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Parts of  this introduction are previously published in/or adaptations of: Current Medicinal Chemistry 18(16):2459-
76, 2012, and Molecules and Cells 35(4):291-7, 2013.
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11General IntroductIon

1. Alzheimer’s disease

1.1 ‘Alzheimersche Krankheit’

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by progressive 
cognitive decline, which includes memory loss (amnesia), language impairment (apha-
sia), inability to recognize objects and/or people despite intact senses (agnosia), and 
inability to execute motor tasks despite retained physical ability to do so (apraxia). AD 
patients also develop psychiatric symptoms such as personality changes, delusions, hal-
lucinations and depression. In 1901, the psychiatrist and neuropathologist Alois Alzhei-
mer described (some of) these clinical symptoms in a female patient Auguste D., aged 
51 years. After her death, in 1906, he also described the pathological hallmarks in the 
atrophic brain of  that patient, the extracellular senile plaques and intracellular neuro-
fibrillary tangles1,2. Although he was not the first to note these clinical or pathological3-5 
manifestations in a patient, he was the first to describe these all together in a pre-senile 
patient. In 1910 his director Emil Kraepelin introduced the eponym Alzheimersche Krank-
heit —Alzheimer’s disease — in the eighth edition of  his Textbook of  Psychiatry, Psy-
chiatrie; ein Lehrbuch für Studierende und Ärzte6, as an affliction apart from senile dementia. 
It was assumed that the introduction of  the eponym by Emil Kraepelin was politically 
motivated, but it has been suggested that the reason is much more altruistic7. The author 
suggests that Emil Kraepelin simply wanted to honor his associate for his work and —in 
historical perspective— underscore the importance for finding clinical and biological 
causal relations in psychiatric disorders7. In 2006, extensive reviews were written on the 
centennial history of  AD, a few are listed here8-10.

1.2 Pathological hallmarks, plaques and tangles

The pathological hallmarks of  AD are composed primarily of  aggregated proteins, 
β amyloid (Aβ) for the extracellular senile plaques and hyperphosphorylated tau for the 
intracellular neurofibrillary tangles. 

Aβ is formed by proteolytic processing of  the amyloid precursor protein (APP)11-14. 
Sequential cleavage by β- and γ-secretase activities generates Aβ peptides that can vary 
in length between 38-43 amino acids. Although a role in neuronal protection15,16 and 
synaptic plasticity17,18 is indicated in the literature, the exact physiological function(s) of  
APP or its fragments is still elusive. Aβ is a peptide with a strong tendency to aggre-
gate and ultimately forms fibrillar aggregates that are deposited in the plaques. How-
ever, the earlier aggregation intermediates, also termed oligomers or Aβ derived diffusible 
ligands (ADDLS)19, have been identified as most toxic Aβ species20-23. Oligomeric Aβ has 
been shown to interfere with several physiological processes in neurons, e.g. synaptic 
transmission and long-term potentiation (LTP), oxidative stress, lysosomal integrity and 
endoplasmic reticulum (ER) stress24. The aggregation propensity is different for Aβ iso-
forms (e.g. Aβ1-42 > Aβ1-40) and can be influenced by posttranslational modifications 
(e.g. pyroglutamate modification)25,26. 
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Microtubule associated protein tau or simply tau is an inherently disordered protein 
that has six naturally occurring isoforms in the human brain27. These isoforms have dif-
ferent numbers of  N-terminal inserts (of  unknown function) and microtubule binding 
domain repeats28,29. Tau may undergo many types of  post-translational modifications, in-
cluding acetylation, glycosylation, glycation, ubiquitination and phosphorylation, which 
indicates that this protein is heavily regulated30. Tau exhibits up to 80 phosphorylation 
sites31 and phosphorylation regulates its association with the microtubules32. The dy-
namic phosphorylation and dephosphorylation of  tau plays an important role in the 
maintenance of  the stability of  the microtubule network and the regulation of  axo-
nal transport33. Disturbance of  the balance between the activities of  tau kinases and 
phosphatases can lead to hyperphosphorylation, and this renders tau more prone for 
aggregation34,35. The hyperphosphorylation and aggregation of  tau disrupt its normal 
function. In addition, tau oligomers, as for Aβ, have been suggested to be synaptotoxic36.

1.3 Etiology of Alzheimer’s disease

Among models for AD pathogenesis37 the amyloid cascade hypothesis is one of  
the most influential38-40. According to the amyloid cascade hypothesis41, the increased 
formation and aggregation of  Aβ are early events in AD pathogenesis that initiate the 
pathogenic cascade, resulting in tau phosphorylation and aggregation and ultimately 
neurodegeneration. Strong support for this hypothesis is obtained from familial variants 
of  AD42-45 and Down’s syndrome46. In familial AD, single mutations in genes —directly 
related to APP processing— lead to early onset AD in an autosomal dominant manner. 
These mutations are found in the APP gene itself42, but most commonly in the presenilin 
genes43,47, that are part of  the γ-secretase complex48. Also mutations in the tau protein 
have been identified that increase its aggregation propensity. However, these mutations 
do not lead to AD but are associated with familial variants of  frontotemporal lobar 
dementia associated with tau inclusions49,50. Interestingly, high levels of  Aβ did not lead 
to behavioral deficits in animals with reduced levels of  endogenous tau51. In addition, 
tau reduction led to rescue of  histopathological and electrophysiological conditions in 
a mouse model overexpressing human APP and Fyn tyrosine kinase52. These examples 
indicate that Aβ and tau are strongly connected but in ways not yet fully understood.

The precise cause or causes for (sporadic) AD remain elusive to date53, although 
several risk factors have been identified. The prime and perhaps most obvious risk fac-
tor is age; the risk for AD increases exponentially with age54,55. In addition, there is 
accumulating evidence from GWAS studies56-58 for a contribution of  several genetic 
risk factors in addition to the APOε4 allele that was identified before59. There are also 
less clearly defined factors such as cerebrovascular risk factors, diabetes mellitus type 2, 
head injury, physical activity and also lower education level60. Despite its high prevalence, 
that has increased steeply hand in hand with the greying Western societies, there is only 
symptomatic treatment available with limited efficacy and many side-effects, e.g. NMDA 
receptor antagonists and acetylcholinesterase inhibitors61. New treatments should pref-
erably target early in the disease, and modify the disease process. Therefore targeting 
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early events in AD pathogenesis probably before or during the pre-clinical stage termed 
mild cognitive impairment is important. Our group has previously identified activation 
of  the unfolded protein response (UPR) as a very early event in AD62-64.

2. The unfolded protein response

2.1 Activation of the UPR

The ER is the organelle where (trans)membrane proteins, organelle targeted proteins 
and secreted proteins are synthesized, modified and folded. The folding of  proteins is 
driven by several forces, for instance hydrophobicity and formation of  salt bridges and 
hydrogen bonds. These forces move the protein through its free energy landscape from 
its unfolded state, attaining several (semi-)stable intermediate states, to its native, mature 
conformation. In the ER lumen, proteins may undergo post-translational modifications, 
such as the formation of  disulfide bridges and addition of  N-glycosylation, which have 
an additional impact on protein folding. The folding of  proteins is guided by molecular 
chaperone proteins, which promote desired and prevent unwanted folding interactions 
(ER protein folding is reviewed in e.g.65). Correct folding of  proteins is also dependent 
on the maintenance of  the environment or homeostasis of  the ER lumen. ER stress 
occurs if  ER homeostasis is disturbed by insults, such as calcium imbalance, glucose 
deprivation and hypoxia which lead to accumulation of  misfolded proteins. ER stress 
activates the UPR, reviewed in e.g.66-71. This is an important proteostatic response (per-
taining protein homeostasis72), especially for cells that produce high amounts of  proteins 
in the ER, like secretory cells73. In addition, post-mitotic cells such as neurons, are very 
dependent on proteostasis because they cannot be replaced74,75.

The foundation for the intricate signaling network of  the UPR is formed by three ER 
membrane spanning sensor proteins, inositol requiring enzyme 1 (Ire1), double-stranded 
RNA-activated protein kinase (PKR)-like endoplasmic reticulum kinase (PERK) and ac-
tivating transcription factor 6 (ATF6; fig. 1). All three UPR sensor proteins can bind the 
ER heat-shock protein 70 family member glucose-regulated protein 78/immunoglobu-
lin heavy chain-binding protein (Grp78/BiP, respectively)76,77. The prevalent model of  
UPR activation is the binding of  BiP to these sensor proteins in resting state. BiP titrates 
away from these sensors under ER stress conditions to cope with unfolded proteins, and 
this activates the sensors76,77. However, activation of  the UPR is more complex, e.g. BiP 
is suggested to have a buffering function instead of  a strictly binary switch like function 
in Ire1 control78,79. In this model Ire1 is activated by unfolded proteins directly and BiP 
binding sequesters inactive Ire1 to prevent it from activating under low ER stress con-
ditions79. BiP dissociation from ATF6 is suggested to be regulated instead of  caused by 
affinity competition with unfolded proteins80. In addition, reduction of  intermolecular 
disulfide bonds between ATF6 molecules is shown to be important for its activation81. 
How the UPR is activated in detail remains somewhat enigmatic, but it at least involves a 
dynamic interplay between the three sensor proteins, misfolded proteins and BiP.
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2.2 UPR signaling

Ire1 is the most conserved effector of  the UPR throughout eukaryotes, in fact in 
yeast it is the only effector of  the UPR69. Ire1 activation involves dimerization, oligom-
erization and subsequent trans-autophosphorylation82,83, and this leads to the non-con-
ventional cytosolic splicing of  X-Box binding protein 1 (XBP1) mRNA84. The splicing 
excises a 26 nucleotide intron which shifts the reading frame of  the mRNA and transla-
tion yields the active transcription factor (s)XBP1.

Activation of  PERK also leads to dimerization and subsequent trans-autophosphor-
ylation similar to Ire1 activation85, in fact, the luminal domains of  Ire1 and PERK are 
functionally interchangeable in regard to dimerization events86. Phosphorylated PERK 
phosphorylates eukaryotic initiation factor 2α (eIF2α), resulting in overall translational 
attenuation87. This prevents the further build-up of  protein load in the ER. By contrast, 
the translation of  specific mRNAs is enhanced by eIF2α phosphorylation, for example 
expression of  the transcription factor ATF4 is regulated in this way88,89. 

Figure 1. The unfolded protein response. The three sensors of  the unfolded protein response (UPR), 
double-stranded RNA-activated protein kinase (PKR)-like endoplasmic reticulum kinase (PERK), ino-
sitol requiring enzyme 1 (Ire1) and activating transcription factor 6 (ATF6) are activated upon endo-
plasmic reticulum (ER) stress, a situation that challenges ER homeostasis. The ER resident molecular 
chaperone glucose-regulated protein 78/immunoglobulin heavy chain-binding protein (Grp78/BiP, 
respectively) is involved in the activation of  the UPR sensors, the prevalent model involves the titration 
of  BiP away from the sensors by misfolded proteins. PERK activation leads to a general translational 
block through eukaryotic initiation factor 2α (eIF2α) phosphorylation and increased translation of  
selected mRNAs, for example the transcription factor ATF4. Activation of  Ire1 leads to non-canonical 
cytosolic splicing of  XBP1 mRNA and generation of  the XBP1 transcription factor. ATF6 holoprotein 
(ATF6-p90) is transported to the Golgi apparatus upon activation, where it is sequentially cleaved by 
site-1 and -2 proteases, which releases the cytosolic ATF6-p50 transcription factor. The UPR signal 
transduction routes work together to restore and maintain ER homeostasis but prolonged activation 
leads to upregulation of  the pro-apoptotic factor cAMP response element-binding (C/EBP) homolo-
gous protein (CHOP). 
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Activation of  ATF6 leads to transport of  the ATF6 holoprotein (ATF6-p90) to the 
Golgi apparatus. In the Golgi, ATF6-p90 is processed in a sequential manner by the site-
1 and site-2 proteases90-92. This releases the cytoplasmic domain (ATF6-p50), which acts 
as the actual transcription factor after translocation to the nucleus93.

These three signaling events are finely balanced to suit the level of  stress in the 
ER79,94. The transcriptional activation of  ER stress responsive genes is mainly mediated 
by XBP1 and ATF695, resulting in the increased expression of  genes that assist to restore 
ER proteostasis, including BiP, but also components of  degradational pathways (see be-
low). During persistent ER stress, Ire1 and ATF6 are attenuated while the PERK route 
remains active96. This results in ATF4 mediated induction of  the pro-apoptotic factor 
cAMP response element-binding (C/EBP) homologous protein (CHOP), involving 
programmed cell death in the UPR97. If  homeostasis is restored, the UPR switches off.

2.3 Termination of the UPR

The exact mechanism of  UPR shutdown is still not fully elucidated, but it at least 
involves UPR inherent negative feedback signaling. BiP is suggested to exert feedback 
control on the UPR; the increase of  UPR induced BiP may in turn limit the activity of  
the three ER stress sensors98. In yeast, the kinase activity of  Ire1 was shown to be critical 
to for attenuation of  its own activity99-101. ATF6 induces P58IPK, an inhibitor of  the 
interferon-induced double-stranded RNA-activated protein kinase, which inhibits the 
PERK pathway. In addition, the ER stress responsive growth arrest- and DNA dam-
age-inducible gene (GADD) 43 facilitates eIF2α dephosphorylation102,103. Furthermore, 
UPR induced nucleobindin 1 represses site-1 protease cleavage of  ATF6104, and Wolfram 
syndrome 1, also UPR induced, enhances ATF6-p90 degradation by the proteasome105, 
together inhibiting the ATF6 pathway73. In conclusion, the UPR is a cellular stress re-
sponse with both pro-survival and pro-apoptotic elements that are tightly regulated.

3. Proteolytic pathways connected to the UPR

The UPR is integrated with proteolytic systems that aid in resolving stress events in 
the ER lumen. ER associated degradation (ERAD) involves the export of  proteins from 
the ER that are terminally misfolded. These proteins are targeted to the proteasome for 
degradation. In addition, autophagy is activated by the UPR. Autophagy involves highly 
regulated formation of  double membrane vesicles that contain to be degraded material 
and these autophagic vesicles are ultimately fused with lysosomes to initiate their actual 
degradation. These proteolytic systems are discussed in more detail below.

3.1 ERAD

To ascertain proper folding of  proteins in the ER, there is extensive protein qual-
ity control (QC) in place106,107. The best described protein QC system in the ER is the 
one determined by glycan signaling108. Newly synthesized ER polypeptides are modi-
fied with oligosaccharide precursors and subsequently trimmed by ER glucosidases to 
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allow recognition by the lectin chaperones calnexin and calreticulin108. Removal of  the 
last glucose residue marks properly folded proteins that can exit the ER through the 
secretory pathway. In contrast, misfolded intermediates are reglucosylated and re-enter 
the glucosylation/deglucosylation lectin cycle which may be repeated until the proteins 
are recognized as irreversibly misfolded, leading to removal of  mannose residues by 
ER mannosidase I109,110. This facilitates recognition by the ER degradation-enhancing 
α-mannosidase-like lectins (EDEMs)111, ultimately resulting in retrotranslocation and 
degradation by the ubiquitin proteasome system (UPS)109,112. This process of  degrada-
tion of  terminally misfolded ER proteins is called ERAD, which requires factors in both 
the ER and the cytosol113. The channel responsible for the export of  terminally misfold-
ed proteins is somewhat unclear, but is has been proposed that it includes Sec61com-
ponents114, Derlin family proteins and E3-ubiquitin ligases110. Only monomeric proteins 
can be degraded via ERAD, due to size limitations of  both the export channel115 as well 
as the proteasome catalytic chamber116. After dislocation from the ER, terminally mis-
folded proteins are delivered to the proteasome by ubiquitin-binding proteins117.

3.2 Autophagy/lysosomal system

3.2.1 Autophagy

Autophagy comprises a degradational pathway that ultimately delivers targets to the 
lysosome. Three autophagic systems can be distinguished: microautophagy, chaperone 
mediated autophagy (CMA) and macroautophagy. Microautophagy involves the direct 
uptake of  cytosolic content, by invagination of  the lysosomal membrane. CMA targets 
proteins with a specific consensus motif  recognized by a heat-shock cognate protein, 
which aids in the direct and selective transport into the lysosome. Macroautophagy in-
volves the formation of  a double- or multi-membrane structure, the autophagosome, 
which engulfs the cellular material targeted for degradation (proteins, cytosolic debris 
and organelles), and subsequently fuses with the lysosome. Macroautophagy is most ex-
tensively described and most relevant to protein QC, therefore from hereon we will refer 
to macroautophagy as simply autophagy. The autophagic process is extensively reviewed 
and few are listed here118-121.

Autophagy is a complex and strongly regulated process that involves several auto-
phagy related genes and proteins (ATG and Atg, respectively122). To date, the number 
of  identified Atg proteins has grown to over 30 in yeast119,123. The autophagy process 
is evolutionary conserved and many human Atg orthologues have been identified124. 
At least 15 Atg proteins form the core machinery of  autophagy and these Atg proteins 
cooperate in complexes that are involved in the sequential steps in the formation and 
maturation of  the autophagosomes118,125; the initiation, elongation and fusion with the 
lysosome. A straightforward marker of  autophagic activity is currently not available and 
changes in levels of  Atg proteins should be interpreted with caution121,126.

A commonly used marker is microtubule associated protein 1 light chain 3 (LC3). 
LC3 is the mammalian homologue of  Atg8 and is an essential protein for the formation 
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and maturation of  autophagosomes. Cytosolic LC3-I is converted to membrane asso-
ciated LC3-II by the ubiquitin-like conjugation of  LC3 to phosphatidylethanolamine. 
LC3-II decorates both the inner and outer membrane of  the forming autophagosome 
and the relocalization of  LC3-II to membranous structures can be used as a marker for 
autophagy. LC3-I and LC3-II can be distinguished on western blot and an increased 
LC3-II level is often interpreted as increased autophagy. However, this simple interpre-
tation is complicated by the degradation of  LC3-II itself  during the autophagic process 
and is therefore dependent on autophagic flux. In conclusion, LC3-II levels can give 
an indication of  steady-state levels of  autophagy but autophagic flux measurement will 
have to be performed in the presence of  lysosomal fusion/degradation inhibitors (re-
viewed in121,126).

Basal autophagic activity was considered to regulate mainly the turnover of  long-lived 
cytoplasmic proteins127,128. More recently, autophagy has been implicated in the degra-
dation of  polyubiquitinated protein species. Two different autophagy deficient mouse 
models (Atg5-/- and Atg7-/-) show prominent accumulation of  ubiquitin positive protein 
aggregates in neurons, accompanied by neurodegeneration129-131. These findings suggest 
that basal autophagy assists in the clearance of  aggregation prone and ubiquitinated 
protein species in neurons. Apart from the targeting consensus sequence involved in 
CMA, the recognition of  substrate and targeting to the autophagy/lysosomal system is 
not well understood. Autophagy is increased by perturbations in cellular homeostasis132. 
A well described mechanism for the induction of  autophagy involves the mammalian 
target of  rapamycin (mTOR)133 that integrates several signalling pathways. Inhibition 
of  mTOR activity initiates a signal cascade that activates autophagy134, which aims to 
aid in the restoration of  homeostasis. In addition, Beclin 1 (mammalian homologue of  
Atg6) may switch this stress response from cytoprotective to apoptosis, depending on 
its binding partner135. After completion of  autophagosome formation, fusion with the 
lysosome takes place in which the lysosome associated membrane protein (LAMP)2A 
and the small GTPase Rab7 (see Rab proteins below) are involved136. This step enables 
the actual degradation of  the material that was sequestered in the autophagosome.

3.2.2 Lysosomes

Lysosomes137 are acidic organelles that are responsible for the intracellular compart-
mentalized degradation of  various macromolecules including proteins and peptides. 
The lysosomal limiting membrane contains at least 40 different lysosomal membrane 
proteins138,139. Newly synthesized lysosomal membrane proteins are either routed to the 
lysosome directly from the trans-Golgi network, or via the plasma membrane through a 
pathway involving recycling endosomes140. This lysosomal targeting is directed by a sort-
ing signal on the cytoplasmic tail of  most lysosomal membrane proteins141. Among the 
major membrane protein species are the highly glycosylated LAMP(1-3) proteins and 
lysosome integral membrane proteins (LIMP)2138,142. The function of  the LAMP and 
LIMP proteins is not fully known. They have been suggested to be involved in mainte-
nance of  the structural integrity of  the lysosome, but novel functions are being discov-
ered140,143. Defective LAMP2 leads to a lysosomal storage disease with clinical vacuolar 
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cardiomyopathy and myopathy called Danon disease144. LAMP1 deficiency, however, 
is well tolerated indicating functional redundancy in this class of  proteins142. LIMP2 
deficiency is a cause for Gaucher disease, also a lysosomal storage disease145. In addition 
to the structural LAMP and LIMP proteins, the lysosomal membrane contains several 
transporters. The vacuolar-type H+ (v)ATPase is the proton pump which establishes 
and maintains lysosomal acidity146. Other transporters include, for instance, cystinosin 
(cysteine transporter)147, sialin (sialic acid transporter)148, NRAMP2 (iron transporter)149 
and NPC (cholesterol transporter)150. 

Macromolecules targeted for lysosomal degradation are delivered to the lysosome 
from the extracellular space through endocytosis or phagocytosis151, or from the cyto-
plasm through autophagy, as described above. Lysosomes contain over 50 hydrolytic 
enzymes that have an acidic pH optimum in the range of  4.6-5.0152. The main class 
of  lysosomal proteases responsible for protein breakdown comprises the cathepsins. 
Cathepsins are subdivided into three subgroups based on their active site amino acid. 
These subgroups are the cysteine (cathepsins B, C, F, H, K, L, O, S, V, U W and X153), the 
aspartyl (cathepsins D and E) and the serine cathepsins (cathepsins A and G). Cathep-
sins are expressed in a cell- and tissue-specific manner. In neurons, cathepsins B and L 
are the most important154.

Cathepsins cleave their substrate in an unspecific manner and most of  the enzymes 
are endopeptidases. To prevent any unwanted catalytic activity, cathepsins are tightly 
regulated. First, they are synthesized as inactive zymogens and targeted to the lyso-
some employing the mannose-6-phosphate receptor pathway140. The inactive enzyme 
precursors are activated by removal of  the N-terminal propeptide by other proteases 
or by autocatalysis at acidic pH155. Another important way by which cathepsin activity 
is regulated is by interaction with their endogenous protein inhibitors. The cystatins are 
reversible competitive inhibitors of  C1 cysteine proteases and have been classified into 
three types: the stefins, the cystatins and the kininogens156. Therefore, the activity of  the 
cathepsins is regulated by various mechanisms including regulation of  their expression 
level, zymogen processing and endogenous inhibitors. 

Both the autophagy/lysosomal pathway (ALP) and the UPS represent means by 
which misfolded proteins can be degraded. In contrast to the UPS, the ALP can also 
degrade aggregated proteins. Indeed, lysosomes have been shown to degrade proteins 
that form aggregates in neurodegenerative diseases: α-synuclein 4157,158, tau159 and hun-
tingtin160 involved in Parkinson’s disease (PD), AD and Huntington’s disease (HD), re-
spectively. 

3.3 Interaction of UPR and proteolysis

During ER stress, the demand for proteolysis is increased. Non-surprisingly there-
fore, the UPR activates proteolytic systems via different mechanisms. The UPR induc-
tion results in activation of  autophagy. In particular, Ire1 signaling has been implicated 
in the induction of  autophagy, but this may relate more to its interaction with other 
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kinases (JNK and ASK-1) than to its function in XBP1 splicing161-165. In addition, ATF4 
was reported to increase the expression of  Atg5, Atg7 and LC3 in proteasome inhibitor 
treated cancer cells166,167. The direct involvement of  the UPR is not convincingly shown 
in these specific experiments that use proteasome inhibitors, which also stabilize ATF4 
directly whilst bypassing the PERK pathway166,168. The signaling in cancer cells may be 
different from that in neurons, since our own data indicate that proteasome inhibition 
does not induce a full UPR in neuronal cells169. Besides the UPR, other stress signaling 
pathways converge at the level of  eIF2α phosphorylation (e.g. oxidative stress or nutri-
ent deprivation). Regulation via this pathway would make sense, as other types of  stress-
ors that induce eIF2α phosphorylation also induce autophagy as a protective response. 
Indeed, the eIF2α/ATF4 pathway was shown to regulate transcriptional activation of  
autophagy genes under influence of  both nutrient deprivation and ER stress. In a more 
direct ER stress model, it was demonstrated that ATF4 is involved in the conversion of  
LC3-I to LC3-II163. In addition, XBP1 is involved in upregulation of  ERAD compo-
nents95. Interestingly, deletion of  XBP1 increases autophagy170, probably as a compen-
satory mechanism for diminished ERAD activity, illustrating the crosstalk between the 
proteolytic machineries.

Our lab has shown that during UPR activation, the ALP is in fact the major proteo-
lytic pathway171. However, the mechanisms connecting the UPR and the ALP are not 
fully understood yet. Membrane dynamics may convey crosstalk between the proteolytic 
systems. Although the origin of  the autophagosomal membrane is disputed, it is sug-
gested that the ER in large extent provides the source membrane172,173. Interestingly, ER 
membrane expansion also alleviates ER stress174. 

4. Rab proteins

4.1 The Rab cycle

Intracellular membrane-to-membrane or vesicle transport is highly regulated, which 
includes vesicle formation, motility, docking and fusion175,176. Major regulators of  vesicle 
transport are the Ras-related of  the brain (Rab) proteins, member of  the Ras oncogen 
superfamily of  small GTPases177-179. There are over 60 identified Rab proteins in hu-
mans180,181, some of  which are highly conserved from yeast to mammals182. Each Rab 
protein mediates a specific trafficking domain in the cell, however, there is overlap and 
redundancy in Rab functions. Moreover, some Rabs are ubiquitously expressed, whereas 
others are tissue specific183, e.g. Rab3A is specifically expressed in brain tissue184.

Newly synthesized Rab proteins are bound by Rab escort protein (REP) to assist 
with the irreversible post-translational prenylation by Rab geranylgeranyl transferase185. 
One or two hydrophobic geranylgeranyl moieties are attached to a cysteine in the car-
boxy terminal of  the Rab protein to serve as a membrane anchor176. In addition, REPs 
associate with prenylated Rabs to keep those soluble in the cytosol and aid with presen-
tation to their source membranes. Similar to its superfamily members, Rabs function in 
a GDP/GTP inactivation/activation cycle, respectively (fig. 2). Rabs have a high affinity 
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20 Chapter one

for both GDP and GTP, and therefore a GDP/GTP exchange factor (GEF) is required 
to catalyze the exchange of  nucleotides. GDP/GTP exchange is accompanied by REP 
release, Rab conformational change and delivery to target membranes. Rabs have low 
intrinsic GTPase activity. Therefore a GTPase-activating protein (GAP) is needed for 
GTP hydrolysis, upon which Rabs dissociate from the target membrane assisted by a 
GDP-dissociation inhibitor (GDI). GDI is also capable of  presenting prenylated GDP-
bound Rabs to source membranes similar to REP. The Rab protein becomes available 
for a GEF and the Rab inactivation/activation cycle can start again180,181,183,186. Rab spec-
ificity originates from interactions with effector proteins, enabling the Rabs to function 
in vesicle formation and tethering, but also transport through motor protein association 
and membrane fusion187,188.

4.2 Rab6

Rab6 has four known gene products. Rab6A and RabA’ are splice variants of  the 
same gene (11q13.3). Rab6B and Rab6C are encoded by separate genes (3q22.1 and 
2q21.1, respectively). Rab6A and A’ are expressed the most ubiquitously and abundantly 
in tissues189 whereas Rab6B is specific for neurons190. The latter three Rab6 isoforms are 

Figure 2. The Rab cycle. A GDP/GTP exchange factor (GEF) catalyzes the exchange of  GDP to 
GTP nucleotides on Rab proteins. The activated Rab GTP aids in the transport of  vesicles from the 
donor membrane to the target membrane. The association of  Rabs to their effector proteins is key 
for their membrane specificity. GTPase-activating protein (GAP) hydrolyses GTP to GDP on the Rab 
protein. GDP-dissociation inhibitor (GDI) binds GDP bound Rabs and also assists in the presentation 
of  the Rab to its donor membrane. The GDP may be exchanged for a GTP as described above, to 
restart the Rab cycle. Adapted from Pfeffer et al.228
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located in or near the Golgi-apparatus and are involved in transport in the vicinity of  
that organelle191,192. Rab6C, however, is translated from a retrogene —originating from 
Rab6A’— and is suggested to have a modified function193. The Rab6 isoforms have 
overlapping functions that have not been fully characterized; therefore we will collec-
tively address them as Rab6, unless specified otherwise. There are at least 15 identified 
Rab6 effector proteins193-204, and for three of  these the minimal Rab6 binding domain 
was determined as a coiled-coil structure202,205. The existence of  multiple binding part-
ners indicates that Rab6 actually plays a role in a multitude of  cellular functions. Rab6A 
and Rab6A’ function in Golgi to ER transport204,206,207, but differentiate in their targeted 
content191. Rab6A’ is also suggested to be involved in endosome to trans-Golgi network 
transport197 and Rab6B is implicated in retrograde movement in neurites192. Further-
more, Rab6 is associated with regulation of  exocytosis208-211, Golgi apparatus homeo-
stasis and structural maintenance212-216. In addition, Rab6 is exploited and adapted by 
various pathogenic microorganisms including bacteria and even viral particles217-220 and 
is involved in inflammation221. Apparently, various pools of  Rab6 coexist in the cell that 
depending on their effectors have distinct localizations and functions that may span 
from plasma membrane to Golgi and ER.

4.3 Rab6 in AD

Rab6 was first reported to be involved in AD by McConlogue and colleagues222. The 
authors suggested that Rab6 transport routes act on a junction between amyloidogenic 
and non-amyloidogenic APP processing. They showed that dominant negative Rab6 in 
a cell model increased s-APPα (non-amyloidogenic product of  APP cleavage) secretion 
and consequently decreased s-APPβ formation, although Aβ accumulation was only 
moderately affected. Rab6 has indeed been associated with APP trafficking using Mint3 
as an adaptor protein200. Recently a different isoform of  Mint1, Mint1 826, was shown 
to have a similar function223. In our lab we have shown that presenilin 1 is associated 
with RabGDIα224. Interestingly, the membrane association of  Rab6, but not Rab4, is 
dependent on presenilin 1225. Additionally, we found that Rab6 is increased early in AD 
concomitantly with the increase of  the UPR226. These data have initiated the research 
described in this thesis.

5.  Aim and outline of this thesis

There is a severe disturbance of  proteostasis in AD. This is accompanied by activa-
tion of  UPR in the early stages of  pathology. The levels of  Rab6 are also increased in 
AD, in a striking correlation with the extent of  UPR activation226. Recently, these results 
have been corroborated in a transgenic mouse model for AD227. High Rab6 levels are 
found in AD neurons that have an active UPR and contain early tau pathology and 
that therefore display disturbed proteostasis. It is not clear how Rab6 and the UPR are 
functionally connected, but the evidence for a role of  Rab6 in molecular events in AD 
suggests it may be a modifier in the pathogenesis. 
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The research question addressed in this thesis is: ‘How is Rab6 involved in the regulation 
of  proteostasis —with specific focus on the UPR and its connected proteolytic systems— in AD?’ 

In Chapter 2 we investigate whether there is a functional connection between UPR 
activity and Rab6. We show that Rab6 is a modulator of  the unfolded protein response. 
Rab6 overexpression reduces the UPR and Rab6 knockdown leads to the opposite 
effect. We demonstrate that Rab6 does not influence UPR signaling. In contrast, we 
demonstrate that ablation of  Rab6 lowers the recovery from ER stress.

In Chapter 3 we investigate the connection between the UPR and ERAD. We show 
that inhibition of  ERAD leads to reduced UPR activity and altered lysosomal position-
ing and morphology. Inhibition of  ERAD has a similar effect as Rab6 overexpression, 
it reduces the UPR and UPR induced cytotoxicity. We show that ERAD inhibition does 
not regulate autophagy, but alters the lysosomal morphology and positioning.

In Chapter 4 we study the connection between ERAD and Rab6. We show that 
Rab6 is recruited to membranes if  ERAD is impaired. However, our data demonstrate 
that Rab6 and ERAD inhibition induce independent proteostatic responses against ER 
stress. 

In Chapter 5 the connection of  Rab6 with the ALP is investigated. We show that 
Rab6 has no effect on autophagy, but has a profound effect on lysosomal positioning, 
morphology and activity. In addition, the lysosomal repositioning during nutrient and 
ER stress is altered when Rab6 is depleted.

In Chapter 6 we further investigate the connection between Rab6 and the ALP. 
We show that the active pool of  Rab6 is a substrate for autophagy. Rab6 accumulation 
is partly in the autophagy/lysosomal system, particularly in lysosomes, in neurons of  
post-mortem brain material from AD patients.

Chapter 7 summarizes these findings and discusses the implications for AD and 
directions for future research.
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