45E-04 2,58 4

Ctsc Mus musculus cathepsin C (Ctsc), mRNA [NM_009982] -0,01 -0,23 0,04 0,76 1,03 1,12 0,01 2,55 4

Afp Mus musculus alpha fetoprotein (Afp), mRNA [NM_007423] -0,04 -0,13 0,13 0,62 0,84 1,2 0,011 2,51 4

Cd48 Mus musculus CD48 antigen (Cd48), mRNA [NM_007649] 0,06 0,04 0,23 0,91 1,14 1,36 0,043 2,50 4

Klhl6 Mus musculus kelch-like 6 (Drosophila) (Klhl6), mRNA [NM_183390] -0,04 0,24 0,45 0,85 1,27 1,26 0,002 2,48 4

Cd86 Mus musculus CD86 antigen (Cd86), mRNA [NM_019388] -0,05 -0,16 0,09 0,64 0,88 1,12 1,05E-04 2,43 4

Plxdc2 Mus musculus plexin domain containing 2 (Plxdc2), mRNA [NM_026162] -0,16 -0,1 0,24 0,77 1,05 1,11 2,23E-05 2,41 4

Lpl Mus musculus lipoprotein lipase (Lpl), mRNA [NM_008509] -0,06 -0,15 0,17 0,64 0,99 1,08 0,004 2,35 4

Ptx3 Mus musculus pentraxin related gene (Ptx3), mRNA [NM_008987] 0,02 -0,1 -0,11 0,39 0,6 1,05 0,006 2,23 4

B2m Mus musculus beta-2 microglobulin (B2m), mRNA [NM_009735] -0,08 0,04 0,22 0,79 1,04 1,07 0,008 2,22 4

Aif1 Mus musculus allograft inflammatory factor 1 (Aif1), mRNA [NM_019467] 0,08 -0,01 0,36 0,79 1,14 1,07 0,005 2,22 4

D14Ertd668e Mus musculus DNA segment, Chr 14, ERATO Doi 668, expressed (D14Ertd668e), mRNA [NM_199015] -0,07 -0,13 0,16 0,7 0,9 1,01 0,027 2,20 4

Hpse Mus musculus heparanase (Hpse), mRNA [NM_152803] 0,09 -0,19 -0,13 0,31 0,61 0,95 0,018 2,20 4

Frrs1 Mus musculus ferric-chelate reductase 1 (Frrs1), mRNA [NM_009146] -0,04 -0,12 -0,06 0,58 1 0,79 0,004 2,17 4

Rnase4 Mus musculus ribonuclease, RNase A family 4 (Rnase4), transcript variant 1, mRNA [NM_021472] 0,02 -0,1 0,15 0,53 0,83 1,01 0,019 2,16 4

EG328314 Mus musculus adult male corpora quadrigemina cDNA, RIKEN full-length enriched library, clone:B230311A21 
product:unclassifiable, full insert sequence [AK045784]

-0,01 -0,04 0,28 0,87 0,99 1,02 0,031 2,08 4

Cd180 Mus musculus CD180 antigen (Cd180), mRNA [NM_008533] 0,04 -0,09 0,32 0,86 0,95 0,85 0,047 2,06 4

Btk Mus musculus Bruton agammaglobulinemia tyrosine kinase (Btk), mRNA [NM_013482] 0,04 -0,03 0,21 0,63 0,97 0,9 0,039 2,00 4

Arpc1b Mus musculus actin related protein 2/3 complex, subunit 1B (Arpc1b), mRNA [NM_023142] 0,02 -0,01 0,08 0,56 0,93 0,89 3,68E-05 1,92 4

Apobec1 Mus musculus apolipoprotein B editing complex 1 (Apobec1), mRNA [NM_031159] 0,01 0,01 0,02 0,56 0,79 0,94 0,049 1,91 4

Rnaset2 Mus musculus ribonuclease T2 (Rnaset2), transcript variant 1, mRNA [NM_026611] 0,09 0,02 0,31 0,52 0,81 0,91 2,64E-04 1,85 4

Cnn3 Mus musculus calponin 3, acidic (Cnn3), mRNA [NM_028044] 0,04 0,06 0,33 0,49 0,69 0,73 0,012 1,61 4
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Figure 2  -  upregulation of gene transcripts during the development of beta amyloid protein (Aβ) pathology in APPswe/

PS1dE9 mice. (A) Genes were clustered according to their expression profiles over time in APPswe/PS1dE9 transgenic mice. 

Expression values were normalized against the mean expression of all 2-month-old animals. Cluster 4 contains 3.9% and cluster 

8 contains 67% significantly regulated genes. The red solid line indicates the average expression profile of all cluster members. 

The green solid line indicates the first time point when we detected Aβ pathology in the mice. Note that gene upregulation 

coincided with the buildup of pathology and that no downregulated genes were detected. (B) Example profiles of quantitative 

polymerase chain reaction (qPCR) validations for programmed cell death 1 (Pdcd1), triggering receptor expressed on myeloid 

cells 2 (Trem2), toll-like receptor 2 (Tlr2), and chemokine ligand 6 (Ccl6). The microarray data (solid lines) correlated with the 

qPCR data (dashed lines) for wild type (red) and transgenic (blue) animals over time. (C) The scatter plot shows correlation data 

between qPCR and microarray for 17 genes in 15/18-month-old APPswe/PS1dE9 transgenic mice (R2 = 0.85, P < 0.001).



147

gene expression changes in the appswe/ps1de9 mouse

7

and inflammatory response’ (see Table 2 for the 30 most significant GO identifiers and Supplementary 

Table 2 for the complete list [P < 0.01]). Overrepresented cellular component GO classes were among 

others ‘cell surface,’ ‘MHC I and II protein complex,’ and ‘lysosome’. Prominent overrepresented GO 

classes of molecular function were ‘immunoglobulin binding,’ and ‘chemokine and cytokine activity.’ 

In addition to the GO overrepresentation analysis we performed an Ingenuity Pathway analysis on 

the upregulated clusters 4 and 8. The canonical pathways that were significantly enriched included 

Dendritic Cell Maturation, Role of Pattern Recognition Receptors in Recognition of Bacteria and 

Viruses, T Helper Cell Differentiation, Antigen Presentation Pathway and Communication between 

Innate and Adaptive Immune Cells (see Supplementary Table 3 for the full list of overrepresented 

pathways). The results of the Ingenuity Pathway analysis and GO analysis were thus in general 

agreement with each other. 

IBA1, GFAP, and C4B protein levels corroborate the gene expression data

Gene expression data indicated an immune and glial response in APPswe/PS1dE9 mice including 

the upregulation of Iba1, Gfap, and complement component 4b (C4b). We therefore studied whether 

microgliosis, astrogliosis, and inflammation were also present on the protein level using antibodies 

against IBA1, GFAP, and C4B, respectively. Analysis of the immunoreactivity levels revealed that 

IBA1, GFAP, and C4B protein were highly upregulated in the frontal cortex of APPswe/PS1dE9 

mice at 15 months of age (when plaques were abundantly present) compared with age-matched 

wild type animals without plaque pathology (Fig. 3A). GFAP staining was observed in activated 

astroglia distributed uniformly over the frontal cortex while and IBA1 immunoreactivity was clearly 

detectable in activated microglia around plaques. C4B staining was strongly visible in microglia 

forming an outer rim around the plaques. To quantify protein expression levels, we performed 

Western blot analysis of IBA1, GFAP, and C4B in the frontal cortex of APPswe/PS1dE9 mice (Fig. 3B).  

Quantification of the immunoblots revealed that GFAP and IBA1 protein expression significantly 

increased over time (ANOVA, P < 0.05). We observed a mild, but nonsignificant, increase of C4B 

protein expression (ANOVA, P = 0.5; P = 0.28 when an outlier was removed). Wild type animals did not 

show significant changes in protein expression of GFAP, IBA1, and C4B over time (data not shown).
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Table 2  -  Table of the 30 most significantly regulated Gene Ontology (GO) identifiers in clusters 4 and 8.

ID Term Cluster number Annotated In cluster P-value

Biological process

GO:0002376 immune system process 4 576 102 1,61E-74

GO:0006955 immune response 4 354 72 3,33E-63

GO:0006952 defense response 4 371 54 9,13E-28

GO:0009605 response to external stimulus 4 389 47 4,27E-17

GO:0019882 antigen processing and presentation 4 46 21 3,02E-16

GO:0045321 leukocyte activation 4 191 29 2,93E-15

GO:0001775 cell activation 4 204 30 4,62E-15

GO:0048002 antigen processing and presentation of peptide 
antigen

4 29 16 4,72E-14

GO:0006954 inflammatory response 4 179 27 4,72E-14

GO:0006952 defense response 8 371 21 6,23E-14

GO:0009611 response to wounding 4 251 33 7,31E-14

GO:0006955 immune response 8 354 20 2,00E-13

GO:0046649 lymphocyte activation 4 175 26 3,22E-13

GO:0030097 hemopoiesis 4 194 27 2,29E-12

GO:0002520 immune system development 4 231 30 2,62E-12

GO:0002376 immune system process 8 576 22 1,20E-11

GO:0048534 hemopoietic or lymphoid organ development 4 217 28 2,79E-11

GO:0006954 inflammatory response 8 179 14 5,05E-11

GO:0009611 response to wounding 8 251 14 4,05E-09

GO:0051239 regulation of multicellular organismal process 4 251 28 1,46E-08

GO:0002478 antigen processing and presentation of exogenous 
peptide antigen

8 17 6 2,25E-08

GO:0002449 lymphocyte mediated immunity 8 78 9 2,25E-08

GO:0006911 phagocytosis, engulfment 8 9 5 2,97E-08

GO:0002443 leukocyte mediated immunity 8 84 9 2,97E-08

GO:0002474 antigen processing and presentation of peptide 
antigen via MHC class I

4 15 9 3,58E-08

GO:0051707 response to other organism 8 124 10 4,33E-08

GO:0050764 regulation of phagocytosis 8 10 5 4,34E-08

GO:0050766 positive regulation of phagocytosis 8 10 5 4,34E-08

GO:0009605 response to external stimulus 8 389 15 4,34E-08

GO:0002252 immune effector process 4 115 21 5,13E-08
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ID Term Cluster number Annotated In cluster P-value

Cellular component

GO:0009986 cell surface 4 163 27 3,21E-16

GO:0042611 MHC protein complex 4 20 13 1,24E-12

GO:0005886 plasma membrane 4 1568 104 4,78E-10

GO:0000323 lytic vacuole 4 158 22 6,20E-10

GO:0005764 lysosome 4 158 22 6,20E-10

GO:0009897 external side of plasma membrane 8 116 10 2,97E-08

GO:0005773 vacuole 4 177 22 4,27E-08

GO:0009897 external side of plasma membrane 4 116 21 5,81E-08

GO:0042612 MHC class I protein complex 4 12 8 9,12E-08

GO:0009986 cell surface 8 163 10 2,62E-07

GO:0005764 lysosome 8 158 9 1,72E-06

GO:0000323 lytic vacuole 8 158 9 1,72E-06

GO:0005773 vacuole 8 177 9 3,65E-06

GO:0005886 plasma membrane 8 1568 21 1,68E-05

GO:0005576 extracellular region 8 2041 24 6,18E-05

GO:0016020 membrane 4 6289 276 7,24E-05

GO:0044421 extracellular region part 4 1938 105 7,24E-05

GO:0005615 extracellular space 4 1828 100 8,17E-05

GO:0042613 MHC class II protein complex 4 8 5 9,53E-05

GO:0044459 plasma membrane part 4 1216 72 1,24E-04

GO:0044421 extracellular region part 8 1938 22 3,24E-04

GO:0005615 extracellular space 8 1828 21 4,06E-04

GO:0044459 plasma membrane part 8 1216 16 4,40E-04

GO:0016021 integral to membrane 8 4812 39 2,12E-03

GO:0031224 intrinsic to membrane 8 4824 39 2,23E-03

GO:0044425 membrane part 4 5265 225 6,82E-03

GO:0016021 integral to membrane 4 4812 208 7,08E-03

GO:0044425 membrane part 8 5265 40 7,16E-03

GO:0031224 intrinsic to membrane 4 4824 208 7,98E-03

Molecular function

GO:0019865 immunoglobulin binding 8 9 5 2,97E-08

GO:0032403 protein complex binding 8 43 6 1,43E-06

Table 2 (continued)
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ID Term Cluster number Annotated In cluster P-value

GO:0019955 cytokine binding 4 62 14 1,53E-06

GO:0008009 chemokine activity 8 34 5 8,18E-06

GO:0042379 chemokine receptor binding 8 35 5 9,16E-06

GO:0001664 G-protein-coupled receptor binding 8 48 5 3,89E-05

GO:0004896 cytokine receptor activity 4 52 10 3,49E-04

GO:0005515 protein binding 4 4413 200 6,72E-04

GO:0001784 phosphotyrosine binding 8 6 2 2,27E-03

GO:0003796 lysozyme activity 8 7 2 3,10E-03

GO:0005125 cytokine activity 4 196 17 3,68E-03

GO:0005515 protein binding 8 4413 36 3,75E-03

GO:0045309 protein phosphorylated amino acid binding 8 8 2 3,99E-03

GO:0005509 calcium ion binding 4 704 43 4,28E-03

GO:0005102 receptor binding 8 527 9 6,37E-03

GO:0051219 phosphoprotein binding 8 13 2 9,33E-03

Table 2 (continued)

Plaque formation is not associated with transcriptional alterations of genes involved 

in synaptic activity or plasticity 

Changes in synaptic transmission and plasticity related genes occur early in AD patients in Braak 

stages II and III (Bossers et al., 2010a). However, in APPswe/PS1dE9 mice the analysis of differential 

gene expression and the GO analysis did not reveal transcriptional alterations in genes that have a 

function in synaptic activity or plasticity during Aβ plaque formation. To confirm that key synaptic 

genes were indeed not regulated in APPswe/PS1dE9 mice we performed an extensive qPCR analysis 

for the time points 2, 3, 6, 9, 12, and 15/18 months. The selection of synaptic genes was based on  

2 criteria. First, 14 genes were selected that have been investigated in another very similar APP-PS1 

mouse model for AD (Dickey et al., 2003; see Fig. 4 and Supplementary Table 1 for a specification of 

the studied genes and primer sequences). 7 of those genes were reported to be downregulated. 

Like the APPswe/PS1dE9 mouse, the APP-PS1 mouse carries the Swedish mutation of APP (K670N, 

M671L), but a different PS1 mutation (M146L) (Holcomb et al., 1998). Second, 9 genes were 

selected because these have been shown to be regulated in a recent microarray study in human 

post mortem prefrontal cortex tissue of AD patients (Bossers et al., 2010a). The qPCR analysis 

showed that only 3 well studied synaptic genes-early growth response 1 (Egr1), activity regulated  
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cytoskeletal-associated protein (Arc), and nuclear receptor subfamily 4, group A, member 1  

(Nr4a1)-showed a trend (Egr1: P = 0.09; Arc: P = 0.16; Nr4a1 P = 0.08) toward decrease in aged transgenic 

APPswe/PS1dE9 mice (15/18 months) compared with age-matched wild type animals. These 3 genes 

were also reported to be downregulated in the study by Dickey and colleagues (2003). None of the 

other synaptic genes, including those that were found to be changed in the human data set, showed 

alterations in mRNA expression. Importantly, for all of the genes, the qPCR data corroborated the  

APPswe/PS1dE9 microarray results.

APPswe/PS1dE9 and human AD data show very limited overlap

To further investigate the similarities and differences between gene expression changes in 

the APPswe/PS1dE9 mouse and the human AD brain, we performed a qPCR study on 8 genes  

(Bcl2, Btg1, Cd59, Gtf2i, Mxi1, Slc6a12, Cycs, Chchd2) that we have found to be consistently 

Figure 3  -  Protein expression of glial-fibrillary acidic protein (GFAP), allograft inflammatory factor 1 (IBA1), and 

complement component 4b (C4B) in APPswe/PS1dE9 mice. (A) Fluorescent immunostaining on wild type (WT) and APPswe/

PS1dE9 (TG) animals at 15 months. GFAP, IBA1, and C4B are shown in red; plaques were stained with thioflavine S and are shown 

in green; nuclei were stained with Hoechst and shown in blue. GFAP, IBA1, and C4B protein were upregulated in TG animals. 

Scale bar: 50 mm. (B) Western blot analysis and quantification for GFAP, IBA1, and C4B protein during the development of plaque 

pathology. Protein levels are given as relative values to β-actin levels. Western blot data for GFAP, IBA1, and C4B validated the 

microarray and the immunostainings even though the upregulation was less pronounced.
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regulated in at least 3 out of 5 published human AD microarray data sets (Blalock et al., 2004;  

Bossers et al., 2010a; Emilsson et al., 2006; Parachikova et al., 2007; Xu et al., 2006). None of these 

genes showed a significant regulation of expression in the APPswe/PS1dE9 mouse model at 2, 3, 6, 

9, 12, and 15/18 months of age. However, the Bcl-2 like gene Bcl2a1b was significantly upregulated 

on the mouse microarray. We also investigated whether transcriptional changes that occurred in  

APPswe/PS1dE9 mice with developing plaque pathology were comparable with gene expression 

changes in the human brain during the progression of sporadic AD (Bossers et al., 2010a).  

Figure 4  -  Comparison of synaptic gene expression data from APPswe/PS1dE9 mice and literature. Gene expression of 

well-known synaptic genes that were investigated in another, but similar APP-PS1 transgenic mouse model (Dickey et al., 2003) 

or found to be regulated in human AD patients (Bossers et al., 2010a) was studied in APPswe/PS1dE9 mice using quantitative 

polymerase chain reaction (qPCR). Note that only Nr4a1, Arc, and Egr1 are mildly downregulated (not significant).
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This data set contains gene expression data of the graymatter of the prefrontal cortex before and 

after plaque development and a comparison with the APPswe/PS1dE9 data set might thus elucidate 

whether transcriptional changes associated with Aβ plaque development in the mouse are similar 

to the human situation. The analysis of the overlap between the lists of significantly regulated genes 

in the APPswe/PS1dE9data set (n = 87 genes) and the human data set (n = 922 genes) revealed that 

only 3 genes (solute carrier family 14 [urea transporter] member 1 [Slc14a1], C4b, plexin domain 

containing 2 [Plxdc2]) were significantly upregulated in both the mouse and human data set swith 

increasing plaque load or Braak stages, respectively. A comparison of the overrepresented biological 

process GO classes in the 2 data sets also revealed a minimal overlap between mouse and human 

data. The mouse clusters were associated with immune response. In the human AD brain, however, 

the clusters of downregulated genes are associated with synaptic activity and plasticity and the 

clusters with upregulated genes are associated with transcription, metal ion binding, differentiation/

proliferation and, as small overlap with the mouse data, antigen processing (Bossers et al., 2010a). 

Comparing only the immune responserelated clusters in the APPswe/PS1dE9 mouse and sporadic AD 

data, we found that C3, C4B, CXCL10, CXCR4, histocompatibility complex, class II, DR b 1 (HLA-DRB1), 

ICOSLG, IRAK3, KLHL6, RGS1, Serpin peptidase inhibitor, clade A [alpha-1 antiproteinase, antitrypsin], 

member 3 [SERPINA3], TGFB1 and TREM2 were upregulated in both data sets.

DISCuSSION

In the present study we used microarray technology to examine which transcriptional changes 

occur in the frontal cortex of the double-transgenic mouse line APPswe/PS1dE9 before, during, and 

after the development of dense-core Aβ plaques and to compare these transcriptional alterations 

to transcriptional changes in the human AD brain. Only a limited number of studies have explored 

genome-wide transcriptional changes at 2 or 3 time points during the development of Aβ plaques 

in AD mouse models: in the cerebral cortex (Reddy et al., 2004) of the Tg2576 (APP695KM670/671NL), 

the APPNLh/NLh/PS-1P264L/P264L, the Tg2576/PSP264L/P264L, and the Tg2576/PSP264L/+ mouse (Wu et al., 2006), 

and the hippocampus and cortex of the PDAPP (APPV717) mouse (Selwood et al., 2009). The results 

from these experiments were remarkably diverse and included the upregulation of apoptotic 

genes (Reddy et al., 2004), the upregulation of genes involved in mitochondrial energy metabolism  

(Reddy et al., 2004), the upregulation of carbohydrate metabolism and proteolysis (Wu et al., 2006),  

the downregulation of transcription and translation (Selwood et al., 2009), the upregulation of 

immune response related genes (Wu et al., 2006) and the downregulation of genes involved in 

neuronal survival (Selwood et al., 2009; Wu et al., 2006). These studies investigated genome-wide 
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patterns of gene expression at 2 or 3 time points throughout the progression of Aβ pathology. 

However, they focused only on either intermediate stages (Selwood et al., 2009), or early and late 

stages (Reddy et al., 2004; Wu et al., 2006) of the plaque pathology. In the current study we investigated 

the whole time profile from 2 to 18 months to monitor closely the transcriptional changes that occur 

before and during the buildup of Aβ pathology. To follow the expression of individual transcripts 

during the development of Aβ plaque pathology, we constructed expression profiles over time. 

This approach revealed 2 clusters of concerted upregulated genes over the progression of plaque 

pathology with pronounced transcriptional changes detected from the age of 6 months onward, 

suggesting a link between the development of plaque pathology and transcription of these genes. 

However, because we have not investigated time points in between 3 and 6 months, we cannot 

further specify whether gene upregulation starts shortly before, shortly after, or at the same time 

as the appearance of the first plaques. 

Plaque development in APPswe/PS1dE9 mice is accompanied by astroglial and 

microglial activation

We compared the significantly regulated genes of our data set with transcriptome databases 

for genes enriched in astrocytes, oligodendrocytes, neurons (Cahoy et al., 2008), and microglia  

(Thomas et al., 2006) to investigate whether those genes, whose expression is induced at the time 

that Aβ pathology becomes apparent in the cortex of the APPswe/PS1dE9, are expressed in a 

particular cell type. The great majority of significantly regulated genes were expressed in microglia  

(53 genes: Afp, Aif1, Apbb1ip, Apobec1, Arpc1b, Asb10, Atf3, B2m, Bcl3, Birc1b, Btk, Ccl3, Ccl4, Ccl6, 

Cd14, Cd48, Cd52, Cd68, Cd84, Cd86, Cd9, Cst7, Ctsc, Ctsh, Ctsz, Ebi2, Fcgr2b, Fcgr3, Gpnmb, Gpr65, 

Gusb, Igf1, Itgax, Klhl6, Lair1, Lilrb4, Lpl, Lrmp, Ly86, Mamdc2, Mpeg1, Pon3, Rnase4, Rnaset2, Samsn1, 

Slc11a1, Slc15a3, Spp1, Syngr1, Tlr2, Tnfsf13b, Trem2, Tyrobp). Twenty of the significantly regulated 

genes (Atf3, AU020206, B2m, Bcl2a1b, C4b, Cd14, Cnn3, Ctsc Ctsz, Cybrd1, Frrs1, Gfap, Gusb, Lair1, 

Mamdc2, Osmr, Plxdc2, Ptx3, Rnaset2, Slc14a1) were at least 1.5-fold enriched in astrocytes, with 3 

(Cybrd1, Gfap, Slc14a1) being astrocyte-specific. It should be noted, however, that we found C4B 

protein expression in microglia and not in astrocytes. Only 4 significant genes were enriched in 

neurons (Ccl4, Igf1, Lpl, Syngr1). None of the regulated genes was enriched in oligodendrocytes.  

The upregulation of many microglia genes including Cd68, a marker for activated microglia, indicates 

an activation of microglia by Aβ. This is in line with other studies reporting that IBA1 positive microglia 

express CD68 in AD mouse models (Bornemann et al., 2001; Kamphuis et al., 2012). Activated microglia 

are an effective response for the elimination of pathogens and are thought to mediate the degradation 
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and clearance of Aβ (Boissonneault et al., 2009; Chen et al., 2006). Furthermore, the upregulation 

of many genes expressed in astrocytes indicates a clear involvement of astrocytes in Aβ pathology. 

Indeed, astrocytes are able to degrade Aβ (Wyss-Coray et al., 2003) and play an important role in the 

induction of neuroinflammation in AD (Li et al., 2011). Overall, our findings support earlier reports 

that astroglia become hypertrophic and that microglia tend to accumulate in and around senile 

plaques, both in animal models and in AD patients (Johnston et al., 2011; Kamphuis et al., 2012;  

Olabarria et al., 2010) and that they exhibit an activated phenotype (Yan et al., 2009) leading to the 

activation of host defense mechanisms.

APPswe/PS1dE9 mice exhibit a well-controlled immune response 

Glial activation leads to the production of pro- and anti-inflammatory cytokines  

(Hanisch and Kettenmann, 2007; Li et al., 2011). Indeed, the great majority of upregulated transcripts 

in the APPswe/PS1dE9 mouse was involved in immune system related processes, including many 

Cd antigens, chemokine ligands, and members of the complement system. In contrast to earlier 

reports (Hickman et al., 2008; Ruan et al., 2009), our data show that in APPswe/PS1dE9 mice  

well-known proinflammatory mediators (Il-1, Il-6, tumor necrosis factor α [Tnfα], interferon γ, and Tgfß) 

were not significantly increased. Instead, we observed a strong upregulation of immune suppressive 

mediators like polypeptide growth factor 1 (Igf1) and triggering receptor expressed on myeloid  

cells 2 (Trem2). The production of proinflammatory cytokines such as Tnfα might be suppressed by 

the upregulation of Fc receptor gamma 2b (Fcgr2b) (Smith and Clatworthy, 2010), Igf1 (Gasparini 

and Xu, 2003), Trem2 (Frank et al., 2008; Melchior et al., 2010), and programmed cell death 1 (Pdcd1)  

(Yao et al., 2009), molecules that have been indicated to decrease the severity of (auto)

immune responses and to promote neuroprotective immune responses. As Tnfα, together with  

interferon γ, also stimulates Aβ deposition by inducing the production of Aβ peptides and decreasing 

the secretion of soluble APPs (Blasko et al., 1999), the successful reduction of Tnfα is, therefore,  

a frequently investigated therapeutic strategy for AD patients (Frankola et al., 2011; Park and Bowers, 

2010). The APPswe/PS1dE9 mouse with its naturally occurring inhibition of Tnfα upregulation could 

possibly help to understand better which genes contribute to low Tnfα levels. Furthermore, our data 

suggest that the upregulation of Atf3 in APPswe/PS1dE9 mice might serve as a control mechanism 

to limit the amount of Ccl4 (Khuu et al., 2007) and to inhibit Tlr2-stimulated inflammatory responses  

(Gilchrist et al., 2006; Liu et al., 2012; Sabroe et al., 2005). An excessive immune response might also 

be prevented by the upregulation of interferon regulatory factor 8 (Irf8) which negatively regulates 

MHC Class I molecules (Agrawal and Kishore, 2000). In general, our data suggest that Aβ invokes 
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a well-controlled immune response to buildup rather than a strong inflammatory response in  

APPswe/PS1dE9 mice.

 

The expression of genes involved in synaptic function and plasticity is not altered in 

APPswe/PS1dE9 mice cortex

In our microarray and qPCR studies, we did not observe any significant transcriptional changes of 

genes with synaptic function in the APPswe/PS1dE9 mice. We observed only a single significantly 

upregulated gene, Syngr1, with reported synaptic function. Syngr1 is essential for short- and 

long-term potentiation in the hippocampus (Janz et al., 1999) and it inhibits Ca2+-dependent 

exocytosis (Sugita et al., 1999). Syngr1 is localized to the membrane of small presynaptic vesicles  

(Kedra et al., 1998) and facilitates the targeting of synaptophysin to synaptic-like microvesicles in PC12 

cells (Belfort and Kandror, 2003), a model system for synaptic vesicles. However, a study in human 

post mortem tissue showed that Syngr1 is down and not upregulated in late onset AD patients  

(Liang et al., 2010). Igf1 and Tlr2 are both strongly upregulated in the APPswe/ PS1dE9 mice. In addition 

to their role in the immune system they have been implicated in neuronal functioning. Igf1 has 

neuroprotective effects and promotes neurogenesis, development, differentiation, synapse formation, 

and glucose utilization throughout the brain (Torres-Aleman, 2000). Furthermore, IgfI enhances cognitive 

performance, increases the levels of synaptic proteins (Carro et al., 2006), and reverses Aβ-induced 

neurotoxicity (Jarvis et al., 2007). In humans, IGF1 plasma levels are reduced in familial AD patients  

(Mustafa et al.,1999) and in aged subjects (Arvat et al., 2000). Tlr2 is involved in adult neurogenesis 

(Rolls et al., 2007). APP-PS1-Tlr2(-/-) mice show accelerated cognitive impairments paired with 

increased Aβ levels and Tlr2 treatment in these mice had beneficial effects by restoring the 

memory consolidation process (Richard et al., 2008). In humans, a polymorphism in Tlr2 changes 

the susceptibility to AD in a Chinese population (Yu et al., 2011). It is possible that the upregulation 

of Igf1 and Tlr2 helps to prevent neuronal damage in the frontal cortex of APPswe/PS1dE9 mice. 

It has been suggested that amyloid might suppress molecular mechanisms for memory, 

independent of neuron or synapse loss (Dickey et al., 2003, 2004). However, Egr1, Arc, and Nr4a1,  

3 immediate-early genes associated with long-term potentiation and memory consolidation, were 

the only genes associated with memory that showed a nonsignificant, decrease in the cortex of aged  

APPswe/PS1dE9 mice. This decrease was comparable with the decrease in the cortex and 

hippocampus of another APP-PS1 mouse model reported by Dickey and colleagues. It is noteworthy 

that some studies show cognitive deficits in APPswe/PS1dE9 mice as early as 2-3 months  

(Pillay et al., 2008), 4 months (Bonardi et al., 2011), and 5 months (Timmer et al., 2010) of age. 
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A larger body of evidence shows cognitive deficits at 6 months (Filali and Lalonde, 2009;  

Jankowsky et al., 2005; Kilgore et al., 2010; Lagadec et al., 2012; Minkeviciene et al., 2008)  

with the exception of a single study that could not detect cognitive deficits at that time point 

(Savonenko et al., 2005). Other studies have only investigated later time points and have consistently 

found cognitive deficits in older APPswe/PS1dE9 mice (Gimbel et al., 2010; Hooijmans et al., 2009; 

Melnikova et al., 2006; O’Leary and Brown, 2009; Toledo and Inestrosa, 2010). Most relevant to 

the cortical gene expression data presented here, Filali and Lalonde (2009) demonstrated that  

6-month-old APPswe/PS1dE9 mice show deficits in nest building, which is indicative for prefrontal 

cortex dependent step-by-step planning and organization. Our transcriptional profiling data 

suggest that frontal cortex-dependent cognitive deficits in APPswe/PS1dE9 mice are not because 

of transcriptional changes of genes involved in learning and memory in cortical neurons. Because 

behavioral alterations can be caused by neuroinflammation (Arnaud et al., 2006; Fan et al., 2007; 

Labrousse et al., 2012; Zhang et al., 2012), the robust cognitive deficits in the APPswe/PS1dE9 mice 

starting at 6 months might partly be the result of changes in the expression of genes that govern 

an immune reaction. It should be noted that gene expression changes in other brain areas, such as 

the hippocampus, are very likely to contribute to frontal cortex independent behavioral deficits.

APPswe/PS1dE9 mice transcriptional profiles do not resemble human AD data

In the present study we compared transcriptional changes in the frontal cortex of APPswe/PS1dE9 

mice and AD patients during the development of AD pathology. In the human sporadic AD brain we 

observed that the appearance of AD neuropathology in Braak stage III is preceded by transcriptional 

changes in genes related to neuronal plasticity and activity in Braak stage II (Bossers et al., 2010a). 

We have not observed any evidence for changes in genes involved in these processes in the  

APPswe/PS1dE9 mouse. When comparing gene expression changes in end-stage AD patients  

(Braak stages V and VI) and aged APPswe/PS1dE9 mice, only 3 genes (Plxdc2, Slc14a1, and C4b) 

showed a significant regulation in both the transgenic APPswe/PS1dE9 mice and the sporadic 

human AD data sets. Blood-group antigen Slc14a1, an erythrocyte urea transporter, has so far no 

clear function in the nervous system (Bagnasco, 2006). Plxdc2 has been shown to coordinate cell 

proliferation and differentiation in the developing nervous system (Miller-Delaney et al., 2011) and 

in cancer (Carson-Walter et al., 2001; Davies et al., 2004; Rmali et al., 2007). Our finding that both 

genes are upregulated in an AD mouse model and in patients with Aβ plaques might suggest a 

yet unknown function for these genes in Aβ pathology. C4b, which is part of the classic activation 

pathway of the complement system, has been described to be highly expressed in and around plaques  
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of the Arctic, Tg2576 (Fonseca et al., 2011) and APP-PS1 (Dickey et al., 2003) mouse models for 

AD and to prevent early stages of autoimmune disease (Paul et al., 2002). These results, together 

with our findings, suggest that C4b plays a role in Aβ-induced immune response. In addition, we 

investigated whether genes that are consistently altered in multiple human AD microarray datasets  

(BCL2, BTG1, CD59, GTF2I, MXI1, SLC6A12, CYCS, and CHCHD2) (Blalock et al., 2004; Bossers et al., 2010a; 

Emilsson et al., 2006; Parachikova et al., 2007; Xu et al., 2006) are also altered in the APPswe/ PS1dE9 

mouse. We found that none of these genes are significantly altered in the cortex of APPswe/PS1dE9 

mice. It should be noted that APPswe/PS1dE9 mice carry mutations in the APP and the PSEN1 gene, 

though these genes are not mutated in sporadic AD patients. The molecular mechanisms leading 

to plaque formation and memory deficits in these mice and sporadic AD patients might therefore 

be substantially different. Functional annotations of regulated gene clusters in the transgenic 

mouse model hardly overlap with human data (Bossers et al., 2010a). Though the mouse only shows 

alterations in immune related genes, the development and progression of AD in the human prefrontal 

cortex is associated with many (early) changes regarding synaptic activity, plasticity, transcription, 

metal ion binding, differentiation, and proliferation. The APPswe/PS1dE9 mouse is therefore not 

suitable for studying these aspects of AD, especially early synaptic changes.

The APPswe/PS1dE9 mouse can be a model for AD-related immune response

Because we predominantly detected alterations in immunerelated transcripts in APPswe/PS1dE9 

mice, we specifically investigated whether we could find commonalities between human AD 

and the APPswe/PS1dE9 mouse in the regulation of immunerelated transcripts other than the 

previously discussed genes TREM2 and C4B. Indeed, C3, CXCL10, CXCR4, HLA-DRB1, ICOSLG, IRAK3, 

KLHL6, RGS1, SERPINA3, and TGFB1 showed a trend toward upregulation in the cortex of the  

APPswe/PS1dE9 and the human AD data sets. Interestingly, most of these genes have been implicated 

in AD or amyloid pathology. Upregulation of the complement component C3 has been proposed to 

reduce Aβ plaque burden and neuronal loss by modulating microglia toward a classic M1-like activated 

phenotype (Maier et al., 2008) and activates Cd68. C3 upregulation itself is a result of anti-inflammatory 

Tgfb1 upregulation (Wyss-Coray et al., 2002). Tgfb1 also upregulates Irak3, a negative regulator of 

Toll-like receptor signaling (Standiford et al., 2011). The chemokine ligand CXCL10 is increased in 

brains of AD mouse models (Duan et al., 2008; Israelsson et al., 2010) and in cerebrospinal fluid of 

patients with mild AD (Galimberti et al., 2006), and chemokine receptor CXCR4 is downregulated in 

the Tg2576 mouse model for AD, but upregulated in AD patients (Parachikova and Cotman, 2007).  

The major HLA-DRB1 is expressed in antigen presenting dendritic cells and HLA-DR alleles might 
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account for differences in Aβ-reactive T cells and Aβ immunogenicity (Zota et al., 2009). Polymorphisms 

in SERPINA3 have been implicated to modify the risk for AD associated with the apolipoprotein E 

ε4 allele (DeKosky et al., 1996; Kamboh et al., 1995, 2006). Inflammation is a key contributing factor 

in the pathology of AD and many hallmarks of neuroinflammation (such as activation of microglia 

and the complement system, increased cytokine expression) are observed in tissue of AD patients 

(Eikelenboom et al., 2010, 2011; Frank-Cannon et al., 2009). Studying the immune response in AD 

is therefore essential for understanding the disease and developing therapies. Our study in the  

APPswe/PS1dE9 mousemodel has uncovered the full temporal profile of transcriptional changes in 

immune genes that are associated with Aβ pathology, and provides a valuable resource to further 

elucidate the Aβ induced immune response in AD.
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Supplementary data

Supplementary Table 1  -  Primer sequences used for qPCR reactions.

SystematicName GeneName Forward Reverse

NM_033601 Bcl3 GAGTGGAGGAACCAAAGGAC AAAAGAAATCTGACCCAAACCT

NM_009303 Syngr1 CTATGGCTCACCATTGGCTA CAATAAATGTTTACTGAAGGAACAAAC

NM_177580    Baiap2l2 CTGCCCAGAGCTATTCCATC CCCTTCTACCTGCTTCCTGT

NM_010872 Birc1b GGTGGGTAGTGCCATTCTCT GATTGCACCATGCCTGTC

NM_007498 Atf3 ACGACACCTTTCCCTGTACC GCCCTGTCACTGAGTATGGA

NM_021334 Itgax ATCCTTGTCTACCCCAGTGC CATCCAGGGCTAGCTGAAG

NM_008798 Pdcd1 GGGATATAACCTTGACGCAAA CCCTGACTGTCTGAAGTGCT

NM_009139 Ccl6 GGCTTTGGAATGTGTCTGGT GGGGCACTCATTGCTCTATT

NM_030701 Gpr109a GGACTGAACTCAGTGCTGGA CATGGACACAGTTGAATTCCTT

NM_011905 Tlr2 GCAAACTGCGCAAGATAATG AAGTCAGGAACTGGGTGGAG

NM_031254 Trem2 GGGAGCAGGAATACTGGTGT TTTTGGTGTGTGGAGAATGTTT

NM_019467 Aif1 AAGAACACAAGAGGCCAACTG GCTGCTGTCATCAGAAGCTC

NM_011662 Tyrobp TGGGTGACTTGGTGTTGACT TCTCTGACCCTGAAGCTCCT

NM_007657 Cd9 CTTGGTGATATTCGCCATTG TCACCTCATCCTTGTGGGTA

NM_007534 Bcl2a1b GTTTCCAGTTTTGTGGCAGA CCCAGAACTGTCCTGTCATC

NM_184052 Igf1 AGACAGGCATTGTGGATGAG TGAGTCTTGGGCATGTCAGT

NM_018790 Arc a - ATTGGCCTCACCCTCTACAC CACTGGAGCAGAATGAGGAA

NM_023051 Clstn1 a - TGCAGGCTAGTTTTCCTCCT CAGACTTGGTTCAGCTTCCA

NM_008083 Gap43 a GCAGAAAAGAGGTGGAGAGG ACAGCACAGCATGGTGGTAT

NM_008165 Gria1 a TGGACGAGCTGAAGATTTTG TTGCTATGGCAGGTGAAGAG

NM_144900 Atp1a1 a - TGATCTTCGGCTTGTTTGAG TTGAGAGGGTACATGCGAAG

NM_008668 Nab2 a ATGAGCTGACCATCAACGAG TGTCGGGACAGTGAGAAGAG

NM_008691 Nefm a TGGTGGTCACCAAGAAGGTA CCAGCTTCTCCTCAAAGGTC

NM_008171 Grin2b a - CACACCCTGAGATTCCCTTT CCAGTGGAGTGTGAATTTGG

NM_010444 Nr4a1 a - CCTGGACGTTATCCGAAAGT AAGAGTTCCAGGAAGGCAGA

NM_013680 Syn1 a - AATCCCTTGAGAACCCCTCT ATCTGGAGGTGACCAGGAAC

NM_009305 Syp1 a AACGGACATAACCTGGGAAG GCAGAGAAAGGGTGGAGAAG

NM_016908 Syt5 a ATACCAGCACCCTGATTTCC GGAATGAATGCAATGTTTGG

NM_016801 Stx1a a TAAGTTGTGGCCAGAGTTGC CACCTGGCTTTCAGAGCATA

NM_007913 Egr1 a - GCATGCGTAACTTCAGTCGT GCAAACTTCCTCCCACAAAT

NM_010595 Kcna1 b AGGCTCCCTGAAGAAACTCA AACCCTTCCTCCCTTCTGTT
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SystematicName GeneName Forward Reverse

NM_001003908 Cltc b TGGAGTCAACTTGCAAAAGC AATGGCTTCCTTCACCATTC

NM_001039520 Dnm2 b GTGGCCATCATCAACAAGTC GAGGTGCATGATGGTCTTTG

NM_008072 Gabrd b CGAGCCTGCACTTCTTGTAG AGGCCAGCTATGACCCTCTA

NM_010250 Gabra1 b CAGTCCAGAGCAGAGCAGAG CTGGCTTCCTCTCAGAATCC

NM_009215 Sst AGCCCAACCAGACAGAGAAT AAGTTCTTGCAGCCAGCTTT

NM_011515 Vamp7 GCCTAGTCATGTGCCTTGAA AGCAGGTAGCATGAATGTGG

NM_007756 Cplx1 b TTCCAGAGTCCCATCTTTCC TAGGTGTCCAGGGGTAAAGC

NM_205769 Crh CCAAGGAGGAAACCTTTGAA CCACTGCAGCTCCAAATAAA

NM_009308 Syt4 b ACCTTTCCCTGCATCTTGAC AGCTTTGGGGTGACATTTTC

NM_009306 Syt1 b GGTTCTTCCCTCATTGGAGA GTTCGTCCACAGGAAAGGAT

NM_011428 Snap25 b CTCTGTCAGCTTCCCAATGA GCCACCAGATGACCACTATG

NM_024166 Chchd2 AGGCTCTGCCCATTACTGAT GAAACGTACAGAAGCGTCCA

NM_007808 Cycs AAGGCTGGAGAAAGACCTCA CCTGAGGCCCAGTTAATCAT

NM_007569 Btg1 AAGGGATCAGGTTACCGTTG GGGAGAAGCCTGAACAACTC

NM_009741 Bcl2 CAACAGAGAGCCATCTGCAT TCAGCCCACTTCTACGTCTG

NM_181858 Cd59b CCACAGCTGTTAGCCTCAAA CCGGCTACAGCATAGAGACA

NM_010365 Gtf2i TATGCTCAAGCCATCAAAGC ACATGGGACTGGAAAAGAGG

NM_001081175 Itpkb AAGTCCTGGGGAGAACAATG GCTTCTCCTTCCAGAGTTGG

NM_001008542 Mxi1 TTACAGGCCATTTTGAACCA CAGCTGTTAGGAGCATTGGA

NM_133661 Slc6a12 TCTTGGGCTTCATGTCTCAG GACCTGACTCAGCCACTTCA

NM_017008 Gapdh TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGA

NM_007393 Actb GCTCCTCCTGAGCGCAAG CATCTGCTGGAAGGTGGACA

28s GGACCAGAGCGAAAGCATTT TCGTCTTCGAACCTCCGACTT

a investigated in Dickey et al., 2003

- downregulated in Dickey et al., 2003

b investigated in Bossers et al., 2010
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Supplementary Table 2  -  Complete list (P < 0.01) of the most significantly regulated Gene Ontology identifiers 

(biological process) in clusters 4 and 8.

ID Term Cluster number Annotated In cluster P-value

Biological process

GO:0002376 immune system process 4 576 102 1,61E-74

GO:0006955 immune response 4 354 72 3,33E-63

GO:0006952 defense response 4 371 54 9,13E-28

GO:0009605 response to external stimulus 4 389 47 4,27E-17

GO:0019882 antigen processing and presentation 4 46 21 3,02E-16

GO:0045321 leukocyte activation 4 191 29 2,93E-15

GO:0001775 cell activation 4 204 30 4,62E-15

GO:0048002 antigen processing and presentation of 
peptide antigen

4 29 16 4,72E-14

GO:0006954 inflammatory response 4 179 27 4,72E-14

GO:0006952 defense response 8 371 21 6,23E-14

GO:0009611 response to wounding 4 251 33 7,31E-14

GO:0006955 immune response 8 354 20 2,00E-13

GO:0046649 lymphocyte activation 4 175 26 3,22E-13

GO:0030097 hemopoiesis 4 194 27 2,29E-12

GO:0002520 immune system development 4 231 30 2,62E-12

GO:0002376 immune system process 8 576 22 1,20E-11

GO:0048534 hemopoietic or lymphoid organ 
development

4 217 28 2,79E-11

GO:0006954 inflammatory response 8 179 14 5,05E-11

GO:0009611 response to wounding 8 251 14 4,05E-09

GO:0051239 regulation of multicellular organismal 
process

4 251 28 1,46E-08

GO:0002478 antigen processing and presentation of 
exogenous peptide antigen

8 17 6 2,25E-08

GO:0002449 lymphocyte mediated immunity 8 78 9 2,25E-08

GO:0006911 phagocytosis, engulfment 8 9 5 2,97E-08

GO:0002443 leukocyte mediated immunity 8 84 9 2,97E-08

GO:0002474 antigen processing and presentation of 
peptide antigen via MHC class I

4 15 9 3,58E-08

GO:0051707 response to other organism 8 124 10 4,33E-08

GO:0050764 regulation of phagocytosis 8 10 5 4,34E-08

GO:0050766 positive regulation of phagocytosis 8 10 5 4,34E-08

GO:0009605 response to external stimulus 8 389 15 4,34E-08
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ID Term Cluster number Annotated In cluster P-value

GO:0002252 immune effector process 4 115 21 5,13E-08

GO:0019884 antigen processing and presentation of 
exogenous antigen

8 22 6 5,36E-08

GO:0002706 regulation of lymphocyte mediated 
immunity

8 12 5 1,13E-07

GO:0002703 regulation of leukocyte mediated 
immunity

8 12 5 1,13E-07

GO:0019882 antigen processing and presentation 8 46 7 1,36E-07

GO:0008283 cell proliferation 4 439 39 1,38E-07

GO:0032640 tumor necrosis factor production 8 13 5 1,43E-07

GO:0002460 adaptive immune response based on 
somatic recombination of immune 
receptors built from immunoglobulin 
superfamily domains

8 75 8 1,43E-07

GO:0002250 adaptive immune response 8 75 8 1,43E-07

GO:0051239 regulation of multicellular organismal 
process

8 251 12 1,51E-07

GO:0002697 regulation of immune effector process 8 14 5 1,97E-07

GO:0048002 antigen processing and presentation of 
peptide antigen

8 29 6 1,97E-07

GO:0002252 immune effector process 8 115 9 1,97E-07

GO:0045807 positive regulation of endocytosis 8 15 5 2,62E-07

GO:0009607 response to biotic stimulus 8 167 10 3,16E-07

GO:0002819 regulation of adaptive immune response 8 16 5 3,44E-07

GO:0002822 regulation of adaptive immune response 
based on somatic recombination 
of immune receptors built from 
immunoglobulin superfamily domains

8 16 5 3,44E-07

GO:0016064 immunoglobulin mediated immune 
response

8 57 7 3,69E-07

GO:0019724 B cell mediated immunity 8 58 7 4,06E-07

GO:0002712 regulation of B cell mediated immunity 8 7 4 4,59E-07

GO:0002524 hypersensitivity 8 7 4 4,59E-07

GO:0002673 regulation of acute inflammatory 
response

8 7 4 4,59E-07

GO:0002864 regulation of acute inflammatory response 
to antigenic stimulus

8 7 4 4,59E-07

GO:0002889 regulation of immunoglobulin mediated 
immune response

8 7 4 4,59E-07

GO:0002883 regulation of hypersensitivity 8 7 4 4,59E-07
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GO:0002438 acute inflammatory response to antigenic 
stimulus

8 7 4 4,59E-07

GO:0050776 regulation of immune response 8 92 8 4,59E-07

GO:0002682 regulation of immune system process 8 94 8 4,68E-07

GO:0051704 multi-organism process 8 183 10 5,18E-07

GO:0042110 T cell activation 4 110 19 7,40E-07

GO:0002449 lymphocyte mediated immunity 4 78 16 8,31E-07

GO:0045087 innate immune response 4 80 16 1,12E-06

GO:0042330 taxis 4 91 17 1,12E-06

GO:0006935 chemotaxis 4 91 17 1,12E-06

GO:0019221 cytokine and chemokine mediated 
signaling pathway

4 43 12 1,25E-06

GO:0002437 inflammatory response to antigenic 
stimulus

8 9 4 1,47E-06

GO:0002861 regulation of inflammatory response to 
antigenic stimulus

8 9 4 1,47E-06

GO:0002504 antigen processing and presentation of 
peptide or polysaccharide antigen via 
MHC class II

4 16 8 1,49E-06

GO:0002443 leukocyte mediated immunity 4 84 16 1,99E-06

GO:0002705 positive regulation of leukocyte mediated 
immunity

8 10 4 2,12E-06

GO:0002708 positive regulation of lymphocyte 
mediated immunity

8 10 4 2,12E-06

GO:0050778 positive regulation of immune response 8 79 7 2,19E-06

GO:0002478 antigen processing and presentation of 
exogenous peptide antigen

4 17 8 2,43E-06

GO:0002250 adaptive immune response 4 75 15 2,43E-06

GO:0002460 adaptive immune response based on 
somatic recombination of immune 
receptors built from immunoglobulin 
superfamily domains

4 75 15 2,43E-06

GO:0002521 leukocyte differentiation 4 121 19 2,46E-06

GO:0002684 positive regulation of immune system 
process

8 81 7 2,56E-06

GO:0051050 positive regulation of transport 8 26 5 2,75E-06

GO:0002699 positive regulation of immune effector 
process

8 11 4 3,04E-06

GO:0030100 regulation of endocytosis 8 27 5 3,25E-06

GO:0019724 B cell mediated immunity 4 58 13 4,08E-06
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GO:0002824 positive regulation of adaptive immune 
response based on somatic recombination 
of immune receptors built from 
immunoglobulin superfamily domains

8 12 4 4,25E-06

GO:0002821 positive regulation of adaptive immune 
response

8 12 4 4,25E-06

GO:0042330 taxis 8 91 7 5,02E-06

GO:0006935 chemotaxis 8 91 7 5,02E-06

GO:0009607 response to biotic stimulus 4 167 19 5,05E-06

GO:0006909 phagocytosis 8 30 5 5,16E-06

GO:0046651 lymphocyte proliferation 4 71 14 6,79E-06

GO:0032943 mononuclear cell proliferation 4 71 14 6,79E-06

GO:0002526 acute inflammatory response 8 61 6 7,02E-06

GO:0051240 positive regulation of multicellular 
organismal process

8 99 7 7,36E-06

GO:0002682 regulation of immune system process 4 94 16 7,47E-06

GO:0019886 antigen processing and presentation 
of exogenous peptide antigen via MHC 
class II

8 15 4 8,90E-06

GO:0002495 antigen processing and presentation of 
peptide antigen via MHC class II

8 15 4 8,90E-06

GO:0006950 response to stress 8 665 15 9,33E-06

GO:0002504 antigen processing and presentation of 
peptide or polysaccharide antigen via 
MHC class II

8 16 4 1,14E-05

GO:0051249 regulation of lymphocyte activation 4 75 14 1,33E-05

GO:0019886 antigen processing and presentation 
of exogenous peptide antigen via MHC 
class II

4 15 7 1,39E-05

GO:0002495 antigen processing and presentation of 
peptide antigen via MHC class II

4 15 7 1,39E-05

GO:0001819 positive regulation of cytokine 
production

8 17 4 1,42E-05

GO:0042127 regulation of cell proliferation 4 298 27 1,68E-05

GO:0007626 locomotory behavior 4 176 19 1,81E-05

GO:0019884 antigen processing and presentation of 
exogenous antigen

4 22 8 1,89E-05

GO:0050865 regulation of cell activation 4 78 14 1,98E-05

GO:0016064 immunoglobulin mediated immune 
response

4 57 12 2,12E-05

GO:0001906 cell killing 8 19 4 2,20E-05
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GO:0001909 leukocyte mediated cytotoxicity 8 19 4 2,20E-05

GO:0009617 response to bacterium 8 76 6 2,20E-05

GO:0032760 positive regulation of tumor necrosis factor 
production

8 6 3 2,38E-05

GO:0002714 positive regulation of B cell mediated 
immunity

8 6 3 2,38E-05

GO:0006910 phagocytosis#phagocytosis, recognition 8 6 3 2,38E-05

GO:0002891 positive regulation of immunoglobulin 
mediated immune response

8 6 3 2,38E-05

GO:0050776 regulation of immune response 4 92 15 2,75E-05

GO:0030099 myeloid cell differentiation 4 81 14 3,05E-05

GO:0002863 positive regulation of inflammatory 
response to antigenic stimulus

8 7 3 4,06E-05

GO:0031347 regulation of defense response 8 23 4 4,55E-05

GO:0050727 regulation of inflammatory response 8 23 4 4,55E-05

GO:0045321 leukocyte activation 8 191 8 4,56E-05

GO:0042098 T cell proliferation 4 52 11 5,71E-05

GO:0032680 tumor necrosis factor 
production#regulation of tumor necrosis 
factor production

8 8 3 6,18E-05

GO:0008219 cell death 8 594 13 6,18E-05

GO:0016265 death 8 594 13 6,18E-05

GO:0050896 response to stimulus 8 2307 26 6,36E-05

GO:0042742 defense response to bacterium 8 54 5 6,37E-05

GO:0001816 cytokine production 8 94 6 6,47E-05

GO:0001775 cell activation 8 204 8 6,87E-05

GO:0001817 regulation of cytokine production 8 26 4 6,91E-05

GO:0002444 myeloid leukocyte mediated immunity 8 9 3 8,55E-05

GO:0002429 immune response-activating cell surface 
receptor signaling pathway

8 29 4 1,07E-04

GO:0042113 B cell activation 4 79 13 1,21E-04

GO:0002768 immune response-regulating cell surface 
receptor signaling pathway

8 31 4 1,39E-04

GO:0002253 activation of immune response 8 64 5 1,39E-04

GO:0002684 positive regulation of immune system 
process

4 81 13 1,55E-04

GO:0030217 T cell differentiation 4 58 11 1,55E-04
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GO:0002757 immune response-activating signal 
transduction

8 33 4 1,76E-04

GO:0031349 positive regulation of defense response 8 12 3 2,02E-04

GO:0050729 positive regulation of inflammatory 
response

8 12 3 2,02E-04

GO:0002764 immune response-regulating signal 
transduction

8 35 4 2,09E-04

GO:0007626 locomotory behavior 8 176 7 2,12E-04

GO:0002526 acute inflammatory response 4 61 11 2,52E-04

GO:0048583 regulation of response to stimulus 8 37 4 2,58E-04

GO:0051049 regulation of transport 8 75 5 2,70E-04

GO:0051249 regulation of lymphocyte activation 8 75 5 2,70E-04

GO:0051240 positive regulation of multicellular 
organismal process

4 99 14 2,92E-04

GO:0050865 regulation of cell activation 8 78 5 3,24E-04

GO:0002474 antigen processing and presentation of 
peptide antigen via MHC class I

8 15 3 3,88E-04

GO:0042981 regulation of apoptosis 8 348 9 4,12E-04

GO:0030098 lymphocyte differentiation 4 89 13 4,13E-04

GO:0043067 programmed cell death#regulation of 
programmed cell death

8 351 9 4,37E-04

GO:0051251 positive regulation of lymphocyte 
activation

4 54 10 4,83E-04

GO:0050864 regulation of B cell activation 4 34 8 5,39E-04

GO:0050778 positive regulation of immune response 4 79 12 5,66E-04

GO:0042221 response to chemical stimulus 8 365 9 5,73E-04

GO:0042100 B cell proliferation 4 26 7 6,72E-04

GO:0006915 apoptosis 8 564 11 7,30E-04

GO:0007610 behavior 4 276 23 7,33E-04

GO:0012501 programmed cell death 8 572 11 8,21E-04

GO:0051707 response to other organism 4 124 15 8,36E-04

GO:0048518 positive regulation of biological process 4 784 49 9,28E-04

GO:0050863 regulation of T cell activation 4 59 10 9,58E-04

GO:0051704 multi-organism process 4 183 17 1,30E-03

GO:0006959 humoral immune response 4 50 9 1,36E-03

GO:0030217 T cell differentiation 8 58 4 1,36E-03
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GO:0050863 regulation of T cell activation 8 59 4 1,44E-03

GO:0042110 T cell activation 8 110 5 1,49E-03

GO:0043065 positive regulation of apoptosis 4 153 15 1,51E-03

GO:0051250 negative regulation of lymphocyte 
activation

8 24 3 1,51E-03

GO:0046649 lymphocyte activation 8 175 6 1,58E-03

GO:0032944 regulation of mononuclear cell 
proliferation

4 52 9 1,77E-03

GO:0050670 regulation of lymphocyte proliferation 4 52 9 1,77E-03

GO:0002253 activation of immune response 4 64 10 1,77E-03

GO:0043068 positive regulation of programmed cell 
death

4 155 15 1,79E-03

GO:0007242 intracellular signaling cascade 4 933 55 1,79E-03

GO:0042221 response to chemical stimulus 4 365 27 2,09E-03

GO:0006917 induction of apoptosis 8 120 5 2,11E-03

GO:0012502 induction of programmed cell death 8 120 5 2,11E-03

GO:0002521 leukocyte differentiation 8 121 5 2,17E-03

GO:0002221 pattern recognition receptor signaling 
pathway

8 6 2 2,27E-03

GO:0030029 actin filament-based process 4 158 15 2,46E-03

GO:0050871 positive regulation of B cell activation 4 23 6 2,49E-03

GO:0001816 cytokine production 4 94 12 2,49E-03

GO:0030097 hemopoiesis 8 194 6 2,54E-03

GO:0008285 negative regulation of cell proliferation 4 109 13 2,61E-03

GO:0007610 behavior 8 276 7 2,73E-03

GO:0009615 response to virus 4 44 8 2,84E-03

GO:0007249 I-kappaB kinase/NF-kappaB cascade 4 34 7 3,28E-03

GO:0002819 regulation of adaptive immune response 4 16 5 3,46E-03

GO:0002822 regulation of adaptive immune response 
based on somatic recombination 
of immune receptors built from 
immunoglobulin superfamily domains.

4 16 5 3,46E-03

GO:0050900 leukocyte migration 4 25 6 3,68E-03

GO:0030036 actin cytoskeleton organization and 
biogenesis

4 147 14 3,68E-03

GO:0016044 membrane organization and biogenesis 8 210 6 3,76E-03

GO:0002218 activation of innate immune response 8 8 2 3,99E-03
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GO:0002758 innate immune response-activating signal 
transduction

8 8 2 3,99E-03

GO:0045087 innate immune response 8 80 4 3,99E-03

GO:0048468 cell development 8 1030 13 4,28E-03

GO:0048534 hemopoietic or lymphoid organ 
development

8 217 6 4,30E-03

GO:0006690 icosanoid metabolic process 4 26 6 4,50E-03

GO:0008037 cell recognition 8 37 3 4,74E-03

GO:0006950 response to stress 4 665 41 4,78E-03

GO:0045089 positive regulation of innate immune 
response

8 9 2 4,89E-03

GO:0045088 regulation of innate immune response 8 9 2 4,89E-03

GO:0010324 membrane invagination 8 148 5 4,89E-03

GO:0006897 endocytosis 8 148 5 4,89E-03

GO:0002573 myeloid leukocyte differentiation 4 37 7 5,03E-03

GO:0048869 cellular developmental process 8 1565 17 5,42E-03

GO:0030154 cell differentiation 8 1565 17 5,42E-03

GO:0043065 positive regulation of apoptosis 8 153 5 5,52E-03

GO:0030098 lymphocyte differentiation 8 89 4 5,58E-03

GO:0002520 immune system development 8 231 6 5,62E-03

GO:0043068 positive regulation of programmed cell 
death

8 155 5 5,75E-03

GO:0042036 negative regulation of cytokine 
biosynthetic process

8 10 2 5,79E-03

GO:0045576 mast cell activation 8 10 2 5,79E-03

GO:0009620 response to fungus 8 10 2 5,79E-03

GO:0012502 induction of programmed cell death 4 120 13 5,83E-03

GO:0006917 induction of apoptosis 4 120 13 5,83E-03

GO:0001912 positive regulation of leukocyte mediated 
cytotoxicity

8 11 2 6,98E-03

GO:0043123 positive regulation of I-kappaB kinase/
NF-kappaB cascade

4 11 4 7,40E-03

GO:0008219 cell death 4 594 37 7,48E-03

GO:0016265 death 4 594 37 7,48E-03

GO:0010382 cell wall metabolic process 8 12 2 8,04E-03

GO:0016998 cell wall catabolic process 8 12 2 8,04E-03

Supplementary Table 2 (continued)



177

gene expression changes in the appswe/ps1de9 mouse

7

ID Term Cluster number Annotated In cluster P-value

GO:0006801 superoxide metabolic process 8 12 2 8,04E-03

GO:0030593 neutrophil chemotaxis 8 12 2 8,04E-03

GO:0007047 cell wall organization and biogenesis 8 12 2 8,04E-03

GO:0045229 external encapsulating structure 
organization and biogenesis

8 12 2 8,04E-03

GO:0048518 positive regulation of biological process 8 784 11 8,47E-03

GO:0042035 regulation of cytokine biosynthetic 
process

8 48 3 8,89E-03

GO:0042129 regulation of T cell proliferation 4 41 7 8,98E-03

GO:0051247 positive regulation of protein metabolic 
process

4 67 9 9,41E-03
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Supplementary Table 3  -  Table of canonical pathways overrepresented in APPswe/PS1dE9 mice from the Ingenuity 

Pathway Analysis. Listed are all overrepresented pathways with 3 or more molecules that were not related to a specific disease.

Ingenuity Canonical Pathways P-value Ratio Molecules

Dendritic Cell Maturation 6,31E-15 0,155 B2M,PLCB2,HLA-DOA,ICAM1,HLA-DQA1,CD83,HLA-DMB,HLA-DQB1,FCGR2B,TREM2,FCGR1A,PLCE1,NGFR,PIK3CG,HLA-B,LTBR,STAT1,TNFRSF1B,F
CGR3A,TYROBP,TNFRSF1A,FCGR2A,IL33,TLR2,HLA-C,PLCG2 (includes EG:234779),FCER1G,HLA-DOB,CD86,IL1B,IRF8,TNF

Role of Pattern Recognition Receptors in Recognition of Bacteria and Viruses 1,00E-14 0,226 PTX3,TLR1,OAS1,C3,OAS2,C1QC,C1QA,CCL5,C1QB,Oas1f,PRKCZ,TLR2,CLEC7A,IRF7,PLCG2 (includes EG:234779),PRKCD,PIK3CG,DDX58,TLR6,CAS
P1,TLR7,IL1B,C3AR1,TNF

T Helper Cell Differentiation 7,94E-14 0,278 STAT6,HLA-DOA,IL4R,TNFRSF1A,HLA-DQA1,HLA-DMB,STAT3,HLA-DQB1,TGFBR2,TGFB1,NGFR,IL10RA,FCER1G,IL10RB,HLA-DOB,CD86,STAT1,TNF
RSF1B,TNF,ICOSLG

Antigen Presentation Pathway 3,98E-13 0,375 B2M,PSMB9,HLA-DOA,HLA-DQA1,HLA-DMB,PSMB8,CD74,TAP1,MR1,HLA-E,HLA-C,HLA-B,HLA-DOB,HLA-F,TAP2

Communication between Innate and Adaptive Immune Cells 2,51E-12 0,193 B2M,TLR1,CD83,CCL5,TNFRSF17,IL33,CXCL10,TLR2,CCL4,HLA-E,HLA-C,TLR6,TLR7,HLA-B,FCER1G,CD86,CCL3L1/CCL3L3,IL1B,HLA-
F,TNF,TNFSF13B

TREM1 Signaling 6,31E-12 0,239 TLR1,ICAM1,TYROBP,LAT2,CD83,STAT3,FCGR2B,TLR2,CCL2,PLCG2 (includes EG:234779),TLR6,TLR7,CASP1,CD86,IL1B,TNF,ITGAX

Fcγ Receptor-mediated Phagocytosis in Macrophages and Monocytes 3,98E-11 0,196 RAC2,ARPC1B,FCGR2A,TLN1,FYB,FCGR1A,INPP5D,PRKCZ,PLD4,HMOX1,NCF1,WAS,PIK3CG,PRKCD,HCK,LYN,VAV1,FGR,FCGR3A,LCP2

Cytotoxic T Lymphocyte-mediated Apoptosis of Target Cells 1,32E-09 0,200 B2M,HLA-DOA,HLA-DQA1,HLA-DMB,HLA-DQB1,H2-T10/H2-T22,CD3D,H2-Q5,HLA-E,HLA-C,H2-Q10,FCER1G,HLA-B,HLA-DOB,CASP8,HLA-
F,H2-Q8

NF-κB Signaling 1,32E-08 0,131 TLR1,TNFRSF1A,IRAK3,PRKCZ,TNFRSF17,TGFBR2,IL33,TLR2,PLCG2 (includes EG:234779),NGFR,PIK3CG,TLR6,TLR7,FCER1G,IL1B,LTBR,FGFRL1,CASP
8,TNFRSF1B,TNF,CARD11,IRAK4,TNFSF13B

OX40 Signaling Pathway 2,51E-08 0,170 B2M,HLA-DOA,HLA-DQA1,HLA-DMB,HLA-DQB1,H2-T10/H2-T22,CD3D,H2-Q5,HLA-E,HLA-C,H2-Q10,FCER1G,HLA-B,HLA-DOB,HLA-F,H2-Q8

Cdc42 Signaling 2,82E-08 0,124 B2M,HLA-DOA,ARPC1B,HLA-DQA1,HLA-DMB,HLA-DQB1,H2-T10/H2-T22,CD3D,PRKCZ,H2-Q5,WIPF1,HLA-C,WAS,HLA-E,H2-Q10,HLA-
B,FCER1G,HLA-DOB,VAV1,HLA-F,IQGAP3,H2-Q8

Leukocyte Extravasation Signaling 2,88E-08 0,122 RAC2,ICAM1,CXCR4,NCF4,PRKCZ,SELPLG,BTK,ITGB2,F11R,WIPF1,NCF1,ITGAM,ARHGAP9,WAS,TIMP1,PIK3CG,PLCG2 (includes EG:234779),PRKCD,
CYBA,NCF2,CD44,CYBB,VAV1,MSN

Natural Killer Cell Signaling 2,95E-08 0,155 RAC2,PTPN6,LAIR1,TYROBP,FCGR2A,SH3BP2,INPP5D,PRKCZ,CD300A,PRKCD,PLCG2 (includes EG:234779),PIK3CG,CD244,FCER1G,VAV1,HCST,LCP
2,FCGR3A

Production of Nitric Oxide and Reactive Oxygen Species in Macrophages 4,90E-08 0,110 PTPN6,TNFRSF1A,APOC4,PPP1R14A,APOC2,NCF4,PRKCZ,APOC1,TLR2,NCF1,RHOG,PIK3CG,NGFR,PLCG2 (includes EG:234779),CYBA,PRKCD,NCF2
,CYBB,IRF8,STAT1,TNFRSF1B,TNF,FNBP1

LXR/RXR Activation 1,51E-07 0,132 MLXIPL,C3,TNFRSF1A,APOC4,APOC2,SERPINF2,IL33,APOC1,TF,CCL2,NGFR,LPL,C4B (includes others),CD14,IL1B,TNFRSF1B,TNF,PON3

Acute Phase Response Signaling 2,75E-07 0,118 SOCS3,ITIH3,C3,TNFRSF1A,SERPINA3,STAT3,SERPINF2,IL33,HMOX1,TF,NGFR,PIK3CG,CFB,C4B (includes others),OSM,IL1B,OSMR,SERPINE1,TNFRS
F1B,A2M,TNF

PI3K Signaling in B Lymphocytes 3,63E-07 0,129 BLNK,IL4R,PLCB2,C3,ATF3,NFATC1,FCGR2B,INPP5D,PRKCZ,BTK,PTPRC,PLCE1,CD180,PIK3CG,PLCG2 (includes EG:234779),LYN,VAV1,PIK3AP1

CD28 Signaling in T Helper Cells 4,17E-07 0,129 HLA-DOA,PTPN6,ARPC1B,HLA-DQA1,HLA-DMB,NFATC1,HLA-DQB1,CD3D,PTPRC,WAS,PIK3CG,FCER1G,HLA-DOB,CD86,VAV1,CARD11,LCP2

Role of NFAT in Regulation of the Immune Response 1,51E-06 0,102 BLNK,HLA-DOA,PLCB2,FCGR2A,HLA-DQA1,HLA-DMB,NFATC1,HLA-DQB1,FCGR2B,CD3D,FCGR1A,BTK,PIK3CG,PLCG2 (includes 
EG:234779),FCER1G,LYN,HLA-DOB,CD86,FCGR3A,LCP2

Crosstalk between Dendritic Cells and Natural Killer Cells 1,86E-06 0,147 TYROBP,TLN1,CD83,TREM2,CSF2RB,HLA-E,HLA-C,TLR7,HLA-B,CD86,LTBR,HLA-F,TNFRSF1B,TNF

IL-10 Signaling 2,95E-06 0,154 IL33,HMOX1,SOCS3,IL4R,FCGR2A,IL10RB,IL10RA,CD14,IL1B,STAT3,FCGR2B,TNF

PKCθ Signaling in T Lymphocytes 9,77E-06 0,105 RAC2,HLA-DOA,HLA-DQA1,NFATC1,HLA-DMB,HLA-DQB1,CD3D,PLCG2 (includes EG:234779),PIK3CG,FCER1G,CD86,HLA-
DOB,VAV1,CARD11,LCP2

Interferon Signaling 1,48E-05 0,222 OAS1,MX1,IFI35,IRF9,PSMB8,STAT1,IFNAR2,TAP1

iCOS-iCOSL Signaling in T Helper Cells 1,70E-05 0,114 HLA-DOA,HLA-DQA1,NFATC1,HLA-DMB,HLA-DQB1,CD3D,INPP5D,PTPRC,PIK3CG,FCER1G,HLA-DOB,VAV1,LCP2,ICOSLG

MSP-RON Signaling Pathway 1,78E-05 0,180 TLR2,CSF2RB,ITGB2,ITGAM,CCL2,CSF1 (includes EG:12977),PIK3CG,TNF,PRKCZ

Growth Hormone Signaling 2,09E-05 0,145 SOCS3,PTPN6,IGF1,PRKCD,PLCG2 (includes EG:234779),PIK3CG,CEBPA,STAT3,STAT1,A2M,PRKCZ
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Dendritic Cell Maturation 6,31E-15 0,155 B2M,PLCB2,HLA-DOA,ICAM1,HLA-DQA1,CD83,HLA-DMB,HLA-DQB1,FCGR2B,TREM2,FCGR1A,PLCE1,NGFR,PIK3CG,HLA-B,LTBR,STAT1,TNFRSF1B,F
CGR3A,TYROBP,TNFRSF1A,FCGR2A,IL33,TLR2,HLA-C,PLCG2 (includes EG:234779),FCER1G,HLA-DOB,CD86,IL1B,IRF8,TNF

Role of Pattern Recognition Receptors in Recognition of Bacteria and Viruses 1,00E-14 0,226 PTX3,TLR1,OAS1,C3,OAS2,C1QC,C1QA,CCL5,C1QB,Oas1f,PRKCZ,TLR2,CLEC7A,IRF7,PLCG2 (includes EG:234779),PRKCD,PIK3CG,DDX58,TLR6,CAS
P1,TLR7,IL1B,C3AR1,TNF

T Helper Cell Differentiation 7,94E-14 0,278 STAT6,HLA-DOA,IL4R,TNFRSF1A,HLA-DQA1,HLA-DMB,STAT3,HLA-DQB1,TGFBR2,TGFB1,NGFR,IL10RA,FCER1G,IL10RB,HLA-DOB,CD86,STAT1,TNF
RSF1B,TNF,ICOSLG

Antigen Presentation Pathway 3,98E-13 0,375 B2M,PSMB9,HLA-DOA,HLA-DQA1,HLA-DMB,PSMB8,CD74,TAP1,MR1,HLA-E,HLA-C,HLA-B,HLA-DOB,HLA-F,TAP2

Communication between Innate and Adaptive Immune Cells 2,51E-12 0,193 B2M,TLR1,CD83,CCL5,TNFRSF17,IL33,CXCL10,TLR2,CCL4,HLA-E,HLA-C,TLR6,TLR7,HLA-B,FCER1G,CD86,CCL3L1/CCL3L3,IL1B,HLA-
F,TNF,TNFSF13B

TREM1 Signaling 6,31E-12 0,239 TLR1,ICAM1,TYROBP,LAT2,CD83,STAT3,FCGR2B,TLR2,CCL2,PLCG2 (includes EG:234779),TLR6,TLR7,CASP1,CD86,IL1B,TNF,ITGAX

Fcγ Receptor-mediated Phagocytosis in Macrophages and Monocytes 3,98E-11 0,196 RAC2,ARPC1B,FCGR2A,TLN1,FYB,FCGR1A,INPP5D,PRKCZ,PLD4,HMOX1,NCF1,WAS,PIK3CG,PRKCD,HCK,LYN,VAV1,FGR,FCGR3A,LCP2

Cytotoxic T Lymphocyte-mediated Apoptosis of Target Cells 1,32E-09 0,200 B2M,HLA-DOA,HLA-DQA1,HLA-DMB,HLA-DQB1,H2-T10/H2-T22,CD3D,H2-Q5,HLA-E,HLA-C,H2-Q10,FCER1G,HLA-B,HLA-DOB,CASP8,HLA-
F,H2-Q8

NF-κB Signaling 1,32E-08 0,131 TLR1,TNFRSF1A,IRAK3,PRKCZ,TNFRSF17,TGFBR2,IL33,TLR2,PLCG2 (includes EG:234779),NGFR,PIK3CG,TLR6,TLR7,FCER1G,IL1B,LTBR,FGFRL1,CASP
8,TNFRSF1B,TNF,CARD11,IRAK4,TNFSF13B

OX40 Signaling Pathway 2,51E-08 0,170 B2M,HLA-DOA,HLA-DQA1,HLA-DMB,HLA-DQB1,H2-T10/H2-T22,CD3D,H2-Q5,HLA-E,HLA-C,H2-Q10,FCER1G,HLA-B,HLA-DOB,HLA-F,H2-Q8

Cdc42 Signaling 2,82E-08 0,124 B2M,HLA-DOA,ARPC1B,HLA-DQA1,HLA-DMB,HLA-DQB1,H2-T10/H2-T22,CD3D,PRKCZ,H2-Q5,WIPF1,HLA-C,WAS,HLA-E,H2-Q10,HLA-
B,FCER1G,HLA-DOB,VAV1,HLA-F,IQGAP3,H2-Q8

Leukocyte Extravasation Signaling 2,88E-08 0,122 RAC2,ICAM1,CXCR4,NCF4,PRKCZ,SELPLG,BTK,ITGB2,F11R,WIPF1,NCF1,ITGAM,ARHGAP9,WAS,TIMP1,PIK3CG,PLCG2 (includes EG:234779),PRKCD,
CYBA,NCF2,CD44,CYBB,VAV1,MSN

Natural Killer Cell Signaling 2,95E-08 0,155 RAC2,PTPN6,LAIR1,TYROBP,FCGR2A,SH3BP2,INPP5D,PRKCZ,CD300A,PRKCD,PLCG2 (includes EG:234779),PIK3CG,CD244,FCER1G,VAV1,HCST,LCP
2,FCGR3A

Production of Nitric Oxide and Reactive Oxygen Species in Macrophages 4,90E-08 0,110 PTPN6,TNFRSF1A,APOC4,PPP1R14A,APOC2,NCF4,PRKCZ,APOC1,TLR2,NCF1,RHOG,PIK3CG,NGFR,PLCG2 (includes EG:234779),CYBA,PRKCD,NCF2
,CYBB,IRF8,STAT1,TNFRSF1B,TNF,FNBP1

LXR/RXR Activation 1,51E-07 0,132 MLXIPL,C3,TNFRSF1A,APOC4,APOC2,SERPINF2,IL33,APOC1,TF,CCL2,NGFR,LPL,C4B (includes others),CD14,IL1B,TNFRSF1B,TNF,PON3

Acute Phase Response Signaling 2,75E-07 0,118 SOCS3,ITIH3,C3,TNFRSF1A,SERPINA3,STAT3,SERPINF2,IL33,HMOX1,TF,NGFR,PIK3CG,CFB,C4B (includes others),OSM,IL1B,OSMR,SERPINE1,TNFRS
F1B,A2M,TNF

PI3K Signaling in B Lymphocytes 3,63E-07 0,129 BLNK,IL4R,PLCB2,C3,ATF3,NFATC1,FCGR2B,INPP5D,PRKCZ,BTK,PTPRC,PLCE1,CD180,PIK3CG,PLCG2 (includes EG:234779),LYN,VAV1,PIK3AP1

CD28 Signaling in T Helper Cells 4,17E-07 0,129 HLA-DOA,PTPN6,ARPC1B,HLA-DQA1,HLA-DMB,NFATC1,HLA-DQB1,CD3D,PTPRC,WAS,PIK3CG,FCER1G,HLA-DOB,CD86,VAV1,CARD11,LCP2

Role of NFAT in Regulation of the Immune Response 1,51E-06 0,102 BLNK,HLA-DOA,PLCB2,FCGR2A,HLA-DQA1,HLA-DMB,NFATC1,HLA-DQB1,FCGR2B,CD3D,FCGR1A,BTK,PIK3CG,PLCG2 (includes 
EG:234779),FCER1G,LYN,HLA-DOB,CD86,FCGR3A,LCP2

Crosstalk between Dendritic Cells and Natural Killer Cells 1,86E-06 0,147 TYROBP,TLN1,CD83,TREM2,CSF2RB,HLA-E,HLA-C,TLR7,HLA-B,CD86,LTBR,HLA-F,TNFRSF1B,TNF

IL-10 Signaling 2,95E-06 0,154 IL33,HMOX1,SOCS3,IL4R,FCGR2A,IL10RB,IL10RA,CD14,IL1B,STAT3,FCGR2B,TNF

PKCθ Signaling in T Lymphocytes 9,77E-06 0,105 RAC2,HLA-DOA,HLA-DQA1,NFATC1,HLA-DMB,HLA-DQB1,CD3D,PLCG2 (includes EG:234779),PIK3CG,FCER1G,CD86,HLA-
DOB,VAV1,CARD11,LCP2

Interferon Signaling 1,48E-05 0,222 OAS1,MX1,IFI35,IRF9,PSMB8,STAT1,IFNAR2,TAP1

iCOS-iCOSL Signaling in T Helper Cells 1,70E-05 0,114 HLA-DOA,HLA-DQA1,NFATC1,HLA-DMB,HLA-DQB1,CD3D,INPP5D,PTPRC,PIK3CG,FCER1G,HLA-DOB,VAV1,LCP2,ICOSLG

MSP-RON Signaling Pathway 1,78E-05 0,180 TLR2,CSF2RB,ITGB2,ITGAM,CCL2,CSF1 (includes EG:12977),PIK3CG,TNF,PRKCZ

Growth Hormone Signaling 2,09E-05 0,145 SOCS3,PTPN6,IGF1,PRKCD,PLCG2 (includes EG:234779),PIK3CG,CEBPA,STAT3,STAT1,A2M,PRKCZ



180

gene expression changes in the appswe/ps1de9 mouse

7

Supplementary Table 3 (continued)

Ingenuity Canonical Pathways P-value Ratio Molecules

IL-4 Signaling 4,07E-05 0,139 STAT6,IL4R,PTPN6,HLA-DOA,PIK3CG,HLA-DQA1,HLA-DOB,NFATC1,HLA-DMB,HLA-DQB1,INPP5D

IL-8 Signaling 6,31E-05 0,088 RAC2,PLCB2,ICAM1,IRAK3,PRKCZ,PLD4,ITGB2,HMOX1,ITGAM,RHOG,PRKCD,PIK3CG,NCF2,CYBB,IRAK4,ITGB5,FNBP1,ITGAX

FcγRIIB Signaling in B Lymphocytes 6,31E-05 0,136 BLNK,BTK,PLCG2 (includes EG:234779),PIK3CG,LYN,DOK1,FCGR2B,INPP5D

B Cell Receptor Signaling 7,24E-05 0,097 BLNK,RAC2,PTPN6,FCGR2A,NFATC1,FCGR2B,INPP5D,PTPRC,BTK,PLCG2 (includes EG:234779),PIK3CG,LYN,CD22,VAV1,PIK3AP1,BCL2A1

B Cell Development 8,51E-05 0,212 PTPRC,HLA-DOA,HLA-DQA1,CD86,HLA-DOB,HLA-DMB,HLA-DQB1

Nur77 Signaling in T Lymphocytes 9,55E-05 0,143 HLA-DOA,HLA-DQA1,FCER1G,CD86,HLA-DOB,NFATC1,HLA-DMB,HLA-DQB1,CD3D

Macropinocytosis Signaling 1,00E-04 0,132 ITGB2,CSF1 (includes EG:12977),PRKCD,PLCG2 (includes EG:234779),PIK3CG,CD14,ITGB4,CSF1R,ITGB5,PRKCZ

Complement System 1,05E-04 0,200 C3,CFB,C4B (includes others),C1QC,C1QA,C1QB,C3AR1

Phospholipase C Signaling 1,38E-04 0,077 BLNK,PLCB2,FCGR2A,PPP1R14A,NFATC1,FCGR2B,CD3D,PRKCZ,BTK,PLD4,HMOX1,PLCE1,RHOG,PLCG2 (includes EG:234779),PRKCD,FCER1G,LYN,
ADCY7,FNBP1,LCP2

Virus Entry via Endocytic Pathways 2,24E-04 0,111 B2M,ITGB2,RAC2,HLA-C,PRKCD,PLCG2 (includes EG:234779),PIK3CG,HLA-B,ITGB4,ITGB5,PRKCZ

Calcium-induced T Lymphocyte Apoptosis 2,45E-04 0,129 HLA-DOA,PRKCD,HLA-DQA1,FCER1G,HLA-DOB,HLA-DMB,HLA-DQB1,CD3D,PRKCZ

Role of JAK1 and JAK3 in γc Cytokine Signaling 2,45E-04 0,134 BLNK,STAT6,SOCS3,IL4R,FES,CRLF2,PIK3CG,STAT3,STAT1

Differential Regulation of Cytokine Production in Macrophages and T Helper Cells by IL-17A and IL-17F 2,75E-04 0,278 CCL4,CCL2,IL1B,CCL5,TNF

CTLA4 Signaling in Cytotoxic T Lymphocytes 3,02E-04 0,112 PTPN6,HLA-DOA,PIK3CG,HLA-DQA1,FCER1G,CD86,HLA-DOB,HLA-DMB,HLA-DQB1,CD3D,LCP2

VDR/RXR Activation 3,16E-04 0,123 CXCL10,SERPINB1,SPP1 (includes EG:100359743),PRKCD,CEBPA,CD14,KLK6,IGFBP5,CCL5,PRKCZ

Renin-Angiotensin Signaling 3,24E-04 0,096 PTPN6,CCL2,PRKCD,PLCG2 (includes EG:234779),PIK3CG,STAT3,PTGER2,CCL5,STAT1,ADCY7,TNF,PRKCZ

HMGB1 Signaling 3,31E-04 0,111 ICAM1,KAT7,RHOG,CCL2,TNFRSF1A,NGFR,PIK3CG,TNFRSF1B,SERPINE1,TNF,FNBP1

Fc Epsilon RI Signaling 3,55E-04 0,103 BTK,RAC2,PRKCD,PLCG2 (includes EG:234779),PIK3CG,FCER1G,LYN,VAV1,TNF,INPP5D,PRKCZ,LCP2

14-3-3-mediated Signaling 4,90E-04 0,103 PLCB2,PLCE1,TUBB6,TNFRSF1A,PRKCD,PLCG2 (includes EG:234779),PIK3CG,VIM,TUBA1C,GFAP,TNF,PRKCZ

IL-3 Signaling 6,76E-04 0,122 CSF2RB,STAT6,PTPN6,PRKCD,PIK3CG,STAT3,STAT1,INPP5D,PRKCZ

Caveolar-mediated Endocytosis Signaling 9,33E-04 0,106 B2M,ITGB2,ITGAM,HLA-C,CD48,HLA-B,ITGB4,ITGB5,ITGAX

IL-9 Signaling 9,33E-04 0,150 SOCS3,PIK3CG,BCL3,STAT3,STAT1,TNF

Oncostatin M Signaling 9,33E-04 0,171 OSM,OSMR,STAT3,PLAU,CHI3L1,STAT1

Differential Regulation of Cytokine Production in Intestinal Epithelial Cells by IL-17A and IL-17F 9,33E-04 0,217 CCL4,CCL2,IL1B,CCL5,TNF

Coagulation System 1,10E-03 0,158 PROS1,PLAUR,PLAU,SERPINE1,A2M,SERPINF2

Toll-like Receptor Signaling 1,32E-03 0,127 TLR2,TLR1,TLR6,TLR7,CD14,IRAK3,IRAK4

Activation of IRF by Cytosolic Pattern Recognition Receptors 1,32E-03 0,111 DHX58,IRF7,DDX58,ZBP1,IRF9,STAT1,TNF,ISG15

GM-CSF Signaling 1,32E-03 0,118 RUNX1,CSF2RB,PIK3CG,HCK,LYN,STAT3,STAT1,BCL2A1

Dermatan Sulfate Degradation (Metazoa) 1,38E-03 0,174 CD44,HEXB,HEXA,FGFRL1

Role of JAK family kinases in IL-6-type Cytokine Signaling 1,38E-03 0,185 SOCS3,OSM,OSMR,STAT3,STAT1

Endothelin-1 Signaling 2,04E-03 0,075 PLA2G16,PLCB2,CASP4,PRKCZ,PLD4,HMOX1,PLCE1,PRKCD,PLCG2 (includes EG:234779),PIK3CG,CASP1,PTGER2,CASP8,ADCY7

IL-6 Signaling 2,09E-03 0,089 IL33,SOCS3,TNFRSF1A,NGFR,PIK3CG,CD14,IL1B,STAT3,TNFRSF1B,A2M,TNF
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IL-4 Signaling 4,07E-05 0,139 STAT6,IL4R,PTPN6,HLA-DOA,PIK3CG,HLA-DQA1,HLA-DOB,NFATC1,HLA-DMB,HLA-DQB1,INPP5D

IL-8 Signaling 6,31E-05 0,088 RAC2,PLCB2,ICAM1,IRAK3,PRKCZ,PLD4,ITGB2,HMOX1,ITGAM,RHOG,PRKCD,PIK3CG,NCF2,CYBB,IRAK4,ITGB5,FNBP1,ITGAX

FcγRIIB Signaling in B Lymphocytes 6,31E-05 0,136 BLNK,BTK,PLCG2 (includes EG:234779),PIK3CG,LYN,DOK1,FCGR2B,INPP5D

B Cell Receptor Signaling 7,24E-05 0,097 BLNK,RAC2,PTPN6,FCGR2A,NFATC1,FCGR2B,INPP5D,PTPRC,BTK,PLCG2 (includes EG:234779),PIK3CG,LYN,CD22,VAV1,PIK3AP1,BCL2A1

B Cell Development 8,51E-05 0,212 PTPRC,HLA-DOA,HLA-DQA1,CD86,HLA-DOB,HLA-DMB,HLA-DQB1

Nur77 Signaling in T Lymphocytes 9,55E-05 0,143 HLA-DOA,HLA-DQA1,FCER1G,CD86,HLA-DOB,NFATC1,HLA-DMB,HLA-DQB1,CD3D

Macropinocytosis Signaling 1,00E-04 0,132 ITGB2,CSF1 (includes EG:12977),PRKCD,PLCG2 (includes EG:234779),PIK3CG,CD14,ITGB4,CSF1R,ITGB5,PRKCZ

Complement System 1,05E-04 0,200 C3,CFB,C4B (includes others),C1QC,C1QA,C1QB,C3AR1

Phospholipase C Signaling 1,38E-04 0,077 BLNK,PLCB2,FCGR2A,PPP1R14A,NFATC1,FCGR2B,CD3D,PRKCZ,BTK,PLD4,HMOX1,PLCE1,RHOG,PLCG2 (includes EG:234779),PRKCD,FCER1G,LYN,
ADCY7,FNBP1,LCP2

Virus Entry via Endocytic Pathways 2,24E-04 0,111 B2M,ITGB2,RAC2,HLA-C,PRKCD,PLCG2 (includes EG:234779),PIK3CG,HLA-B,ITGB4,ITGB5,PRKCZ

Calcium-induced T Lymphocyte Apoptosis 2,45E-04 0,129 HLA-DOA,PRKCD,HLA-DQA1,FCER1G,HLA-DOB,HLA-DMB,HLA-DQB1,CD3D,PRKCZ

Role of JAK1 and JAK3 in γc Cytokine Signaling 2,45E-04 0,134 BLNK,STAT6,SOCS3,IL4R,FES,CRLF2,PIK3CG,STAT3,STAT1

Differential Regulation of Cytokine Production in Macrophages and T Helper Cells by IL-17A and IL-17F 2,75E-04 0,278 CCL4,CCL2,IL1B,CCL5,TNF

CTLA4 Signaling in Cytotoxic T Lymphocytes 3,02E-04 0,112 PTPN6,HLA-DOA,PIK3CG,HLA-DQA1,FCER1G,CD86,HLA-DOB,HLA-DMB,HLA-DQB1,CD3D,LCP2

VDR/RXR Activation 3,16E-04 0,123 CXCL10,SERPINB1,SPP1 (includes EG:100359743),PRKCD,CEBPA,CD14,KLK6,IGFBP5,CCL5,PRKCZ

Renin-Angiotensin Signaling 3,24E-04 0,096 PTPN6,CCL2,PRKCD,PLCG2 (includes EG:234779),PIK3CG,STAT3,PTGER2,CCL5,STAT1,ADCY7,TNF,PRKCZ

HMGB1 Signaling 3,31E-04 0,111 ICAM1,KAT7,RHOG,CCL2,TNFRSF1A,NGFR,PIK3CG,TNFRSF1B,SERPINE1,TNF,FNBP1

Fc Epsilon RI Signaling 3,55E-04 0,103 BTK,RAC2,PRKCD,PLCG2 (includes EG:234779),PIK3CG,FCER1G,LYN,VAV1,TNF,INPP5D,PRKCZ,LCP2

14-3-3-mediated Signaling 4,90E-04 0,103 PLCB2,PLCE1,TUBB6,TNFRSF1A,PRKCD,PLCG2 (includes EG:234779),PIK3CG,VIM,TUBA1C,GFAP,TNF,PRKCZ

IL-3 Signaling 6,76E-04 0,122 CSF2RB,STAT6,PTPN6,PRKCD,PIK3CG,STAT3,STAT1,INPP5D,PRKCZ

Caveolar-mediated Endocytosis Signaling 9,33E-04 0,106 B2M,ITGB2,ITGAM,HLA-C,CD48,HLA-B,ITGB4,ITGB5,ITGAX

IL-9 Signaling 9,33E-04 0,150 SOCS3,PIK3CG,BCL3,STAT3,STAT1,TNF

Oncostatin M Signaling 9,33E-04 0,171 OSM,OSMR,STAT3,PLAU,CHI3L1,STAT1

Differential Regulation of Cytokine Production in Intestinal Epithelial Cells by IL-17A and IL-17F 9,33E-04 0,217 CCL4,CCL2,IL1B,CCL5,TNF

Coagulation System 1,10E-03 0,158 PROS1,PLAUR,PLAU,SERPINE1,A2M,SERPINF2

Toll-like Receptor Signaling 1,32E-03 0,127 TLR2,TLR1,TLR6,TLR7,CD14,IRAK3,IRAK4

Activation of IRF by Cytosolic Pattern Recognition Receptors 1,32E-03 0,111 DHX58,IRF7,DDX58,ZBP1,IRF9,STAT1,TNF,ISG15

GM-CSF Signaling 1,32E-03 0,118 RUNX1,CSF2RB,PIK3CG,HCK,LYN,STAT3,STAT1,BCL2A1

Dermatan Sulfate Degradation (Metazoa) 1,38E-03 0,174 CD44,HEXB,HEXA,FGFRL1

Role of JAK family kinases in IL-6-type Cytokine Signaling 1,38E-03 0,185 SOCS3,OSM,OSMR,STAT3,STAT1

Endothelin-1 Signaling 2,04E-03 0,075 PLA2G16,PLCB2,CASP4,PRKCZ,PLD4,HMOX1,PLCE1,PRKCD,PLCG2 (includes EG:234779),PIK3CG,CASP1,PTGER2,CASP8,ADCY7

IL-6 Signaling 2,09E-03 0,089 IL33,SOCS3,TNFRSF1A,NGFR,PIK3CG,CD14,IL1B,STAT3,TNFRSF1B,A2M,TNF
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Supplementary Table 3 (continued)

Ingenuity Canonical Pathways P-value Ratio Molecules

IL-12 Signaling and Production in Macrophages 2,19E-03 0,077 TLR2,APOC1,STAT6,TGFB1,APOC4,PRKCD,PIK3CG,APOC2,IRF8,STAT1,TNF,PRKCZ

Chemokine Signaling 2,40E-03 0,110 PLCB2,CCL13,CCL4,CCL2,CXCR4,PLCG2 (includes EG:234779),PIK3CG,CCL5

Integrin Signaling 3,09E-03 0,073 RAC2,ARPC1B,TLN1,ITGB2,WIPF1,ITGAM,RHOG,WAS,PLCG2 (includes EG:234779),PIK3CG,ITGB4,ITGB5,FNBP1,CAPN3,ITGAX

Induction of Apoptosis by HIV1 3,89E-03 0,108 CXCR4,TNFRSF1A,NGFR,TNFRSF1B,CASP8,NAIP,TNF

fMLP Signaling in Neutrophils 3,89E-03 0,078 NCF1,PLCB2,ARPC1B,WAS,PRKCD,PIK3CG,NCF2,CYBB,NFATC1,PRKCZ

Glucocorticoid Receptor Signaling 3,89E-03 0,061 ICAM1,NFATC1,CCL5,STAT3,CD3D,FCGR1A,TGFBR2,CCL13,CCL2,TGFB1,PIK3CG,CEBPA,IL1B,PLAU,SERPINE1,STAT1,TNF,A2M

Sphingosine-1-phosphate Signaling 4,17E-03 0,083 PLCB2,PLCE1,RHOG,PLCG2 (includes EG:234779),PIK3CG,CASP1,CASP4,CASP8,ADCY7,FNBP1

p38 MAPK Signaling 6,92E-03 0,086 IL33,TGFBR2,TGFB1,TNFRSF1A,IL1B,IRAK3,TNFRSF1B,STAT1,TNF,IRAK4

IL-22 Signaling 8,32E-03 0,160 SOCS3,IL10RB,STAT3,STAT1

Role of JAK1, JAK2 and TYK2 in Interferon Signaling 8,32E-03 0,148 PTPN6,STAT3,STAT1,IFNAR2

Primary Immunodeficiency Signaling 8,32E-03 0,097 BLNK,PTPRC,BTK,TAP1,CD3D,TAP2

CCR5 Signaling in Macrophages 9,12E-03 0,075 CCL4,PRKCD,PLCG2 (includes EG:234779),FCER1G,CCL5,CD3D,PRKCZ

Apoptosis Signaling 1,05E-02 0,084 TNFRSF1A,PLCG2 (includes EG:234779),TNFRSF1B,CASP8,BCL2A1,NAIP,TNF,CAPN3

Chondroitin Sulfate Degradation (Metazoa) 1,10E-02 0,130 CD44,HEXB,HEXA

Thrombopoietin Signaling 1,10E-02 0,095 PRKCD,PLCG2 (includes EG:234779),PIK3CG,STAT3,STAT1,PRKCZ

Role of PKR in Interferon Induction and Antiviral Response 1,12E-02 0,109 TNFRSF1A,STAT1,CASP8,FCGR1A,TNF

Neuroprotective Role of THOP1 in Alzheimer's Disease 1,12E-02 0,093 HLA-E,HLA-C,HLA-B,SERPINA3,HLA-F

Phospholipases 1,20E-02 0,091 PLD4,PLA2G16,HMOX1,PLCB2,PLCE1,PLCG2 (includes EG:234779)

Prolactin Signaling 1,23E-02 0,088 SOCS3,PRKCD,PLCG2 (includes EG:234779),PIK3CG,STAT3,STAT1,PRKCZ

Role of RIG1-like Receptors in Antiviral Innate Immunity 1,66E-02 0,102 DHX58,IRF7,DDX58,CASP8,TRIM25

Eicosanoid Signaling 1,78E-02 0,075 PLA2G16,ALOX15B,LTC4S,PTGER2,ALOX5,TBXAS1

Germ Cell-Sertoli Cell Junction Signaling 1,78E-02 0,067 TGFBR2,RAC2,RHOG,TUBB6,TGFB1,TNFRSF1A,PIK3CG,TUBA1C,A2M,TNF,FNBP1

T Cell Receptor Signaling 1,82E-02 0,073 PTPRC,BTK,PIK3CG,NFATC1,VAV1,CD3D,CARD11,LCP2

Ceramide Signaling 1,86E-02 0,080 CTSD,TNFRSF1A,NGFR,PIK3CG,TNFRSF1B,TNF,PRKCZ

Regulation of IL-2 Expression in Activated and Anergic T Lymphocytes 1,86E-02 0,079 TGFBR2,TGFB1,PLCG2 (includes EG:234779),NFATC1,VAV1,CD3D,CARD11

LPS/IL-1 Mediated Inhibition of RXR Function 1,91E-02 0,059 TNFRSF1A,APOC4,APOC2,HS3ST3A1,IL33,APOC1,HS3ST3B1,CYP2A13/CYP2A6,NGFR,IL1B,CD14,TNFRSF1B,ABCC3,TNF

p70S6K Signaling 2,09E-02 0,070 BTK,PLCB2,IL4R,PLCE1,PRKCD,PLCG2 (includes EG:234779),PIK3CG,LYN,PRKCZ

P2Y Purigenic Receptor Signaling Pathway 2,09E-02 0,065 P2RY2,PLCB2,PLCE1,P2RY6,PRKCD,PLCG2 (includes EG:234779),PIK3CG,ADCY7,PRKCZ

Retinoic acid Mediated Apoptosis Signaling 2,19E-02 0,087 ZC3HAV1,PARP4,PARP12,CASP8,PARP9,PARP14

Cholecystokinin/Gastrin-mediated Signaling 2,24E-02 0,076 IL33,PLCB2,RHOG,PRKCD,IL1B,TNF,PRKCZ,FNBP1

Erythropoietin Signaling 2,69E-02 0,077 SOCS3,PTPN6,PRKCD,PLCG2 (includes EG:234779),PIK3CG,PRKCZ

JAK/Stat Signaling 2,69E-02 0,086 STAT6,SOCS3,PTPN6,PIK3CG,STAT3,STAT1
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Ingenuity Canonical Pathways P-value Ratio Molecules

IL-12 Signaling and Production in Macrophages 2,19E-03 0,077 TLR2,APOC1,STAT6,TGFB1,APOC4,PRKCD,PIK3CG,APOC2,IRF8,STAT1,TNF,PRKCZ

Chemokine Signaling 2,40E-03 0,110 PLCB2,CCL13,CCL4,CCL2,CXCR4,PLCG2 (includes EG:234779),PIK3CG,CCL5

Integrin Signaling 3,09E-03 0,073 RAC2,ARPC1B,TLN1,ITGB2,WIPF1,ITGAM,RHOG,WAS,PLCG2 (includes EG:234779),PIK3CG,ITGB4,ITGB5,FNBP1,CAPN3,ITGAX

Induction of Apoptosis by HIV1 3,89E-03 0,108 CXCR4,TNFRSF1A,NGFR,TNFRSF1B,CASP8,NAIP,TNF

fMLP Signaling in Neutrophils 3,89E-03 0,078 NCF1,PLCB2,ARPC1B,WAS,PRKCD,PIK3CG,NCF2,CYBB,NFATC1,PRKCZ

Glucocorticoid Receptor Signaling 3,89E-03 0,061 ICAM1,NFATC1,CCL5,STAT3,CD3D,FCGR1A,TGFBR2,CCL13,CCL2,TGFB1,PIK3CG,CEBPA,IL1B,PLAU,SERPINE1,STAT1,TNF,A2M

Sphingosine-1-phosphate Signaling 4,17E-03 0,083 PLCB2,PLCE1,RHOG,PLCG2 (includes EG:234779),PIK3CG,CASP1,CASP4,CASP8,ADCY7,FNBP1

p38 MAPK Signaling 6,92E-03 0,086 IL33,TGFBR2,TGFB1,TNFRSF1A,IL1B,IRAK3,TNFRSF1B,STAT1,TNF,IRAK4

IL-22 Signaling 8,32E-03 0,160 SOCS3,IL10RB,STAT3,STAT1

Role of JAK1, JAK2 and TYK2 in Interferon Signaling 8,32E-03 0,148 PTPN6,STAT3,STAT1,IFNAR2

Primary Immunodeficiency Signaling 8,32E-03 0,097 BLNK,PTPRC,BTK,TAP1,CD3D,TAP2

CCR5 Signaling in Macrophages 9,12E-03 0,075 CCL4,PRKCD,PLCG2 (includes EG:234779),FCER1G,CCL5,CD3D,PRKCZ

Apoptosis Signaling 1,05E-02 0,084 TNFRSF1A,PLCG2 (includes EG:234779),TNFRSF1B,CASP8,BCL2A1,NAIP,TNF,CAPN3

Chondroitin Sulfate Degradation (Metazoa) 1,10E-02 0,130 CD44,HEXB,HEXA

Thrombopoietin Signaling 1,10E-02 0,095 PRKCD,PLCG2 (includes EG:234779),PIK3CG,STAT3,STAT1,PRKCZ

Role of PKR in Interferon Induction and Antiviral Response 1,12E-02 0,109 TNFRSF1A,STAT1,CASP8,FCGR1A,TNF

Neuroprotective Role of THOP1 in Alzheimer's Disease 1,12E-02 0,093 HLA-E,HLA-C,HLA-B,SERPINA3,HLA-F

Phospholipases 1,20E-02 0,091 PLD4,PLA2G16,HMOX1,PLCB2,PLCE1,PLCG2 (includes EG:234779)

Prolactin Signaling 1,23E-02 0,088 SOCS3,PRKCD,PLCG2 (includes EG:234779),PIK3CG,STAT3,STAT1,PRKCZ

Role of RIG1-like Receptors in Antiviral Innate Immunity 1,66E-02 0,102 DHX58,IRF7,DDX58,CASP8,TRIM25

Eicosanoid Signaling 1,78E-02 0,075 PLA2G16,ALOX15B,LTC4S,PTGER2,ALOX5,TBXAS1

Germ Cell-Sertoli Cell Junction Signaling 1,78E-02 0,067 TGFBR2,RAC2,RHOG,TUBB6,TGFB1,TNFRSF1A,PIK3CG,TUBA1C,A2M,TNF,FNBP1

T Cell Receptor Signaling 1,82E-02 0,073 PTPRC,BTK,PIK3CG,NFATC1,VAV1,CD3D,CARD11,LCP2

Ceramide Signaling 1,86E-02 0,080 CTSD,TNFRSF1A,NGFR,PIK3CG,TNFRSF1B,TNF,PRKCZ

Regulation of IL-2 Expression in Activated and Anergic T Lymphocytes 1,86E-02 0,079 TGFBR2,TGFB1,PLCG2 (includes EG:234779),NFATC1,VAV1,CD3D,CARD11

LPS/IL-1 Mediated Inhibition of RXR Function 1,91E-02 0,059 TNFRSF1A,APOC4,APOC2,HS3ST3A1,IL33,APOC1,HS3ST3B1,CYP2A13/CYP2A6,NGFR,IL1B,CD14,TNFRSF1B,ABCC3,TNF

p70S6K Signaling 2,09E-02 0,070 BTK,PLCB2,IL4R,PLCE1,PRKCD,PLCG2 (includes EG:234779),PIK3CG,LYN,PRKCZ

P2Y Purigenic Receptor Signaling Pathway 2,09E-02 0,065 P2RY2,PLCB2,PLCE1,P2RY6,PRKCD,PLCG2 (includes EG:234779),PIK3CG,ADCY7,PRKCZ

Retinoic acid Mediated Apoptosis Signaling 2,19E-02 0,087 ZC3HAV1,PARP4,PARP12,CASP8,PARP9,PARP14

Cholecystokinin/Gastrin-mediated Signaling 2,24E-02 0,076 IL33,PLCB2,RHOG,PRKCD,IL1B,TNF,PRKCZ,FNBP1

Erythropoietin Signaling 2,69E-02 0,077 SOCS3,PTPN6,PRKCD,PLCG2 (includes EG:234779),PIK3CG,PRKCZ

JAK/Stat Signaling 2,69E-02 0,086 STAT6,SOCS3,PTPN6,PIK3CG,STAT3,STAT1
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Ingenuity Canonical Pathways P-value Ratio Molecules

Role of JAK2 in Hormone-like Cytokine Signaling 2,82E-02 0,111 SOCS3,PTPN6,STAT3,STAT1

Gap Junction Signaling 4,07E-02 0,057 PLCB2,PLCE1,TUBB6,PRKCD,PLCG2 (includes EG:234779),PIK3CG,TUBA1C,ADCY7,NPR2,PRKCZ

Actin Nucleation by ARP-WASP Complex 4,27E-02 0,076 WIPF1,RHOG,ARPC1B,WAS,FNBP1

D-myo-inositol-5-phosphate Metabolism 4,37E-02 0,077 PLCB2,PTPN6,PLCE1,PLCG2 (includes EG:234779)

Tumoricidal Function of Hepatic Natural Killer Cells 4,79E-02 0,125 ICAM1,SRGN,CASP8

Myc Mediated Apoptosis Signaling 4,79E-02 0,083 CDKN2A,IGF1,PIK3CG,CASP8,PRKCZ

Death Receptor Signaling 4,79E-02 0,078 TNFRSF1A,TNFRSF1B,CASP8,NAIP,TNF

Supplementary Table 3 (continued)

Supplementary Figure 1  -   Hybridization scheme
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Ingenuity Canonical Pathways P-value Ratio Molecules

Role of JAK2 in Hormone-like Cytokine Signaling 2,82E-02 0,111 SOCS3,PTPN6,STAT3,STAT1

Gap Junction Signaling 4,07E-02 0,057 PLCB2,PLCE1,TUBB6,PRKCD,PLCG2 (includes EG:234779),PIK3CG,TUBA1C,ADCY7,NPR2,PRKCZ

Actin Nucleation by ARP-WASP Complex 4,27E-02 0,076 WIPF1,RHOG,ARPC1B,WAS,FNBP1

D-myo-inositol-5-phosphate Metabolism 4,37E-02 0,077 PLCB2,PTPN6,PLCE1,PLCG2 (includes EG:234779)

Tumoricidal Function of Hepatic Natural Killer Cells 4,79E-02 0,125 ICAM1,SRGN,CASP8

Myc Mediated Apoptosis Signaling 4,79E-02 0,083 CDKN2A,IGF1,PIK3CG,CASP8,PRKCZ

Death Receptor Signaling 4,79E-02 0,078 TNFRSF1A,TNFRSF1B,CASP8,NAIP,TNF
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ABSTRACT

Tripeptidyl peptidase II (TPP2) is a serine peptidase involved in various biological processes including 

antigen processing, cell growth, DNA repair and neuropeptide mediated signalling. The underlying 

mechanisms of how a peptidase can influence this multitude of processes still remain unknown. 

We identified rapid proteomic changes in neuroblastoma cells following selective TPP2 inhibition 

using the known reversible inhibitor, butabindide, as well as a new, more potent and irreversible 

peptide phosphonate inhibitor. Our data show that TPP2 inhibition indirectly but rapidly decreases 

the levels of active, di phosphorylated ERK1 and ERK2 in the nucleus, thereby down-regulating signal 

transduction downstream of growth factors and mitogenic stimuli. We conclude that TPP2 mediates 

many important cellular functions by controlling ERK1 and ERK2 phosphorylation. For instance,  

we show that TPP2 inhibition of neurons in the hippocampus leads to an excessive strengthening 

of synapses, indicating that TPP2 activity is crucial for normal brain function.

 

INTRODuCTION

Tripeptidyl peptidase II (TPP2) is a ubiquitously expressed, mainly cytoplasmic, 138kDa protein 

that forms homo-polymer complexes of ≥ 6MDa (Schonegge et al., 2012). The N-terminal  

subtilisin-type serine peptidase domain becomes activated upon complex formation  

(Seyit et al., 2006). The C-terminus is important for complex formation but also contains two signature 

motifs, one of which is a suspected Breast Cancer Gene 1 carboxy-terminal (BRCT) domain (Schonegge 

et al., 2012; Eriksson et al., 2009) TPP2 complex assembly in vitro is enhanced by competitive peptide 

inhibitors (Tomkinson, 2000). As the name suggests, TPP2 has exopeptidase activity and cleaves 

aminoterminal tripeptides from substrates (Peters et al., 2011). However, only a small number of 

peptide substrates have been identified (Wilson et al., 1993; Balow et al., 1983; Balow et al., 1986). 

Additionally, TPP2 possesses a weak endopeptidase activity although only a few substrates, up to 75 

amino acids length, have been identified by in vitro digests using purified TPP2 (Peters et al., 2011; 

Eklund et al., 2012; Seifert et al., 2003; Geier et al., 1999).

In contrast to the low number of polypeptides that have been established as bona fide TPP2 

substrates, a myriad of important physiological processes and pathologies have been recognized 

to be mediated by this protein complex. TPP2 is involved in antigen processing (Firat et al., 2007; 

Guil et al., 2006; Endert, 2008; Basler and Groettrup, 2007; York et al., 2006; Marcilla et al., 2008), 

cell growth, DNA damage repair and carcinogenesis (Hong et al., 2007; Stavropoulou et al., 2006;  
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Stavropoulou et al., 2005; Duensing et al., 2010), fat metabolism, feeding behaviour and obesity 

(McKay et al., 2007; Rose et al., 1996). While the majority of those processes has been linked to TPP2 

by describing individual phenotype and expressional changes of TPP2 as well as connected individual 

proteins (Preta et al., 2010; Gavioli et al., 2001; Sompallae et al., 2008), only antigen processing and 

feeding behaviour, have been directly related to TPP2 peptidase activity by identifying involved 

peptide substrates (Wilson et al., 1993; Eklund et al., 2012; Seifert et al., 2003; Rose et al., 1996).  

In antigen processing, TPP2 has been shown to generate a few specific epitopes via its endopeptidase 

activity for instance for specific HLA allele mediated peptide presentation (Seifert et al., 2003;  

Geier et al., 1999; York et al., 2006; Kawahara et al., 2009). A role of TPP2 in obesity has been suggested 

to rely on exopeptidase cleavage of the satiety signalling neuropeptide cholecystokinin-8, which 

subsequently regulates feeding behaviour (York et al., 2006; McKay et al., 2007; Preta et al., 2010). 

The uniform expression of TPP2 in the brain (Tomkinson and Nyberg, 1995; Radu et al., 2006), 

including regions that are not involved in the regulation of feeding behaviour, suggests a hitherto 

general function in neuronal cells. One systematic study of transcriptomic changes following ten 

days of TPP2 knock down in immortalized Burkitt Lymphoma cells, showed an influence of TPP2 

on the transcription of genes encoding proteins involved in signal transduction like ERK2 and JNK  

(Sompallae et al., 2008). Until now, no systematic evaluation of proteins affected by TPP2 activity 

and/or expression has been reported. 

As the basis for this study we determined TPP2 mediated rapid proteomic changes in human 

neuroblastoma cells, as a model system for neurons that are induced by the TPP2 inhibitors 

butabindide and B6, a novel in-house developed, highly potent, irreversible inhibitor. As indicated 

by the resulting data, we observed that TPP2 inhibition in mouse hippocampal neurons led to a 

strengthening of synapses, pointing towards an involvement of TPP2 into learning and memory. 

Additionally the proteomic data revealed that TPP2 inhibition changes the expression of proteins 

that are linked to the ERK2 function, a connection we found to rely on a rapid reduction of active, 

di-phosphorylated ERK1 and ERK2 protein levels in the nucleus of neuroblastoma cells. Our data 

support the view that TPP2 regulates a major signal transduction pathway, thereby influencing 

many cellular processes like proliferation, cell division, carcinogenesis and DNA-damage response  

(Dumesic et al., 2009; Hancock et al., 2005; Abbott and Holt, 1999; Wei et al., 2010) and synaptic 

strengthening (Sweatt, 2001; Giovannini, 2006) indicating an important role for TPP2 in neuronal 

fate and function. 
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RESuLTS

B6-a new, potent, irreversible TPP2 inhibitor

Butabindide is currently the only commercially available inhibitor that is specific for TPP2, but its 

application is influenced by its reversibility as well as its instability under mimicked physiological 

conditions (Breslin et al., 2002; Rose et al., 1996). We designed and synthesized an irreversible variant 

of butabindide (Fig. 1) using diphenylphosphonate as a reactive group targeting the serine residue 

(Serim et al., 2012) of the catalytic site of TPP2 (see Supplementary Fig. 1). The resulting new inhibitor 

B6 (IC50 = 0.46 ±0.01 nM) was found to be almost 60-times more potent than butabindide in inhibiting 

TPP2 (IC50 = 27 ±7 nM) as determined by a comparative TPP2 substrate degradation assay with 

purified human TPP2 (hsTPP2). The irreversibility of B6 was experimentally confirmed; in particular 

pre-incubation of hsTPP2 with B6 prior to dilution significantly decreased substrate degradation  

(see Supplementary Fig. 2A) in contrast to the reversible inhibitor butabindide where no significant 

effect of pre-incubation was observed. As the described rapid cyclization of butabindide under 

mimicked physiological conditions interferes with TPP2 inhibition (Breslin et al., 2002), the stability 

of B6 was comparatively investigated using the same experimental approach. No respective 

cyclization product of B6 was detected, likely due to steric hindrance of the bulky phenyl groups.  

Instead, hydrolysis of the B6 ‘warhead’ was observed (see Supplementary Fig. 2B-D), which is expected 

to interfere with passive transport through the plasma membrane due to its negatively charged group 

at physiological pH. However, this instability has low impact on cellular short time-frame applications 

of B6 as shown by the data presented below and is probably explained by two observations: 

 First, the hydrophobicity of B6, suggesting higher membrane permeability and thereby rapid access to 

its target. Second, the half-life of TPP2 was found to be 49 ±5 hours (in SH-SY5Y cells as determined by 

SILAC), which combined with the fact that B6 is an irreversible binder implies a long term inhibitory effect. 

Figure 1  -  B6 structure as a new improved irreversible butabindide 

derivate. Structure of butabindide in grey and ‘warhead’ and additional 

methylgroup in black.
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B6 is a specific, non-toxic TPP2 inhibitor

Prior to applying the new TPP2 inhibitor to screen for proteomic changes in SH-SY5Y neuroblastoma 

cells, the concentration of B6 was optimized and several possible side and adaptive effects were 

investigated. Incubating cells for four hours with different concentrations of B6 followed by a TPP2 

activity assay revealed that 1 μM B6 is sufficient to inhibit TPP2 activity (Fig. 2A). Moreover, under 

this optimized condition we did not observe an effect of B6 on cell death neither when performing 

a trypan blue assay (Fig. 2B) nor during time-lapse microscopy recordings (data not shown). To 

investigate non-specific and cell adaptive effects of B6, lysates of TPP2-inhibited and control non-

inhibited cells were incubated with activity based probes for serine hydrolases and the proteasome, 

as well as a fluorogenic substrate for leucyl-aminopeptidases to determine the respective peptidase 

activities. Besides TPP2, no significant inhibition of the tested peptidases was detected (Fig. 2C-F). 

Additionally, we did not observe significant changes in proteasome levels or proteasome complex 

formation (Fig. 2D-E). Interestingly, native gel electrophoresis indicated that there were major changes 

in TPP2 complex assembly and/or complex stability in presence of B6 and minor changes in presence 

of butabindide (Fig. 2E). This observation is consistent with described induction of TPP2 complex 

assembly of TPP2 monomers in vitro in presence of butabindide (Tomkinson, 2000). Examining TPP2 

intracellular localization immunocytochemically (Fig. 6F) revealed the formation of cytoplasmic 

TPP2 accumulations in presence of B6 and to a minor degree by butabindide. These accumulations 

of TPP2 are consistent with an inhibitor induced TPP2 complex assembly or complex stabilization. 

Proteomic changes by TPP2 inhibition and knock down

In order to identify the TPP2 client pool we applied stable isotope labelling with amino acids in 

cell culture (SILAC) to three independent proteomic screens, the first comparing the effect of B6  

(4 h, 1 µM) to the inhibitor solvent DMSO, the second comparing butabindide (4 h, 1 µM) to DMSO, 

and the third representing genetic loss of TPP2 by comparing stable lines expressing TPP2 shRNA 

(approximately 65% silencing, see Supplementary Fig. 3) with mock shRNA. As a filtering criterion we 

only considered proteins that were reproducibly more than 1.2-fold (Alm et al., 2006; Serang et al., 2013;  

Keenan et al., 2009) increased or decreased as being influenced by TPP2, if they were changed 

in the same direction in at least two out of the three screens. Gene names corresponding to 

the proteins significantly changed and proteins likely changed by TPP2 are shown in Fig. 3 

(Fig.3; quantification results see Supplementary Table 1-2, identification details see unprintable  

Supplementary Table 3-4 and Supplementary Spectra). In total, 14 proteins were detected as 
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increased by both inhibitors and TPP2 knock down when compared to the respective controls 

(Fig. 3). Since these proteins were influenced consistently in all three screens, they are rapidly 

affected and represent the most reliable specific targets of the TPP2 protein. To determine how 

TPP2 influences the individual expression levels of these proteins, we selected eight of these 
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proteins (PIK3C2A, MAP2, COL6A1, GATA4, CBX2, TPRKB, ALDH6A1, UBL5) for transcriptional 

analysis by qPCR (Fig. 4A). None of these proteins showed significant changes in mRNA level 

after TPP2 inhibition, while four of them (COL6A1, MAP2, PIK3C2A and GATA4) showed an 

increase upon TPP2 stable knock down. The impact of TPP2 inhibition on GATA4 stability was 

investigated as an example, since its half-life time is around the four hours inhibition time period 

 (t1/2(GATA4) ±SD = 4.4 ±0.8 hours, as determined by SILAC). In the presence of the protein synthesis 

inhibitor cycloheximide no stabilization of GATA4 was observed (Fig. 4B-C), suggesting that 

TPP2 inhibition increases GATA4 expression by altering its translation and not its degradation or 

transcription. 

TPP2 controls neurite outgrowth and synaptic plasticity

To further study the cellular response to TPP2 inhibition we analysed overrepresented biological 

processes in the overlapping changed proteins as determined by SILAC (Fig. 3). Cell cycle, cytoskeleton 

organization, differentiation and development, learning and memory and neurite outgrowth 

were highly influenced by TPP2 inhibition, as well as to a lower degree DNA damage response, 

signal transduction, and phosphorylation (Table 1) (Sompallae et al., 2008; Tsurumi et al., 2009;  

Usukura et al., 2013). Importantly, the involvement of TPP2 in neurite outgrowth and in learning 

and memory has not been described before. In order to specify these effects, we first determined 

the length of neurites in SH-SY5Y cells using a Cellomics Arrayscan. A significant increase  

(Richardson et al., 2012) in the length of neurites was observed following four hours of TPP2 

Figure 2  -  B6 specificity and effects in cellular application. (A) Optimum concentration to inhibit TPP2 is 1 μM B6. SH-SY5Y 

cells were incubated for 4 hours with different concentrations of B6, butabindide or respective amounts of the inhibitor solvent 

DMSO. TPP2 activity in cell lysates was determined by an AAF-AMC degradation assay (in presence of bestatin). Graph: mean 

TPP2 activity normalized to non-treated cells (n = 3, ±SD). (B) – (F) Effects of 4 hours 1 μM TPP2 inhibition and knock down 

in SH-Sy5y cells. (B) No effect of B6 on cell death. Mean amount of trypan blue positive cells normalized to DMSO control 

(n = 3, ±SD) (C) No significant effect of B6 leucyl-aminopeptidases. Relative change of L-AMC degradation normalized to DMSO 

control (n = 3, ±SD, n.s. = non significant P > 0.05). (D) and (E) No significant change in proteasome level, activity or complex 

formation. Bar graph represents mean normalized proteasome activity (sum band 1-3: BODIPY/ α2 signal) and proteasome level 

(α2/β-actin) (n = 3, ±SD) as quantified from native-and SDS-PAGE. (E) Representative native PAGE (4-12% gradient gels) shows 

proteasome activity (BODIPY signal, negative control epoxomicin treatment previous to activity probe application) respective 

Western blot (WB) shows α2 (20S proteasome) and RPT1 (19S proteasome activator). (1) indicates 30S-, (2) PA28-20S-19S-and 

20-19S-, (3) PA28-20S-and 20S-proteasome complexes. Western blot of SDS-PAGE shows relation of α2, TPP2 and β-actin level.  

(E) B6 influences TPP2 complex assembly/stability. Representative Western blot of native PAGE stained with TPP2 antibody.  

(F) No significant change of serine hydrolases activity by B6. SDS-PAGE of cell lysates incubated with TAMRA-FP serine 

hydrolase activity based probe (negative control pre-treated with PMSF). Representative 7.5 and 12.5% SDS-PAGE: serine 

hydrolase activity (TAMRA signal), β-actin and TPP2 level (WB) and respective plotted profiles of TAMRA signal normalized to 

β-actin. Graphs: pool of DMSO and non-treated cells (black ±SD in grey); butabindide (blue) and B6 (red) treated cells; mock 

shRNA (green) and TPP2 shRNA (purple) stable transduced cells (n = 2, mean ±SD). 
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Table 1  -  GO biological pathways (P < 0.05) of overlapping increased and decreased proteins between different SILAC 

screens. Gene symbols represent proteins, Bold: changed in all 3 screens; italic: changed in inhibitors while not detected, not 

or differently changed in TPP2/mock shRNA; regular: changed in TPP2/mock shRNA and 1 of the TPP2 inhibitors/DMSO while 

not detected, not or differently changed in presence of the other inhibitor; only detected in one screen: TPP2/mock shRNA*1;  

in B6/DMSO*2; in butabindide/DMSO*3; in brackets (): proteins likely influenced by TPP2 from SILAC screen.

GO biological process(es) P-value Protein increased Protein decreased

Synapse/ neuron specific processes (13) 6 (2) 4 (1)

synaptic transmission, dopaminergic 2.0E-04 CRH, (CDK5) TH*1

learning 4.0E-03  TH*1, (PRKAR2B), PPP3CB

learning or memory 3.6E-03 CRH S100B, TMOD2*2

neuron differentiation 6.1E-03 SOX11, STMN2 (CDK5, GPC2)  

memory 6.3E-03  TH*1, S100B, PPP3CB

axon extension 3.8E-03 (CDK5) PPP3CB

response to electrical stimulus/ corticosterone stimulus 2.0E-02 PEBP1*2 TH*1

regulation of synaptic plasticity 2.0E-02 (CDK5) PPP3CB

dendrite morphogenesis 2.0E-02 MAP2, (CDK5)  

positive regulation of cortisol secretion 2.2E-02 CRH  

acetylcholine transport 2.2E-02 ARL2  

response to activity 4.0E-02 PEBP1*2 TH*1

DNA damage response (8) 3 (4) 1

DNA damage response, detection of DNA damage 1.0E-03 PNKP, MRPS9  

DNA repair 2.1E-02 PNKP, CSNK1D*3, (TDP1, 
RAD18, RAD17*1, HERC2) CEP164

Cell cycle (24) 10 (5) 2 (7)

DNA replication 2.5E-03 DUT, CHTF8*3, (RAD17*1) (ORC2, ORC4, DSCC1)

regulation of exit from mitosis 2.9E-03  ANLN, (ZW10)

mitotic cell cycle 6.6E-03 CEP78, KIF20A, CSNK1D*3 
(CDK4, CDKN1B)

CEP164, (ZW10, ORC2, 
PRKAR2B)

cell division 7.6E-03 TPX2, PPP2R2D*3, (USP16, 
CDK4, CDK5) CEP164, (ZW10, PKN2)

cell cycle 8.2E-03 ARL2, CHTF8*3, (USP16, CDK4, 
CDK5, RAD17*1) (PKN2)

signal transduction involved in G1/S transition 
checkpoint 1.1E-02 SOX11  

regulation of mitotic spindle organization 2.2E-02 TPX2  

spindle assembly 2.6E-02 HDAC3, CSNK1D*3  

mitosis 3.3E-02 TPX2, PPP2R2D*3, (USP16) CEP164, ANLN

G2/M transition of mitotic cell cycle 3.5E-02 CEP78, CSNK1D*3 CEP164, (PRKAR2B)

Apoptosis (2) 2

regulation of cell death 4.4E-02 NOA1  

induction of apoptosis by hormones 4.4E-02 CRH  

Cytoskeleton organization (8) 5 (2) 1

positive regulation of microtubule polymerization 4.7E-03 ARL2, (CDKN1B)  
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GO biological process(es) P-value Protein increased Protein decreased

negative regulation of microtubule depolymerization 9.6E-03 MAP2, STMN2  

microtubule bundle formation 8.2E-03 MAP2, KIF20A  

cortical actin cytoskeleton organization 1.3E-02 ARF6, (CDK5)  

septin ring assembly 1.1E-02  ANLN

regulation of microtubule polymerization 2.2E-02 ARL2  

positive regulation of microtubule depolymerization 3.3E-02 STMN2  

tubulin complex assembly 4.4E-02 ARL2  

regulation of filopodium assembly 4.4E-02 ARF6  

Immune response (2) (1) 1

positive regulation of innate immune response 9.6E-03 (POLR3D) POLR3F

positive regulation of interferon-beta production 1.8E-02 (POLR3D) POLR3F

Obesity (2) 1 1

eating behavior 2.2E-02 PEBP1*2 TH*1

Phosphorylation (9) 2 (5) 1 (1)

dephosphorylation 4.7E-03 PNKP PPP3CB

protein phosphorylation 3.9E-02 CSNK1D*3 (MAP4K5, ADAM10, 
CDK4, CDK5, PDK1) PPP3CB, (PKN2)

Signal transduction (19) 12 (5) 1 (1)

calcium ion-dependent exocytosis 5.8E-03 (STX1A) PPP3CB

negative regulation of MAPK cascade 7.0E-03 DAG1, PEBP1*2

membrane protein ectodomain proteolysis 8.2E-03 DAG1, (ADAM10)

GTP catabolic process 1.1E-02 ARF6, NOA1, ARL2, RAB8B*1, 
(SAR1B)

epidermal growth factor receptor signalling pathway 1.1E-02 PIk3C2A, SPRY2, (ADAM10, 
CDKN1B) (PRKAR2B)

positive regulation of BMP signalling pathway 2.4E-02 GATA4, SOX11  

Notch signalling pathway 2.7E-02 MAML3, HDAC3, (ADAM10, 
CREBBP)

negative regulation of Ras GTPase activity 3.3E-02 SPRY2  

regulation of insulin secretion 4.3E-02 (STX1A) PPP3CB, (PRKAR2B)

regulation of Rac protein signal transduction 4.4E-02 ARF6  

negative regulation of GTPase activity 4.4E-02 ARL2  

positive regulation of insulin secretion involved in cellular 
response to glucose stimulus 4.4E-02  PPP3CB

Protein transport (9) 4 (2) 1 (2)

vesicle-mediated transport 2.6E-02 ARF6, KIF20A (VTI1B, AP1G2)  

protein transport 3.3E-02 ARF6, ACAP1, KIF20A, RAB8B SCAMP3, (ZW10, GOSR1)

Transcription and mRNA/DNA processing (10) 5 (3) 2

nuclear-transcribed mRNA catabolic process, 
deadenylation-dependent decay 2.5E-03 EXOSC6, (EXOSC8, CNOT10) LSM5

exonucleolytic nuclear-transcribed mRNA catabolic 
process involved in deadenylation-dependent decay 3.3E-03 EXOSC6, (EXOSC8) LSM5

Table 1 (continued)
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GO biological process(es) P-value Protein increased Protein decreased

nucleotide phosphorylation 1.1E-02 PNKP  

termination of RNA polymerase III transcription; 
transcription elongation from RNA polymerase III 
promoter

1.8E-02 (POLR3D) POLR3F

reproductive process 2.2E-02 ANTXR2  

nucleoside diphosphate phosphorylation 4.4E-02 NME4  

regulation of gene expression, epigenetic 4.4E-02 GLMN  

DNA deamination 4.4E-02 EXOSC6  

Development and differentiation (9) 7 (1) (1)

lung morphogenesis 3.8E-03 SPRY2, SOX11  

central nervous system neuron development 1.1E-02 MAP2, (CDK5)  

embryonic digestive tract morphogenesis 1.1E-02 GATA4, SOX11  

positive regulation of hippo signalling cascade and of 
lens epithelial cell proliferation; closure of optic fissure 1.1E-02 SOX11  

development of primary sexual characteristics 1.1E-02 CBx2  

epithelial cell fate commitment; lung lobe formation 1.1E-02 GATA4  

striated muscle cell development 1.1E-02 SDC1  

myoblast development 2.2E-02 SDC1  

lung growth 2.2E-02 SPRY2  

regulation of dendritic spine development 2.2E-02 ARF6  

neuroepithelial cell differentiation; glial cell development; 
glial cell proliferation 2.2E-02 SOX11  

embryonic heart tube anterior/posterior pattern 
specification; ventricular cardiac muscle tissue 
development; seminiferous tubule development

3.3E-02 GATA4  

negative regulation of glial cell proliferation; cardiac 
ventricle formation 3.3E-02 SOX11  

noradrenergic neuron differentiation; positive regulation 
of stem cell and negative regulation of lymphocyte 
proliferation; hard and soft palate development

4.4E-02 SOX11  

odontogenesis 4.5E-02 SDC1 (MYO5A)

Others (11) 7 (1) 2 (1)

dUMP biosynthetic process; dUTP metabolic process 1.1E-02 DUT  

peptide biosynthetic process 4.4E-02 MRPS9  

fatty acid metabolic process 3.5E-02  TH*1, (PRKAR2B)

vascular smooth muscle contraction 2.2E-02 PIk3C2A  

social behaviour 4.3E-02  TH*1, PPP3CB

locomotory exploration behaviour 4.4E-02 CRH  

sensory perception of sound 4.3E-02 SPRY2, (CDKN1B) TH*1

circadian regulation of gene expression 7.0E-03 HDAC3, CSNK1D*3  

regulation of circadian sleep/wake cycle (negative 
regulation of REM sleep and positive of wakefulness) 2.2E-02 CRH  

cellular response to drug 3.3E-02  TH*1, PPP3CB

Table 1 (continued)



197

TripepTidyl pepTidase ii regulaTes nuclear perK1/2 levels

8

inhibition (Fig. 5A-B). Second, we examined the influence of TPP2 on neuronal communication.  

Neurons communicate with each other through synapses, and synaptic plasticity underlies learning 

and memory formation (Benfenati, 2007; Balietti et al., 2012). The effect of TPP2 inhibition on synaptic 

strength was investigated by recording miniature excitatory postsynaptic currents (mEPSC) from 

CA1 neurons in mouse organotypic hippocampal slices that were incubated with either B6 or 

DMSO as a control. No change in mEPSC frequency was observed, indicating that TPP2 does not 

affect presynaptic vesicle release or the number of functional synapses. A significant increase in 

mEPSC amplitude was observed after inhibition of TPP2 with B6, indicating that synapses were 

strengthened through an increase of AMPA-type glutamate receptors (Kessels and Malinow, 2009) 

at the postsynaptic membrane (Fig. 5C-D). 

TPP2 inhibition reduces nuclear pERk1 and pERk2, the linker to most SILAC targets

A functional interaction analysis (Shannon et al., 2003; Saito et al., 2012) identified mitogen activated 

protein kinase (MAPK1) alias extracellular signal-regulated kinase 2 (ERK2) to be the protein 

functionally linked to most of the proteins that were expressionally affected already after four hours 

by both TPP2 inhibitors (Supplementary Fig. 4). With the evidence of a rapid influence on ERK2 signal 

transduction pathway we investigated further on these early changes. Both TPP2 inhibitors had no 

effect on the protein level of ERK2 or its interaction partner ERK1 as determined by SILAC (Fig. 6A).  

The activity of ERK1 and ERK2 is regulated by phosphorylation, which is induced by signal transduction 

downstream of growth factor receptors, like the neuronal or epidermal growth factor receptors. 

The dual phosphorylation of ERK2, at T185 and Y187, and ERK1, at T202 and Y204, results in their 

interaction and translocation into the nucleus where they activate transcription of several genes 

(Roskoski, 2012; Srinivasan et al., 2009; Shukla et al., 2012; Ahn et al., 1992). Based on the observation 

that TPP2 inhibition influences expression of phosphatases and kinases (Supplementary Table 1 and 

2), the effect of TPP2 inhibition on active, di-phosphorylated ERK1 and ERK2 (pERK1 and pERK2) levels 

in the nucleus and cytoplasm of SH-SY5Y cells was investigated. Next to no significant changes in 

the cytoplasm, a significant decrease in active pERK2 and pERK1 in the nucleus was observed after 

four hours of TPP2 inhibition (Fig. 6B-C). Together our data reveal a substantial and rapid influence 

of TPP2 on ERK2 mediated signal transduction. TPP2 inhibition in GFP-ERK2 overexpressing SH-SY5Y 

cells induced neither an obvious cellular translocation when compared to non-inhibited cells nor 

a recruitment of GFP-ERK2 to the induced local immunostained accumulations of TPP2 (Fig. 6F).  

A direct interaction of both proteins cannot be excluded yet. However, TPP2 itself has no described kinase 

or phosphatase activity (Eriksson et al., 2009), indicating the involvement of a phosphatase or kinase.  
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Figure 3  -  By TPP2 inhibition and/or knock down affected proteins. SILAC results representing targets showing the same 

change in minimum two out of three conditions: (1) B6, (2) butabindide or (3) TPP2 knock down. (A) >1.2-fold increased,  

(B) >1.2-fold decreased. Bold: proteins changed by both TPP2 inhibitors and TPP2 knock down, standard: proteins changed by 

two out of three conditions, and additional outside the pyramid proteins that have been detected only in one screen not in the 

others, grey: proteins likely influenced by TPP2. (Quantification results and protein names cf. Suppl. Tables 1-2, detailed quant. 

and peptide information cf. unprintable Suppl. Tables 3-4 and Suppl. Spectra).

Figure 4  -  (A) No effect of 4 hours TPP2 inhibition on transcription of increased proteins. Mean relative change in mRNA 

level (qPCR, n = 3, ±SD) of B6/DMSO; butabindide/DMSO; TPP2/mock shRNA stable cell lines. (B)-(C) GATA4 expression increase 

is not due to reduced degradation. (B) Mean relative changes (n = 3, ±SD) of protein level in absence (SILAC and WB) and in 

presence (WB) of the protein synthesis inhibitor cycloheximide (CHX). (C) Exemplar WB of inhibitor treated cells in absence and 

presence of CHX. (* indicates 0.05 ≥ P ≥ 0.01).

Figure 5  -  (A) – (B) Inhibition of TPP2 

induces neurite outgrowth. (A) Graph 

shows mean total neurite length/ cell 

± SD (n = 6) of SH-SY5Y cells treated for  

4 hours with 1 μM butabindide, 1 μM B6 

or DMSO as determined by Cellomics 

Arrayscan of α-tubulin immunostained 

cells. (B) Representative pictures of fixed 

cells stained for α-tubulin with respective 

masks of the Cellomics data analysis.  

(C) – (D) TPP2 inhibition by B6 induces 

an increase in mESPC amplitude in CA1 

neurons in mice organotypic hippocampal 

slices. Brain slices were incubated for  

6 hours with 1/100 DMSO or 100 μM B6 

(optimized B6 concentration showing 

complete inhibition). mEPSCs were 

recorded in presence of tetrodotoxin and 

picrotoxin. (C) Mean frequency (left graph) 

and amplitude (right graph) ± SEM (DMSO: 

n = 28; B6 n = 26). (D) Representative mEPSC 

recording. (non-significant (n.s): P > 0.05; 

significant: * 0.05 ≥ P ≥ 0.01, *** P ≤ 0.001,  

***** P ≤ 0.00001).
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Figure 6  -  (A) TPP2 inhibition does not affect ERk1 and ERk2 cellular protein level. Median relative ERK2 and ERK1 

protein level normalized to DMSO treated cells as determined by SILAC (n = 3, ±variance). (B) – (C) TPP2 inhibition decreases 

nuclear, active phosphorylated ERk1 and ERk2. (B) Mean nuclear di-phosphorylated ERK2 (T185 and Y187, pERK2) and ERK1  

(T202 and Y204, pERK1) protein level normalized to histone H3 loading control relative to DMSO control treated cells as 

determined by quantification of Western blot signals (n = 4, ±SD). (C) Representative Western blot of nuclear-cytoplasmic 

(cytopl.)-fractionation stained for pERK2 and pERK1and the loading controls α-tubulin and histone H3. (D) – (E) TPP2 inhibition 

increases cellular protein phosphatase 2A (PP2A) level. (D) Representative Western blot of cell lysates stained for PPP2CA/B, 

the PP2A 36kDa catalytic subunits, and as loading control β-actin. (E) Bar diagram shows mean quantification results of 

PPP2CA/B catalytic subunits normalized to β-actin relative to DMSO control treated cells (n = 3, ±SD). (non-significant (n.s)  

P > 0.5, significant: * 0.05 ≥ P ≥ 0.01, ** P ≤ 0.01, *** P ≤ 0.001) (F) TPP2 inhibition by butabindide and to a higher degree 

B6 leads to TPP2 translocation into cytoplasmic local accumulations (indicated by arrows) in SH-Sy5y cells but 

does not affect localization of overexpressed GFP-ERk2. TPP2 immunostaining of ERK2-GFP transfected cells (48 hours 

expression) treated for 4 hours with DMSO, 1 μM butabindide or B6. Negative control immunostaining: 2nd antibody-Cy3 only.  

Blue: Dapi; red: TPP2; green: ERK2-GFP; white bar indicates 2.5 μm (confocal microscopy). Colour saturation of the pictures has 

been adjusted equally for all pictures using Adobe Photoshop CS4 (Adobe).
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One phosphatase that has been described to dephosphorylate pERK2 is protein phosphatase 2A 

(PP2A) (Hancock et al., 2005; Alessi et al., 1995; Milward et al., 1999). Two regulatory subunits of 

PP2A were increased in the proteomic screen, PPP2R5C and PPP2R2D (Supplementary Table 1D-E). 

An increase of PP2A catalytic subunits on Western blot confirmed the SILAC data (Fig. 6D-E).  

Our results indicate that at least PP2A protein level inversely correlates with pERK1 and pERK2 after 

TPP2 inhibition.

 

DISCuSSION

TPP2 influences numerous important cellular processes (Stavropoulou et al., 2005; McKay et al., 2007; 

Preta et al., 2010; Rockel et al., 2012), but the underlying mechanisms remain unknown. In order to 

elucidate details of its cellular function and identify proteins that are rapidly influenced by TPP2 

we performed a comprehensive proteomic analysis. We determined proteomic changes following 

the application of B6, a newly developed, specific, irreversible TPP2 inhibitor, in parallel with the 

commercially available TPP2 inhibitor butabindide (Rose et al., 1996), and compared the data with 

the proteomic effects induced by stable TPP2 knock down as a reference. To rule out potential 

false negatives and positives resulting from unknown non-specific effects of inhibitors or their 

metabolites, only proteins that were changed in the same way in at least two out of these three 

conditions were defined as being influenced by TPP2. In general TPP2 can affect protein expression 

either directly or indirectly. A direct consequence of inhibition are expressional changes of TPP2 

substrates. However, also expressional changes of TPP2 interaction partners can be suggested, since 

both inhibitors alter TPP2 complex assembly and/or stability as well as localization. This may cause a 

shielding or exposure of domains, for instance the C-terminal BRCT-domain, that might interfere with a 

potential protein-stabilizing or destabilizing interaction of TPP2 (Eriksson et al., 2009; Hong et al., 2007;  

Preta et al., 2010; Preta et al., 2009). TPP2 inhibition can also change protein expression indirectly 

via mediator proteins. This secondary effect can occur at the transcriptional level or by translational 

changes, as observed for the transcription factor GATA4 (Fig. 4). Alternatively an indirect change of 

protein stability can result from altered expression of peptidases and other enzymes, as observed 

for LGMN, CTSL, ADAM10, PM20D2, TPP1, however none of them changed by both inhibitors.

Analysing the connections between the proteins that were rapidly changed by TPP2 inhibition 

revealed ERK2 as a key functional protein hub. Most importantly, we showed that TPP2 inhibition 

rapidly reduced active, di-phosphorylated ERK1 (pERK1) and ERK2 (pERK2) in the nucleus without 

affecting their total cellular protein expression (Fig. 6), indicating a downregulation of pERK1/pERK2 
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mediated signal transduction. This suggests that TPP2 may regulate the ERK2 signal transduction 

pathway, which is induced by growth factors and mitogenic stimuli and controls transcription 

of several genes involved in processes like cell cycle, cell growth, proliferation or angiogenesis  

(Roskoski, 2012). An influence on the transcription of genes of the MAPK pathways including 

ERK2 after ten days TPP2 knock down in Burkitt lymphoma cells has been observed before  

(Preta et al., 2010; Sompallae et al., 2008). However, uncovering a rapid regulating influence of 

TPP2 inhibition on ERK1 and ERK2 phosphorylation and localization represents a step forward 

in understanding the observed cellular functions of TPP2. In the presence of TPP2 inhibitors, 

overexpressed GFP-ERK2 did not show translocation like a recruitment to the observed TPP2 

accumulations. However, a direct probably TPP2 complex structure dependent interaction cannot 

be excluded yet. 

Since TPP2 possesses no described kinase or phosphatase activity (Eriksson et al., 2009), it is most 

likely that TPP2 affects phosphorylation of nuclear ERK1 and 2 indirectly, either by promoting 

a nuclear phosphatase activity that targets pERK1 and pERK2 or by decreasing the nuclear  

import-to-export ratio of pERK1 and pERK2 (Fig. 7). Protein phosphatase 2A (PP2A) complexes 

are known to dephosphorylate pERK1 and pERK2 in the nucleus. An increase of three PP2A 

subunits at the protein level was observed after four hours of TPP2 inhibition (Hancock et al., 2005;  

Alessi et al., 1995; Milward et al., 1999) (Fig. 6 and online Supplementary Table 1D-E). However, whether 

nuclear PP2A activity is increased and evoking the down-regulation of ERK2 pathway remains to be 

determined. Alternatively, TPP2 can interfere with pERK1 and pERK2 nuclear shuttling, since it has 

been shown that TPP2 inhibition interferes at least with its own nuclear import in presence of DNA 

damage (Eriksson et al., 2009; Hong et al., 2007; Preta et al., 2010; Preta et al., 2009). 

Figure 7  -  The relationship between 

TPP2 and ERK1/2 phosphorylation. 

TPP2 inhibition (1) activates nuclear 

phosphatases that dephosphorylate (-P) 

pERKs and/or TPP2 inhibition (2) decreases 

the nuclear import-to-export-ratio of 

pERK1 and pERK2.
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The regulation of ERK1 and ERK2 phosphorylation by TPP2 can be connected to a number of biological 

processes influenced by TPP2. Our proteomic data are consistent with literature and point towards 

major changes in cell cycle and cytoskeletal organization, signal transduction, differentiation and 

development, as well as changes in processes like DNA damage responses and phosphorylation 

upon TPP2 inhibition and knock down (Stavropoulou et al., 2006; Sompallae et al., 2008;  

Rockel et al., 2012). The ERK2 signal transduction affects at least transcription of genes involved in 

cell growth and proliferation as well as DNA repair and cell cycle including cytoskeletal organization 

related genes. Additionally, our proteomic results indicate that TPP2 is upstream of processes 

involved in learning and memory that have not been connected to TPP2 before, probably because 

we are the first to use a neuronal model system to study TPP2 function. Here, we have linked TPP2 

to synaptic transmission (Fig. 5), by showing that TPP2 inhibition in hippocampal neurons led to 

an increase of currents and consequently AMPA-type receptors at the postsynaptic membrane  

(Kessels and Malinow, 2009) indicating a strengthening of synapses. This finding implicates a role 

for TPP2 in neurological processes that has never been described before. 

The newly described involvement of TPP2 in neuronal function may relate to its influence on  

ERK1 and ERK2 phosphorylation, since in neurons the ERK2 pathway has been associated with synaptic 

plasticity and memory formation (Sweatt, 2001; Giovannini, 2006). Only the observed rapid increase 

of neurite length in presence of TPP2 inhibition seems to be contradictory to the down-regulation of 

ERK2 signalling downstream of neuronal-growth factor receptor. However, it has been shown that 

Phosphatidylinositol 4-phosphate 3-kinase (PI3K) can promote ERK2 independent neurite outgrowth 

(Sarner et al., 2000). The proteomic data show an increase of the PI3K subunit PIK3C2A in all three 

proteomic screens (Supplementary Table 1A), that could explain the observed effect of TPP2 inhibition 

on neurite outgrowth (Fig. 5). 

In conclusion, using three independent approaches, including the application of a novel potent TPP2 

inhibitor, we discovered a regulatory influence of TPP2 on the ERK2 mediated signal transduction. We 

show that TPP2 inhibition down-regulates the ERK2 pathway as it diminishes active di-phosphorylated 

ERK1 and 2 in the nucleus. This finding can be connected to the described influence of TPP2 on 

multitude biological processes including our second new finding, the strengthening of synapses 

by TPP2 inhibition. Since ERK2 mediated signal transduction is increased in one third of all cancers 

(Roskoski, 2012), TPP2 might become an interesting target for upstream control of the ERK pathway 

in research fields like cancer and neurological or neurodegenerative diseases. 
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MATERIALS AND METHODS

B6 synthesis

See Supplementary Materials and Methods.

TPP2 purification

TPP2 was purified from human red blood cells as described previously (Balow et al., 1986),  

using the reported modifications (Tomkinson et al., 1987; Tomkinson and Zetterqvist, 1990).  

The enzyme was frozen in liquid nitrogen and stored at -80°C.

IC50 value and TPP2 irreversibility

For determination of the IC50 value human TPP2 (hsTPP2) was incubated with butabindide  

(Tocris Biosciences) or B6 at concentrations between 5 pM and 1 µM in 0.1 M potassium phosphate 

buffer, pH 7.5, containing 12% glycerol and 2 mM DTT for 15 min at 37°C before addition of  

100 μM AAF-pNA. The change in absorbance at 405 nm was measured continuously for 45 min.  

For the irreversibility assay hsTPP2 was incubated with the inhibitor at 20-fold higher concentration 

for 0 min or 30 min at 37°C, then diluted 20-fold and added to the 96 well plate. The substrate 

(AAF-pNA, Bachem) at 100 μM was added after an additional 5 min pre incubation at 37°C.  

The final concentration during the activity measurement is indicated. Absorbance resulting from pNA  

(p-nitroaniline, A = 405-410 nm) release due to AAF-pNa cleavage by hsTPP2 was detected over 

time. The resulting hsTPP2 activity is represented by absorbance in time and was normalized to TPP2 

activity in absence of inhibitors.

TPP2 activity assay

SH-SY5Y cells transduced with shRNA or incubated for 4 hours with DMSO, butabindide or 

B6 (concentrations as indicated in Fig. 2A) were lysed in 25 μM digitonin (Sigma) in KMH buffer  

(110 mM KAc, 2 mM MgAc and 20 mM Hepes-KOH, pH 7.2). Organotypic hippocampal slices were 

isolated from P7 mice, and cultured for 6 13 days in vitro (DIV) in culture medium. After incubation for 

6 hours with 1% (v/v) DMSO, 10 or 100 μM B6 in slice culture medium, brain slices were homogenized 

in PBS containing 25 μM digitonin. Lysates were incubated for 30 min on ice and centrifuged for  
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15 min at 14 000 rpm at 4°C. 50 μM bestatin (Enzo lifesciences AG), was added to 5 μg protein from 

the cell lysates in KMH buffer and incubated for 30 min at 4°C. Subsequently, 100 μM AAF-AMC 

(Bachem) was added to a total volume of 50 μL. Degradation of AAF-AMC was analyzed at 37°C using 

the FLUOstar OPTIMA (BMG Labtec.). The reaction was incubated for 30 min on ice and centrifuged for  

15 min at 14 000 rpm at 4°C. The remaining TPP2 activity was determined using AAF-AMC degradation 

assay in presence of bestatin. Graph shows mean relative TPP2 activity normalized to DMSO treated 

brain lysates (n = 3, ±SD).

Inhibitor stability

Stock solutions of 10 mM B6 or butabindide in DMSO were diluted in PBS pH 7.2 (cfinal = 20 μM),  

an aliquot (200 pmol) was directly applied to LC-MS (0 h). Further aliquots were taken after 

4 and 24 hours incubation at 37°C and analyzed. Before samples were applied to LC-MS  

(see Florea et al., 2010 for not listed instrument details), acetonitrile (ACN, end v/v 5%) and formic 

acid (pHend = 3) were added. The column was packed with BioSphere C18 5-μm 120-Å particles from 

Nanoseparations. Samples (injection volume 10 μL) were separated in the presence of 0.1% formic 

acid using a 10 min gradient of 20-35% acetonitrile and 80-65% water on a Surveyor LCQ system 

(Thermo) with a flow rate of 1 mL/min. The samples were analyzed on a LTQ-Orbitrap (Thermo) 

using the following parameters: source 3.5 kV and 7 uA; capillary 32 V and 275°C; tube Lens 105 V; 

scan event details: full MS scan with a mass resolution of 30 000 (FTMS+ pnorm) with a m/z range 

150-1 200; for MS2 and MS3: m/z range 100-2 000, resolution 15 000, normalized collision energy 

35 %, activation q = 0.25 and t = 30 ms, IsoW 1.0. Resulting raw data were analyzed using X.calibur 

software (version 2.0.7 from Thermo Fisher Scientific).

ESI-MS B6 (compound 1) Rt(8.2 min) m/z: 550 [3+H]+; MS2 550: 465 (100) [3-C4H7NO+H]+; 

MS3 465: 231 (100) [(3-C4H7NO)-C12H11O3P+H]+, 320 (23) [(3-C4H7NO)-C9H7NO+H]+;  

B6 hydrolysis product (compound 3) Rt(6.7 min) m/z: 474 [4+H]+; MS2 474: 380 (100) [4-C6H6O+H]+; 

389 (95) [4-C4H7NO+H]+; MS3 380: 298 (100) [(4-C6H6O)-HPO2-H2O+H]+; 213 (33) [(4-C6H6O)-C5H12NPO2-

H2O+H]+; 362 (15) [(4-C6H6O)-H2O+H]+; MS3 389: 231 (100) [(4-C4H7NO)-C6H6O3P+H]+; 244 (50) 

[(4-C4H7NO)-C9H7NO+H]+ 

ESI-MS Butabindide (compound 2) Rt(1.2 min) m/z 304 [5+H]+; butabindide cyclization product 

(compound 4) Rt(4.7 min) m/z 231 [6+H]+
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Generation and validation of the TPP2 knock down cell line

The lentiviral shRNA TPP2 specific sequence used was CCGGCCTGAT CCTTTCAGGT CTGAACTCGA 

GTTCAGACCT GAAAGGATCA GGTTTTTG (Sigma Aldrich). The SHC002 scrambled shRNA construct 

(Sigma-Aldrich) was used as a negative control. All shRNA constructs were in the pLKO.1 vector 

backbone. shRNA-expressing lentiviral particles were prepared using HEK293T cells and the virus 

was transduced into SH-SY5Y cells as described previously (Nethe et al., 2010). The knock down of 

TPP2 was confirmed by qPCR (see section RNA isolation and quantitative PCR), on protein level by 

Western blot and TPP2 activity was measured using the AAF-AMC TPP2 activity assay (see section 

TPP2 activity assay). The TPP2 shRNA transduced cell line that was used here, showed a decrease in 

TPP2 mRNA and protein level as well as TPP2 activity of 60-65 % compared to a mock shRNA stable 

cell line as well as “wild type” SH-SY5Y cells (see Supplementary Fig. 2). Only non-significant minor 

adaptive effects concerning serine hydrolase activities and proteasome complex formation were 

observed in both cell lines when compared to SH-SY5Y wild type cells (Fig. 2C-F).

Transfection 

1 μg plasmid GFP-ERK2 (Kindly provided by P. Stork, Oregon Health and Science University, 

Portland, OR) (Verbeek et al., 2008) was transfected into SH-SY5Y cells using Lipofectamine2000  

(Invitrogen Thermo Fisher Scientific Inc.) using the protocol recommended by the company.

Cell culture

SH-SY5Y cells were incubated at 37°C and 5% CO2. General culture medium was DMEM high 

glucose supplemented with 10% FCS, 2 mM L-Glutamine and penicillin/streptomycin (100 U/mL). 

For SILAC experiments, cells were cultured in DMEM high glucose without K and R (GE Healthcare) 

supplemented with 10 % dialyzed FCS, 2 mM L-Glutamine, penicillin/streptomycin (100 U/mL), 0.8 mM 

L-Lysine either K+4Da (H2N(CH2)2(CD2)2CH(NH2)CO2H • 2HCl) or K+8Da (H2
15N(13CH2)4

13CH(15NH2)13CO2H 

• 2HCl) and 0.4 mM L-Arginine R+6Da (13C6H14N4O2 • HCl) or R+10Da (13C6H14
15N4O2 • HCl) for 48 hours. 

Amino acid stable isotopes were purchased from EUR-ISOTOP. Inhibition of TPP2 was performed 

by supplementing culture medium with 1 μM butabindide or 1 μM B6 (1/10 000 (v/v) from 10 mM 

stock solution dissolved in DMSO) and respective 1/10 000 (v/v) DMSO and incubating cells for  

4 hours (in case of SILAC the last 4 hours of 48 hours labelling), except for concentration optimization 

experiments.
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Proteome analysis and approximate protein half-life determination

Cells were trypsinized. After washing with PBS, cell pellets were lysed (50 mM Tris pH 7.4, 150 mM 

NaCl, 1 mM EDTA, 1 % TritonX-100, complete inhibitor mix (Roche), 100 mM DTT) and directly 

incubated at 95 °C for 3 min. Afterwards, lysates were sonicated and centrifuged (15 min, 10 000 rpm).  

Protein concentration was determined. Medium heavy labelled lysate (control condition) was 

pooled with heavy labelled lysate (TPP2 inhibition or knock down) to achieve a protein ratio of 1:1.  

The ethanol precipitated protein pellet was dissolved in 6N urea/ 2N thiourea. After incubation with  

55 mM iodacetamide for 30 min at RT in the dark, proteins were predigested with lysyl-C endopeptidase 

(WakoChemicals) for 3 hours at RT, then diluted (5xvol 50 mM ammonium bi-carbonate (ABC)) and 

digested with trypsin (Promega) at RT overnight. After acidic deactivation of trypsin, peptides 

were desalted via C18-Stage-Tip purification (Rappsilber et al., 2007). Peptides were separated via  

SCX-chromatography using settings adapted from (Brunner et al., 2007). The resulting 24 fractions 

were desalted via C18-Stage-Tip purification (Rappsilber et al., 2007) and peptide samples were 

analyzed on a Surveyor nano-LC system (Thermo) connected to an LTQ-Orbitrap mass spectrometer 

(Thermo). The column was packed with BioSphere C18 5-μm 120-Å particles from Nanoseparations. 

Instrument settings and measuring parameters were used as described by Florea et al., 2010.  

Overall 3 biological replicates for each (a) TPP2 knock down to mock shRNA and (b) TPP2 inhibition 

by B6/ DMSO and 4 biological replicates for (c) TPP2 inhibition by butabindide/ DMSO were prepared 

and the resulting raw data were analysed by MaxQuant software (version 1.2.2.5) (Cox and Mann, 

2008; Cox et al., 2011) using the Andromeda search algorithm against the ipi.HUMAN.v3.68 database  

(both versions from june 2012) in one analysis. Parameters used for peptide based protein identification 

and quantification in MaxQuant: tryptic cleavage, max. 2 misscleavages; variable modification of 

methionines by oxidation and of alpha-aminogroup by acetylation; fixed modification on cysteines by 

carbamidomethylation; special amino acids K and R; multiplicity of 3; no deisotoping; mass tolerance 

for precursor ions 20 ppm and for fragmented peptides of 0.5 Da; minimum peptide length of  

6 amino acids and a max. false discovery rate of 0.01 (peptide and protein level). The quantification 

was based on non-modified peptides and peptides with variable modifications (razor and unique), 

low scoring versions of peptides were not used. Protein matches from reversed peptide database 

and contaminants were deleted. The resulting protein list for TPP2 induced proteomic changes 

was filtered to exclude biological sample related false positive or negative protein quantification.  

Proteins that were reproducible more than 1.2-fold (Alm et al., 2006; Serang et al., 2013;  

Keenan et al., 2009) changed in the same direction in a minimum of two of the screens  

(two inhibitors and TPP2 knock down) were considered as being influenced by TPP2.  
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The proteins were categorized as proteins influenced or likely influenced by TPP2 based on the number 

of replica they have been detected in and the number of quantified peptides. Results are presented in  

Fig. 3, printable quantification results in Supplementary Table 1 and 2 and detailed information about 

protein identification and respective peptides can be found in unprintable Supplementary Tables 

3 and 4 and Supplementary MS2 spectra. An aliquot of each separate SILAC labled cell lysate was 

taken for determination of an approximate protein turnover/half-life, prepared and analysed the 

same way (MaxQuant multiplicity 2 instead). The half-life/turnover of the proteins TPP2 and GATA4 

was calculated from SILAC quantifications of aliquots using the equations I.a and I.b.

Calculation of approximate protein half-life  t½ 

Variables:  

H or M =  ‘new’ proteins, newly synthesized, ‘younger ‘ than 48 hours, ‘heavy’ or ‘medium heavy’ isotopes 

L = ‘old’ proteins, ‘older’ than 48 hours, natural isotopes

Biological process and functional interaction annotation analysis of proteomic data

The overlapping proteins influenced by TPP2 as determined by SILAC were applied to the pathway 

analysis tool Cytoscape (version 3.0.2) and overrepresented GO biological processes that were 

significantly (P < 0.05) influenced by TPP2 were analysed using FI Reactome app (Shannon et al., 2003; 

Saito et al., 2012). The results were manually sorted into global biological processes; identifications 

that relied only on proteins likely affected by TPP2 as well as proteins detected in one screen only 

were removed from the list (Table 1). Functional interactions of proteins increase or decrease by both 

inhibitors were also analysed by Cytoscape (see Supplementary Fig. 4).

Serine hydrolase activity determination

SH-SY5Y cells were lysed in 25 μM digitonin (Sigma Aldrich) in PBS. Protein concentration was 

determined via Bradford assay. 20 μg protein were incubated for 30 min on ice in the presence of  

2 μM ActiveX TAMRA-fluorophosphonate (FP) Serine hydrolase probe (Thermo Fisher Scientific).  

As a negative control lysate was pre-incubated with 20 μM PMSF (Bachem) (30 min on ice) before 

M
L

h L t h

h
M

L t

≡ = → =

⋅ =
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2
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adding the probe. After incubation, 6x SDS-loading buffer was added, samples were incubated at 

95°C for 5 min and separated via SDS-PAGE (7.5 and 12.5% SDS-PAGE). Gels were scanned using 

a Typhoon imager (GE Healthcare) with the 580 BP 30 filter to detect the TAMRA-FP probe and 

afterwards Western blotted for evaluating the loading control. 

Proteasome activity determination

SH-SY5Y cells were lysed in TSDG buffer (10 mM Tris/HCl pH 7.5, 25 mM KCl, 10 mM NaCl,  

1.1 mM MgCl2, 0.1 mM EDTA, and 8% glycerol) containing 2 mM ATP via three freeze-thaw cycles.  

Protein concentration was determined by Bradford assay. 20 μg protein was incubated for 1 hour 

at 37°C in the presence of 0.5 μM activity-based probe BODIPY-epoxomicin (kindly provided by H. 

Overkleeft (Institute of Chemistry, Leiden)) (Florea et al., 2010). As a negative control, lysate was  

pre-incubated for 30 min on ice with 1 μM epoxomicin (Sigma Aldrich) before adding the activity 

probe. After incubation, 6x native-loading buffer was added and samples were separated by 

nativePAGE™ NuPAGE® Novex® 4-12% Bis-Tris gels (Invitrogen). Gels were scanned using Typhoon 

imager (GE Healthcare) with the 580 BP 30 filter to detect the BODIPY-epoxomicin probe and 

afterwards Western blotted for evaluating the loading control.

Leucyl-aminopeptidase activity determination

SH-SY5Y cells were lysed in 25 μM digitonin (Sigma Aldrich) in KMH buffer (110 mM KAc, 2 mM MgAc, 

20 mM Hepes/KOH pH 7.2). Cell lysates were incubated for 30 min on ice and centrifuged for 15 min 

at 14 000 rpm at 4°C. 100 μM L-AMC (Sigma Aldrich) was subsequently added to 5 μg protein cell 

lysate in KMH buffer (total volume: 50 μL). Degradation of L-AMC was analyzed at 37°C using the 

FLUOstar OPTIMA (BMG Labtec.).

Trypan blue assay

Cells were trypsinized and centrifuged (1 200 rpm, RT, 3 min). The cell pellet was resolved in cell 

culture medium. An aliquot of cell suspension was mixed (1:10) with Trypan blue solution, and 

applied to a cell counter chamber, after 3 min cells and dead cells (Trypan blue positive) were counted 

(approximately 400 cells per experiment counted). 
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RNA isolation and quantitative PCR 

RNA from SH-SY5Y cells was isolated using Trizol (Invitrogen) and an overnight precipitation in 

isopropanol. Total RNA (1 μg) was DNAse I treated and used to generate cDNA (Maxima First Strand 

cDNA synthesis kit; Fermentas) using oligo-dT and random hexamer primers. In short, 1 μg RNA 

was mixed with 4 μL 5X Reaction and 2 μL Maxima Enzyme Mix, and water was added to a total 

volume of 20 μL. This solution was incubated at 25°C for 10 min, followed by 50°C for 15 min and 

the reaction was terminated by heating at 85°C for 5 min. The resulting cDNA was diluted 1:20 and 

served as a template in real-time qPCR assays. Real-time qPCR (SYBR® Green PCR Master Mix; Applied 

Biosystems) for target proteins was performed using the forward and reverse primer pairs as shown 

below. Expression levels were normalized against a selection of 4 reference genes (GAPDH, ACTB, 

TBP and YWHAZ) based on a geNorm analysis. The normalization factor was the geomean of the  

4 reference genes. 

Cycloheximide chase

The stability of the GATA-4 protein was assayed by addition of cycloheximide (50 μM) (Sigma Aldrich) 

to SH-SY5Y cells incubated with either B6 1 μM, butabindide 1 μM or 1/10 000 (v/v) DMSO for 4 hours. 

Subsequently, cells were applied to nuclear-cytoplasmic fractionation and analysed on Western blot. 

Gene Forward primer Reverse primer

UBL5 ATTGCAGCCCAAACTGGTAC TCGTGGATTTCATAGTCCCC

PIK3C2A ATGTTTTGGGTGCTCTCCTG GCCTGCCTTACTTTTTCTGC

ALDH6A1 TTGGACAGGTGGGAGTGAAT GCAGGTGAGGAAAGAGTAGCA

TPRKB ATGCGGGAGACTTGAGAAGA TGAACTGCTTTGTTTGCTGC

CBX2 CCACAGGAGAGGGAGAGATT AGGCAGACAGGGACAGACAT

MAP2 CTCAACACCCACTACCCCTG GACCTTCTTCTCACTCGGCA

COL6A1 AGTCAAAGGAGCAAAGGGGT TGATGTCCAAAATCTCGCAT

TPP2 TCCACCCTGGTAGATGCCCTTT GTTTCCCAAAATGTTTCTGCCAG

GATA4 GCCTGTGTGCAATGCCTGCGGCCTCTACATGAAGCTCC   CGGAAGCCCAAGAACCTGAATAAATCTAAGAC

GAPDH TCACCACCATGGAGAAGGC GCTAAGCAGTTGGTGGTGCA

ACTB CACCTTCTACAATGAGCTGCGTGTG ATAGCACAGCCTGGATAGCAACGTAC

TBP CAGGAGCCAAGAGTGAAGAACAGTC GGCTCATAACTACTAAATTGTTGGTGG

YWHAZ ACTTTTGGTACATTGTGGCTTCAA CCGCCAGGACAAACCAGTAT
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Nuclear–cytoplasmic fractionation

Cells were lysed by incubation for 15 min on ice in hypotonic buffer (10 mM MgSO4, 37.5 mM KCl,  

5 mM Hepes pH 8.0) containing complete inhibitor mix (Roche), 50 μM PMSF, 1 μM epoxomicin, 10 mM 

NEM, 2 mM EDTA. Then 0.6% TritonX-100 was added and lysates were syringed through a 22 gauge 

needle before lysates were centrifuged (10 min, 10 000 rpm, 4°C). The supernatant, representing the 

cytoplasmic fraction, was transferred into a new tube. The pellet was lysed in nuclear extraction buffer 

(100 mM Tris pH 7.4, 2 mM Na3VO3, 100 mM NaCl, 1% TritonX-100, 2 mM EDTA, 10% Glycerol, 0.1% 

SDS, 1 mM NaF, 0.5 % Deoxycholate, 20 mM Na2P2O7, compete inhibitor mix (Roche)) by incubating 

it for 40 min on ice and vortexing every 10 min for 15 sec. Supernatant respective nuclear fraction 

after centrifugation (10 min, 10 000 rpm) was transferred into a fresh tube. The protein concentration 

of fractions was determined via Bradford and 20 μg of each fraction was applied to SDS-PAGE.

western blotting

Equal protein amounts obtained from the SH-SY5Y cell lysates were separated on 7.5%, 12.5%, 

15% SDS-PAGE gels or Native gels (Invitrogen). After electrophoresis, proteins were transferred to a  

0.2 μm pore size nitrocellulose membrane (GE Healthcare). Blots were blocked in 5% milk (w/w) in 

PBS and incubated with the primary antibodies and subsequently with secondary antibodies from 

ODYSSEY® Infrared Imaging System anti-goat, anti-mouse, anti-rabbit generated in donkey with 

IRDye® 800CW or 680CW (1:10 000; LI-COR Biosciences). The signal was detected using the Odyssey 

imaging system (Licor) and quantified using ImageJ software (version 1.46r Wayne Rasband, NIH, USA).

Antibodies: from Santa Cruz Biotechnology: TPP2 (E-17, sc-15148) goat (WB 1:500), PPP2CA/B 

(FL-309, sc14020) rabbit (WB 1:1 000), β-actin (I-19, sc-1616) goat (WB 1:2 000), Ubiquitin  

(P4D1, sc-8017) mouse (WB 1:1 000), GATA4 (C-20, sc-1237) goat (WB 1:750); from Sigma Aldrich: 

pERK1/2 (M8159) mouse (WB 1:10 000); from abcam: Histone H3 (1791-100) rabbit (WB 1:3 000), 

α-Tubulin (DM1A, ab7291) mouse (WB 1:10 000, ICC 1:200), α2 proteasomal subunit (MCP21, ab22666) 

mouse (WB 1:1 000); from Biomol: RPT1/S7 (PW8825) mouse (WB 1:1 000).

Immunostaining

Cells grown on coverslips were treated with respective conditions, then washed with PBS and 

fixed with 2% paraformaldehyde (PFA; Electron Microscopy Sciences) in PBS (20 min, 4°C).  
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Proteins were denatured with methanol (5 min, RT), cells permeabilized with 0.1% Triton-X100 in PBS  

(10 min, RT) and unspecific binding sides were blocked with 1% BSA in PBS (10 min, RT). Fixed cells 

were incubated with antibody against TPP2 generated in goat (1:50, Santa Cruz, E-17, sc-15148) 

for 1 hour at room temperature, washed with PBS and then incubated for 30 min in the dark with 

Cy3 tagged anti-goat generated in donkey (1:500, Jackson). After washing with PBS coverslips 

were mounted with DAPI containing VectaShield® (Vector Laboratories, Inc.) and staining was 

investigated using a Leica TCS SP8 X Confocal Microscope with the software LAS AF Version 2.6.3 

(Leica Microsystems). 

Neurite outgrowth analysis 

To measure neurite outgrowth, SH-SY5Y cells were plated on a 96-well plate grown in DMEM  

10% FCS and incubated at 37°C and 5% CO2. The cells were either treated with B6 1 μM, butabindide  

1 μM or 1/10 000 DMSO for 4 h. Cells were fixed with 2% PFA in PBS for 20 min, washed with PBS and 

subsequently permeabilized in 0.1% Triton-X in PBS for 10 min and blocked with 1% BSA in PBS for 

20 min. Then, the primary antibody mouse α-tubulin (1:200 in 1% BSA in PBS) was added for 1 hour 

at room temperature, followed by the secondary antibody Alexa Fluor® 488 chicken anti-mouse 

(A21200, 1:500, from Invitrogent) for 30 min incubation at room temperature. Neurite outgrowth 

was measured using the Cellomics Arrayscan VTI HCS Reader. Images were acquired for 40 fields in 

each well, using a 10x objective. Filters used were XF93-FITC for detecting Alexa 488 anti-mouse 

and XF93-Hoechst for detecting the Hoechst staining. Pre-defined mask algorithms were used to 

measure neurite length.

Electrophysiology

Organotypic hippocampal slices were isolated from P7 mice, and cultured for 6-13 days in vitro (DIV) 

in culture medium. Slices were incubated with 1/100 (v/v) DMSO or 100 μM B6 in slice culture medium 

for 6 h. Whole-cell recordings were obtained with Axopatch-1D amplifiers (Molecular Devices) using 

3-to 5-MΩ pipettes with an internal solution containing (in mM): 115 caesium methanesulfonate,  

20 CsCl, 10 Hepes, 2.5 MgCl2, 4 Na2ATP, 0.4 Na3GTP, 10 sodium phosphocreatine and 0.6 EGTA,  

at pH 7.25. External perfusion consisted of artificial cerebrospinal fluid containing (in mM): 119 NaCl, 2.5 KCl,  

4 CaCl2, 4 MgCl2, 26 NaHCO3, 1 NaH2PO4, and 11 glucose (pH 7.4), and gassed with 5% CO2/95% O2 

at 27°C, mEPSCs were recorded in the presence of 1 μM tetrodotoxin (Tocris) and 100 μM picrotoxin 

(Sigma Aldrich). Statistical comparisons (P) were performed on log-transformed data. 
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Statistical Analysis

All values were obtained from three independent repeated experiments and expressed as  

mean ± S.D, if not stated differently. Statistical comparisons (P) were performed using 

non-paired two-tailed Student’s t-test. P < 0.05 was considered statistically significant. 
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ABBREvIATIONS 

ABC   ammonium bi-carbonate

Ac   acetate

AMC   4-methyl-coumaryl-7-amide

BODIPY   boron-dipyrromethene 

BRCT-domain   Breast Cancer Gene 1 carboxy-terminal domain

CHX    cycloheximide

GFP   green fluorescent protein

hsTPP2    human tripeptidyl peptidase II

IC50   half inhibitory concentration

mEPSC    miniature excitatory postsynaptic current 

NEM   N-ethylmaleimide

PEP   posterior error probability

pERK    di-phosphorylated Extracellular signal-regulated kinase 

PFA   paraformaldehyde

pNA   p-Nitroanilide

PP2A    protein phosphatase 2A 

RT   room temperature

SCX   strong cation exchange
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SD   standard deviation

Seq. Cov.   sequence coverage

SEM   standard error of the mean

shRNA   short hairpin ribonucleic acid

SILAC   stable isotope labeling with amino acids in cell culture

TAMRA-FP  carboxytetramethylrhodamine-fluorophosphonate

Var   variance
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SuPPLEMENTARy DATA

Supplementary Materials and Methods

B6 synthesis

All reagents were commercial grade and were used as received unless indicated otherwise. Toluene 

(Tol.) (purum), ethyl acetate (EtOAc) (puriss.), and light petroleum ether (PetEt) (puriss.) were obtained 

from Riedel-de Haën and were distilled prior to use. Dichloromethane (DCM), dimethyl formamide 

(DMF), and dioxane (Biosolve) were stored on 4 Å molecular sieves. Tetrahydrofuran (THF) (Biosolve) 

was distilled from LiAlH4 prior to use. Reactions were conducted under an argon atmosphere. 

Reactions were monitored by TLC analysis by using DC-fertigfolien (Schleicher and Schuell, F1500, 

LS254) with detection by UV absorption (254 nm), spraying with 20% H2SO4 in ethanol, followed by 

charring at ~150 °C; by spraying with a solution of (NH4)6Mo7O24C4H2O (25 g/L) and (NH4)4Ce(SO4)4C2H2O 

(10 g/L) in 10% sulfuric acid, followed by charring at ~150 °C; or by spraying with an aqueous solution 

of KMnO4 (7%) and KOH (2%). Column chromatography was performed on screening devices (0.040-

0.063 nm). LC/MS analysis was performed on a LCQ Advantage Max (Thermo Finnigan) equipped with 

an Gemini C18 column (Phenomenex). HRMS were recorded on a LTQ Orbitrap (Thermo Finnigan). 
1H-and 13C-APT-NMR spectra were recorded on a Jeol JNM-FX-200 (200/50), Bruker DPX-300 (300/75 

MHz), Bruker AV-400 (400/100 MHz) equipped with a pulsed field gradient accessory or a Bruker AV-

500 (500/125 MHz). Chemical shifts are given in ppm (δ) relative to tetramethylsilane as an internal 

standard. Coupling constants are given in Hz. All presented 13C-APT spectra are proton decoupled. 

Optical rotations were measured on a Propol automatic polarimeter (sodium D line, λ = 589 nm).

Compound 5: (S)-1-Boc-2-(PLeu(Ph)2)indoline

(S)-1-Boc-indoline-2-carboxylic acid (Sate et al., 2000) (263 mg, 1 mmol) was dissolved in DMF 

(20 mL). HBTU (417 mg, 1.1 mmol, 1.1 equiv.), HCl.H-PLeu(Ph)2 (Oleksyszyn et al., 1979)(391 mg,  

1.1 mmol, 1.1 equiv.) and DiPEA (540 μL, 3.25 mmol, 3.25 equiv.) were added and the mixture stirred 

for 1 hour. The mixture was diluted with EA and extracted with 1 M aq. HCl (2x), sat. aq. NaHCO3 (4x) 

and brine, and was dried with MgSO4. Column chromatography (tol → 15% EA:tol) yield the title 

compound (456 mg, 808 μmol, 81%). 1H NMR (400 MHz, CDCl3) δ ppm 7.95-7.52 (m, 1H), 7.47-6.75 (m, 

14H), 4.99-4.76 (m, 2H), 3.48-2.88 (m, 2H), 1.89-1.61 (m, 3H), 1.52 (s, 9H), 0.98-0.94 (m, 3H), 0.91-0.81  

(m, 3H). 13C NMR (100 MHz, CDCl3) δ ppm 171.11, 171.08, 170.98, 170.94, 150.21, 150.11, 149.90, 149.81, 



221

TripepTidyl pepTidase ii regulaTes nuclear perK1/2 levels

8

149.73, 129.55, 129.47, 129.43, 128.75, 127.95, 127.47, 127.31, 125.18, 125.07, 125.04, 124.97, 124.68, 

124.36, 123.05, 122.61, 120.44, 120.40, 120.31, 120.27, 120.22, 120.16, 120.12, 115.37, 114.92, 82.16, 

61.56, 60.91, 45.08, 44.80, 43.50, 43.24, 38.02, 37.87, 27.98, 27.96, 24.25, 24.16, 24.10, 24.02, 23.11, 

23.08, 20.81, 20.72. 31P NMR (162 MHz, CDCl3) δ ppm 18.61, 18.53. αD20-75.60 (c = 1 CHCl3). LC-MS: 

gradient 10% → 90% ACN/(0.1% TFA/H2O): Rt (min): 10.58 (ESI-MS (m/z): 565.07 (M + H+)).

Compound 6: (S)-2-(PLeu(Ph)2)indoline

(S)-1-Boc-2-(PLeu(Ph)2)indoline (132 mg, 234 μmol) was dissolved in 1:1 TFA:DCM and stirred for  

2 hours. before being coevaporated with toluene. sat. aq. NaHCO3 was added and the mixture was 

extracted with DCM (3x). The organic layer was dried with Na2SO4 and concentrated to yield the 

title compound (109 mg, 234 μmol, quant.). 1H NMR (400 MHz, CDCl3) δ ppm 7.50 (d, J = 10.47 Hz, 

1H), 7.36-6.98 (m, 21H), 6.92 (d, J = 7.95 Hz, 2H), 6.85-6.75 (m, 2H), 6.72 (d, J = 7.78 Hz, 1H), 6.63 (d,  

J = 7.72 Hz, 1H), 5.00-4.82 (m, 2H), 4.43-4.36 (m, 1H), 4.35-4.25 (m, 1H), 4.22-4.15 (m, 1H), 3.93-3.70 

(m, 1H), 3.53-3.43 (m, 2H), 3.02-2.88 (m, 2H), 1.92-1.53 (m, 6H), 1.02-0.80 (m, 12H). 13C NMR (100 MHz, 

CDCl3) δ ppm 173.63, 173.59, 173.40, 173.35, 151.00, 150.91, 150.05, 149.94, 149.26, 149.20, 129.74, 

129.68, 129.61, 129.54, 127.91, 127.57, 127.54, 125.34, 125.24, 125.17, 125.07, 125.03, 124.67, 124.59, 

120.59, 120.49, 120.45, 120.41, 120.31, 120.27, 120.20, 120.16, 111.19, 110.79, 61.44, 60.85, 45.05, 

43.49, 38.28, 38.01, 35.32, 35.28, 24.69, 24.55, 24.46, 24.32, 23.19, 23.08, 21.08, 21.03.

Compound 7: (S)-1-(Boc-(S)-2-aminobutyric acyl)-2-(PLeu(Ph)2)indoline

Boc-Abu-OH (89 mg, 440μmol, 4 equiv.) was dissolved in DMF at 0°C. HATU (184 mg, 484 μmol, 4.4 

equiv.) and 2,4,6-collidine (70 μL, 528 μmol, 4.8 equiv.) were added and the mixture was stirred for 

2 min before (S)-2-(PLeu(Ph)2)indoline (51 mg, 110 μmol, 1 equiv.) in DMF was added. The mixture 

was stirred for 7 days. EA was added and the mixture was washed with 1 M HCl (2x), sat. aq. NaHCO3 

(3x) and dried over Na2SO4. Column chromatography (tol → 12% acetone:tol and tol → 25% EA:tol) 

yielded the title compound (20 mg, 31 μmol, 28%). 1H NMR (400 MHz, DMSO-D6, 353 K) δ ppm 8.66-

8.55 (m, 1H), 8.33 (d, J = 9.03 Hz, 1H), 7.46-6.87 (m, 28H), 6.75-6.57 (m, 1H), 6.42-6.20 (m, 1H), 5.21-5.14 

(m, 2H), 4.72-4.59 (m, 2H), 4.42-4.25 (m, 2H), 2.99-2.85 (m, 2H), 3.61-3.44 (m, 2H), 1.97-1.45 (m, 15H), 

1.41-1.36 (m, 18H), 1.01-0.78 (m, 18H). LC-MS: gradient 10% → 90% ACN/(0.1% TFA/H2O): Rt (min): 

10.49 and 10.64 (ESI-MS (m/z): 650.00 [M + H]+).
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Compound 1: (S)-1-((S)-2-aminobutyric acyl)-2-(PLeu(Ph)2)indoline TFA salt (B6)

(S)-1-(Boc-(S)-2-aminobutyric acyl)-2-(PLeu(Ph)2)indoline (20 mg, 31 μmol) was stirred in 1:1 TFA:DCM 

for 30 min. and coevaporated with toluene (3x). 1H NMR (400 MHz, CDCl3:CD3OD 1:1) δ ppm 8.28-

8.21 (m, 1H), 7.46-6.94 (m, 13H), 5.26-5.12 (m, 1H), 4.93-4.75 (m, 1H), 3.89-3.76 (m, 1H), 3.76-3.66  

(m, 1H), 3.27-3.19 (m, 1H), 2.25-1.69 (m, 5H), 1.15-0.82 (m, 9H). LC-MS: gradient 10% → 90% ACN/

(0.1% TFA/H2O): Rt (min): 7.01 and 7.38 (ESI-MS (m/z): 650.00 (M + H+)). HRMS: calc. for [C30H37N3O5P]+ 

550.24653, found 550.24623.

Supplementary figures

Supplementary Figure 1  -  Synthesis of B6. (A) Schematic chemical synthesis strategy for the new irreversible TPP2 inhibitor 

butabindide-diphenylphenylphosphonate B6. (B) Compound 5-7 intermediate products of B6 (compound 1) synthesis.
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Supplementary Figure 2  -  B6 an irreversible inhibitor of TPP2 underlies hydrolysis under mimicked physiological 

conditions. (A) B6 interaction with TPP2 is irreversible. Purified hsTPP2 was either 30 min (solid curve) or 0 min (dashed curve) 

incubated with B6 (black) or butabindide (grey) then diluted 1:20 (v/v) and applied to an AAF-pNA degradation assay. Graph 

shows mean TPP2 activity (n = 3, ±SD) relative to TPP2 activity in absence of inhibitors. (significance: n.s. = non significant  

P > 0.05, ** 0.01 ≥ P ≥ 0.001, *** P ≥ 0.0001). (B) B6 hydrolyses and butabindide cyclization under mimicked physiological 

conditions. B6 or butabindide was diluted in PBS, incubated at 37°C for 0, 4 or 24 hours and analyzed via LC-MS. Graph represents 

relative change of signal intensity (Ixh/I0h) at Rt = 8.2 min of [B6+H]+ (m/z 550, solid curve) and at Rt = 1.2 min [butabindide+H]+ 

(m/z 304, dashed curve) (n = 3, ±SD). (B) – (C) Reactions observed when incubating inhibitors in PBS at 37°C. (B) B6 (1) hydrolysis 

to 3 (m/z 474 [3+H]+) under release of phenol. c Butabindide (2) cyclization to 4 (m/z 231 [4+H]+) under release of butan-1-amine. 

Supplementary Figure 3  -  TPP2 knock 

down of 60% in stable TPP2 shRNA 

transduced SH-Sy5y cell line. (A) 

Mean relative TPP2 mRNA level (qPCR), 

activity (AAF-AMC assay) and protein 

level (WB) normalized to mock shRNA 

stable transduced SH-SY5Y cell line  

(±SD, n = 3); non-transduced indicates 

wild type SH-SY5Y cells. (B) Representative 

Western blot showing TPP2 and β-actin 

protein level of the three SHSY5Y cell lines. 

(significance: * 0.05 ≥ P ≥ 0.01, ** P ≤ 0.01, 

**** P ≤ 0.0001, ***** P ≤ 0.0001)
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Supplementary Figure 4  -  MAPk1 (alias 

ERk2) is linked to most of the proteins 

changed after 4 hours inhibition by both 

inhibitors. Results of Cytoscape analysis 

including linkers and functional interactions 

between the respective proteins. Gene 

symbols of proteins increased (A) and 

decreased (B) after butabindide and B6 

inhibition (black) and their linkers (grey) 

inhibitors. Node size and letter size of 

linker proteins correlate with number of 

connected nodes. 

protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

a Overlap increased proteins in all three screens TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO

A
ff

ec
te

d 
by

 T
PP

2

Ubiquitin-like protein 5 UBL5 Q9BZL1 5.84E-27 1.36 35 13 1.48 9 4 1.22 11 26

Pre-B-cell leukemia transcription factor-interacting protein 1 PBXIP1 Q96AQ6 7.97E-07 1.89 47 2 1.53 15 2 1.21 17 8

TP53RK-binding protein TPRKB Q9Y3C4 4.18E-07 1.66 30 7 1.29 9 6 1.21 38 4

Collagen alpha-1(VI) chain COL6A1 P12109 1.72E-09 1.23 25 3 1.47 22 2 1.21 9 8

Chromobox protein homolog 2 CBX2 Q14781 1.59E-05 1.37 19 2 1.30 16 2 1.20 13 3

Aldehyde dehydrogenase family 6 A1 ALDH6A1 Q02252 9.43E-38 2.58 31 4 1.57 41 3 1.25 2 2

Microtubule-associated protein MAP2 Q8IUX2 3.53E-08 2.27 14 3 1.40 24 3 1.25 25 3

Phosphoinositide 3-kinase-C2-alpha PIK3C2A O00443 2.17E-05 1.42 32 6 1.36 18 3 1.24 21 10

Syntenin-1 SDCBP O00560 7.08E-118 1.49 39 7 1.21 1 1.32 1

Centrosomal protein of 78 kDa CEP78 Q5JTW2 4.51E-04 1.50 9 3 1.75 30 2 1.29 1

Nuclear speckle splicing regulatory protein 1 NSRP1 Q9H0G5 2.64E-21 1.26 1 1.33 5 3 1.58 1

Supplementary Table 1  -  a-e SILAC quantification results representing by TPP2 inhibition and/or knock down increased 

(ratio to control >1.2-fold changed) and likely increased proteins, column 1-3: protein specification (name, gene name, Uniprot 

number), column 4: posterior error probability (PEP); column 5-7: TPP2/ control shRNA; column 8-10: 4 hours 1 μM B6/ DMSO; 

column 11-13: 4 hours 1 μM butabindide/ DMSO; ratio = fold change, var = variance, # = number of quantified peptides.
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protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

a Overlap increased proteins in all three screens TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO

A
ff

ec
te

d 
by

 T
PP

2

Ubiquitin-like protein 5 UBL5 Q9BZL1 5.84E-27 1.36 35 13 1.48 9 4 1.22 11 26

Pre-B-cell leukemia transcription factor-interacting protein 1 PBXIP1 Q96AQ6 7.97E-07 1.89 47 2 1.53 15 2 1.21 17 8

TP53RK-binding protein TPRKB Q9Y3C4 4.18E-07 1.66 30 7 1.29 9 6 1.21 38 4

Collagen alpha-1(VI) chain COL6A1 P12109 1.72E-09 1.23 25 3 1.47 22 2 1.21 9 8

Chromobox protein homolog 2 CBX2 Q14781 1.59E-05 1.37 19 2 1.30 16 2 1.20 13 3

Aldehyde dehydrogenase family 6 A1 ALDH6A1 Q02252 9.43E-38 2.58 31 4 1.57 41 3 1.25 2 2

Microtubule-associated protein MAP2 Q8IUX2 3.53E-08 2.27 14 3 1.40 24 3 1.25 25 3

Phosphoinositide 3-kinase-C2-alpha PIK3C2A O00443 2.17E-05 1.42 32 6 1.36 18 3 1.24 21 10

Syntenin-1 SDCBP O00560 7.08E-118 1.49 39 7 1.21 1 1.32 1

Centrosomal protein of 78 kDa CEP78 Q5JTW2 4.51E-04 1.50 9 3 1.75 30 2 1.29 1

Nuclear speckle splicing regulatory protein 1 NSRP1 Q9H0G5 2.64E-21 1.26 1 1.33 5 3 1.58 1
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protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #
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Arginine and glutamate-rich protein 1 ARGLU1 Q9NWB6 1.41E-13 1.24 1 1.42 24 4 1.54 5 7

Bcl-2-binding component 3 BBC3 Q9BXH1 8.39E-34 2.52 1 2.04 41 5 1.41 22 6

GATA binding protein 4 GATA4 B2ZBW1 4.38E-39 1.41 7 9 1.44 1 1.26 18 2

Tyrosyl-DNA phosphodiesterase 1 TDP1 Q9NUW8 2.01E-05 2.70 121 2 1.37 25 2 3.91 17 2

Clusterin CLU P10909 5.47E-07 1.67 2 2 1.24 18 7 1.29 14 3

Hematological and neurological expressed 1-like protein HN1L Q9H910 3.38E-252 1.30 25 2 1.43 1 1.43 1

Structural maintenance of chromosomes protein 5 SMC5 Q8IY18 9.02E-15 1.63 56 5 1.23 1 1.22 45 6

b Overlap increased proteins by 4h TPP2 inhibition TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO

aff
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2

Anthrax toxin receptor 2 ANTXR2 P58335 5.27E-04 1.82 39 2 1.65 36 2

M-phase-specific PLK1-interacting protein MPLKIP Q8TAP9 1.63E-04 1.60 1 1.50 17 4

Protein CCSMST1 CCSMST1 Q4G0I0 5.68E-05 1.63 1 1.42 1

Ephrin-A5 EFNA5 P52803 2.07E-04 1.47 1 1.25 21 4

Corticoliberin CRH P06850 3.09E-06 1.24 1 1.24 20 6

Arf-GAP with coiled-coil, ANK repeat 
and PH domain-containing protein 1ein 1 ACAP1 Q15027 3.52E-03 1.67 1 1.23 12 4

Homeobox protein TGIF2LX TGIF2LX Q8IUE1 7.00E-04 1.38 17 2 1.26 17 5

Syndecan-1 SDC1 P18827 1.29E-18 0.94 16 8 1.59 54 16 1.75 41 8

Transcription factor SOX-11 SOX11 P35716 4.74E-06 1.17 6 2 1.25 38 5 1.44 27 8

Targeting protein for Xklp2 TPX2 Q9ULW0 5.90E-66 0.95 42 56 1.23 28 87 1.34 22 136

Myelin protein zero-like protein 1 MPZL1 O95297 2.25E-20 0.91 75 8 1.27 43 14 1.29 18 17

Zinc finger protein 592 ZNF592 Q92610 3.83E-06 1.08 101 2 1.45 9 5 1.27 14 6

beta-Dystroglycan DAG1 Q14118 3.95E-92 0.87 44 21 1.57 47 33 1.24 20 39

Multiple myeloma tumor-associated protein 2 MMTAG2 Q9BU76 2.83E-33 1.07 62 8 1.24 21 10 1.20 26 22

Suppressor of tumorigenicity 7 protein ST7 Q9NRC1 4.84E-30 0.68 2 2 1.47 1 1.58 14 3

Transcription cofactor vestigial-like protein 4 VGLL4 Q14135 2.40E-53 0.59 71 10 1.26 36 31 1.32 19 31

Myc-associated zinc finger protein MAZ P56270 1.72E-29 0.34 1 1.24 26 4 1.29 10 16

Mastermind-like protein 3 MAML3 Q96JK9 3.17E-15 0.67 86 3 2.05 12 3 1.26 16 5

Peptidyl-prolyl cis-trans isomerase C PPIC P45877 1.88E-11 0.79 21 5 1.34 18 3 1.22 27 4

Protein phosphatase 1 regulatory subunit 11 PPP1R11 O60927 6.73E-146 0.47 96 8 1.64 39 13 1.21 23 24
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E3 ubiquitin-protein ligase RAD18 RAD18 Q9NS91 5.75E-09 1.18 1 1.43 1 2.54 1

Small ubiquitin-related modifier 3 SUMO3 P55854 1.70E-128 1.06 1 1.32 38 2 1.47 1

TSC22 domain family protein 3 TSC22D3 Q99576 1.79E-07 1.00 16 2 1.30 32 4 1.43 32 2

CREB3 regulatory factor CREBRF Q8IUR6 1.27E-10 0.93 16 4 1.60 25 4 1.41 23 4

CCR4-NOT transcription complex subunit 10 CNOT10 Q9H9A5 1.39E-04 1.13 1 1.39 1 1.25 21 2

GTPase Era, mitochondrial ERAL1 O75616 2.96E-08 1.07 12 4 1.50 1 1.20 17 10

Ubiquitin carboxyl-terminal hydrolase 16 USP16 Q9Y5T5 1.19E-07 1.08 27 3 1.56 1 2 1.20 1

Cell cycle exit and neuronal differentiation protein1 CEND1 Q8N111 1.24E-112 0.82 14 18 1.51 91 24 1.73 39 20

Supplementary Table 1 (continued)
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protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #
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Arginine and glutamate-rich protein 1 ARGLU1 Q9NWB6 1.41E-13 1.24 1 1.42 24 4 1.54 5 7

Bcl-2-binding component 3 BBC3 Q9BXH1 8.39E-34 2.52 1 2.04 41 5 1.41 22 6

GATA binding protein 4 GATA4 B2ZBW1 4.38E-39 1.41 7 9 1.44 1 1.26 18 2

Tyrosyl-DNA phosphodiesterase 1 TDP1 Q9NUW8 2.01E-05 2.70 121 2 1.37 25 2 3.91 17 2

Clusterin CLU P10909 5.47E-07 1.67 2 2 1.24 18 7 1.29 14 3

Hematological and neurological expressed 1-like protein HN1L Q9H910 3.38E-252 1.30 25 2 1.43 1 1.43 1

Structural maintenance of chromosomes protein 5 SMC5 Q8IY18 9.02E-15 1.63 56 5 1.23 1 1.22 45 6

b Overlap increased proteins by 4h TPP2 inhibition TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO

aff
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2

Anthrax toxin receptor 2 ANTXR2 P58335 5.27E-04 1.82 39 2 1.65 36 2

M-phase-specific PLK1-interacting protein MPLKIP Q8TAP9 1.63E-04 1.60 1 1.50 17 4

Protein CCSMST1 CCSMST1 Q4G0I0 5.68E-05 1.63 1 1.42 1

Ephrin-A5 EFNA5 P52803 2.07E-04 1.47 1 1.25 21 4

Corticoliberin CRH P06850 3.09E-06 1.24 1 1.24 20 6

Arf-GAP with coiled-coil, ANK repeat 
and PH domain-containing protein 1ein 1 ACAP1 Q15027 3.52E-03 1.67 1 1.23 12 4

Homeobox protein TGIF2LX TGIF2LX Q8IUE1 7.00E-04 1.38 17 2 1.26 17 5

Syndecan-1 SDC1 P18827 1.29E-18 0.94 16 8 1.59 54 16 1.75 41 8

Transcription factor SOX-11 SOX11 P35716 4.74E-06 1.17 6 2 1.25 38 5 1.44 27 8

Targeting protein for Xklp2 TPX2 Q9ULW0 5.90E-66 0.95 42 56 1.23 28 87 1.34 22 136

Myelin protein zero-like protein 1 MPZL1 O95297 2.25E-20 0.91 75 8 1.27 43 14 1.29 18 17

Zinc finger protein 592 ZNF592 Q92610 3.83E-06 1.08 101 2 1.45 9 5 1.27 14 6

beta-Dystroglycan DAG1 Q14118 3.95E-92 0.87 44 21 1.57 47 33 1.24 20 39

Multiple myeloma tumor-associated protein 2 MMTAG2 Q9BU76 2.83E-33 1.07 62 8 1.24 21 10 1.20 26 22

Suppressor of tumorigenicity 7 protein ST7 Q9NRC1 4.84E-30 0.68 2 2 1.47 1 1.58 14 3

Transcription cofactor vestigial-like protein 4 VGLL4 Q14135 2.40E-53 0.59 71 10 1.26 36 31 1.32 19 31

Myc-associated zinc finger protein MAZ P56270 1.72E-29 0.34 1 1.24 26 4 1.29 10 16

Mastermind-like protein 3 MAML3 Q96JK9 3.17E-15 0.67 86 3 2.05 12 3 1.26 16 5

Peptidyl-prolyl cis-trans isomerase C PPIC P45877 1.88E-11 0.79 21 5 1.34 18 3 1.22 27 4

Protein phosphatase 1 regulatory subunit 11 PPP1R11 O60927 6.73E-146 0.47 96 8 1.64 39 13 1.21 23 24
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E3 ubiquitin-protein ligase RAD18 RAD18 Q9NS91 5.75E-09 1.18 1 1.43 1 2.54 1

Small ubiquitin-related modifier 3 SUMO3 P55854 1.70E-128 1.06 1 1.32 38 2 1.47 1

TSC22 domain family protein 3 TSC22D3 Q99576 1.79E-07 1.00 16 2 1.30 32 4 1.43 32 2

CREB3 regulatory factor CREBRF Q8IUR6 1.27E-10 0.93 16 4 1.60 25 4 1.41 23 4

CCR4-NOT transcription complex subunit 10 CNOT10 Q9H9A5 1.39E-04 1.13 1 1.39 1 1.25 21 2

GTPase Era, mitochondrial ERAL1 O75616 2.96E-08 1.07 12 4 1.50 1 1.20 17 10

Ubiquitin carboxyl-terminal hydrolase 16 USP16 Q9Y5T5 1.19E-07 1.08 27 3 1.56 1 2 1.20 1

Cell cycle exit and neuronal differentiation protein1 CEND1 Q8N111 1.24E-112 0.82 14 18 1.51 91 24 1.73 39 20
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protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

Cytochrome b-c1 complex subunit 6 UQCRH P07919 1.26E-248 0.55 105 7 1.20 22 15 1.30 22 29

c Overlap increased proteins in knock down and butabindide TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO

aff
ec
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 T
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2

Kinesin-like protein KIF20A KIF20A O95235 8.76E-05 1.21 1 1.32 15 3

Lysine-rich nucleolar protein 1 KNOP1 Q1ED39 2.37E-12 1.46 16 3 1.22 13 4

Coxsackievirus and adenovirus receptor CXADR P78310 3.39E-22 1.79 40 8 1.09 12 8 1.69 19 14

Protein sprouty homolog 2 SPRY2 O43597 3.73E-109 1.40 35 4 0.98 11 6 1.61 27 8

Mitochondrial antiviral-signaling protein MAVS Q7Z434 1.99E-92 1.70 46 56 1.11 19 38 1.44 37 26

Disks large-associated protein 5 DLGAP5 Q15398 3.20E-04 1.38 23 3 1.17 1 1.38 2 2

Legumain LGMN Q99538 3.58E-15 1.34 8 2 1.17 30 3 1.36 33 4

Uncharacterized protein C12orf43 C12orf43 Q96C57 6.78E-128 1.33 6 2 1.14 27 16 1.31 12 12

Leucine zipper transcription factor-like protein 1 LZTFL1 Q9NQ48 5.88E-44 1.62 37 7 1.16 1 1.26 11 2

Thymosin beta-15A TMSB15A P0CG34 2.04E-94 1.47 28 34 1.11 32 36 1.25 21 43

Glomulin GLMN Q92990 1.10E-08 1.31 8 2 1.12 31 4 1.24 0 2

Stathmin-2 STMN2 Q93045 0.00E+00 1.56 36 22 1.11 23 58 1.23 16 52

Deoxyuridine 5-triphosphate nucleotidohydrolase, mitochondrial DUT P33316 0.00E+00 1.52 16 11 1.11 1 1.23 11 10

Nitric oxide-associated protein 1 NOA1 Q8NC60 2.93E-13 1.36 16 3 1.16 1 1.21 19 6

lik
el

y 
aff

ec
te

d 
by

 T
PP

2

Disintegrin and metalloproteinase domain-containing protein 10 ADAM10 O14672 6.49E-06 1.99 1 1.32 1

Son of sevenless homolog 1 SOS1 Q07889 1.05E-04 1.45 30 2 1.28 1

Prostate tumor-overexpressed gene 1 protein PTOV1 Q86YD1 3.74E-03 1.28 1 1.32 10 2

ETS-related transcription factor Elf-2 ELF2 Q15723 5.16E-04 1.26 10 2 1.23 1

Transcription factor BTF3 BTF3 P20290 3.84E-02 1.20 21 2 1.38 1

BRCA1-associated ATM activator 1 BRAT1 Q6PJG6 2.41E-24 1.32 30 7 1.08 1 1.74 1

AP-1 complex subunit gamma-like 2 AP1G2 O75843 1.38E-05 5.55 1 0.97 1 1.39 1

3-phosphoinositide-dependent protein kinase 1 PDPK1 O15530 1.65E-04 1.23 1 1.01 1 1.29 43 4

Vesicle transport through interaction with t-SNAREs homolog 1A VTI1A B4E137 4.70E-105 1.34 27 4 0.92 29 11 1.26 23 8

Syntaxin-1A STX1A Q16623 3.69E-136 1.46 48 25 0.9 22 13 1.24 28 18

protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

d Overlap increased proteins in knock down and B6 TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO
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2

Ras-related protein Rab-31 RAB31 Q13636 3.16E-10 1.48 38 5 1.91  1

Fibulin-1 FBLN1 P23142 4.90E-06 1.61 40 2 1.88  1

Translation machinery-associated protein 7 TMA7 Q9Y2S6 2.77E-04 1.29 19 4 1.65 8 4

FXYD domain-containing ion transport regulator 6 FXYD6 Q9H0Q3 8.53E-165 9.88 42 4 1.47 40 12

Histone deacetylase 3 HDAC3 O15379 9.53E-05 1.4 4 2 1.29 7 2 1.18 13 2

Uncharacterized protein KIAA1143 KIAA1143 Q96AT1 7.63E-101 1.26 21 9 1.57 27 23 1.17 26 45

Protein polybromo-1 PBRM1 Q86U86 2.97E-141 1.50 43 17 1.22 11 17 1.16 14 33

28S ribosomal protein S9, mitochondrial MRPS9 P82933 4.34E-104 1.39 27 12 1.81 61 9 1.15 25 29

Supplementary Table 1 (continued)
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protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

Cytochrome b-c1 complex subunit 6 UQCRH P07919 1.26E-248 0.55 105 7 1.20 22 15 1.30 22 29

c Overlap increased proteins in knock down and butabindide TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO

aff
ec

te
d 

by
 T

PP
2

Kinesin-like protein KIF20A KIF20A O95235 8.76E-05 1.21 1 1.32 15 3

Lysine-rich nucleolar protein 1 KNOP1 Q1ED39 2.37E-12 1.46 16 3 1.22 13 4

Coxsackievirus and adenovirus receptor CXADR P78310 3.39E-22 1.79 40 8 1.09 12 8 1.69 19 14

Protein sprouty homolog 2 SPRY2 O43597 3.73E-109 1.40 35 4 0.98 11 6 1.61 27 8

Mitochondrial antiviral-signaling protein MAVS Q7Z434 1.99E-92 1.70 46 56 1.11 19 38 1.44 37 26

Disks large-associated protein 5 DLGAP5 Q15398 3.20E-04 1.38 23 3 1.17 1 1.38 2 2

Legumain LGMN Q99538 3.58E-15 1.34 8 2 1.17 30 3 1.36 33 4

Uncharacterized protein C12orf43 C12orf43 Q96C57 6.78E-128 1.33 6 2 1.14 27 16 1.31 12 12

Leucine zipper transcription factor-like protein 1 LZTFL1 Q9NQ48 5.88E-44 1.62 37 7 1.16 1 1.26 11 2

Thymosin beta-15A TMSB15A P0CG34 2.04E-94 1.47 28 34 1.11 32 36 1.25 21 43

Glomulin GLMN Q92990 1.10E-08 1.31 8 2 1.12 31 4 1.24 0 2

Stathmin-2 STMN2 Q93045 0.00E+00 1.56 36 22 1.11 23 58 1.23 16 52

Deoxyuridine 5-triphosphate nucleotidohydrolase, mitochondrial DUT P33316 0.00E+00 1.52 16 11 1.11 1 1.23 11 10

Nitric oxide-associated protein 1 NOA1 Q8NC60 2.93E-13 1.36 16 3 1.16 1 1.21 19 6
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Disintegrin and metalloproteinase domain-containing protein 10 ADAM10 O14672 6.49E-06 1.99 1 1.32 1

Son of sevenless homolog 1 SOS1 Q07889 1.05E-04 1.45 30 2 1.28 1

Prostate tumor-overexpressed gene 1 protein PTOV1 Q86YD1 3.74E-03 1.28 1 1.32 10 2

ETS-related transcription factor Elf-2 ELF2 Q15723 5.16E-04 1.26 10 2 1.23 1

Transcription factor BTF3 BTF3 P20290 3.84E-02 1.20 21 2 1.38 1

BRCA1-associated ATM activator 1 BRAT1 Q6PJG6 2.41E-24 1.32 30 7 1.08 1 1.74 1

AP-1 complex subunit gamma-like 2 AP1G2 O75843 1.38E-05 5.55 1 0.97 1 1.39 1

3-phosphoinositide-dependent protein kinase 1 PDPK1 O15530 1.65E-04 1.23 1 1.01 1 1.29 43 4

Vesicle transport through interaction with t-SNAREs homolog 1A VTI1A B4E137 4.70E-105 1.34 27 4 0.92 29 11 1.26 23 8

Syntaxin-1A STX1A Q16623 3.69E-136 1.46 48 25 0.9 22 13 1.24 28 18

protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

d Overlap increased proteins in knock down and B6 TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO
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Ras-related protein Rab-31 RAB31 Q13636 3.16E-10 1.48 38 5 1.91  1

Fibulin-1 FBLN1 P23142 4.90E-06 1.61 40 2 1.88  1

Translation machinery-associated protein 7 TMA7 Q9Y2S6 2.77E-04 1.29 19 4 1.65 8 4

FXYD domain-containing ion transport regulator 6 FXYD6 Q9H0Q3 8.53E-165 9.88 42 4 1.47 40 12

Histone deacetylase 3 HDAC3 O15379 9.53E-05 1.4 4 2 1.29 7 2 1.18 13 2

Uncharacterized protein KIAA1143 KIAA1143 Q96AT1 7.63E-101 1.26 21 9 1.57 27 23 1.17 26 45

Protein polybromo-1 PBRM1 Q86U86 2.97E-141 1.50 43 17 1.22 11 17 1.16 14 33

28S ribosomal protein S9, mitochondrial MRPS9 P82933 4.34E-104 1.39 27 12 1.81 61 9 1.15 25 29
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protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

Bifunctional polynucleotide phosphatase/kinase PNKP Q96T60 5.88E-13 1.25 46 13 1.28 11 5 1.14 15 16

Ribosomal RNA processing protein 1 B RRP1B Q14684 3.43E-13 1.39 23 2 1.35 23 7 1.13 27 13

Exosome complex exonuclease MTR3 EXOSC6 Q5RKV6 1.45E-41 1.41 31 14 1.44 41 5 1.13 10 20

Small VCP/p97-interacting protein SVIP Q8NHG7 3.78E-08 2.42 39 5 1.65 33 17 1.11 8 8

Histone-lysine N-methyltransferase SETMAR Q53H47 5.83E-08 2.77 27 3 1.36 41 3 1.09 19 6

Glucocorticoid receptor DNA-binding factor 1 ARHGAP35 Q9NRY4 5.39E-28 1.43 39 5 1.28 29 9 1.09 15 25

Nucleoside diphosphate kinase,mitochondrial NME4 O00746 1.51E-47 1.84 39 30 1.28 58 17 1.06 17 34

Nucleolar protein 56 NOP56 O00567 4.74E-11 1.28 37 14 1.38 30 12 1.05 14 10

Ubiquitin-like protein 7 UBL7 Q96S82 4.13E-05 1.97 40 4 1.39 16 2 1.05 9 5

Coiled-coil domain-containing protein 111 CCDC111 Q96LW4 2.26E-10 1.57 3 2 1.63 44 2 1.03 6 4

RNA pseudouridylate synthase domain-containing protein 2 RPUSD2 Q8IZ73 5.43E-32 1.51 20 4 1.39 20 2 1.03 21 23

ADP-ribosylation factor 6 ARF6 P62330 9.15E-18 1.33 42 11 1.31 23 9 1.02 14 20

Histone-lysine N-methyltransferase setd3 SETD3 Q86TU7 5.93E-76 1.42 42 15 1.24 29 5 1.00 31 2

PP2A B subunit isoform B56-gamma PPP2R5C Q13362 9.03E-122 1.90 41 10 1.48 23 7 1.00 11 16

tRNA (guanine-N(7)-)-methyltransferase METTL1 Q9UBP6 3.53E-07 1.55 3 2 1.58 17 2 0.99 22 8

Ribosome biogenesis protein BRX1 homolog BRIX1 Q8TDN6 1.84E-49 1.31 14 5 1.43 21 9 0.93 13 20

ADP-ribosylation factor-like protein 2 ARL2 P36404 2.00E-33 1.41 28 19 1.42 27 6 0.91 10 11

T-complex protein 11-like protein 1 TCP11L1 Q9NUJ3 2.02E-13 1.41 13 5 1.49 13 6 0.89 8 3

E3 ubiquitin-protein ligase listerin LTN1 O94822 1.47E-18 1.56 24 10 1.36 13 5 0.87 13 7

lik
el

y 
aff

ec
te

d 
by

 T
PP

2

Non-structural maintenance of chromosomes element 4 A NSMCE4A Q9NXX6 6.12E-11 1.46 26 3 1.82 1

Sedoheptulokinase SHPK Q9UHJ6 1.04E-06 1.22 18 3 1.55 61 2

CXXC-type zinc finger protein 5 CXXC5 Q7LFL8 1.96E-04 1.20 1 1.26 1

Phosphatidylserine synthase 2 PTDSS2 Q9BVG9 8.83E-11 2.00 1 1.24 1

Exosome complex exonuclease RRP43 EXOSC8 Q96B26 5.34E-06 1.30 3 2 1.48 49 3 1.19 17 5

RecQ-mediated genome instability protein 2 RMI2 Q96E14 1.97E-04 1.34 1 1.47 1 1.18 5 2

Vesicle transport through interaction with t-SNAREs homolog 1B VTI1B Q9UEU0 4.98E-09 1.54 38 15 1.24 37 7 1.16 17 12

E3 ubiquitin-protein ligase RNF123 RNF123 Q5XPI4 4.66E-04 3.50 1 1.70 24 2 1.16 5 5

REST corepressor 2 RCOR2 Q8IZ40 2.52E-121 1.42 39 4 1.31 1 1.15 9 6

Cancerous inhibitor of PP2A (CIP2A) KIAA1524 Q8TCG1 4.88E-19 1.42 21 5 1.50 1 1.15 45 7

ADP-ribosylation factor-like protein 6-interacting protein 1 ARL6IP1 Q15041 1.35E-07 1.24 41 12 1.31 20 6 1.13 18 26

Protein RTF2 homolog RTFDC1 Q9BY42 7.29E-08 1.33 14 7 1.23 5 5 1.12 9 15

Vam6/Vps39-like protein VPS39 Q96JC1 7.09E-21 1.29 34 7 1.65 1 1.12 17 12

F-box/SPRY domain-containing protein 1 FBXO45 P0C2W1 3.21E-03 1.50 45 2 2.43 44 2 1.12 3 2

Nuclear prelamin A recognition factor NARF Q9UHQ1 3.11E-07 1.71 14 3 1.43 1 1.12 14 5

Cell division protein kinase 4 CDK4 P11802 4.09E-11 1.82 29 3 1.48 38 2 1.10 9 13

DNA-directed RNA polymerase III subunit D POLR3D P05423 1.48E-07 1.42 15 2 1.25 1 1.10 1

Cyclin-dependent kinase inhibitor 1B CDKN1B P46527 4.16E-11 1.26 3 2 1.55 1 1.10 18 6

Supplementary Table 1 (continued)
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protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

Bifunctional polynucleotide phosphatase/kinase PNKP Q96T60 5.88E-13 1.25 46 13 1.28 11 5 1.14 15 16

Ribosomal RNA processing protein 1 B RRP1B Q14684 3.43E-13 1.39 23 2 1.35 23 7 1.13 27 13

Exosome complex exonuclease MTR3 EXOSC6 Q5RKV6 1.45E-41 1.41 31 14 1.44 41 5 1.13 10 20

Small VCP/p97-interacting protein SVIP Q8NHG7 3.78E-08 2.42 39 5 1.65 33 17 1.11 8 8

Histone-lysine N-methyltransferase SETMAR Q53H47 5.83E-08 2.77 27 3 1.36 41 3 1.09 19 6

Glucocorticoid receptor DNA-binding factor 1 ARHGAP35 Q9NRY4 5.39E-28 1.43 39 5 1.28 29 9 1.09 15 25

Nucleoside diphosphate kinase,mitochondrial NME4 O00746 1.51E-47 1.84 39 30 1.28 58 17 1.06 17 34

Nucleolar protein 56 NOP56 O00567 4.74E-11 1.28 37 14 1.38 30 12 1.05 14 10

Ubiquitin-like protein 7 UBL7 Q96S82 4.13E-05 1.97 40 4 1.39 16 2 1.05 9 5

Coiled-coil domain-containing protein 111 CCDC111 Q96LW4 2.26E-10 1.57 3 2 1.63 44 2 1.03 6 4

RNA pseudouridylate synthase domain-containing protein 2 RPUSD2 Q8IZ73 5.43E-32 1.51 20 4 1.39 20 2 1.03 21 23

ADP-ribosylation factor 6 ARF6 P62330 9.15E-18 1.33 42 11 1.31 23 9 1.02 14 20

Histone-lysine N-methyltransferase setd3 SETD3 Q86TU7 5.93E-76 1.42 42 15 1.24 29 5 1.00 31 2

PP2A B subunit isoform B56-gamma PPP2R5C Q13362 9.03E-122 1.90 41 10 1.48 23 7 1.00 11 16

tRNA (guanine-N(7)-)-methyltransferase METTL1 Q9UBP6 3.53E-07 1.55 3 2 1.58 17 2 0.99 22 8

Ribosome biogenesis protein BRX1 homolog BRIX1 Q8TDN6 1.84E-49 1.31 14 5 1.43 21 9 0.93 13 20

ADP-ribosylation factor-like protein 2 ARL2 P36404 2.00E-33 1.41 28 19 1.42 27 6 0.91 10 11

T-complex protein 11-like protein 1 TCP11L1 Q9NUJ3 2.02E-13 1.41 13 5 1.49 13 6 0.89 8 3

E3 ubiquitin-protein ligase listerin LTN1 O94822 1.47E-18 1.56 24 10 1.36 13 5 0.87 13 7

lik
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2

Non-structural maintenance of chromosomes element 4 A NSMCE4A Q9NXX6 6.12E-11 1.46 26 3 1.82 1

Sedoheptulokinase SHPK Q9UHJ6 1.04E-06 1.22 18 3 1.55 61 2

CXXC-type zinc finger protein 5 CXXC5 Q7LFL8 1.96E-04 1.20 1 1.26 1

Phosphatidylserine synthase 2 PTDSS2 Q9BVG9 8.83E-11 2.00 1 1.24 1

Exosome complex exonuclease RRP43 EXOSC8 Q96B26 5.34E-06 1.30 3 2 1.48 49 3 1.19 17 5

RecQ-mediated genome instability protein 2 RMI2 Q96E14 1.97E-04 1.34 1 1.47 1 1.18 5 2

Vesicle transport through interaction with t-SNAREs homolog 1B VTI1B Q9UEU0 4.98E-09 1.54 38 15 1.24 37 7 1.16 17 12

E3 ubiquitin-protein ligase RNF123 RNF123 Q5XPI4 4.66E-04 3.50 1 1.70 24 2 1.16 5 5

REST corepressor 2 RCOR2 Q8IZ40 2.52E-121 1.42 39 4 1.31 1 1.15 9 6

Cancerous inhibitor of PP2A (CIP2A) KIAA1524 Q8TCG1 4.88E-19 1.42 21 5 1.50 1 1.15 45 7

ADP-ribosylation factor-like protein 6-interacting protein 1 ARL6IP1 Q15041 1.35E-07 1.24 41 12 1.31 20 6 1.13 18 26

Protein RTF2 homolog RTFDC1 Q9BY42 7.29E-08 1.33 14 7 1.23 5 5 1.12 9 15

Vam6/Vps39-like protein VPS39 Q96JC1 7.09E-21 1.29 34 7 1.65 1 1.12 17 12

F-box/SPRY domain-containing protein 1 FBXO45 P0C2W1 3.21E-03 1.50 45 2 2.43 44 2 1.12 3 2

Nuclear prelamin A recognition factor NARF Q9UHQ1 3.11E-07 1.71 14 3 1.43 1 1.12 14 5

Cell division protein kinase 4 CDK4 P11802 4.09E-11 1.82 29 3 1.48 38 2 1.10 9 13

DNA-directed RNA polymerase III subunit D POLR3D P05423 1.48E-07 1.42 15 2 1.25 1 1.10 1

Cyclin-dependent kinase inhibitor 1B CDKN1B P46527 4.16E-11 1.26 3 2 1.55 1 1.10 18 6
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protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

Protein inscuteable homolog INSC Q1MX18 7.94E-04 1.31 36 4 1.50 9 2 1.09 4 2

39S ribosomal protein L38, mitochondrial MRPL38 Q96DV4 6.76E-78 1.52 46 12 1.33 23 14 1.08 14 24

Beta-1,3-galactosyltransferase 6 B3GALT6 Q96L58 9.65E-08 1.40 17 4 1.23 23 4 1.08 5 5

Cell division cycle protein 123 homolog CDC123 O75794 7.48E-08 1.39 27 5 1.26 7 3 1.08 1

Zinc finger protein 574 ZNF574 Q6ZN55 2.16E-05 1.52 1 2 1.21 13 4 1.08 73 9

Bis(5-nucleosyl)-tetraphosphatase NUDT2 P50583 3.74E-23 1.32 46 7 1.58 1 1.07 5 2

Protein BUD31 homolog BUD31 P41223 5.22E-38 1.28 21 17 1.32 29 18 1.07 28 27

CREB-binding protein CREBBP Q92793 6.98E-10 1.23 17 3 1.38 12 2 1.06 9 4

E3 ubiquitin-protein ligase HERC2 HERC2 O95714 2.03E-19 1.46 47 10 1.23 20 3 1.03 17 13

Mitotic spindle assembly checkpoint protein MAD2A MAD2L1 Q13257 1.28E-45 1.30 32 3 1.42 43 2 1.03 11 8

Ribosome assembly protein BMS1 homolog BMS1 Q14692 1.01E-147 1.23 46 10 1.29 22 3 1.03 14 22

Cell division protein kinase 5 CDK5 Q00535 5.85E-257 1.45 31 64 1.25 43 67 1.02 38 61

Solute carrier family 2, facilitated glucose transporter member 1 SLC2A1 P11166 2.69E-39 1.86 47 4 1.25 14 14 0.99 13 13

Cohesin subunit SA-1 STAG1 Q8WVM7 8.58E-32 1.58 19 2 1.42 22 4 0.98 8 9

Glypican-2 GPC2 Q8N158 3.39E-07 1.28 29 3 1.45 18 3 0.97 18 4

Putative oxidoreductase GLYR1 GLYR1 Q49A26 2.47E-08 1.73 1 1.52 26 3 0.96 8 5

Meiosis arrest female protein 1 KIAA0430 Q9Y4F3 3.61E-05 1.29 6 2 1.71 3 3 0.95 4 3

Prenylated Rab acceptor protein 1 RABAC1 Q9UI14 3.67E-04 1.28 10 2 1.33 5 2 0.95 1

Ufm1-specific protease 2 UFSP2 Q9NUQ7 2.87E-17 1.47 29 9 1.48 54 9 0.95 15 16

Coiled-coil domain-containing protein 91 CCDC91 Q7Z6B0 7.44E-11 1.30 1 1.28 11 5 0.95 28 2

Mitogen-activated protein kinase kinase kinase kinase 5 MAP4K5 Q9Y4K4 4.40E-04 1.49 46 2 2.49 1 0.94 22 2

SH3-domain binding protein 1 (SH3BP1) SH3BP1 Q6ZT62 1.72E-74 1.25 12 3 1.35 22 3 0.91 72 5

Xyloside xylosyltransferase 1 XXYLT1 Q8NBI6 4.03E-13 1.76 12 3 1.37 19 3 0.91 10 2

Serine beta-lactamase-like protein LACTB, mitochondrial LACTB P83111 9.45E-09 1.46 1 1.39 1 0.90 1

GTP-binding protein B SAR1B Q9Y6B6 1.32E-16 1.92 1 1.49 13 2 0.84 12 2

protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

e increased proteins detected only in one/three screens TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO

aff
ec

te
d 

by
 T

PP
2

Serine/threonine-protein phosphatase 2A 55 kDa regulatory subunit B delta PPP2R2D Q66LE6 2.27E-81 2.03 30 4

Transmembrane protein 35 TMEM35 Q53FP2 2.09E-19 1.53 25 5

Sentrin-specific protease 5 SENP5 Q96HI0 2.20E-03 1.49 28 3

Histone H2B type 3-B HIST3H2BB Q8N257 4.04E-20 1.43 22 23

Uncharacterized protein C17orf89 C17orf89 A1L188 2.13E-08 1.38 8 2

Chromosome transmission fidelity protein 8 homolog isoform 2 CHTF8 P0CG12 8.47E-04 1.32 39 4

Casein kinase I isoform delta CSNK1D P48730 6.25E-11 1.32 10 3

Phosphatase and actin regulator 2 PHACTR2 O75167 9.20E-04 1.26 6 2

Oxidoreductase-like domain-containing protein 1 OXLD1 Q5BKU9 8.38E-04 1.61 0 2

Phosphatidylethanolamine-binding protein 1 PEBP1 1.70E-02 1.35 16 2

Supplementary Table 1 (continued)
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protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

Protein inscuteable homolog INSC Q1MX18 7.94E-04 1.31 36 4 1.50 9 2 1.09 4 2

39S ribosomal protein L38, mitochondrial MRPL38 Q96DV4 6.76E-78 1.52 46 12 1.33 23 14 1.08 14 24

Beta-1,3-galactosyltransferase 6 B3GALT6 Q96L58 9.65E-08 1.40 17 4 1.23 23 4 1.08 5 5

Cell division cycle protein 123 homolog CDC123 O75794 7.48E-08 1.39 27 5 1.26 7 3 1.08 1

Zinc finger protein 574 ZNF574 Q6ZN55 2.16E-05 1.52 1 2 1.21 13 4 1.08 73 9

Bis(5-nucleosyl)-tetraphosphatase NUDT2 P50583 3.74E-23 1.32 46 7 1.58 1 1.07 5 2

Protein BUD31 homolog BUD31 P41223 5.22E-38 1.28 21 17 1.32 29 18 1.07 28 27

CREB-binding protein CREBBP Q92793 6.98E-10 1.23 17 3 1.38 12 2 1.06 9 4

E3 ubiquitin-protein ligase HERC2 HERC2 O95714 2.03E-19 1.46 47 10 1.23 20 3 1.03 17 13

Mitotic spindle assembly checkpoint protein MAD2A MAD2L1 Q13257 1.28E-45 1.30 32 3 1.42 43 2 1.03 11 8

Ribosome assembly protein BMS1 homolog BMS1 Q14692 1.01E-147 1.23 46 10 1.29 22 3 1.03 14 22

Cell division protein kinase 5 CDK5 Q00535 5.85E-257 1.45 31 64 1.25 43 67 1.02 38 61

Solute carrier family 2, facilitated glucose transporter member 1 SLC2A1 P11166 2.69E-39 1.86 47 4 1.25 14 14 0.99 13 13

Cohesin subunit SA-1 STAG1 Q8WVM7 8.58E-32 1.58 19 2 1.42 22 4 0.98 8 9

Glypican-2 GPC2 Q8N158 3.39E-07 1.28 29 3 1.45 18 3 0.97 18 4

Putative oxidoreductase GLYR1 GLYR1 Q49A26 2.47E-08 1.73 1 1.52 26 3 0.96 8 5

Meiosis arrest female protein 1 KIAA0430 Q9Y4F3 3.61E-05 1.29 6 2 1.71 3 3 0.95 4 3

Prenylated Rab acceptor protein 1 RABAC1 Q9UI14 3.67E-04 1.28 10 2 1.33 5 2 0.95 1

Ufm1-specific protease 2 UFSP2 Q9NUQ7 2.87E-17 1.47 29 9 1.48 54 9 0.95 15 16

Coiled-coil domain-containing protein 91 CCDC91 Q7Z6B0 7.44E-11 1.30 1 1.28 11 5 0.95 28 2

Mitogen-activated protein kinase kinase kinase kinase 5 MAP4K5 Q9Y4K4 4.40E-04 1.49 46 2 2.49 1 0.94 22 2

SH3-domain binding protein 1 (SH3BP1) SH3BP1 Q6ZT62 1.72E-74 1.25 12 3 1.35 22 3 0.91 72 5

Xyloside xylosyltransferase 1 XXYLT1 Q8NBI6 4.03E-13 1.76 12 3 1.37 19 3 0.91 10 2

Serine beta-lactamase-like protein LACTB, mitochondrial LACTB P83111 9.45E-09 1.46 1 1.39 1 0.90 1

GTP-binding protein B SAR1B Q9Y6B6 1.32E-16 1.92 1 1.49 13 2 0.84 12 2

protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

e increased proteins detected only in one/three screens TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO

aff
ec

te
d 

by
 T

PP
2

Serine/threonine-protein phosphatase 2A 55 kDa regulatory subunit B delta PPP2R2D Q66LE6 2.27E-81 2.03 30 4

Transmembrane protein 35 TMEM35 Q53FP2 2.09E-19 1.53 25 5

Sentrin-specific protease 5 SENP5 Q96HI0 2.20E-03 1.49 28 3

Histone H2B type 3-B HIST3H2BB Q8N257 4.04E-20 1.43 22 23

Uncharacterized protein C17orf89 C17orf89 A1L188 2.13E-08 1.38 8 2

Chromosome transmission fidelity protein 8 homolog isoform 2 CHTF8 P0CG12 8.47E-04 1.32 39 4

Casein kinase I isoform delta CSNK1D P48730 6.25E-11 1.32 10 3

Phosphatase and actin regulator 2 PHACTR2 O75167 9.20E-04 1.26 6 2

Oxidoreductase-like domain-containing protein 1 OXLD1 Q5BKU9 8.38E-04 1.61 0 2

Phosphatidylethanolamine-binding protein 1 PEBP1 1.70E-02 1.35 16 2
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protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

Ubiquilin-1 UBQLN1 Q9UMX0 4.51E-19 1.69 22 4

Tropomyosin 1 (Alpha) TPM1 Q9Y427 1.20E-02 1.81 2 2

Suppressor of fused homolog SUFU Q9UMX1 1.47E-03 1.99 22 2

TELO2-interacting protein 1 homolog TTI1 O43156 1.16E-11 1.92 34 2

Ras-related protein Rab-8B RAB8B Q92930 1.19E-87 1.78 27 3

Dehydrogenase/reductase SDR family member 4 DHRS4 Q9BTZ2 1.56E-07 1.52 28 4

FYVE, RhoGEF and PH domain-containing protein 2 FGD2 Q7Z6J4 3.21E-03 1.37 12 2

lik
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17 kDa myosin light chain MYL6 P60660 1.88E-103 1.49 4 2

Cell cycle checkpoint protein RAD17 RAD17 O75943 1.69E-04 1.83 46 2

EH domain-containing protein 4 EHD4 Q9H223 9.94E-19 1.74 28 4

Supplementary Table 1 (continued)

protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

a  Overlap decreased proteins in all three screens butabindide/ DMSO TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO

aff
ec

te
d 

by
 T

PP
2

Calcium-responsive transactivator  SS18L1 O75177 1.67E-11 0.34 5 2 0.81 5 2 0.82 1

Secretory carrier-associated membrane protein 3  SCAMP3 O14828 0.00E-00 0.83 28 56 0.81 23 39 0.78 16 20

Ubiquitin carboxyl-terminal hydrolase isozyme L3  UCHL3 P15374 2.07E-58 0.79 22 12 0.82 19 4 0.78 17 8

Transmembrane protein 222  TMEM222 Q9H0R3 9.26E-09 0.35 1 0.83 34 3 0.76 34 6

Protein S100B  S100B P04271 1.34E-55 0.32 90 3 0.77 17 7 0.75 1

NudC domain-containing protein 2  NUDCD2 Q8WVJ2 4.48E-12 0.42 1 0.84 41 5 0.71 22 3

DNA-directed RNA polymerase III subunit F  POLR3F Q9H1D9 7.88E-04 0.10 1 0.64 14 3 0.46 48 5

U6 snRNA-associated Sm-like protein LSm5  LSM5 Q9Y4Y9 5.28E-250 0.20 127 4 0.80 24 5 0.36 12 2

Centrosomal protein of 164 kDa  CEP164 Q9UPV0 5.83E-05 0.81 147 4 0.77 1 0.64 40 4

lik
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2

likely affected by TPP2  Calponin-2  CNN2 Q99439 3.03E-75 0.11 61 6 0.76 30 9 0.84 41

High affinity copper uptake protein 1  SLC31A1 O15431 1.10E-03 0.61 73 3 0.82 18 2 0.83 9 5

Sjoegren syndrome/scleroderma autoantigen 1  SSSCA1 O60232 2.54E-235 0.73 54 15 0.65 48 25 0.83 17 56

Voltage-dependent L-type calcium channel subunit alpha-1S  CACNA1S Q13698 5.07E-04 0.65 89 2 0.40 1 0.18 1

Survival motor neuron protein  SMN1 Q16637 4.52E-16 0.82 87 8 0.75 23 9 0.68 26 15

Supplementary Table 2  -  a-b SILAC quantification results- by TPP2 inhibition and/or knock down decreased (ratio to control 

<0.84-fold changed) and likely decreased proteins, column 1-3: protein specification (name, gene name, Uniprot number), 

column 4: posterior error probability (PEP); column 5-7: TPP2/ control shRNA; column 8-10: 4 hours 1 μM B6/ DMSO; column 11-

13: 4 hours 1 μM butabindide/ DMSO; ratio  =  fold change, var  =  variance, #  =  number of quantified peptides SILAC.
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protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

Ubiquilin-1 UBQLN1 Q9UMX0 4.51E-19 1.69 22 4

Tropomyosin 1 (Alpha) TPM1 Q9Y427 1.20E-02 1.81 2 2

Suppressor of fused homolog SUFU Q9UMX1 1.47E-03 1.99 22 2

TELO2-interacting protein 1 homolog TTI1 O43156 1.16E-11 1.92 34 2

Ras-related protein Rab-8B RAB8B Q92930 1.19E-87 1.78 27 3

Dehydrogenase/reductase SDR family member 4 DHRS4 Q9BTZ2 1.56E-07 1.52 28 4

FYVE, RhoGEF and PH domain-containing protein 2 FGD2 Q7Z6J4 3.21E-03 1.37 12 2

lik
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17 kDa myosin light chain MYL6 P60660 1.88E-103 1.49 4 2

Cell cycle checkpoint protein RAD17 RAD17 O75943 1.69E-04 1.83 46 2

EH domain-containing protein 4 EHD4 Q9H223 9.94E-19 1.74 28 4

protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

a  Overlap decreased proteins in all three screens butabindide/ DMSO TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO

aff
ec

te
d 

by
 T

PP
2

Calcium-responsive transactivator  SS18L1 O75177 1.67E-11 0.34 5 2 0.81 5 2 0.82 1

Secretory carrier-associated membrane protein 3  SCAMP3 O14828 0.00E-00 0.83 28 56 0.81 23 39 0.78 16 20

Ubiquitin carboxyl-terminal hydrolase isozyme L3  UCHL3 P15374 2.07E-58 0.79 22 12 0.82 19 4 0.78 17 8

Transmembrane protein 222  TMEM222 Q9H0R3 9.26E-09 0.35 1 0.83 34 3 0.76 34 6

Protein S100B  S100B P04271 1.34E-55 0.32 90 3 0.77 17 7 0.75 1

NudC domain-containing protein 2  NUDCD2 Q8WVJ2 4.48E-12 0.42 1 0.84 41 5 0.71 22 3

DNA-directed RNA polymerase III subunit F  POLR3F Q9H1D9 7.88E-04 0.10 1 0.64 14 3 0.46 48 5

U6 snRNA-associated Sm-like protein LSm5  LSM5 Q9Y4Y9 5.28E-250 0.20 127 4 0.80 24 5 0.36 12 2

Centrosomal protein of 164 kDa  CEP164 Q9UPV0 5.83E-05 0.81 147 4 0.77 1 0.64 40 4

lik
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likely affected by TPP2  Calponin-2  CNN2 Q99439 3.03E-75 0.11 61 6 0.76 30 9 0.84 41

High affinity copper uptake protein 1  SLC31A1 O15431 1.10E-03 0.61 73 3 0.82 18 2 0.83 9 5

Sjoegren syndrome/scleroderma autoantigen 1  SSSCA1 O60232 2.54E-235 0.73 54 15 0.65 48 25 0.83 17 56

Voltage-dependent L-type calcium channel subunit alpha-1S  CACNA1S Q13698 5.07E-04 0.65 89 2 0.40 1 0.18 1

Survival motor neuron protein  SMN1 Q16637 4.52E-16 0.82 87 8 0.75 23 9 0.68 26 15
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protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

b Overlap decreased proteins 4h TPP2 inhibition TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO

by
 T

PP
2

Transmembrane and TPR repeat-containing protein 3 TMTC3 Q6ZXV5 1.10E-25 1.24 1 0.84 4 2 0.75 23 7

THO complex subunit 2 THOC2 Q8NI27 2.09E-25 1.79 59 7 0.69 22 2 0.84 15 13

Calmodulin-dependent calcineurin A subunit beta isoform PPP3CB P16298 2.47E-23 1.16 8 8 0.83 22 5 0.80 12 5
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Synaptic vesicle glycoprotein 2A SV2A Q7L0J3 2.84E-09 0.71 1 0.81 31 6

Vitamin K epoxide reductase complex subunit 1-like protein 1 VKORC1L1 Q8N0U8 1.34E-09 0.51 90 2 0.82 27 6

POTE ankyrin domain family member F POTEF A5A3E0 9.94E+03 0.06 26 2 0.07 1

Ubiquitin/ISG15-conjugating enzyme E2 L6 UBE2L6 O14933 2.00E-86 1.02 86 3 0.53 1 0.83 14 4

Transcription factor A, mitochondrial TFAM Q00059 1.16E-30 0.95 27 5 0.78 26 3 0.74 28 26

Origin recognition complex subunit 4 ORC4 O43929 6.61E-68 0.99 41 7 0.75 1 0.72 1

Sister chromatid cohesion protein DCC1 DSCC1 Q9BVC3 1.54E-04 0.89 45 5 0.81 32 2 0.71 42 3

Epoxide hydrolase 1 EPHX1 P07099 6.82E-41 0.90 91 5 0.81 22 4 0.64 37 5

c Overlap decreased proteins in TPP2 knock down and butabindide TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO
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Apolipoprotein O-like APOOL Q6UXV4 2.82E-21 0.57 24 2 0.83 10 5

Zinc finger HIT domain-containing protein 2 ZNHIT2 Q9UHR6 2.28E-03 0.63 1 0.81 16 3

Growth hormone-inducible transmembrane protein GHITM Q9H3K2 9.46E-05 0.49 24 3 0.19 207 2

Actin-binding protein anillin ANLN Q9NQW6 7.61E-09 0.69 27 6 1.75 1 0.83 17 5

Protein unc-119 homolog B UNC119B A6NIH7 2.36E-11 0.65 47 5 1.02 27 6 0.82 20 7

Transmembrane protein 43 TMEM43 Q9BTV4 2.46E-98 0.50 36 27 0.92 32 13 0.80 44 27

Protein phosphatase 1F PPM1F P49593 9.17E-47 0.81 27 13 0.88 4 5 0.76 18 7

Protein cornichon homolog 4 CNIH4 Q9P003 3.68E-03 0.46 33 2 0.92 4 4 0.74 4 5

Mitochondrial import inner membrane translocase subunit Tim9 TIMM9 Q9Y5J7 2.66E-65 0.36 70 10 1.12 33 11 0.73 23 33

Erlin-2 ERLIN2 O94905 1.27E-43 0.73 35 8 1.04 10 3 0.73 24 2

Immunoglobulin superfamily member 1 IGSF1 Q8N6C5 2.79E-14 0.52 32 3 0.89 18 5 0.30 1
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Peptidase M20 domain-containing protein 2 PM20D2 Q8IYS1 1.56E-08 0.33 1 0.84 13 6

Retinoic acid receptor RXR-beta RXRB P28702 3.98E-06 0.74 1 0.81 1

Alpha-N-acetylgalactosaminidase NAGA P17050 2.53E-04 0.64  1 0.12 257 2

Glucosamine-6-phosphate isomerase 2 GNPDA2 Q8TDQ7 6.57E-233 0.67 23 4 0.83 14 2

28 kDa cis-Golgi SNARE p28 GOSR1 O95249 1.04E-03 0.27 1 0.83 16 3

Centromere/kinetochore protein zw10 homolog ZW10 O43264 1.56E-11 0.71 13 2 1.13 1 0.82 5 3

Cholestenol Delta-isomerase EBP Q15125 1.39E-04 0.73 0 2 0.88 7 4 0.81 8 3

Pyridoxamine-phosphate oxidase PNPO  Q9NVS9 1.57E-13 0.40 80 4 1.15 20 4 0.78 19 8

cAMP-dependent protein kinase type II-beta regulatory subunit PRKAR2B  P31323 6.83E-148 0.65 15 11 0.99 75 7 0.62 66 9

d Overlap decreased proteins in TPP2 knock down and B6 TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO

Beta-centractin ACTR1B P42025 8.01E-240 0.45 13 4 0.78 25 4

Small integral membrane protein 12 SMIM12 Q49AP7 1.74E-10 0.38 1 0.71 31 3

Supplementary Table 2 (continued)
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protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

b Overlap decreased proteins 4h TPP2 inhibition TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO

by
 T

PP
2

Transmembrane and TPR repeat-containing protein 3 TMTC3 Q6ZXV5 1.10E-25 1.24 1 0.84 4 2 0.75 23 7

THO complex subunit 2 THOC2 Q8NI27 2.09E-25 1.79 59 7 0.69 22 2 0.84 15 13

Calmodulin-dependent calcineurin A subunit beta isoform PPP3CB P16298 2.47E-23 1.16 8 8 0.83 22 5 0.80 12 5

lik
el

y 
aff

ec
te

d 
by

 T
PP

2

Synaptic vesicle glycoprotein 2A SV2A Q7L0J3 2.84E-09 0.71 1 0.81 31 6

Vitamin K epoxide reductase complex subunit 1-like protein 1 VKORC1L1 Q8N0U8 1.34E-09 0.51 90 2 0.82 27 6

POTE ankyrin domain family member F POTEF A5A3E0 9.94E+03 0.06 26 2 0.07 1

Ubiquitin/ISG15-conjugating enzyme E2 L6 UBE2L6 O14933 2.00E-86 1.02 86 3 0.53 1 0.83 14 4

Transcription factor A, mitochondrial TFAM Q00059 1.16E-30 0.95 27 5 0.78 26 3 0.74 28 26

Origin recognition complex subunit 4 ORC4 O43929 6.61E-68 0.99 41 7 0.75 1 0.72 1

Sister chromatid cohesion protein DCC1 DSCC1 Q9BVC3 1.54E-04 0.89 45 5 0.81 32 2 0.71 42 3

Epoxide hydrolase 1 EPHX1 P07099 6.82E-41 0.90 91 5 0.81 22 4 0.64 37 5

c Overlap decreased proteins in TPP2 knock down and butabindide TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO
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Apolipoprotein O-like APOOL Q6UXV4 2.82E-21 0.57 24 2 0.83 10 5

Zinc finger HIT domain-containing protein 2 ZNHIT2 Q9UHR6 2.28E-03 0.63 1 0.81 16 3

Growth hormone-inducible transmembrane protein GHITM Q9H3K2 9.46E-05 0.49 24 3 0.19 207 2

Actin-binding protein anillin ANLN Q9NQW6 7.61E-09 0.69 27 6 1.75 1 0.83 17 5

Protein unc-119 homolog B UNC119B A6NIH7 2.36E-11 0.65 47 5 1.02 27 6 0.82 20 7

Transmembrane protein 43 TMEM43 Q9BTV4 2.46E-98 0.50 36 27 0.92 32 13 0.80 44 27

Protein phosphatase 1F PPM1F P49593 9.17E-47 0.81 27 13 0.88 4 5 0.76 18 7

Protein cornichon homolog 4 CNIH4 Q9P003 3.68E-03 0.46 33 2 0.92 4 4 0.74 4 5

Mitochondrial import inner membrane translocase subunit Tim9 TIMM9 Q9Y5J7 2.66E-65 0.36 70 10 1.12 33 11 0.73 23 33

Erlin-2 ERLIN2 O94905 1.27E-43 0.73 35 8 1.04 10 3 0.73 24 2

Immunoglobulin superfamily member 1 IGSF1 Q8N6C5 2.79E-14 0.52 32 3 0.89 18 5 0.30 1
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Peptidase M20 domain-containing protein 2 PM20D2 Q8IYS1 1.56E-08 0.33 1 0.84 13 6

Retinoic acid receptor RXR-beta RXRB P28702 3.98E-06 0.74 1 0.81 1

Alpha-N-acetylgalactosaminidase NAGA P17050 2.53E-04 0.64  1 0.12 257 2

Glucosamine-6-phosphate isomerase 2 GNPDA2 Q8TDQ7 6.57E-233 0.67 23 4 0.83 14 2

28 kDa cis-Golgi SNARE p28 GOSR1 O95249 1.04E-03 0.27 1 0.83 16 3

Centromere/kinetochore protein zw10 homolog ZW10 O43264 1.56E-11 0.71 13 2 1.13 1 0.82 5 3

Cholestenol Delta-isomerase EBP Q15125 1.39E-04 0.73 0 2 0.88 7 4 0.81 8 3

Pyridoxamine-phosphate oxidase PNPO  Q9NVS9 1.57E-13 0.40 80 4 1.15 20 4 0.78 19 8

cAMP-dependent protein kinase type II-beta regulatory subunit PRKAR2B  P31323 6.83E-148 0.65 15 11 0.99 75 7 0.62 66 9

d Overlap decreased proteins in TPP2 knock down and B6 TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO

Beta-centractin ACTR1B P42025 8.01E-240 0.45 13 4 0.78 25 4

Small integral membrane protein 12 SMIM12 Q49AP7 1.74E-10 0.38 1 0.71 31 3
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Ran guanine nucleotide release factor RANGRF Q9HD47 2.17E-03 0.53 1 0.62 34 2

E3 ubiquitin-protein ligase RNF25 RNF25 Q96BH1 1.5E-121 0.07 28 2 0.48 52 3

Cathepsin L1 CTSL P07711 8.23E-81 0.15 77 4 0.52 25 3 0.90 44 18

Proteolipid protein 2 PLP2 Q04941 9.51E-64 0.19 80 3 0.68 5 2 1.05 41 12

Frataxin, mitochondrial FXN Q16595 1.58E-111 0.20 1 2 0.83 11 5 1.01 16 17

Mediator complex subunit 30 MED30 Q96HR3 2.67E-14 0.30 36 4 0.70 15 5 1.16 44 8

Cytochrome b-c1 complex subunit 9 UQCR10 Q9UDW1 1.89E-04 0.51 16 3 0.69 9 2 1.05 13 3

Protein NipSnap homolog 2 GBAS O75323 7.56E-69 0.56 19 13 0.78 18 5 0.88 11 17

ATP synthase mitochondrial F1 complex assembly factor 2 ATPAF2 Q8N5M1 4.96E-06 0.57 17 3 0.74 20 5 0.87  1

ELAV-like protein 2 ELAVL2 Q12926 0.00E-00 0.66 51 10 0.76 1 2 0.94 8 14

Eukaryotic translation initiation factor 4E nuclear import factor 1 EIF4ENIF1 Q9NRA8 4.96E-31 0.72 43 15 0.78 31 10 1.39 22 16

Transmembrane emp24 domain-containing protein 4 TMED4 Q7Z7H5 7.67E-82 0.75 35 8 0.82 17 5 0.95 89 12

lik
el

y 
aff

ec
te

d 
by

 T
PP

2

FAD-dependent oxidoreductase domain-containing protein 1 FOXRED1 Q96CU9 7.94E-08 0.24 207 3 0.83 19 3

Protein-kinase C-related kinase 2 PKN2 Q16513 1.57E-08 0.64 238 4 0.75 22 3

Ankyrin repeat domain-containing protein 30B ANKRD30B Q9BXX2 1.79E-03 0.21 1 0.02 1

Zinc finger protein 148 ZNF148 Q9UQR1 5.38E-04 0.16  1 0.51  1 1.10  1

UPF0552 protein C15orf38 C15orf38 Q7Z6K5 4.17E-24 0.18  1 0.78 12 2 0.85 16 4

LSM domain-containing protein 1 LSMD1 Q9BRA0 5.57E-81 0.32 83 4 0.81 42 7 0.86 20 9

Vimentin-type intermediate filament-associated coiled-coil protein VMAC Q2NL98 1.92E-21 0.42 89 2 0.75 4 2 1.45  1

Leukocyte elastase inhibitor SERPINB1 P30740 1.69E-12 0.52 9 3 0.59  1 0.98  1

JNK-activating kinase 1 MAP2K4 P45985 2.06E-07 0.56 2 2 0.68 44 2 1.13 16 4

Tripeptidyl-peptidase 1 TPP1 O14773 1.27E-204 0.61 37 7 0.83 12 3 0.93 17 3

Tubulin--tyrosine ligase-like protein 12 TTLL12 Q14166 7.93E-21 0.65 46 12 0.84 18 7 0.91 15 10

Unconventional myosin-Va MYO5A Q9Y4I1 1.84E-79 0.71 36 10 0.83 29 2 0.87 23 5

La-related protein 4B LARP4B Q92615 4.51E-15 0.75 51 11 0.79 1 3 1.00 11 6

Origin recognition complex subunit 2 ORC2 Q13416 6.53E-68 0.75 29 4 0.74 15 3 1.00 26 7

Protein MAK16 homolog MAK16 Q9BXY0 4.19E-06 0.77 4 2 0.84  1 0.90 8 2

protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

e decreased proteins only detected in one of three screens TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO

aff
ec

te
d 

by
 T
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Tropomodulin 2 (Neuronal), isoform CRA_a TMOD2 G5EA42 4.65E-55 0.73 6 2

Probable tRNA pseudouridine synthase 1 TRUB1 Q8WWH5 3.37E-07 0.79 14 5

Guanine nucleotide-binding protein subunit beta-4 GNB4 Q9HAV0 3.49E-103 0.60 21 3

Tyrosine 3-monooxygenase TH P07101 6.31E-14 0.23 29 5

NHS-like protein 2 NHSL2 Q5HYW2 1.78E-07 0.22 49 3

Supplementary Table 2 (continued)
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E3 ubiquitin-protein ligase RNF25 RNF25 Q96BH1 1.5E-121 0.07 28 2 0.48 52 3

Cathepsin L1 CTSL P07711 8.23E-81 0.15 77 4 0.52 25 3 0.90 44 18

Proteolipid protein 2 PLP2 Q04941 9.51E-64 0.19 80 3 0.68 5 2 1.05 41 12

Frataxin, mitochondrial FXN Q16595 1.58E-111 0.20 1 2 0.83 11 5 1.01 16 17

Mediator complex subunit 30 MED30 Q96HR3 2.67E-14 0.30 36 4 0.70 15 5 1.16 44 8

Cytochrome b-c1 complex subunit 9 UQCR10 Q9UDW1 1.89E-04 0.51 16 3 0.69 9 2 1.05 13 3

Protein NipSnap homolog 2 GBAS O75323 7.56E-69 0.56 19 13 0.78 18 5 0.88 11 17

ATP synthase mitochondrial F1 complex assembly factor 2 ATPAF2 Q8N5M1 4.96E-06 0.57 17 3 0.74 20 5 0.87  1

ELAV-like protein 2 ELAVL2 Q12926 0.00E-00 0.66 51 10 0.76 1 2 0.94 8 14

Eukaryotic translation initiation factor 4E nuclear import factor 1 EIF4ENIF1 Q9NRA8 4.96E-31 0.72 43 15 0.78 31 10 1.39 22 16

Transmembrane emp24 domain-containing protein 4 TMED4 Q7Z7H5 7.67E-82 0.75 35 8 0.82 17 5 0.95 89 12
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FAD-dependent oxidoreductase domain-containing protein 1 FOXRED1 Q96CU9 7.94E-08 0.24 207 3 0.83 19 3

Protein-kinase C-related kinase 2 PKN2 Q16513 1.57E-08 0.64 238 4 0.75 22 3

Ankyrin repeat domain-containing protein 30B ANKRD30B Q9BXX2 1.79E-03 0.21 1 0.02 1

Zinc finger protein 148 ZNF148 Q9UQR1 5.38E-04 0.16  1 0.51  1 1.10  1

UPF0552 protein C15orf38 C15orf38 Q7Z6K5 4.17E-24 0.18  1 0.78 12 2 0.85 16 4

LSM domain-containing protein 1 LSMD1 Q9BRA0 5.57E-81 0.32 83 4 0.81 42 7 0.86 20 9

Vimentin-type intermediate filament-associated coiled-coil protein VMAC Q2NL98 1.92E-21 0.42 89 2 0.75 4 2 1.45  1

Leukocyte elastase inhibitor SERPINB1 P30740 1.69E-12 0.52 9 3 0.59  1 0.98  1

JNK-activating kinase 1 MAP2K4 P45985 2.06E-07 0.56 2 2 0.68 44 2 1.13 16 4

Tripeptidyl-peptidase 1 TPP1 O14773 1.27E-204 0.61 37 7 0.83 12 3 0.93 17 3

Tubulin--tyrosine ligase-like protein 12 TTLL12 Q14166 7.93E-21 0.65 46 12 0.84 18 7 0.91 15 10

Unconventional myosin-Va MYO5A Q9Y4I1 1.84E-79 0.71 36 10 0.83 29 2 0.87 23 5

La-related protein 4B LARP4B Q92615 4.51E-15 0.75 51 11 0.79 1 3 1.00 11 6

Origin recognition complex subunit 2 ORC2 Q13416 6.53E-68 0.75 29 4 0.74 15 3 1.00 26 7

Protein MAK16 homolog MAK16 Q9BXY0 4.19E-06 0.77 4 2 0.84  1 0.90 8 2

protein name gene Uniprot PEP ratio var [%] # ratio var [%] # ratio var [%] #

e decreased proteins only detected in one of three screens TPP2 /mock shRNA B6/ DMSO butabindide/ DMSO
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Tropomodulin 2 (Neuronal), isoform CRA_a TMOD2 G5EA42 4.65E-55 0.73 6 2

Probable tRNA pseudouridine synthase 1 TRUB1 Q8WWH5 3.37E-07 0.79 14 5

Guanine nucleotide-binding protein subunit beta-4 GNB4 Q9HAV0 3.49E-103 0.60 21 3

Tyrosine 3-monooxygenase TH P07101 6.31E-14 0.23 29 5

NHS-like protein 2 NHSL2 Q5HYW2 1.78E-07 0.22 49 3
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1-acylglycerol-3-phosphate O-acyltransferase 5 AGPAT5 Q9NUQ2 4.12E-04 0.84 14 7

Ribosomal protein S6 kinase alpha-3 RPS6KA3 P51812 9.93E-36 0.83 31 7

RNA polymerase II subunit A C-terminal domain phosphatase SSU72 SSU72 Q9NP77 1.49E-06 0.81 9 2

Ral GTPase-activating protein subunit alpha-2 RALGAPA2 Q2PPJ7 3.56E-04 0.81 30 4

FLJ00420 protein FLJ00420 Q6ZMJ6 6.11E-23 0.80 10 2

Beta-1,4-mannosyl-glycoprotein 4-beta-N-acetylglucosaminyltransferase MGAT3 Q09327 1.73E-03 0.76 15 2

Succinate dehydrogenase [ubiquinone] cytochrome b small subunit, 
mitochondrial SDHD O14521 3.25E-03 0.73 40 7

N-acylsphingosine amidohydrolase 1 ASAH1 B1B5P7 6.81E-27 0.29 36 3

TGF-beta-activated kinase 1 and MAP3K7-binding protein 1 TAB1 Q15750 2.80E-03 0.79 10 2

Trans-Golgi network integral membrane protein 2 TGOLN2 O43493 2.67E-05 0.79 8 2

Transcription activator BRG1 SMARCA4 B1A8Z5 1.81E-09 0.76 27 3

Ubiquitin-associated protein 2-like isoform 2 UBAP2L Q14157 2.30E-11 0.68 5 5

Filamin-B isoform 2 FLNB O75369 2.71E-13 0.56 10 2

Cytosolic 5-nucleotidase 1A NT5C1A Q9BXI3 5.32E-06 0.41 12 4

Endosialin CD248 Q9HCU0 7.35E-04 0.11 7 2

Supplementary Table 2 (continued)
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Succinate dehydrogenase [ubiquinone] cytochrome b small subunit, 
mitochondrial SDHD O14521 3.25E-03 0.73 40 7

N-acylsphingosine amidohydrolase 1 ASAH1 B1B5P7 6.81E-27 0.29 36 3

TGF-beta-activated kinase 1 and MAP3K7-binding protein 1 TAB1 Q15750 2.80E-03 0.79 10 2

Trans-Golgi network integral membrane protein 2 TGOLN2 O43493 2.67E-05 0.79 8 2

Transcription activator BRG1 SMARCA4 B1A8Z5 1.81E-09 0.76 27 3

Ubiquitin-associated protein 2-like isoform 2 UBAP2L Q14157 2.30E-11 0.68 5 5
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ABSTRACT

Tripeptidyl peptidase II (TPP2) is a cytoplasmic serine protease that forms large proteolytic complexes. 

TPP2 is involved in a broad range of cellular processes, but proteins downstream of TPP2 are largely 

unknown. Recently, we performed a proteomic screen that showed increased or decreased levels 

of specific proteins when TPP2 was inhibited or knocked down. Levels of the amyloid precursor 

protein (APP) were highly increased upon TPP2 knock down. APP is involved in a broad range of 

cellular functions and is extensively studied for its role in Alzheimer’s disease. Cleavage of APP by 

β-secretase leads to the formation of C-terminal fragments that are processed to the amyloid-β (Aβ) 

peptide that is aggregating in the brains of patients. However, APP can also be cleaved by α-secretase 

leading to the formation of C-terminal α fragments (CTF-α) which are processed to non-toxic peptides.  

Upon knock down of TPP2, we observed an increase in levels of full-length APP but also in levels of 

CTF-α. Using a pulse-chase analysis, we showed that TPP2 knock down affected intracellular trafficking 

of APP and caused accumulation of APP in the Golgi complex. Our findings strongly indicate that 

TPP2 regulates levels of APP and its processing by regulating its cellular transport.

INTRODuCTION

Tripeptidyl peptidase II (TPP2) is a cytoplasmic 138 kDa serine protease that forms the largest 

proteolytic complex known in eukaryotes up to 6 MDa in size (Schönegge et al., 2012). TPP2 is 

considered to act downstream of the 26S proteasome, cleaving tripeptides from the N-terminus of 

oligopeptides generated by the latter (Tomkinson, 1999), thereby functioning as an exopeptidase. 

However, TPP2 also possesses a much weaker endopeptidase activity, but only a few peptides 

up to 75 amino acids in length have been identified by in vitro digests using purified TPP2  

(Eklund et al., 2012). TPP2 is involved in peptide cleavage downstream of the proteasome to generate 

MHC-class I epitopes (Reits et al., 2004; Guil et al., 2006; Endert, 2008), but many roles in other cellular 

processes are recognized. Examples are its involvement in apoptosis (Stavropoulou et al., 2006), 

DNA repair (Preta et al., 2010), cell division (Sompallae et al., 2008; Stavropoulou et al., 2005), fat 

storage, feeding behavior (McKay et al., 2007; Rose et al., 1996) and in diseases like obesity and cancer 

(Stavropoulou et al., 2005; Duensing et al., 2010). Although TPP2 is known to affect a broad range of 

cellular processes, proteins downstream of TPP2 activity are largely unknown. Therefore, we recently 

identified proteins of which levels are decreased or increased upon TPP2 inhibition by butabindide 

and B6 (a newly generated, irreversible variant of butabindide). We compared these results with 

decreased or increased levels of proteins induced by TPP2 knock down (manuscript submitted). 
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 The amyloid precursor protein (APP) was one of the proteins which levels were upregulated the 

most upon TPP2 knock down. 

APP is extensively studied since it was identified in 1987 (Kang et al., 1987; Goldgaber et al., 1987; 

Robakis et al., 1987; Tanzi et al., 1987). Its key role in the pathogenesis of Alzheimer’s disease (AD), 

the most common age-related neurodegenerative disorder, gains a lot of attention ever since. APP 

is a single-pass type I transmembrane protein with a large extracellular ectodomain and a small 

cytoplasmic tail. It is part of an extensive gene family including amyloid precursor-like proteins 

such as APLP1 and APLP2 (Coulson et al., 2000). APP is subjective to alternative splicing, resulting 

in three main APP isoforms: APP695, APP751 and APP770 (Ponte et al., 1988). The isoforms APP751 

and APP770 are different from the APP695 isoform because of their 57 amino acids sequence that 

has a strong similarity with the Kunitz family of serine proteinase inhibitors and is therefore called 

the Kunitz protease inhibitor (KPI) domain. In addition, APP undergoes a range of posttranslational 

modifications including N- and O-linked glycosylation, phosphorylation and ubiquitination  

(Haass et al., 2012; Saito et al., 1993; Schedin‐Weiss et al., 2014; Walter et al., 1997; El Ayadi et al., 2012). 

A broad range of functions for APP has been described (reviewed in Thinakaran and Koo, 2008) 

including its neurotrophic role, its capacity to stimulate neurite outgrowth and synaptogenesis and 

cell-cell adhesion (Allinquant et al., 1995; Qiu et al., 1995; Wang et al., 2009; Haass et al., 2012), but its 

exact function is still not understood.

Most extensively studied is the role of APP in AD. APP can be processed to the amyloid-β (Aβ) 

peptide accumulating that acumulates in the brains of AD patients and leads to extracellular plaque 

formation. These plaques, together with intracellular tangles that consist of hyperphosphorylated 

tau, are the two main pathological hallmarks of AD (Braak and Braak, 1991). 

APP processing only leads to the formation of Aβ peptides when the processing takes places via the 

amyloidogenic pathway. In this pathway, APP is cleaved by β-secretase, resulting in a membrane-

bound carboxy-terminal fragment β (CTF-β or C99). The CTF-β is subject to cleavage by γ-secretase, 

releasing the Aβ peptide. Alternatively, APP can be processed via a non-toxic, non-amyloidogenic 

pathway. In this case, APP is cleaved by α-secretase, releasing the carboxy-terminal fragment α (CTF-α 

or C83), followed by γ-secretase cleavage, resulting in the formation of a non-toxic p3 peptide but 

also an APP intracellular domain (AICD) involved in nuclear signaling (Goodger et al., 2009; reviewed 

in Haass et al., 2012). 

Which pathway of APP processing - the amyloidogenic or non-amyloidogenic - is taken is 

dependent on mutations found in familial AD patients (Haass et al., 2012; Goate et al., 1991; Citron 

et al., 1992), activities of the different secretases that are involved in APP processing, regulatory 

pathways that direct these secretases to their location in the cell (Li et al., 2004; Yang et al., 2003;  
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Rajendran et al., 2008; Sannerud et al., 2011) and the cellular trafficking and localization of APP 

(reviewed in detail in (Haass et al., 2012). In general, newly synthesized APP follows the constitutive 

secretory pathway and is trafficked from the endoplasmic reticulum (ER), via the Golgi apparatus 

and trans-Golgi network (TGN) to the plasma membrane. During this transit, APP is subject to 

posttranslational modifications, including N- and O-linked glycosylation. Only a small fraction 

of the nascent APP reaches the plasma membrane, with the majority of APP localized at the 

Golgi apparatus and TGN. Once APP reaches the plasma membrane, the APP that is not shed is 

rapidly internalized and trafficked through the endocytic pathway, recycled back to the plasma 

membrane, or degraded in lysosomes. The constitutive non-amyloidogenic processing of APP 

is localized at the plasma membrane where it encounters α-secretases, while the regulated 

α-secretase activity is predominantly located within the Golgi complex (Ling et al., 2003;  

Skovronsky et al., 2000). Amyloidogenic processing mainly occurs through the endocytic pathway, where 

APP encounters both β- and γ-secretases (Wu and Yao, 2009; Frykman et al., 2010; Kinoshita et al., 2003;  

Willnow and Andersen, 2013). However, both activities are also found in the TGN.

In our previous study, we have observed induction of neurite outgrowth in human neuroblastoma 

cells and increased synaptic strength in mouse organotypic brain slices upon inhibition of TPP2 

and we suggest a possible role for TPP2 in neurological disorders such as AD. Here, we investigate 

in more detail the effects of TPP2 inhibition and knock down on APP levels, processing and cellular 

trafficking and describe for the first time an important role for TPP2 in regulating these processes.

RESuLTS

O-glycosylated APP accumulates in the Golgi complex upon TPP2 knock down

In our previous study using stable isotope labeling by amino acids in cell culture (SILAC), 

we showed increased levels of APP in SH-SY5Y cells upon 4 hours of TPP2 inhibition by 

butabindide (BB) and B6 (both 1.1-fold increase) and in TPP2 knock down cells (1.8-fold increase)  

(manuscript submitted) (Fig. 1A). In the present study, we confirmed with the use of Western blot 

a minor non-significant increase in full-length APP after 4 hours of TPP2 inhibition (BB: 1.6-fold,  

two-tailed t-test, P = 0.06; B6: 1.4-fold, two-tailed t-test, P = 0.11), but a stronger significant increase 

was found after TPP2 knock down (1.8-fold, two-tailed t-test, P = 0,0002) (Fig. 1A). On blot, 4 specific 

full length APP forms were detected using an N-terminal APP antibody in SY-SH5Y cells at steady state  

(Fig. 1A, upper panel). These 4 bands may represent different APP isoforms resulting from alternative 

splicing (APP695, APP751, and APP770) or different posttranslational modifications such as N- and 
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O-linked glycosylation states of which the latter occurs only after APP trafficking through the Golgi 

complex (Spitzer et al., 2010; Xia et al., 1997). To investigate this, we performed a pulse-chase analysis 

on endogenously expressed APP in a SH-SY5Y TPP2 knock down cell line and control cells. Cells 

were radiolabeled for 10 min with 35S-labeled methionine/cysteine and chased at indicated times  

(Fig. 1B). APP was immunoprecipitated from the radiolabeled lysates using a C-terminal antibody 

(A8717) and analyzed by dodecyl-sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 

Immediately after radiolabeling (0 min chase) the APP695 and APP751/770 isoforms were visible as 

2 separate bands (Fig. 1B) representing newly synthesized APP in the ER. Endoglycosidase H (EndoH) 

treatment increased electrophoretic mobility of all APP isoforms (Fig. 1C), indicating that APP695 

and APP751/770 received N-glycans in the ER. After 15-30 min, the ER pool of APP reached the 

Golgi complex as 2 higher bands appeared (Fig. 1B) which were not sensitive for EndoH treatment  

(Fig. 1C). Higher levels of Golgi-matured APP accumulated after TPP2 knock down as compared to 

control cells (Fig. 1B) possibly caused by altered APP trafficking to and from the Golgi. In addition, 

altered APP processing in the Golgi may cause accumulation of mature APP. 

We confirmed the increase in APP after TPP2 knock down by confocal microscopy, showing a 

significant upregulation of N-terminal and C-terminal APP immunostaining in the TPP2 knock down 

(respectively 1.7-fold, two-tailed t-test, P = 0.0007 and 1.8-fold, two-tailed t-test, P = 0.008) (Fig. 1D). 

Fig. 1D also shows that N terminal and C-terminal APP immunostainings did not completely overlap, 

indicating an additional accumulation of C-terminal APP fragments and intracellular soluble APP 

(sAPP) fragments. 

In conclusion, these data show that TPP2 inhibition as well as knock down of TPP2 lead to 

increased levels of full-length APP and an accumulation of O-glycosylated APP in the Golgi complex. 

In addition, processing of APP seems to be affected by diminished TPP2 activity as indicated by higher 

levels of CTFs and sAPP fragments.

 

TPP2 knock down stabilizes N-terminal and amyloid-containing, but not C-terminal 

APP fragments

To investigate the effects of TPP2 inhibition and knock down on protein stability and processing of 

APP, we inhibited protein synthesis by adding cycloheximide to the cell culture medium, in presence 

of 1 µM B6 or DMSO, as well as to the TPP2 knock down and control cell line. A combined use 

of different antibodies, each recognizing a specific epitope within APP, enables discrimination of 

different fragments of APP and non cleaved APP (Fig. 2A). Stabilization of APP was not observed in 

cells treated with TPP2 inhibitors for 4 hours (Fig. 2B), indicating that TPP2 did not directly cleave 
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APP. However, upon TPP2 knock down APP was stabilized resulting in 2.5-fold higher APP levels as 

compared to control after 4 hours of cycloheximide treatment (two-tailed t-test, P = 0.00009) and 

3.2-fold higher after 6 hours (two-tailed t-test, P = 0.02) (Fig. 2C). We could only show this when 

APP was stained with the 22C11 antibody recognizing the N-terminus, whereas staining APP with 

the A8717 antibody recognizing the last 19 C-terminal residues of APP did not show stabilization  

(Fig. 2C). This indicates that the stabilized APP upon TPP2 knock down, has lost the last 19 amino 

acids of its C-terminus, likely due to cleavage by α- or β-secretase. This confirms the confocal data 

that showed an increase in N-terminally-stained APP, likely to be the sAPP fragments, which were 

not recognized by the C-terminal antibody.

In conclusion, our data point at higher levels of APP CTFs, as was also indicated by the accumulation 

of C-terminally-stained APP in the confocal images of immunstained cells. To investigate in more 

detail the site of cleavage, we stained APP with the 6E10 antibody, recognizing an epitope within 

the Aβ sequence. A significant stabilization upon TPP2 knock down was observed as compared to 

control cells, with 1.5-fold higher APP levels after 4 hours of cycloheximide treatment (two-tailed 

t-test, P = 0.04) and 1.8-fold higher APP levels after 6 hours (two-tailed t-test, P = 0.03) (Fig. 2D).  

Since the stabilized APP was stained with both the N-terminal APP and 6E10 antibodies, this APP 

fragment is most likely generated by α-secretase cleavage. Apparently, upon TPP2 knock down 

levels of full-length APP and processing via the α-secretase pathway is increased, as was shown by 

higher levels of N-terminal and 6E10 stained APP in TPP2 knock down cells as compared to control. 

Increased levels of CTF-α upon TPP2 knock down

Stabilization of N-terminally- and 6E10-stained APP upon TPP2 knock down, but not C-terminal 

APP stabilization hints towards increased processing of APP by α-secretase, likely to result in an 

accumulation of CTF-α. To obtain more insight in the altered APP processing upon TPP2 inhibition, 

Figure 1  -  O-glycosylated APP accumulates in the Golgi complex upon TPP2 knock down. (A) Upper panel: Western 

blot (7.5% SDS-PAGE) stained for APP (N-terminal) and β-actin of lysates of SH-SY5Y cells after 4 hours incubation with either 

DMSO, 1 µM butabindide or 1 µM B6 (left panel) or SH-SY5Y cells stably transduced with shRNA targeting TPP2 or mock shRNA  

(right panel). Values are normalized to control (DMSO and mock shRNA). Lower panel: quantification of stable isotope labeling 

by amino acids in cell culture (SILAC) data (solid bars) and Western blots (dotted bars) (n = 3). Error bars represent standard 

error of the mean (*** P < 0.001). (B) SDS-PAGE (7.5%) of radiolabeled, immunoprecipitated APP (using C-terminal antibody) of 

lysates of SH-SY5Y cells stably expressing mock shRNA or shRNA targeting TPP2. APP bands represent an N-glycosylated ER pool 

(asterisks) and an N+O-glycosylated Golgi pool (arrowheads). Lower panel: gel profiles after 0, 30 and 120 min chase of mock 

shRNA samples (red) or TPP2 shRNA (blue). (C) Endoglycosidase H (EndoH) treatment of radiolabeled TPP2 knock down lysates 

shows that the 2 lower bands are the APP ER pool. (D) Confocal microscopy images showing nuclear Hoechst staining (blue), 

APP N-terminal (red) and APP C-terminal (green) immunostaining in the TPP2 knock down cell line as compared to control.  

Scale bar two upper rows: 100 µm. Lower rows: zoom-in; scale bar 20 µm. 
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Figure 2  -  TPP2 knock down stabilizes N-terminal and amyloid-containing APP fragments. (A) Western blot (7.5%  

SDS-PAGE) immunostained for APP (N-terminal, left panel; C-terminal, right panel) in lysates of cells treated with either DMSO 

or 1 µM B6 and cycloheximide. β-actin is used as loading control. Western blot quantification is shown below (n = 3). Error bars 

represent standard error of the mean. (B) Western blot (7.5% SDS-PAGE) immunostained for APP (N-terminal, left panel; C-terminal, 

right panel) in lysates of cells stably transduced with shRNA targeting TPP2 or mock shRNA. β-actin is used as loading control.  

Western blot quantification is shown below (n = 3); APP protein levels in TPP2 knock down cells (dashed line) and in control 

cells (solid line). Error bars represent standard error of the mean (* P < 0.05; **** P < 0.0001). (C) Western blot (7.5% SDS-PAGE) 

showing APP (6E10) in cells stably transduced with shRNA targeting TPP2 or mock shRNA. β-actin is stained as loading control.  

Western blot quantification is shown below (n = 3); APP protein levels in TPP2 knock down cells (dashed line) and in control cells 

(solid line). Error bars represent standard error of the mean (* P < 0.05).

Figure 3  -  Increased levels of full length APP and CTF-α in TPP2 knock down cells and upon TPP2 inhibition in organotypic 

mouse hippocampal brain slices. (A) Upper part shows western blots (gradient 4-12% MES-PAGE) of APP and CTF-α (C-terminal 

antibody) and β-actin (loading control) in SH-SY5Y cells stably transduced with shRNA targeting TPP2 or mock shRNA.  

Western blot quantification is shown below, for APP (dark grey bars) and CTF-α (light grey bars). Error bars represent standard 

error of the mean. (** P < 0.01; *** P < 0.001). (B) Upper panel shows Western blot (4-12% MES-PAGE) of lysates of organotypic 

mouse brain slices after 6 hours incubation in the presence of DMSO or B6, stained for APP, CTFs (C-terminal antibody) and 

β-actin (loading control). Western blot quantification is shown below, for APP (dark grey bars) and CTF-α (light grey bars).  

Error bars represent standard error of the mean. (* P < 0.05; ** P < 0.01). 

C-terminal APP fragments were analyzed using Western blot after 4 hours of TPP2 inhibition by B6 

and after TPP2 knock down. Indeed, we observed an increase of CTF levels. Since the CTF band was 

not recognized by the 6E10 antibody (recognizing CTF-β) and was ~ 10 kDa in size, we identified 

this band as the CTF-α fragment. The 2.5-fold increase of CTF-α levels upon TPP2 knock down  

(two-tailed t-test, P = 0.001) (Fig. 3A) was significantly higher than the increase in full-length APP 

(1.7-fold, two-tailed t-test, P = 0.004) suggesting that the non-amyloidogenic processing is more 

active in TPP2 knock down cells as compared to control cells, which is in line with our data obtained 

with the cycloheximide assay.
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TPP2 inhibition increases APP and CTF-α levels in organotypic mouse hippocampal 

brain slices

To investigate the correlation between TPP2 activity and APP levels in brain tissue, we analyzed the 

effects of TPP2 inhibition by B6 in organotypic mouse hippocampal brain slices. Slices were incubated 

with either DMSO or B6 and levels of full-length APP and CTFs were determined. Upon TPP2 inhibition, 

a significant 1.4-fold increase of full-length APP was observed (two tailed t-test, P = 0.03) as compared 

to the DMSO control (Fig. 3B). Levels of CTF-α showed a significant 3.2-fold increase, while CTF-β was 

not detected. Like in SH-SY5Y cells, CTF-α levels were more increased than full-length APP (two tailed 

t-test, P = 0.006) again pointing towards increased activity of the non-amyloidogenic pathway upon 

Figure 4  -  Pathways via which TPP2 may affect APP levels, transport and processing. APP is internalized 

via clathrin-mediated endocytosis which is, amongst other, regulated by ADP ribosylation factor 6 (ARF6)  

(Schweitzer et al., 2011; D’Souza-Schorey and Chavrier, 2006; Nordstedt et al., 1993). ARF 6 was upregulated  

upon knock down or 4 hours inhibition of TPP2, as well as its negative regulator ACAP1. ARF6 inactivation is required for 

internalization (Donaldson, 2003; Brown et al., 2001) and ACAP1 was shown to stimulate endocytic recycling (Dai et al., 2004). 

Furthermore, TPP2 seems to affect APP TGN trafficking. Levels of Ras-related protein Rab-8B (Rab8B) and Rabkinesin-6, an 

inhibitor of Rab6 (Echard et al., 1998) were increased upon TPP2 knock down. Rab8B is involved in TGN trafficking events 

(Huber et al., 1993a; Huber et al., 1993b) and seems to promote secretion of sAPPα (Jiang et al., 2014; McConlogue et al., 1996). 

Rabkinesin-6 is located in the TGN and has been implicated to be involved in intra-Golgi transport and the budding of vesicles 

from the TGN. Rabkinesin-6 promotes secretion of sAPPα by inhibiting Rab6 which mediates transport steps at the branch point 

where amyloidogenic and non-amyloidogenic pathways for APP diverge (McConlogue et al., 1996). Subunits of the trafficking 

protein particle complex (TRAPPC) were also found to be increased after TPP2 knock down. TRAPPC stimulates tethering of 

vesicles to their acceptor membranes in the TGN (Lorente-Rodriguez and Barlowe, 2011; Sacher et al., 2008). Overal, the observed 

accumulation of APP in the TGN is suggested to be a consequence of increased transport from the ER to TGN, and decreased TGN 

to plasma membrane transport. In green: proteins increased upon diminished TPP2 activity as compared to control. 
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TPP2 inhibition. In conclusion, these observations suggest an important role for TPP2 in controlling 

APP levels and processing in mouse brains, with TPP2 inhibition leading to accumulation of both 

full-length APP and CTF-α. 

DISCuSSION

In the present study, we investigated the effects of TPP2 on APP trafficking and processing, as 

a follow up study on a recent proteomic screen to identify protein targets of TPP2 (manuscript 

submitted). We found APP levels to be increased in SH-SH5Y cells after knock down of TPP2.  

In addition, we observed a slight, non-significant increase in APP levels after 4 hours of TPP2 inhibition 

by butabindide and B6. With the use of a pulse-chase assay in which newly synthesized, radiolabeled 

APP was followed in time, we showed an increase in O-glycosylated APP in the Golgi complex after 

knock down of TPP2 as compared to control cells after 15-30 min chase. This suggests that TPP2 affects 

the trafficking of APP to and from the Golgi complex, thereby indirectly regulating APP processing. 

Analyzing APP levels on Western blot with the use of different antibodies recognizing specific epitopes 

within the full-length protein, revealed enhanced processing of APP via the non-amyloidogenic 

pathway in TPP2 knock down cells as compared to control cells. This was confirmed by increased 

levels of CTF-α fragments. In addition, stabilization of N-terminally-stained APP was observed, likely 

to be intracellular sAPP fragments. 

We did not find an increase in CTF-α after 4 hours of TPP2 inhibition in SH-SY5Y cells, but we 

did found a significant increase in both the full-length APP and CTF-α in mouse organotypic brain 

slices upon TPP2 inhibition. This may be explained by the fact that the brain slices were incubated for  

6 hours with 100 µM of the inhibitor instead of 4 hours with 1 µM which appeared to be the optimized 

condition for diffusion of the inhibitor through the mouse organotypic brain slices. Nevertheless, we 

showed that TPP2 affects APP levels and processing in these mouse brain slices, and that its effect 

was thus not restricted to SH-SY5Y cells. In addition, we showed that the effect of TPP2 on APP is not 

a direct proteolytic effect, but rather an indirect, secondary effect that needs more time. 

The effect of TPP2 on APP levels, trafficking and processing are likely mediated by other proteins 

that are affected by TPP2 knock down or TPP2 inhibition. Based on our previous proteomic screen, we 

suggest that TPP2 is more than a peptidase and is able to affect protein-protein interactions, regulate 

phosphorylation of target proteins and affect transcription by regulating levels of transcription factors 

and cellular transport (manuscript submitted). Fig. 4 gives an overview on potential mechanisms of 

interference of TPP2 knock down and inhibition with APP transport to and from the Golgi complex. 

TPP2 is likely to disturb TGN trafficking events by affecting levels of proteins that are involved in 
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these pathways, resulting in the increased levels of O-glycosylated APP in the Golgi complex after TPP2 

knock down. Whether α-secretase cleaves APP at the cell surface, within an intracellular compartment 

like the TGN, or at both locations is still subject of debate. Studies have demonstrated that only a minor 

proportion of APP reaches the plasma membrane where it is processed via the non-amyloidogenic 

pathway, while the majority is processed by the regulated α-secretase activity predominantly 

located within the Golgi apparatus (Ling et al., 2003; Skovronsky et al., 2000). The study by  

Tomita et al. (1998) using mutant APP with defective O-glycosylation, also indicated that cleavage 

by α-secretase occurs during transport of APP through Golgi compartments where O-glycosylation 

takes place or in compartments after the TGN. In addition, Khvotchev and Sudhof (2004) showed 

that processing of APP does not require cell surface transport; inhibition of exocytosis did not affect 

α-secretase cleavage, while disrupting Golgi traffic did.

Phosphorylation of ERK was shown to be a key event downstream of PKC activation 

in regulating the activity of the α-secretase ADAM-10 (Yang et al., 2007; Alkon et al., 2007;  

Yogev-Falach et al., 2002) and we found ERK phosphorylation to be affected by TPP2 knock down 

and inhibition (manuscript submitted). Levels of ADAM-10 were increased in the TPP2 knock down 

cell line (manuscript submitted) as compared to control cells and the effect of TPP2 on ERK-mediated 

processes may be the mechanism by which TPP2 knock down increases α-secretase cleavage of APP.

In conclusion, we are the first to show the involvement of TPP2 activity in regulating APP levels, 

trafficking and processing, and our study is unique in that it is examining endogenous levels of 

APP in SH-SY5Y cells, rather than over-expressing the protein. We suggest an indirect effect of TPP2 

activity on APP levels and processing by affecting proteins that regulate its cellular trafficking. 

It is of considerable interest to investigate these pathways in more detail, especially since we also 

demonstrated an effect of TPP2 on synaptic strength and neurite outgrowth (manuscript submitted). 

Understanding pathways and proteins involved in the biochemistry of APP will ultimately help to 

unravel underlying mechanisms in neurodegenerative diseases like AD. 

MATERIALS AND METHODS

TPP2 inhibition

Inhibition of TPP2 was performed by adding either 1 µM butabindide (Tocris Bioscience, Ellisville, MO, 

USA) (stock solution 10 mM in DMSO) or 1 µM B6 (stock solution 10 mM in DMSO) or an equivalent 

volume of DMSO to the cell culture medium for 4 hours, as described before (manuscript submitted).
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TPP2 knock down

The lentiviral shRNA TPP2-specific sequence used was CCGGCCTGAT CCTTTCAGGT CTGAACTCGA 

GTTCAGACCT GAAAGGATCA GGTTTTTG (Sigma-Aldrich, St Louis, MO, USA). The SHC002 scrambled 

shRNA construct (Sigma-Aldrich, St Louis, MO, USA) was used as a negative control. All shRNA 

constructs were incorporated in the pLKO.1 vector backbone. shRNA-expressing lentiviral particles 

were prepared using HEK293T cells and the virus was transduced in SH-SY5Y cells as described 

previously (Nethe et al., 2010). TPP2 knock down was confirmed on mRNA levels by qPCR, on protein 

level by Western blot and TPP2 activity (manuscript submitted). The finally established TPP2 shRNA 

transduced cell line that was used here showed a decrease in TPP2 mRNA and protein levels as well 

as TPP2 activity of 60-65% as compared to control shRNA stable cell line as well as ‘wild type’ SH-SY5Y 

cells, as described before (manuscript submitted).

Protein isolation from SH-Sy5y cells

SH-SY5Y cells were cultured at 37°C and 5% CO2. General culture medium was DMEM high 

glucose supplemented with 10% FCS, 2 mM L-glutamine and penicillin/streptomycin (100 U/mL).  

SH-SY5Y cells were lysed in Triton X-100 lysis buffer (50 mM Tris-HCl pH7.4, 150 mM NaCl, 1 mM EDTA,  

1% Triton X-100, complete protease inhibitor cocktail (Roche, Mannheim, Germany) and ddH2O) for  

30 min on ice, followed by centrifugation for 15 min at 14 000 rpm at 4°C. Supernatant was used for 

Western blot analyses. 

Mouse organotypic hippocampal brain slices

Organotypic hippocampal brain slices were isolated from P7 mice, and cultured for 6–13 days  

in vitro in culture medium. Slices were incubated with 100 µM B6 or an equivalent volume of 

DMSO for 6 hours. Subsequently, slices were collected and lysed in Triton X-100 lysis buffer (50 mM  

Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, complete protease inhibitor cocktail 

(Roche, Mannheim, Germany) and ddH2O) for 30 min on ice, followed by centrifugation for 15 min 

at 14 000 rpm at 4°C. Supernatant was used for Western blot analyses. 



256

TRIPEPTIDYL PEPTIDASE II REGULATES AMYLOID PRECURSOR PROTEIN LEVELS

9

western blotting

Equal protein amounts were boiled for 5 min at 95°C in sample buffer (350 mM Tris-HCl pH 6.8, 10% 

SDS, 6% β-mercaptoethanol, 30% glycerol, 0.02% bromphenol blue) and subsequentially separated 

on 7.5% or 15% SDS-PAGE gels. For detecting the small C-terminal fragments, the NuPAGE MES-SDS 

Buffer kit was used (Novex, San Diego, CA, USA). Equal protein amounts were boiled for 10 min at 

60°C in NuPAGE sample buffer (Novex, San Diego, CA, USA) and separated on a NuPAGE 4-12% Bis-Tris 

gel (Novex, San Diego, CA, USA) using NuPAGE MES-SDS running buffer (Novex, San Diego, CA, USA). 

After electrophoresis, proteins were transferred onto a 0.2 μm pore size nitrocellulose membrane 

(Bio-rad, Hercules, CA, USA). Membranes were blocked in 5% dry milk in TBS and incubated with 

the primary antibodies against different APP regions: 22C11 (recognizing N-terminal amino acids 

66-81) (1:1000; MAB348; Millipore, Livingston, UK), 6E10 (recognizing amino acids 1-16 of Aβ) (1:500; 

Signet Laboratories, Dedham, MA, USA), A8717 (recognizing C-terminal, last 19 amino acids) (1:2000; 

Sigma-Aldrich, St Louis, MO, USA) and β-actin (1:500; Abcam, Cambridge, UK) overnight at 4°C. 

Subsequently, membranes were washed and secondary antibodies IRDye 680 or IRDye 800 (1:15.000; 

LI-COR Biosciences, Linclon, NE, USA) were added for 1.5 hours at room temperature. Signal was 

detected using the Odyssey imaging system (LI-COR, Lincoln, NE, USA). Protein bands were quantified 

using ImageJ software (developed at National institutes of health, http://rsb.info.nih.gov/ij).

Immunocytochemistry and confocal microscopy

Cells were grown on coverslips, then washed with PBS and fixed with 4% paraformaldehyde (Electron 

Microscopy Sciences, Fort Washington, PA, USA) dissolved in PBS for 20 min at 4°C. Cells were 

permeabilized with 0.1% Triton-X100 in PBS for 10 min at room temperature and nonspecific binding 

sides were blocked with 1% BSA in PBS for 10 min at room temperature. Subsequently, fixed cells were 

incubated with the primary antibodies against different APP regions: 22C11 (recognizing N-terminal 

amino acids 66-81) (1:100; MAB348; Millipore, Livingston, UK) and A8717 (recognizing C-terminal, 

last 19 amino acids) (1:2000; Sigma-Aldrich, St Louis, MO, USA) for 1 hour at room temperature. Cells 

were washed with PBS followed by 30 min incubation in the dark with the secondary antibody Cy3 

tagged donkey anti-mouse (1:700, Jackson Laboratories, Bar Harbor, ME, USA) or Alexa 488-tagged 

donkey anti-rabbit (1:700, Jackson Laboratories, Bar Harbor, ME, USA). Incubation was followed 

by washing with PBS, and coverslips were then mounted with Dapi containing VectaShield®  

(Vector Laboratories, Inc., Burlingame, CA, USA). The immunostaining was analyzed using a Leica TCS 

SP8 X confocal microscope and quantified using the software LAS AF Version 2.6.3 (Leica Microsystems, 
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Heidelberg, Germany). For quantification, the mean intensity was determined of at least 600 cells 

per condition.

RNA isolation and quantitative PCR

RNA from SH-SY5Y cells was isolated using Trizol (Invitrogen, Carlsbad, CA, USA) and an overnight 

precipitation in isopropanol. Total RNA (1.0 µg) was treated with DNAse I and used to generate 

cDNA (Maxima First Strand cDNA synthesis kit; Fermentas, Hanover, MD, USA) using oligo-dT and 

random hexamer primers. In short, 1.0 µg RNA was mixed with 4 µL 5x Reaction and 2 µL Maxima 

Enzyme Mix, and water was added to a total volume of 20 µL. This solution was incubated at 25°C for 

10 min, followed by 50°C for 15 min and the reaction was terminated by heating at 85°C for 5 min.  

The resulting cDNA was diluted 1:20 and served as a template in real-time qPCR assays. Real-time qPCR  

(SYBR® Green PCR Master Mix; Applied Biosystems, Foster City, CA, USA) for target proteins was 

performed using the forward and reverse primer pairs as shown below. Expression levels normalized 

against a selection of 4 reference genes (GAPDH, ACTB, TBP and YWHAZ) based on a geNorm analysis. 

The normalization factor was the geomean of the 4 reference genes. 

Cycloheximide chases to determine APP stability 

The stability of the APP was assayed by inhibiting protein translation by addition of 100 μg 

cycloheximide (Sigma-Aldrich, St Louis, MO, USA) to SH-SY5Y cells incubated with either 1 μM B6 

or the respective volume of DMSO for 4 hours, or to SH-SY5Y cells stably transfected with shRNA 

targeting TPP2 or mock shRNA. Subsequently, cells were lysed and protein levels were analyzed by 

Western blot. 

Gene Forward primer Reverse primer

APP exon 4-5 CATCTTCACTGGCACACCGT GCAACATGCCGTAGTCATGC

APP KPI CCGCTGGTACTTTGATGT TTAACAGGATCTCGGGCAAG

GAPDH TCACCACCATGGAGAAGGC GCTAAGCAGTTGGTGGTGCA

ACTB CACCTTCTACAATGAGCTGCGTGTG ATAGCACAGCCTGGATAGCAACGTAC

TBP CAGGAGCCAAGAGTGAAGAACAGTC GGCTCATAACTACTAAATTGTTGGTGG

YWHAZ ACTTTTGGTACATTGTGGCTTCAA CCGCCAGGACAAACCAGTAT
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Pulse-chase analysis and immunoprecipitation 

The pulse-chase analysis and immunoprecipitation were performed as described before 

(Braakman et al., 1991; Kleizen et al., 2005). SH-SY5Y stably expressing shRNA targeting TPP2 or 

mock shRNA were grown in poly-L-lysine coated 6 cm dishes for 2 days to subconfluency. Cells 

were starved in methionine and cysteine-free DMEM medium for 20 min before adding 180 µCi/mL  

(EasytagTM Express Protein Labeling Mix, Perkin Elmer, Foster city, CA, USA) for 10 min to pulse 

the cells. Next the cells were chased with 50% normal DMEM growth medium containing excess 

cold ‘unlabeled’ methionine and cysteine. The cells were scraped from the dish in 600 µL ice-cold 

MNT lysis buffer (20 mM MES, 50 mM Tris-Cl pH 7.4, 100 mM NaCl, 0.5% Triton X-100, 1 mM PMSF,  

20 mM NEM, 10 µg/mL of each of chymostatin, leupeptin, antipain and pepstatin). The radiolabeled 

lysates were cleared from nuclei and cell debris by centrifugation at 20 000 x g for 10 min at 4°C. 

For immunoprecipitation, 300 µL supertant was transferred to Protein-A Sepharose of Protein-G 

Sepharose beads (Amsersham Pharmacia Biotech, Cardiff, UK) that were preincubated for 30-45 min 

with antisera at 4°C. After overnight immunoprecipitation in head-over-head at 4°C, the complexes 

were washed twice with MNT lysis buffer without NEM and protease inhibitors at room temperature 

for 10 min. APP was immunoprecipitated with 0.5 µL antibody recognizing the C-terminus of APP 

(A8717, Sigma-Aldrich, St Louis, MO, USA). Samples were prepared for SDS-PAGE. Complexes were 

resuspended in 10 mM Tris-Cl and 1 mM EDTA, pH 6.8 buffer prior to adding 2x Laemmli Sample 

buffer (final concentrations 200 mM Tris-Cl pH 6.8, 3% SDS, 10% glycerol, 0.004% bromphenol blue, 

25 mM DTT). Prior to loading, samples were incubated at 95°C for 5 min. The radiolabeled samples 

were analyzed on 7.5% SDS-PA gels and dried before exposing to Fuji screens for analysis on the 

Typhoon FLA-700 (GE Healthcare, Waukesha, WI, USA) or exposing to Kodak MR Biomax films.

Endoglycosidase H treatment 

After the second wash, the immunoprecipitates were split and the antigen/antibody/bead 

complexes were taken up in 10 µL NaAc (pH 5.4) and 0.2% SDS and incubated for 5 min at 95°C.  

Then, 10 µL NaAc (pH 5.4) containing 1 mM PMSF, 10 µg/mL of each of chymostation, leupeptin, 

antipain and pepstatin, 1% Triton X-100 (to quench the SDS) was added. 0.0025 U endoglycosidase H  

(Roche, Mannheim, Germany) or 0.5 µL MilliQ was added and incubated for 1.5 hours at 37°C.  

The reaction was stopped by adding 2x Laemmli buffer, the samples were loaded on 7.5% SDS-PA 

gels and analyzed as mentioned above. 
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SuMMARy

In this thesis, we investigated the role of peptidases in Alzheimer’s disease (AD). AD is characterized 

by extracellular aggregates consisting of amyloid-β (Aβ) peptides and accumulation of these peptides 

starts decades before the onset of the first symptoms. We described which peptidases degrade the 

Aβ peptide and how their levels and activity change during the progression of AD. We are particularly 

interested in changes that occur in the presymptomatic stages of AD. Understanding of the processes 

involved in these stages may allow for therapeutic intervention before the disease becomes manifest. 

Furthermore, we investigated whether changes in peptidase activity in presymptomatic stages of 

AD can be used to diagnose the disease.

Production and secretion of the Aβ peptide can be affected by neuronal activity. In early stages 

of AD, neurons are hyperactive, but the role of neuronal hyperactivity is not known. In chapter 2, 

we discuss the two-faced nature of neuronal hyperactivity; neuronal hyperactivity can serve as a 

protective mechanism to deal with early pathological changes in the brains of patients, but may also 

be a pathogenic contributor to AD. Specific molecular mechanisms by which neuronal (hyper)activity 

affects production and degradation of the Aβ peptide are also reviewed. 

In chapter 3, we examined changes in peptidase activity in the brains of presymptomatic AD 

patients and AD mouse models. We analyzed degradation rates of a fluorogenic Aβ40 peptide (qAβ40) 

that becomes fluorescent upon degradation, which enables detection of early changes in Aβ clearance 

during progression of AD. The insulin-degrading enzyme (IDE) was identified as the main peptidase 

degrading the monomeric qAβ40, but not oligomeric forms of qAβ40. Degradation rates of qAβ40 were 

measured in post mortem hippocampal tissue of AD patients, and we showed for the first time that 

qAβ40 degradation is already decreased in the presymptomatic stages of the disease. This decrease 

was correlated with reduced protein levels of IDE. We also provide evidence that two commonly 

used AD mouse models do not mimic the alterations in Aβ clearance as observed in human AD. 

QAβ40 degradation was not diminished during AD development and IDE activity and levels were not 

decreased in those mouse models. Therefore we state that these mouse models are not suitable to 

study early changes in Aβ degradation in human AD.

In chapter 4, we investigate whether measuring qAβ40 degradation can serve as a diagnostic 

and prognostic tool for early AD. In cerebrospinal fluid (CSF) but not in blood plasma of AD 

patients, a decrease in qAβ40 degradation could be detected already in the presymptomatic stages.  

This decrease was coincided with decreased IDE levels. However, in ante mortem CSF obtained by 

lumbar puncture, qAβ40 degradation did not correlate with clinical diagnosis and did not differentiate 
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stable mild cognitive impaired (MCI) subjects from MCI subjects that converted to AD within 2 years. 

In conclusion, qAβ40 degradation was not proven to be a diagnostic or prognostic marker by itself,  

but a combination of the qAβ40 degradation assay and other biomarkers such as Aβ42 levels, may 

increase diagnostic accuracy. Chapter 5 describes a filed patent for the application of quenched Aβ40 

peptide degradation as a diagnostic and prognostic tool in AD. In chapter 6, we describe in detail 

the method that uses quenched fluorescent peptides to study peptide degradation in living cells 

and cell lysates. The use of peptidase inhibitors can help to elucidate the role of different peptidases 

in degradation of specific peptides.

In chapter 7, we study gene expression changes before, during and after the development of 

AD in an AD mouse model with the use of microarray technology. Gene expression was analyzed 

in the prefrontal cortex, which is already affected early during disease progression, and especially 

expression of genes involved in the immune response and activation of glia cells was increased. This 

is in contrast to gene expression changes in the prefrontal cortex of AD patients. Here, expression was 

increased of genes involved in synaptic activity and plasticity. In conclusion, the AD mouse models 

may be used to study immune responses during AD development, but are not representative for 

progression of AD in patients.

In chapter 8, we describe a proteomic screen that was performed by stable isotope labeling by 

amino acids in cell culture (SILAC) to identify (in)direct proteomic targets of tripeptidyl peptidase 

II (TPP2). TPP2 is involved in many cellular processes, including antigen presentation, cancer, cell 

proliferation and DNA repair. We investigated proteins that alter their expression upon TPP2 inhibition 

by butabindide or B6 (a newly developed inhibitor) or TPP2 knock down. Levels of phosphorylated 

ERK1 and ERK2 appeared to be reduced in the nucleus and downstream pathways were inhibited. 

We suggest that TPP2 affects the cellular processes mentioned above by regulating ERK1 and ERK2 

phosphorylation. In addition, we showed for the first time that diminished TPP2 activity resulted in 

stronger synaptic contacts and increased levels of the amyloid precursor protein (APP) and that TPP2 

may therefore be involved in neurological disorders such as AD.

In chapter 9, we investigate the effect of TPP2 activity on levels of APP. By using a pulse-chase 

assay in which newly synthesized APP was radiolabeled, we showed accumulation of O-glycosylated 

APP in the Golgi complex upon knock down of TPP2. After inhibition of TPP2 in SH-SY5Y cells and 

organotypic hippocampal mouse brain slices, higher levels of C-terminal APP fragments were detected 

that resulted from α-secretase cleavage (CTF-α), suggesting increased processing of APP via the  

non-amyloidogenic pathway. Therefore, TPP2 seems to regulate APP levels and processing by regulating 

its cellular trafficking and we suggest a possible role for TPP2 in AD.
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CONCLuSIONS

In this thesis we show that in presymptomatic stages of AD Aβ degradation is decreased. We suggest 

that especially the diminished levels of IDE contribute to less efficient Aβ degradation in these stages 

and that it may initiate Aβ accumulation, plaque formation and the progression to AD. We also showed 

that measuring Aβ degradation rates in ante mortem CSF may become a diagnostic tool, but only 

in combination with other biomarkers. Furthermore, TPP2 activity affects APP levels, processing and 

trafficking and we suggest a role for TPP2 in AD. This thesis contributes to a better understanding of 

the role of peptidases in neurodegenerative disease, and we show that these peptidases are important 

players in the initiation and progression of AD.
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NEDERLANDSE SAMENvATTING 

De ziekte van Alzheimer is de meest voorkomende vorm van dementie. In de hersenen van patiënten 

worden de hersencellen (neuronen) aangetast en Alzheimer wordt daarom ook wel aangeduid als 

een neurodegeneratieve ziekte. Symptomen die worden waargenomen bij patiënten die lijden aan 

Alzheimer zijn onder andere vergeetachtigheid, desoriëntatie en verandering van persoonlijkheid. 

Leeftijd is een belangrijke risicofactor voor de ontwikkeling van Alzheimer en maar liefst 1 op de 3 

mensen met een leeftijd boven de 85 jaar ontwikkelt de ziekte. Alzheimer is progressief; klachten 

worden bij patiënten in de loop der jaren steeds heviger. Al jaren voordat de patiënt ziek wordt, 

vinden er in de hersenen pathologische veranderingen plaats zoals intracellulaire ophopingen 

van het Aβ peptide en extracellulaire aggregaten van dit peptide die tussen neuronen neerslaan 

(plaques). Helaas zijn er momenteel nog geen effectieve methoden voorhanden om Alzheimer te 

diagnosticeren of te behandelen. 

Het Aβ peptide dat ophoopt in de hersenen van Alzheimerpatiënten, wordt gevormd uit het veel 

grotere APP-eiwit (Amyloid Precursor Protein, oftewel amyloïd voorlopereiwit). Afhankelijk van hoe 

APP geknipt (ook wel ‘geprocessed’) wordt, wordt ofwel het Aβ peptide gevormd (de amyloïde-

pathway), of een ander, niet-toxisch peptide (de niet-amyloïde pathway). In de afgelopen decennia 

is veel onderzoek gedaan naar onderliggende biologische processen, en is kennis opgedaan door 

genmutaties te bestuderen die voorkomen bij de familiaire Alzheimerpatiënten; deze patiënten lijden 

aan de zeldzame, erfelijke vorm van de ziekte. De genmutaties die de basis zijn van de erfelijke vorm 

van Alzheimer blijken vooral te leiden tot een verhoogde productie van het Aβ peptide, resulterend 

in de plaques en de daarmee gepaard gaande symptomen. De kennis over de gevolgen van deze 

genmutaties is ook toegepast om muismodellen te ontwikkelen die gebruikt kunnen worden om 

de ziekte van Alzheimer te onderzoeken. 

De meest voorkomende vorm van Alzheimer is echter ‘sporadisch’. Meer dan 95% van de patiënten 

lijdt aan deze vorm van Alzheimer, waarvan de oorzaak niet bekend is en genetische veranderingen 

niet op de klassieke manier overerven. Een mogelijkheid is dat deze vorm van Alzheimer niet 

veroorzaakt wordt door een overmatige productie van het Aβ peptide, maar eerder een minder 

efficiënt opruimsysteem. Ook dan zal het Aβ peptide ophopen wat leidt tot de plaques die in de 

hersenen van Alzheimerpatiënten worden waargenomen. 

In dit proefschrift onderzoeken wij de rol van peptidases, welke een belangrijk onderdeel zijn van 

het opruimsysteem in de cel. Met name de rol van peptidases in de ziekte van Alzheimer staat 

centraal. Zo analyseren wij welke peptidases in staat zijn het Aβ peptide op te ruimen en hoe deze 

veranderen in hoeveelheid en activiteit tijdens de ontwikkeling van Alzheimer. In het bijzonder zijn wij 
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geïnteresseerd in veranderingen die optreden in een vroeg stadium, nog voor de patiënt symptomen 

ontwikkelt, en of deze veranderingen ook waar te nemen zijn in muismodellen. Begrijpen wat er 

in de vroege stadia van de ziekte gebeurd is van belang om therapeutische interventie mogelijk te 

maken, nog voor de ziekte zich manifesteert. Bovendien hebben wij onderzocht of het bepalen van 

vroege veranderingen in peptidase activiteit gebruikt kan worden om Alzheimer te diagnosticeren. 

In hoofdstuk 1 geven we een korte introductie over de ziekte van Alzheimer en functie van peptidases 

in cellen. Daarnaast worden de verschillende hoofdstukken van dit proefschrift geïntroduceerd. 

Neuronale activiteit beïnvloed de productie en secretie van het Aβ peptide. Het is aangetoond 

dat neuronen hyperactief zijn in de vroege stadia van Alzheimer, maar de exacte rol van 

neuronale hyperactiviteit is niet bekend. Initieert neuronale hyperactiviteit de ontwikkeling van 

Alzheimer? Of is hyperactiviteit van neuronen juist een beschermingsmechanisme tegen de 

eerste pathologische veranderingen in het brein? Hoofdstuk 2 geeft een overzicht van data die 

beide hypotheses ondersteunt. We beschrijven neuronale hyperactiviteit die optreedt in het brein 

van presymptomatische en ‘Mild Cognitive Impairment’ (MCI; slechts milde cognitieve klachten) 

Alzheimerpatiënten en in Alzheimer muismodellen. Daarnaast worden specifieke moleculaire 

mechanismen beschreven die ten grondslag liggen aan de effecten van neuronale hyperactiviteit 

op de productie en afbraak van het Aβ peptide. 

In hoofdstuk 3 worden de veranderingen in het brein van presymptomatische Alzheimerpatiënten 

verder bestudeerd. Door de afbraaksnelheid te analyseren van een uniek fluorogeen Aβ40 peptide 

(qAβ40) dat een fluorescent (licht) signaal afgeeft na te zijn afgebroken, kunnen er uitspraken worden 

gedaan over de veranderingen die optreden in de verschillende stadia van Alzheimer, zowel in 

patiënten als in Alzheimer muismodellen. Vooral het insulin-degrading enzyme (IDE) bleek het 

cellulaire, monomere Aβ op te ruimen maar zodra het Aβ peptide aggregeerde, bleek IDE niet meer 

in staat te zijn dit peptide af te breken. Door het meten van qAβ40 afbraak in de hippocampus van 

Alzheimerpatiënten, kon voor de eerste keer aangetoond worden dat de activiteit van IDE afneemt 

in de eerste stadia van Alzheimer, nog voor de eerste symptomen zich voordoen. De afname in 

activiteit correleerde met de hoeveelheid IDE. Opmerkelijk was dat in het stadium waarin de eerste 

symptomen optreden bij patiënten, een gedeeltelijk herstel te zien was van qAβ40 afbraak en IDE 

activiteit om in latere stadia weer verder af te nemen. In twee veel gebruikte muismodellen trad 

geen afname van qAβ40 afbraak op tijdens de ontwikkeling van Alzheimer. Ook de activiteit en eiwit 

niveaus van IDE bleven gelijk. In hoofdstuk 4 wordt onderzocht of qAβ40 afbraak als diagnostisch 

en prognostisch middel kan ontwikkelen. We onderzochten of de afname in Aβ afbraak in vroege 

stadia van Alzheimer, zoals waargenomen in de hippocampus van Alzheimerpatiënten, ook te 
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detecteren is in hersenvloeistof en bloed van deze patiënten, en dat bleek het geval te zijn in 

post-mortem hersenvloeistof. Tevens bleken de IDE eiwit niveaus te correleren met de afname 

in Aβ afbraak. Bovendien hebben we groepen patiënten vergeleken van wie de progressie naar 

Alzheimer gevolgd was in de tijd op basis van symptomatische klachten. Er bleek een trend te zijn 

naar lagere qAβ40 afbraak in patiënten die Alzheimer ontwikkelen ten opzichte van patiënten met 

subjectieve klachten. Wij verwachten dat wanneer qAβ40 gecombineerd wordt met andere markers 

zoals levels van Aβ42, dit kan lijden tot de ontwikkeling van diagnostische en prognostische markers. 

Hoofdstuk 5 beschrijft het patent dat is ingediend betreffende de ontwikkeling en proteolytische 

afbraak van het qAβ40 peptide als diagnostische en prognostische techniek voor Alzheimer.  

Hoofdstuk 6 beschrijft de techniek waarbij fluorogene peptiden gebruikt worden om afbraak te 

meten en kwantificeren in levende cellen en cellysaten. Ook beschrijven we hoe peptidase remmers 

gebruikt kunnen worden om de rol van specifieke peptidases in de afbraak van een peptide te 

analyseren. 

In hoofdstuk 7 maken wij gebruik van de microarray technologie om genexpressie veranderingen 

aan te tonen die optreden voor, tijdens en na de ontwikkeling van Alzheimer in een muismodel. 

Transcriptionele veranderingen in de prefrontale cortex, een hersengebied welke al vroeg door 

Alzheimer wordt aangetast, geven dus inzicht in genexpressie veranderingen die gepaard gaan 

met ophopingen van Aβ en plaque vorming. In de prefrontale cortex is er voornamelijk een 

toename in expressie van genen betrokken bij synaptische communicatie en plasticiteit, al in de 

presymptomatische stadia van Alzheimer patiënten, net voor het ontstaan van plaques. Deze 

verandering in genexpressie valt samen met de eerder beschreven hyperactiviteit van neuronen. 

In het muismodel daarentegen, wordt de expressie van genen opgereguleerd die betrokken zijn 

bij immuunreacties en de activatie van glia cellen. Expressie van genen betrokken bij synaptische 

communicatie, plasticiteit en geheugen zijn niet veranderd tijdens de ontwikkeling van Alzheimer 

in het muismodel. Wij concluderen dan ook dat het muismodel een goed model kan zijn om 

immuunreacties die gepaard gaat met de ontwikkeling van Aβ plaques te onderzoeken, maar niet 

de ontwikkeling van Alzheimer. 

In hoofdstuk 8 wordt een proteoom screen beschreven, gebruik makend van de stabiele isotoop 

labeling van aminozuren in celkweken (SILAC), om eiwitten te identificeren die (in)directe targets 

zijn van het tripeptidyl peptidase 2 (TPP2), een serine peptidase. TPP2 speelt een rol in een aantal 

biologische processen, waaronder antigeen presentatie, kanker, celproliferatie, DNA schade en herstel, 

en neuropeptide-gemedieerde signalering. Hoe TPP2 betrokken kan zijn bij zoveel verschillende 

processen is onbekend. Om een beter inzicht te krijgen in de functie van TPP2 en om eiwitten te 

kunnen identificeren beïnvloed worden door TPP2, hebben we proteoom veranderingen geanalyseerd 
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na remming van TPP2. Hiervoor maakten wij gebruik van de remmer butabindide, maar ook van een 

door ons nieuw ontwikkelde irreversibele remmer voor TPP2, B6. Deze data hebben we vergeleken 

met proteoom veranderingen in een stabiele TPP2 knock down cellijn. Onze resultaten laten zien 

dat TPP2 remming de hoeveelheid actieve, gefosforyleerde ERK1 en ERK2 in de celkern verlaagt en 

daarmee deze signaleringsroutes remt. Wij concluderen dat TPP2 een effect heeft op bovengenoemde 

cellulaire processen door het reguleren van ERK1 en ERK2 fosforylering. Verder hebben wij voor de 

eerste keer laten zien dat TPP2 betrokken is bij de communicatie tussen neuronen. TPP2 remming 

resulteerde in sterkere synaptische contacten tussen neuronen en wij concluderen dat TPP2 betrokken 

is bij processen als leren en het geheugen en mogelijk een rol speelt in neuropathologische processen. 

In hoofdstuk 9 tonen wij een niet eerder beschreven link tussen TPP2 en Alzheimer, hetgeen de 

hypothese steunt voor een belangrijk rol van TPP2 in neuropathologische processen. Gebaseerd op 

data verkregen met de proteoom screen uit hoofdstuk 8, wordt aangetoond dat zowel in een TPP2 

knock-down cellijn en in cellen waarin TPP2 activiteit geremd is, de eiwit niveaus van APP toenemen. 

Door middel van radioactieve labeling van nieuw gesynthetiseerd APP, wordt beschreven hoe TPP2 

het transport van APP in de cel beïnvloedt; na knock down van TPP2 nemen APP niveaus toe in het 

Golgi apparaat. Ook laten wij zien dat het processen van APP richting de niet-amyloïde pathway 

toeneemt. Hetzelfde effect op APP niveaus en processing van TPP2 remming werd ook gevonden 

in gekweekte hippocampus hersenplakjes van muizen na remming van TPP2. Onze conclusie is dan 

ook dat TPP2 een belangrijk rol speelt in de regulatie van APP niveaus, transport en daarmee APP 

processing en de ziekte van Alzheimer. 

Hoofdstuk 10 is de samenvatting van de bevindingen in ieder hoofdstuk van dit proefschrift 

gevolgd door conclusies.

Conclusies

In dit proefschrift laten wij zien dat de afbraak van Aβ peptiden afneemt in de presymptomatische stadia 

van de ziekte van Alzheimer. Vooral de afgenomen hoeveelheid IDE draagt bij aan deze verminderde 

afbraak en veroorzaakt mogelijk de ophoping van Aβ peptiden, resulterend in plaque vorming en de 

ontwikkeling van Alzheimer. Het meten van Aβ afbraak in ante mortem hersenvloeistof kan mogelijk 

als een diagnostisch middel gebruikt worden, maar alleen in combinatie met andere markers voor 

Alzheimer. Verder laten wij zien dat TPP2 activiteit de hoeveelheid APP, APP processing en het transport 

van APP door de cel beïnvloedt en daarmee mogelijk een rol speelt in de ziekte van Alzheimer. 

Dit proefschrift draagt bij aan een beter begrip van de rol van peptidases in neurodegeneratieve 

ziekten en laat peptidases zien als belangrijke spelers in de ontwikkeling van Alzheimer.  
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Ik herinner mij nog goed hoe blij ik was toen ik hoorde dat ik deze promotie kon beginnen! Het was 

een bijzonder jaar; een huis gekocht (dat werd volop gebouwd), mijn promotie beginnen, afstuderen 

en een half jaar later samenwonen. En wat is er een hoop gebeurd in de daaropvolgende 4 jaar! Ik 

kan nog niet geloven dat ik zojuist de laatste stukken tekst geschreven heb en mijn proefschrift nu 

echt klaar is. Ik had dit proefschrift nooit kunnen voltooien zonder de hulp van heel veel lieve mensen 

en ik wil daarom deze laatste pagina’s gebruiken om hen te bedanken.

Laat ik beginnen met mijn promotor Ron van Noorden en co-promotor Eric Reits. Zonder jullie 

had ik natuurlijk nooit de kans gehad om mijn promotie te starten. Eric, ik kwam bij jou in de groep 

om de rol van TPP2 in de ziekte van Huntington te onderzoeken en we eindigen met een proefschrift 

over de rol van peptidases in de ziekte van Alzheimer! Dit is precies wat ik de afgelopen jaren zo 

ontzettend leuk heb gevonden; je liet mij vrij om mijn eigen onderzoek in te vullen zoals ik dat graag 

wilde en mooie, onverwachte experimentele resultaten dieper uit te zoeken, ook al waren deze niet 

‘gepland’. Bedankt daarvoor! Ron, jou wil ik vooral bedanken voor je enthousiasme en alle stukken 

tekst die je de laatste weken nog gecorrigeerd hebt. Zelfs in je weekenden heb je mij ontzettend 

geholpen met het afronden van mijn proefschrift. Door jouw kritische blik zijn de hoofdstukken 

een stuk mooier geworden! Ron, Henk en in het bijzonder Jan bedankt voor jullie hulp met de 

microscopen. Jan, bedankt voor al je hulp met de lange live-cell imaging experimenten die je altijd 

supernetjes uitvoerde. Ook bedankt voor de leuke gesprekken die we hebben gehad en de gezellige 

dag op Science Park toen we daar onderwijs gaven. Berend, bedankt voor al je FACS hulp, met name 

in mijn eerste jaar heb ik je veel mogen vragen! 

Ook zijn er veel mensen van het NIN die ik wil bedanken, waarvan een aantal in het bijzonder. 

Elly en Willem, jullie hebben mij veel geholpen. Willem, je stond altijd direct klaar met nieuwe 

samples, advies of kennis! Ik heb veel van je geleerd en zonder jou zou het voltooien van een aantal 

hoofdstukken uit dit proefschrift lastig geweest zijn. Ook Miriam en Lieneke, bedankt voor jullie hulp 

en tijd om door alle samples heen te spitten als ik weer eens een pilot wilde doen. Helmut, bedankt 

voor alle patch-clamp experimenten en lange dagen die je voor ons hebt gemaakt omdat onze 

remmer zo lang toegevoegd moest worden! Koen, ik heb eerst een leuke stage bij jou kunnen doen 

en vanaf die tijd (2010) heb ik je nogal eens lastig gevallen over onze review, maar we hebben die 

dan nu toch echt gepubliceerd! Hartstikke bedankt voor al je tijd, geduld en schrijfwerk. 

Hermen, Wouter, Bobby en alle andere mensen uit Leiden bedankt voor al jullie inzet, uitleg en werk 

voor ons TPP2 manuscript. Ik heb de dagen in Leiden erg leuk gevonden! 

Charlotte, wat heb jij mij goed geholpen met (het schrijven van) de diagnostische paper!  
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Ik waardeer het dat je de tijd hebt genomen om mij te helpen met het verzamelen van de vele 

samples (samen met Marta natuurlijk!), het uitvoeren van de statistische analyses en het kritisch 

lezen van het manuscript. 

Ronald, ik heb eerst een stage bij jou gedaan en toen tijdens mijn PhD onderzoek weer even je 

hulp ingeroepen voor de Cellomics Arrayscan. Bedankt voor je uitleg en hulp bij deze experimenten!

Bertrand, 7 jaar geleden volgde ik als student jouw colleges en nu werken we samen aan ons APP 

manuscript! Ontzettend bedankt voor de leuke en leerzame keren dat ik in Utrecht mee kon kijken 

bij de pulse-chase experimenten. Ik heb echt bewondering voor alle kennis die je hebt, met name 

over APP, en je motivatie en enthousiasme over ons onderzoek!

Dave Speijer, jij hebt mij vooral in mijn eerste en laatste jaar ontzettend veel geleerd, de 2-D 

gels, maar ook de sucrose gradiënten. Je positieve, vrolijke houding werkt erg aanstekelijk en de 

hoeveelheid kennis die je bezit is echt ongelooflijk! En natuurlijk de ‘Oogjes’. Joanna, we started 

-and will end- our PhD journey almost at the same time and I really enjoyed all our chats about our 

progress, publications and frustrations. I’m sure you will find a nice job and I wish you so much fun 

the coming years! Mijn studenten, Tjado en Nathalia, bedankt voor jullie inzet en ik wens jullie veel 

succes met jullie vervolg carriere! 

En dan de meiden uit mijn eigen groep. Anne, you are the one that was most involved in my 

research and together we worked hard on the TPP2 project. You have such an enormous amount 

of knowledge that’s amazing! Without you the TPP2 project would not have had any chance and 

your expertise on MS is of great value for the group. Thank you so much for all your hard work, the 

work discussions and the nice ideas you came up with! I wish you all the best and I’m sure you are 

going to do great things! Katrin, you are the other ‘big brain’ in the group! Thank you for your help 

in the lab, the support during the TEDx workshop, the nice chats we had and the car rides together 

after work-dinners. I’m happy for you to see you are doing so well with Julius and I wish you a great 

future together. Alicia, already from the day I started in the group we were chatting a lot, especially 

about houses and I’m so happy for you that you finally found one! Also all our other chats I really 

enjoyed and I will miss them for sure. Thank you and I wish you all the best and enjoy Mar! Lieve Anne 

(Jannie), toen jij 2 jaar geleden bij ons in de groep kwam heb jij zo veel gezelligheid meegebracht! 

Hartstikke bedankt voor alle gezellige kletspraatjes, je support bij TEDx en je lieve smsjes. Ik wens je 

veel succes met het afronden van je PhD en vergeet niet te genieten! Ik weet zeker dat je over 2 jaar 

een mooi proefschrift hebt! Lieve Sabine, je was 1,5 jaar eerder begonnen met je PhD studie en ik 

heb daarom veel van je kunnen ‘afkijken’ en leren! Je bent altijd de gezellige gangmaker in de groep, 

vooral tijdens kersttijd! Ik wil je vooral bedanken voor al je lieve, motiverende woorden tijdens het 

afronden van mijn PhD thesis. Het heeft mij echt geholpen om door te bijten in de laatste maanden! 
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En natuurlijk mijn lieve (schoon)familie. Altijd betrokken bij mijn studies en werk. Bedankt voor jullie 

interesse en vragen hoe het gaat! In het bijzonder wil ik Fanny bedanken voor het mooie ontwerp 

van de cover. Wat was het ontzettend leuk toen je mij al die mooie ideeën voor het cover ontwerp 

liet zien! Ik ben hartstikke blij met het resultaat!

Lieve pap, mam. Zonder jullie was dit proefschrift er niet geweest. Jullie liefde, trots, steun en 

motiverende woorden staan aan de basis van dit alles. Jullie weten altijd alles te relativeren en 

hebben mij geleerd wat echt belangrijk is. Hartstikke bedankt dat jullie er altijd voor mij zijn geweest 

en er nog altijd zullen zijn voor wat nog komen gaat. 

En zonder deze lieve persoon zou dit proefschrift er zeker niet zijn: mijn allerliefste Ewoud.  

Al 14 jaar mijn steun, mijn soulmate en mijn zonnetje. Zij-aan-zij tijdens de middelbare school, de 

studie en ook tijdens mijn promotie. Bedankt dat je altijd luistert, dat je relativeert en dat je tot laat 

in de avonden hebt doorgewerkt om dit proefschrift in elkaar te zetten. We gaan genieten van al 

het moois wat nu volgen gaat! 

Bedankt iedereen, het was echt een avontuur!

Op naar het volgende!


