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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. 
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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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