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10 Chapter one

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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12 Chapter one

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 

Rab6 and Unfolded Protein Response-Mediated Proteostasis in Alzheimer's Disease.indb   12 8-10-2014   8:11:07



13General IntroductIon

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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14 Chapter one

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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15General IntroductIon

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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18 Chapter one

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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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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Abstract

The unfolded protein response (UPR) is a stress response of  the endoplasmic re-
ticulum (ER), the first compartment of  the secretory pathway. The UPR is activated in 
non-tangle bearing neurons in Alzheimer’s disease (AD) brain, indicating it is an early 
phenomenon. We found that the level of  Rab6, implicated in anterograde and retro-
grade trafficking in the secretory pathway, is increased in brains of  AD patients. Rab6 
expression, closely correlated with the extent of  UPR activation, is not controlled by 
the UPR. This suggests that Rab6 and UPR activation are both increased in response to 
early pathogenic changes in AD. Here we demonstrate that Rab6 modulates the UPR, 
increased levels inhibit whereas decreased levels augment UPR induction. Rab6 is not 
involved in the initial phase of  the UPR, it only affects the UPR after prolonged ER 
stress. We propose that Rab6 is involved in the recovery from an ER stress insult. The 
increased Rab6 levels in AD brain in combination with UPR activation suggest that a 
failure to recover from ER stress may contribute to neurodegeneration in AD. The Rab6 
mediated recovery pathway may provide a target to selectively inhibit the destructive 
pathways of  the UPR.
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Introduction

It is pivotal for therapeutic intervention to target early pathogenic pathways in Alz-
heimer’s disease (AD). We reported activation of  the unfolded protein response (UPR) 
as an early event in neurons in AD brain62,64. The UPR is a stress response of  the endo-
plasmic reticulum (ER). Several homeostatic and biosynthetic pathways are located in 
the ER: it is a site for Ca2+ homeostasis, redox balance, lipid synthesis and importantly 
the synthesis and folding of  membrane bound and secretory proteins. Disturbance of  
ER homeostasis leading to intraluminal protein misfolding (termed ER stress) results in 
activation of  the UPR66,68.

The UPR signals via three sensor molecules in the ER membrane, double-stranded 
RNA-activated protein kinase (PKR)-like endoplasmic reticulum kinase (PERK), ino-
sitol requiring kinase 1 (Ire1) and activating transcription factor 6 (ATF6). These sen-
sor molecules are bound by the ER chaperone binding immunoglobulin (heavy chain) 
protein/glucose-regulated protein 78 (BiP/GRP78) under normal conditions. In case 
of  ER stress, BiP releases from the sensors and the three signalling pathways of  the 
UPR are activated. The PERK pathway is involved in translational regulation. Activat-
ed PERK phosphorylates the translation initiation factor eIF2α resulting in an overall 
attenuation of  translation and selective translation of  specific mRNAs by upregulation 
of  activating transcription factor 4 (ATF4). Activation of  Ire1 leads to splicing of  the 
XBP1 mRNA, resulting in production of  the active transcription factor XBP1 (spliced). 
Another transcription factor is produced by activation of  ATF6: BiP release allows AT-
F6(-p90) to traffic to the Golgi, where it is sequentially processed by the site-1 and site-2 
proteases to render the active ATF6-p50 transcription factor.  

Activation of  the UPR is initiated to restore homeostasis in the ER. The inhibition of  
protein synthesis is aimed to temporarily reduce the protein load in the ER. In addition, 
the expression of  proteins that assist in protein folding (e.g. BiP) is increased229,230. Also, 
the proteolysis of  aberrant proteins is facilitated by upregulation of  components of  the 
ER associated degradation (ERAD) machinery and activation of  autophagy161,231-234. Fur-
thermore, the expression of  pro-apoptotic proteins like cAMP response element-bind-
ing (C/EBP) homologous protein (CHOP) is increased. If  the homeostasis is restored, 
the UPR will be switched off, but prolonged activation will result in cell death235,236. 

During UPR activation the regular function of  the ER as major protein factory and 
first compartment in the secretory pathway is compromised. This will affect several ves-
icle transport routes, which is particularly problematic for cells that are very dependent 
on transport of  vesicles for proper function, like neurons. Rab proteins, members of  the 
small GTPase super family, are important regulators of  vesicle transport via interactions 
with effector proteins and motor proteins180. Rab6, in its active form a Golgi resident 
protein, has been implicated in retrograde and anterograde trafficking in the secretory 
pathway206,208,237-239. We have previously found that the levels of  Rab6 are increased in AD 
temporal cortex, in close correlation with the extent of  UPR activation226. We showed 
that Rab6 expression is not controlled by the UPR, suggesting that increased Rab6 and 
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UPR are independent events and this is in response to early pathogenic changes in AD. 
In this study we investigated the functional connection between Rab6 and the UPR 
in more depth. Our data suggest a novel pathway that may be employed to selectively 
modulate the destructive effects of  prolonged ER stress, which is of  potential interest 
for AD that is characterized by UPR activation early in the pathogenesis.

Materials and methods

Materials

Cell culture media and reagents were obtained from Gibco/Invitrogen (Carlsbad, 
CA, USA), plasmid selection reagents were from Invitrogen (Carlsbad, CA, USA) and 
other chemicals were from Sigma (St. Louis, MO, USA), unless indicated otherwise.

Plasmids and generation of TREx-HeLa-Rab6 Q72R cell line

Expression plasmids pSVSport1 Rab6A Wt, -Q72R (constitutive active) and -T27N 
(dominant negative)199 were a kind gift from C. C. Hoogenraad. All three Rab6A cDNA’s 
were constructed to include a 5’ Myc-tag. The Myc-Rab6A Q72R cDNA was cloned into 
the pcDNA4/TO vector (Invitrogen) using EcoRI and XbaI restriction sites. TREx-He-
La cells (Invitrogen) were stably transfected with pcDNA4/TO Myc-Rab6A Q72R, 
according to manufacturer’s protocol, to generate TREx-HeLa-Rab6 Q72R cell lines. 
Selection of  double positive clones was performed with Blastidicin (20 µg/mL) and 
Zeocin (1 mg/mL). Single clones were selected and inducible expression of  transgenic 
Myc-Rab6A Q72R was verified on western blot.

Cell culture and treatment

HeLa– and TREx-HeLa-Rab6 Q72R cells were cultured in Dulbecco’s modified Ea-
gle medium (DMEM) with GlutaMAX supplemented with 10% (v/v) fetal calf  serum 
(FCS, Sigma), 100 U/mL penicillin and 100 µg/mL streptomycin. Cell culture medium 
for TREx-HeLa-Rab6 Q72R cells was additionally supplemented with 5 µg/mL Blas-
ticidin and 400 µg/mL Zeocin to maintain plasmid selection. TREx-HeLa-Rab6 Q72R 
cells were plated in a 12 wells plate at a density of  2.105 cells per well (on poly-L-lysine 
coated glass coverslips for immunofluorescence) and transgenic Myc-Rab6 Q72R ex-
pression was initiated by culturing in the presence of  1 µg/mL tetracycline (Tet) for at 
least 24 hours before treatment. CHO-ATF6 cells were previously described240, and were 
maintained in DMEM/Ham’s F12 (1:1) with GlutaMAX supplemented with 7.5% (v/v) 
FCS, 100 U/mL penicillin, 100 µg/mL streptomycin, and 250 µg/mL hygromycin-B to 
maintain stable 3xFLAG-ATF6 expression. All cells were incubated at 37°C, 5% CO2 
and 95% humidity. Cells were treated with tunicamycin at the indicated times and con-
centrations. To allow the cells to recover from tunicamycin induced ER stress, cells were 
washed once with complete medium without tunicamycin and subsequently incubated 
on complete medium without tunicamycin.
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Plasmid and siRNA transfection

Transfections were performed with Lipofectamin 2000 Transfection Reagent (Invit-
rogen) according to manufacturer’s protocol. For plasmid transfection, cells were seeded 
at a density of  8.104 or 2.105 cells per well (12 wells plate) for HeLa or CHO-ATF6 cells, 
respectively. Cells were transfected with 1.6 µg/mL plasmid DNA and treatment was 
started 24-36 hours after transfection. 

The siRNA duplexes were prepared by Sigma/Proligo. The sequence of  the scramble 
siRNA duplex was (sense: 5’ r(AGUACUGCUUACGAUACGG)d(TT) 3’) and the sequenc-
es of  Rab6 siRNA duplex 1 (sense: 5’ r(GACAUCUUUGAUCACCAGA)d(TT) 3’) and 
duplex 2 (sense: 5’ r(CACCUAUCAGGCAACAAUU)d(TT) 3’) were previously published 
elsewhere207. For Rab6 knockdown in HeLa cells duplex 1 was used and for Rab6 knock-
down in CHO-ATF6 cells duplex 2 was used. For mRNA knockdown with siRNA, cells 
were seeded at a density of  2.104 cells per well (12 wells plate). Cells were transfected 
with 25 nM siRNA and treatment was started 72 hours after knockdown initiation.

SDS-PAGE and western blotting

Cells were harvested by scraping with a rubber policeman in 1% (v/v) Triton X-100 
PBS lysis buffer supplemented with protease inhibitors (either Leupeptin and PMSF, or 
Complete protease inhibitors from Roche, Penzberg, Germany). TBS replaced PBS and 
PhosSTOP (Roche) was added in the lysis buffer for peIf2α western blots. Cell lysates 
were vigorously mixed, incubated on ice for 5 minutes, and centrifuged for 5 minutes at 
20.000xg at 4°C. Supernatant protein content was determined by Bio-Rad Protein Assay 
(Bio-Rad, Hercules, CA, USA). Equal amounts of  protein were loaded in each lane on 
a gel. Cell lysates were separated on appropriate percentage polyacrylamide gels, 8% for 
BiP, 10% for ATF6 and peIF2α, and 12% for Rab6. Western blotting analysis was per-
formed as described previously169. The antibodies used in this study are listed in table 1.

Immunofluorescence

For immunofluorescence stainings, cells were plated on glass coverslips. After treat-
ment, cells were washed three times in ice-cold PBS, fixed in 4% (w/v) paraformalde-
hyde, 4% (w/v) sucrose (Merck, Darmstadt, Germany) in PBS for 5 minutes at room 
temperature, washed three times with ice-cold PBS, permeabilized with (pre-cooled) 
methanol for 5 minutes at -20°C, and washed three times with ice-cold PBS before 
immunostaining. The following steps were performed at room temperature. Coverslips 
with cells were blocked in 0.1% (w/v) BSA fraction V, 0.05% (w/v) saponin in PBS for 
30 minutes. CHOP antibody (table 1) incubation was performed in 1% (w/v) BSA and 
0.05% (w/v) saponin in PBS for 1 hour. Cells on glass slides were washed three times 
in block buffer before half  an hour incubation with the Cy3 labeled secondary antibody 
(Jackson ImmunoResearch, West Grove, PA, USA) in the same buffer as the primary 
antibody. For detection of  overexpressed Rab6, cells were washed and incubated (as 
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described for primary antibodies) with directly labeled FITC anti-Myc after CHOP sec-
ondary antibody incubation. Cells on coverslips were washed three times in block buf-
fer, before counterstain with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI, 1.3 
µM) was applied to the cells for 5 minutes. Coverslips were rinsed in PBS, air dried, and 
mounted on glass slides with Vectashield Mounting Medium (Vector Laboratories, Bur-
lingame, CA, USA) and sealed with nail polish. Images were captured using a VANOX 
AHBT3 microscope (Olympus, Shinjuku, Tokyo, Japan) equipped with a digital camera. 
The CHOP positive nuclei were quantified from seven fields of  view per condition.

Table 1. Antibodies used for western blot and immunofluorescence
Antibody Species Mono-/polyclonal Manufacturer Cat. no.
Western blotting
BiP/GRP78 Goat Polyclonal (N-20) Santa Cruz sc-1050
c-Myc Mouse Monoclonal (9E10) Boehringer Mannheim 1667149
eEF2α Rabbit Polyclonal Cell Signaling #2332
Rab6 Rabbit Polyclonal (C-19) Santa Cruz sc-310
FLAG Mouse Monoclonal (M2) Sigma F1804
Actin Mouse Monoclonal (AC-40) Sigma A4700
peIF2α Rabbit Monoclonal (119A11) Cell Signaling #3597
Immunofluorescence
CHOP/GADD153 Mouse Monoclonal (B-3) Santa Cruz sc-7351
CHOP/GADD153 Mouse Monoclonal (L63F7) Cell Signaling #2895
c-Myc-FITC Mouse Monoclonal (9E10) Sigma F2047

For western blotting, incubations with peIF2α were performed according to manufacturer’s protocol, 
all other antibody incubations were performed 1:1000 in 2.5% (w/v) milk in PBS-T (0.05%, v/v). In-
cubations for immunofluorescence with CHOP antibody from Cell Signaling was performed according 
to manufacturer’s protocol, all other incubations were performed 1:200 in 1% (w/v) BSA, 0.05% (w/v) 
saponin in PBS. The CHOP antibody from Cell Signaling was used for figures 1 and 2, and the antibody 
from Santa Cruz was used for supplementary figure 1.

RNA isolation and cDNA synthesis

Cells were lysed and scraped in TRIzol Reagent (Invitrogen) and organic- and aque-
ous phase separation was performed by mixing with chloroform (Merck). Subsequent 
RNA isolation was performed either manually (according to the manufacturer’s proto-
col) or automated with an RNeasy MiniKit on a Qiacube (Qiagen, Venlo, the Nether-
lands; according to manufacturer’s protocol). RNA purity and integrity were assessed on 
a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA) and on 
a 0.8% (w/v) agarose gel (2.5 µg/mL ethidium bromide).

cDNA synthesis was performed on 0.5-1.0 µg of  RNA per reaction (RNA sample 
quantities do not vary within experiments) using a SuperScript II Reverse Transcrip-
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tase Kit (Invitrogen). Priming of  mRNA poly-A tails was performed with 125 pmol 
oligo(dT)12-VN primer in a final volume of  10 µL and was incubated at 70°C for 10 
minutes. MgCl2 (2 mM), dNTPs (0.5 mM each), 5 µL 5x First-Strand Buffer and 100 U 
SuperScript II reverse transcriptase were added to the primed mRNAs in a final volume 
of  25 µL per reaction and incubated at 42°C for one hour. The reverse transcription 
reaction was stopped by incubation at 70°C for 10 minutes.

Real-Time qPCR

Per sample, 1 µL cDNA was pipetted in triplicate into a 384 wells plate and dried in 
a DNA110 SpeedVac (Thermo Savant). qPCR mixtures were prepared as described pre-
viously169. Probe and primer combinations are listed in table 2. qPCR was performed on 
a LightCycler 480 system (Roche) with the following PCR program: 10 minutes denatur-
ation at 95°C, followed by 45 cycles of  denaturation at 95°C for 10 seconds, annealing at 
58°C for 20 seconds and elongation at 72°C for 1 second (including signal acquisition), 
the PCR program was finalized by a 10 seconds cool down at 40°C. Results were ana-
lyzed using the LightCycler 480 software (version 1.5.0.39) and PCR efficiencies were 
calculated using LinRegPCR application (version 12.10,241). All data are presented as 
mean±SD from a single experiment. The magnitude of  the normalized values between 
experiments may vary. For statistical analyses the unpaired two-tailed Student’s T-test 
was performed. Differences were accepted as statistically significant at p≤0.05.

Table 2. Primer and probe combinations for qPCR
Amplicon Primers (5'-3') Probe1

Rab6 Fw: GCACACAGGACAGAAGCAGA #75
Rv: GGTTGAAGATGACATGGGAGAT

BiP/GRP78 Fw: CATCAAGTTCTTGCCGTTCA #10
Rv: TCTTCAGGAGCAAATGTCTTTGT

CHOP/GADD153 Fw: AAGGCACTGAGCGTATCATGT #21
Rv: TGAAGATACACTTCCTTCTTGAACA

EEF1A1 Fw: CAATGGCAAAATCTCACTGC #63
 Rv: AACCTCATCTCTATTAAAAACACCAAA  

Primers were prepared by Sigma. 1Referring to Universal ProbeLibrary for Human probes from Roche.

Results

Rab6 overexpression attenuates the UPR

To investigate the effect of  Rab6 function on the UPR, Rab6 was overexpressed in a 
HeLa cell model. Rab6 overexpression was analyzed by qPCR (fig. 1A) and western blot 
(fig. 1B). Stimulation of  the UPR was performed by treatment with increasing concen-
trations of  tunicamycin for 20 hours. The UPR induced expression of  BiP and CHOP 
is mediated by a transcriptional response. Therefore, the mRNA levels of  the UPR 
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Figure 1. Rab6 overexpression attenuates the UPR. HeLa cells were transfected with mock or Rab6  
plasmid and overexpression was assessed by qPCR (A) and western blotting (B). Cells were treated with 
tunicamycin as indicated for 20 hours. BiP (C) and CHOP (D) relative mRNA induction were assessed 
by qPCR. EEF1A1 was used as a reference gene. Shown are mean and SD in arbitrary units (AU; n=3, 
statistical differences are indicated by * and *** for p≤0.05 and p≤0.001, respectively). BiP protein 
expression (E) was analyzed by western blotting. Equal amounts of  protein were loaded in each lane 
and eEF2α was used as a loading control. (F) Nuclear CHOP expression was assessed by immunofluo-
rescence. Arrows indicate cells that show high Rab6 overexpression and low nuclear CHOP levels, and 
asterisks indicate cells that express low Rab6 levels and high nuclear CHOP levels. Nuclear counterstain 
was performed with DAPI. Mock: empty vector, C: Control.
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markers BiP and CHOP were determined by qPCR. As expected, tunicamycin treatment 
upregulates BiP mRNA (fig. 1C) and CHOP mRNA (fig. 1D). Transient overexpression 
of  Rab6 reduces BiP induction by ~1.5 fold in comparison to mock transfection, (fig. 
1C), which is most prominent at 0.2 µg/mL tunicamycin (mock 5.7±0.8 versus Rab6 
3.7±0.3). UPR induced CHOP mRNA levels are reduced 2- to 3-fold in cells over-
expressing Rab6 (fig. 1D), the strongest effect is observed at 0.5 µg/mL tunicamycin 
(mock 11.1±0.9 versus Rab6 4.2±0.3).

To verify these findings on mRNA level, BiP and CHOP protein inductions were 
analyzed in the presence or absence of  Rab6 overexpression. Tunicamycin treatment 
results in the induction of  BiP as determined by western blotting (fig. 1E). Rab6 over-
expression clearly reduces the BiP protein induction in response to tunicamycin elicited 
ER stress (fig. 1E). To determine the effect of  Rab6 on CHOP protein expression, Rab6 
overexpressing cells were identified by immunofluorescent staining, detecting the myc-
tag of  the exogenous Rab6 (fig. 1F). Treatment with tunicamycin increases the number 
of  CHOP positive nuclei, these are predominantly observed in cells which have low or 
no Rab6 transgene expression; CHOP expression is reduced in Rab6 overexpressing 
cells.

These results are supported by a similar experiment in TREx-HeLa Q72R, a stable 
cell line with inducible expression of  Rab6 Q72R (a constitutive active mutant of  Rab6). 
Rab6 Q72R overexpression induced by tetracylin (suppl. fig. 1A) is comparable to the 
overexpression in the transiently Rab6 (Wt) transfected HeLa cells (fig. 1B) and these 
cells are similarly responsive to tunicamycin treatment. Interestingly, constitutive active 
Rab6 also reduces BiP induction (suppl. fig. 1B). The number of  CHOP positive nuclei 
after tunicamycin treatment were reduced from 28% to 19%, by Rab6 Q72R overex-
pression, indicating that the nuclear translocation of  CHOP is reduced (suppl. fig. 1C). 
These results further support the finding that Rab6 reduces UPR activation.

To investigate whether the effect of  Rab6 overexpression on the UPR is protective 
or cytotoxic, HeLa cells were transfected with Rab6 and with the tunicamycin induced 
toxicity was analyzed by phase contrast microscopy. This shows a concentration depen-
dent cell loss as result of  the tunicamycin treatment in the mock transfected cells (suppl. 
fig. 2). In contrast, the Rab6 overexpressing cells are more resistant to tunicamycin in-
duced cell toxicity. This result indicates that increased Rab6 levels are protective during 
ER stress, which correlates with the reduced expression of  the pro-apoptotic protein 
CHOP in cells which overexpress Rab6.

Rab6 knockdown increases the UPR

Knockdown of  Rab6 by siRNA transfection was performed in HeLa cells to test 
whether this could affect the UPR. Rab6 knockdown was analyzed by qPCR (fig. 2A) 
and by western blot (fig. 2B). Induction of  the UPR was established by 20 hours treat-
ment with different concentrations of  tunicamycin. The response of  the UPR was as-
sessed on mRNA level by qPCR. Tunicamycin treatment increases the expression of  
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Figure 2. Rab6 knockdown increases the UPR. HeLa cells were transfected with Rab6- and scramble 
siRNA. Rab6 knockdown was assessed by qPCR (A) and by western blotting (B). ER stress was in-
duced by treatment with tunicamycin for 20 hours at the indicated concentrations. The relative mRNA 
expression levels for BiP (C) and CHOP (D) were determined. EEF1A1 was used as a reference gene. 
Shown are mean and SD in arbritary units (AU; n=3, statistical differences are indicated by * and ** 
for p≤0.05 and p≤0.01, respectively). (E) BiP protein expression was assessed on western blot. Equal 
amounts of  protein were loaded in each lane and eEF2α was used as a loading control. (F) Nucle-
ic CHOP protein expression was assessed by immunofluorescence. Nuclei were counterstained with 
DAPI. C: contol, Sc: Scramble and R6: Rab6 siRNA.

the UPR markers BiP (fig. 2C) and CHOP (fig. 2D). Cells with reduced Rab6 levels, 
however, showed higher inductions of  both BiP (fig. 2C) and CHOP mRNA (fig. 2D). 
BiP mRNA levels are increased 3-fold in Rab6 compared to scramble siRNA transfected 
cells at 0.2 µg/mL tunicamycin (2.1±0.4 versus 7.0±1.6, mean±SD) and are 1.5-fold in-
creased at 0.5 µg/mL tunicamycin (5.6±0.9 versus 8.8±1.3, fig. 2C). For CHOP mRNA 
a 2-fold augmentation is observed at 0.2 µg/mL tunicamycin (8.3±1.3 versus 18.3±4.5). 
The CHOP response levels out at 0.5 µg/mL tunicamycin (fig. 2D).
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The effect of  Rab6 knockdown on the UPR was verified on protein level. BiP pro-
tein shows a dose dependent response to the tunicamycin treatment. As expected, Rab6 
knockdown results in an additional increase of  the BiP response (fig. 2E). CHOP nu-
clear localization was determined by immunofluorescense. Rab6 knockdown results in a 
stronger tunicamycin induced nuclear and overall CHOP staining as compared to scram-
ble siRNA treated cells (fig. 2F). These results show that Rab6 knockdown has an oppo-
site effect on UPR activation compared to Rab6 overexpression, the UPR is increased 
upon Rab6 knockdown. Taken together, these data demonstrate that Rab6 function has 
a negative modulatory effect on the UPR. 

Rab6 has no effect on the initial phase of the UPR

Rab6 may exert its modulating effect directly on the UPR signaling pathways or on 
a feedback mechanism on the UPR. Out of  the three branches of  the UPR, the ATF6 
pathway is the most likely to be influenced by Rab6 action. The generation of  the active 
ATF6 transcription factor (ATF6-p50) is preceded by proteolytic processing of  full-
length ATF6(-p90) for which transport to the Golgi apparatus is necessary. To inves-
tigate whether Rab6 affects ATF6 processing, a CHO cell model was used that stably 
expresses an N-terminal 3xFLAG tagged ATF6. The production of  ATF6-p50 is a rapid 
event that is maximal after 8 hours of  stimulation with tunicamycin, and ATF6-p50 is 
no longer observed after prolonged stimulation240. High concentrations of  tunicamycin 
are usually very toxic for prolonged incubations, however, shorter incubations allow the 
use of  higher tunicamycin concentrations. In addition, this treatment protocol speeds 
up ATF6 processing and thereby facilitates the study of  this initial signaling event of  the 
UPR under Rab6 overexpression (suppl. fig. 3). 

Rab6 Wt and –T27N (dominant negative mutant of  Rab6) were overexpressed and 
the induction of  ATF6-p50 by treatment with tunicamycin for up to six hours was 
monitored by western blot analysis (fig. 3A). Comparison of  the levels and kinetics of  
ATF6-p50 between mock, Rab6 Wt and –T27N transfected cells shows no differenc-
es (fig. 3A). Consistently, knockdown of  Rab6 also has no effect on the induction of  
ATF6-p50 (fig. 3B).

Another branch of  the UPR is the PERK pathway. The downstream effector of  
PERK is eIF2α, which is phosphorylated to relieve the ER of  its translational burden. 
The induction of  phosphorylated eIF2α (peIF2α) by tunicamycin is therefore a mea-
sure for activity of  the PERK pathway. Rab6 overexpression and knockdown was per-
formed in HeLa cells. After treatment with tunicamycin for 6 hours with a broad range 
of  tunicamyin concentrations, peIF2α induction was analyzed on western blot. The re-
sults show that a dose-dependent response of  eIF2α phosphorylation is observed, but 
there are no differences between mock and Rab6 transfected cells (fig. 4A) nor between 
scramble and Rab6 siRNA transfected cells (fig. 4B).

These results demonstrate that Rab6 has no effect on the processing of  ATF6 and 
no effect on the phosphorylation of  eIF2α. This indicates that the effect of  Rab6 on 
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Figure 3. Rab6 has no effect on ATF6 processing. CHO-ATF6 cells were transfected with Rab6 Wt, 
Rab6 T27N (dominant negative) and empty vector (Mock; A), or were transfected with Rab6- and 
scramble siRNA (B). Cells were stimulated with 10 µg/mL tunicamycin for the indicated times, up to 
6 hours. (A,B) The induction of  the ATF6 transcription factor (ATF6-p50) is assessed by western blot 
analysis. The full-length ATF6 (ATF6-p90) shows as two bands, the upper represents C-terminal gly-
cosylated ATF6 and the lower unglycosylated ATF6. The ATF6-p50 also shows as a doublet, the upper 
band probably represents the partially processed ATF6-p50 and the lower represents fully processed 
ATF6-p50. Equal amounts of  protein were loaded in each lane and actin was used as a loading control.

the UPR does not target the initial signaling of  the UPR. This is further supported by 
the finding that both Rab6 overexpression and knockdown does not affect BiP and 
CHOP mRNA levels within 6 hours of  treatment with tunicamycin (fig. 5). These results 
strongly suggest that Rab6 has no effect in the early phase of  the UPR and is likely to 
function downstream of  initiation.

Rab6 knockdown impairs recovery of the UPR

To test whether Rab6 affects the UPR via a feedback mechanism, a short tunicamy-
cin pulse treatment was provided and recovery of  the UPR was analyzed. HeLa cells 
transfected with scramble or Rab6 siRNA were treated for 1 hour with tunicamycin (1 
µg/mL) and allowed to recover from the stressor for 3, 6 and 9 hours. ‘Zero’ indicated 
the control sample without tunicamycin treatment. The induction of  BiP and CHOP 
mRNA was analyzed by qPCR. BiP induction is at control level after 3 hour recovery in 
the scramble siRNA situation (fig. 6A). In contrast, the BiP response for Rab6 knock-

Tunicamycin (h)
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Figure 4. Rab6 has no effect on the activation of  the PERK pathway. HeLa cells were transfected 
with Rab6 and empty vector (Mock; A), or with Rab6 and scramble siRNA (B). The cells were treated 
with tunicamycin as indicated and peIF2α induction was assessed on western blot. Equal amounts of  
protein were loaded in each lane and eEF2α was used as a loading control.
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Figure 5. Rab6 has no effect on the initial phase of  the UPR. HeLa cells were transfected with Rab6 
and empty vector (mock; A,B), or with Rab6- and scramble siRNA (C,D). Cells were treated with 1.0 
and 10.0 µg/mL tunicamycin for 6 hours to induce ER stress. Relative expression of  BiP (A,C) and 
CHOP mRNA (B,D) was determined by qPCR. EEF1A1 was used as a reference gene. Shown are 
mean and SD in arbitrary units (AU; n=3, there are no statistically significant differences).

Rab6 and Unfolded Protein Response-Mediated Proteostasis in Alzheimer's Disease.indb   37 8-10-2014   8:11:31



38 Chapter two

down cells remains ~1.5 fold increased, compared to scramble siRNA transfected cells, 
irrespective of  recovery time (fig. 6A). 

In the scramble siRNA transfected cells, CHOP is still 3-fold (3.4±0.3) higher than 
control after 3 hours recovery. Nine hours of  recovery is sufficient for CHOP mRNA to 
return to normal levels (fig. 6B). In the Rab6 knockdown cells, the CHOP mRNA level 
decreases during recovery, however, it remains 2- to 2.5 fold higher than in the scramble 
siRNA cells and is still not completely recovered after 9 hours (fig. 6B). 

These results show that during recovery from an ER stress insult, BiP and CHOP 
mRNA levels are increased in Rab6 knockdown cells. These results indicate that Rab6 
knockdown impairs recovery from ER stress and suggests a functional role for Rab6 in 
a feedback mechanism on the UPR. 

Discussion

In this study we investigated the functional connection between Rab6 and the UPR. 
We find that increased Rab6 levels decrease the output of  the UPR, and conversely that 
decreased Rab6 levels augment UPR induction, as shown on mRNA and protein level. 
We have also shown that this effect of  Rab6 does not interfere early in the signalling 
response of  the ATF6 (which requires vesicle transport) and PERK pathways. Although 
we cannot formally exclude that Rab6 affects the Ire1 signalling pathway, our combined 
data strongly indicate that Rab6 mediates its effect on the UPR after the initiation. This 

A B

Figure 6. Rab6 knockdown impairs recovery of  the UPR. HeLa cells were transfected with Rab6- and 
scramble siRNA. Cells were stimulated with 1 µg/mL tunicamycin for 1 hour and cells were washed 
with complete medium without tunicamycin and allowed to recover from ER stress for 3, 6 and 9 
hours on complete culture medium without tunicamycin, 0 indicates the sample without tunicamycin 
treatment. Relative expression of  BiP (A) and CHOP mRNA (B) were analyzed by qPCR. EEF1A1 
was used as a reference gene. Shown are mean and SD in arbitrary units (AU; n=3, ** and *** indicate 
a statistical significance level of  p≤0.01 and p≤0.001, respectively). Sc: Scramble and R6: Rab6 siRNA.
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is corroborated by experiments where the recovery from an ER stress insult was shown 
to be impaired in the absence of  Rab6.

How the UPR shuts down after restoration of  homeostasis is not completely eluci-
dated. One mechanism comprises the induction of  BiP levels by the UPR, which limits 
the activation of  the three ER stress sensors98. Furthermore, the ER stress responsive 
GADD43 facilitates the dephosphorylation of  eIF2α and thus provides a negative feed-
back in the PERK pathway102,103. Recently, the kinase activity of  yeast Ire1 was shown 
to be critical for attenuation of  its own activity99,100. In addition to these UPR mediated 
feedback mechanisms, our data indicate that regulation of  vesicle transport is an addi-
tional way to attenuate the UPR.

Rab6 has been shown to be involved in several antero- and retrograde trafficking 
pathways206,208,238,239. Interestingly, Rab6 was shown to assist in the fission of  vesicles 
from the Golgi, which may explain to some extent the broad range of  Rab6 mediated 
trafficking pathways242. Although we cannot exclude that Rab6 has other yet unknown 
functions as well, it is likely that the inhibitory effect of  Rab6 on the UPR is mediated 
directly by its function in vesicle transport. The retrograde Golgi-ER Rab6 pathway 
has been reported to transport bacterial toxins, that are then subjected to translocation 
out of  the ER238. This would be a way to target material from non-ER compartments 
for ERAD, but how this would relieve ER stress is not clear. Furthermore, retrograde 
membrane delivery via this Rab6 pathway may contribute to ER expansion, and this is 
shown to alleviate ER stress243. Transport out of  the ER will reduce the protein load and 
may be a manner to relieve the stress. Rab1 was shown to function in this way to resolve 
ER stress in models for Parkinson’s disease244. Alternatively, Rab6 mediated transport 
may facilitate an autophagic process. This is an interesting option in view of  our recent 
data that during UPR activation, autophagy is the major degradational pathway169. Rab1 
was recently implicated in the formation of  autophagosomes from the ER in response 
to α-synuclein245, indicating the involvement of  Rab proteins in regulated autophagy. 
In addition, an autophagy-like process was shown to be involved in the regulation of  
ERAD246. The precise trafficking pathway that is involved in the modulation of  the UPR 
will be the subject of  future investigation. 

The UPR is an important protective stress mechanism that may become destructive 
if  not adequately regulated. It appears that if  ER homeostasis is restored, the apoptotic 
pathway is the most important process to limit. Our data indicate that the expression of  
the major UPR regulated pro-apoptotic factor, CHOP, is strongly affected by Rab6. This 
suggests that the negative effects of  prolonged ER stress can be targeted via Rab6. In-
creasing the function of  Rab6 therefore allows modulation of  the UPR without directly 
interfering in the UPR signalling. However, the UPR is activated despite high Rab6 levels 
in AD neurons. The increased Rab6 expression is predominantly found in non-tangle 
bearing neurons which have diffuse phosphorylated tau in AD brain, opposed by tan-
gle bearing neurons which lack this increased Rab6 expression226. We therefore suggest 
that Rab6 levels are indeed increased as a protective response, this is supported by the 
data that show that Rab6 protects against ER stress mediated toxicity. Even though our 
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current data provide evidence from non-neuronal cell based experiments, the UPR is a 
universal homeostatic response which is found in all cells, including neurons.

Since Rab6 is not induced by the UPR226, it remains elusive what the trigger is to in-
crease Rab6 levels. It is possible that the pathological state in AD forces these increased 
levels and that under more physiological UPR conditions Rab6 is regulated at a different 
level. For example, a rapid regulatory mechanism is provided by the GDP-GTP switch 
that controls the activity of  Rab proteins; active GTP-bound Rab6 is associated with 
membranes, whereas GDP-bound Rab6 is inactive and localized in the cytosol180,186. 

The question still remains why the UPR activation is not resolved by the high Rab6 
levels in AD neurons. The answer may be downstream of  the trafficking such as the im-
pairment of  the autophagy/lysosomal system as observed early in AD pathogenesis247. 
In AD hippocampus, we observe the activated UPR predominantly in neurons that have 
disturbances in the autophagy/lysosomal system64,169. Recently a role for presenilin in 
lysosomal function was reported248, which may provide an interesting connection to our 
previous work that indicated that the membrane association of  Rab6 is dependent on 
presenilin 1225. Further studies are required to establish how Rab6 attenuates the UPR 
and which part of  the Rab6 mediated recovery pathway is dysfunctional in AD. This may 
lead to a novel target for intervention in neurodegenerative diseases that are associated 
with UPR activation, like Alzheimer’s disease.
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Supplemental figure 1. Stable inducible Rab6 Q72R overexpression attenuates UPR induction. (A) 
TREx-HeLa-Rab6 (R6) Q72R cells were cultured in the absence (-Tet) or presence (+Tet) of  tetracy-
cline and overexpression of  Rab6 Q72R was assessed by western blotting in duplicate. (B) ER stress 
was induced by treatment with 0.1, 0.2 or 0.5 µg/mL tunicamycin for 20 hours and upregulation of  the 
UPR marker BiP was analyzed on western blot. Equal amounts of  protein were loaded in each lane and 
eEF2α was used as a loading control. (C) TREx-HeLa-Rab6 Q72R cells were treated with 0.5 µg/mL 
tunicamycin for 20 hours and the increase in CHOP positive nuclei was assessed by immunofluores-
cence. Nuclei were counterstained with DAPI.
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Supplementary figure 2. Rab6 overexpression alleviates UPR induced toxicity. HeLa cells were trans-
fected with Rab6 or empty vector (mock) and the UPR was induced by tunicamycin treatment as 
indicated. The effect of  Rab6 overexpression on tunicamycin induced cell toxicity was determined by 
phase contrast microscopy. Representative pictures of  n=6 wells are shown.
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Supplementary figure 3. ATF6 cleavage is elevated at higher tunicamycin concentrations. CHO-
ATF6 cells were treated with the indicated concentrations tunicamycin for 6 hours and ATF6 cleavage 
was assessed on western blot in biological duplicate. Equal amounts of  protein were loaded in each lane 
and actin was used as a loading control.
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Abstract 

Disturbances in proteostasis are observed in many neurodegenerative diseases. This 
leads to activation of  protein quality control to restore proteostasis, with a key role for 
the removal of  aberrant proteins by proteolysis. The unfolded protein response (UPR) is 
a protein quality control mechanism of  the endoplasmic reticulum (ER) that is activated 
in several neurodegenerative diseases. Recently we showed that the major proteolytic 
pathway during UPR activation is via the autophagy/lysosomal system. Here we investi-
gate UPR induction if  the other major proteolytic pathway of  the ER —ER associated 
degradation (ERAD)— is inhibited. Surprisingly, impairment of  ERAD results in de-
creased UPR activation and protects against ER stress toxicity. Autophagy induction is 
not affected under these conditions, however, a striking relocalization of  the lysosomes 
is observed. Our data suggest that a protective UPR-modulating mechanism is activated 
if  ERAD is inhibited, which involves lysosomes. Our data provide insight in the cross-
talk between proteolytic pathways involved in ER proteostasis. This has implications for 
neurodegenerative diseases like Alzheimer’s disease where disturbed ER proteostasis 
and proteolytic impairment are early phenomena in the pathology.
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Introduction

The maintenance of  proteostasis is of  major importance for the function of  cells. 
The underlying cause of  several human diseases may be disturbance of  proteostasis72. 
This is illustrated in neurodegenerative disorders that are characterized by accumulation 
of  aberrant proteins and —apparently ineffective— activation of  protein quality control 
mechanisms249. The unfolded protein response (UPR) of  the endoplasmic reticulum 
(ER) is such a mechanism. We reported previously that the UPR is activated early in 
Alzheimer’s disease (AD) and other tauopathies62,64,250. 

The UPR activates upon disturbances (ER stress) in the ER homeostasis that lead to 
increased protein misfolding. In resting state, the ER chaperone binding immunoglobu-
lin (heavy chain) protein/glucose-regulated protein 78 (BiP/GRP78) binds three sensor 
proteins in the ER membrane. In case of  ER stress, BiP releases from the sensors and 
the three signalling pathways of  the UPR are activated68. These pathways are involved in 
translational regulation and the induction of  a transcriptional response. This results in 
an overall decreased protein load in the ER and selective upregulation of  proteins that 
assist in protein folding (e.g. BiP) and degradation. Activation of  the UPR is initiated to 
restore homeostasis in the ER. If  ER homeostasis is restored, the UPR will be switched 
off, but prolonged activation will result in cell death251. 

An important mechanism in the restoration of  ER proteostasis is the removal of  
misfolded proteins. Misfolded ER proteins can be degraded by the ubiquitin proteasome 
system (UPS) in the cytosol after translocation from the ER to the cytosol, a process 
called ER associated degradation (ERAD), which requires factors in both the ER and 
the cytosol113. Newly synthesized ER polypeptides are modified with oligosaccharide 
precursors and subsequently trimmed by ER glucosidases to 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 glucosyla-
tion/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 
UPS109,112. An alternative pathway for degradation of  ER proteins is via autophagy. Au-
tophagy involves the sequestering of  material that needs to be degraded by a double 
membrane structure, followed by fusion with a lysosome and degradation by lysosomal 
enzymes. 

The activity of  both degradational pathways is regulated by the UPR. ERAD is di-
rectly affected by the UPR, for example activation of  the UPR increases the levels of  
EDEM1, which changes the recognition of  aberrant proteins252. Activation of  the UPR 
also triggers autophagy161,234,253 and our group previously showed that during UPR acti-
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vation autophagy is the major degradational pathway169,171. It is possible that, under these 
stress conditions, parts of  the ER are directly targeted for clearance by the autophagy/
lysosomal system254. 

Because ER stress is persistent in AD and other tauopathies, mechanisms to re-
store ER proteostasis may provide potential targets for intervention. In addition, both 
the proteasome and the autophagy/lysosomal system is impaired in neurodegenerative 
diseases255. Therefore, further understanding of  the regulation and interplay of  the dif-
ferent proteostatic pathways is essential to design a therapeutic strategy based on proteo-
static regulation. Here we investigate the behaviour of  the UPR under conditions where 
ERAD is impaired. Counter intuitively, inhibition of  ERAD attenuates UPR activity 
and protects against ER stress toxicity. Concomitantly we observe relocalization of  ly-
sosomes. Our data suggest that a protective pathway is activated if  ERAD is impaired 
which does not involve induction of  classical autophagy, but is related to the autophagy/
lysosomal system. 

Materials and Methods

Materials

Cell culture media and reagents were obtained from Gibco/Invitrogen (Carlsbad, 
CA, USA) and other chemicals were from Sigma (St. Louis, MO, USA), unless indicated 
otherwise.

Cell culture and treatment

SK-N-SH, HeLa cells and inducible MEF Atg5-/- cells  were cultured in Dulbecco’s 
modified Eagle medium with GlutaMAX supplemented with 10% (v/v) fetal calf  se-
rum (Lonza, Basel, Switzerland), 100 U/mL penicillin and 100 µg/mL streptomycin. 
Inducible MEF Atg5-/- cells were a kind gift of  Dr. N. Mizushima256. MEF Atg5-/- cells 
were maintained in the presence of  doxycylin (20 ng/mL) and cultured in the absence 
or presence of  doxycylin for the Atg5+/+ or Atg5-/- genotype, respectively. Cells were 
incubated at 37°C, 5% CO2 and 95% humidity. SK-N-SH cells were plated in a desired 
wells format at a density of  ~50.103 cells/cm2 in complete culture medium supplement-
ed with 20 µM retinoic acid. Preconditioning with 1 µg/mL kifunensine (Calbiochem, 
EMD Millipore, Billerica, MA, USA) lasted 72 hours (or as indicated), and was followed 
by tunicamycin and kifunensine treatment (as indicated) for 20 hours. Treatment with 
Earle’s balanced salt solution (EBSS; Sigma) lasted 2 hours, also, while maintaining ki-
funensine pressure.

RNA isolation and cDNA synthesis

The procedures for RNA isolation and cDNA synthesis are described previously101. 
Briefly, RNA was isolated using TRIzol Reagent according to the manufacturer’s proto-
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col (Invitrogen). cDNA synthesis was performed using a SuperScript II Reverse Tran-
scriptase Kit (Invitrogen) on equal quantities of  RNA. Oligo(dT)12-VN primers (125 
pmol) were used to prime mRNA poly-A tails.

Real-Time qPCR

The procedures for qPCR are described elsewhere101. Briefly, equal quantities of  trip-
licate cDNA samples were dried in a 384 wells plate. qPCR reactions were performed in 
a LightCycler 480 system (Roche, Penzberg, Germany). Probe and primer combinations 
are listed in table 1. Results were analyzed using the LightCycler 480 software (version 
1.5.0.39). Data are presented as mean±SD (n=3) from a representative experiment of  
three.

Table 1. Primer and probe combinations for qPCR
Amplicon Primers (5'-3') Probe1

BiP/Grp78 Fw: CATCAAGTTCTTGCCGTTCA #10
Rv: TCTTCAGGAGCAAATGTCTTTGT

CHOP/GADD153 Fw: AAGGCACTGAGCGTATCATGT #21
Rv: TGAAGATACACTTCCTTCTTGAACA

GAPDH Fw: TCCACTGGCGTCTTCACC #45
 Rv: GGCAGAGATGATGACCCTTTT  

Primers were prepared by Sigma. 1Referring to Universal ProbeLibrary for Human probes (Roche).

MTT viability assay

After treatment, cells were incubated with 250 µg/mL 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in complete culture medium (2 
hours, 37°C). The formazan salts were dissolved in DMSO and the OD570 nm was mea-
sured using a BMG FLUOstar Omega Microplate Reader (BMG Labtech, Offenburg, 
Germany). Normalized data are presented as mean±SEM.

Statistical analysis

Statistical analyses were performed using the unpaired two-tailed Student’s T-test and 
differences were accepted as statistically significant at a level of  p≤0.05.

SDS-PAGE and western blotting

Cells were harvested by scraping with a rubber policeman in 1% (v/v) Triton X-100 
PBS lysis buffer supplemented with protease inhibitors (Leupeptin and PMSF). Cell 
lysates were vigorously mixed, incubated on ice (5 minutes), and centrifuged (20.000xg, 
5 minutes, 4°C). Supernatant protein content was determined by Bio-Rad Protein Assay 
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(Bio-Rad, Hercules, CA, USA). Samples were analyzed for LC3 and CD147 on 18% and 
10% polyacrylamide gels, respectively. Equal amounts of  protein were loaded in each 
lane on a gel. Antibodies and incubation conditions are specified in table 2. Visualization 
was performed with Lumi-Light Western Blotting Substrate (Roche) on a LAS-3000 
imaging system (Fujifilm, Tokyo, Japan).

Immunofluorescence and confocal microscopy

For immunofluorescence stainings, cells were plated on glass coverslips. All follow-
ing procedures were performed in/with PBS and at room temperature. After treatment, 
cells were fixed (4% [w/v] paraformaldehyde, 4% [w/v] sucrose [Merck], 15 minutes) 
and permeabilized (0.5%  [v/v] Triton X-100, 5 minutes). Washes after formalin fixation 
included 187 µM glycine. Coverslips were transferred to a dark moist chamber, blocked 
(5% [v/v] fish skin gelatin, 30 minutes) and incubated with primary antibody in block 
buffer for 2 hours. Cells were incubated with secondary antibodies in block buffer for 1 
hour. Washes after antibody incubations were performed with 0.05% (v/v) Tween-20. 
Cells were counterstained with DAPI (1.3 µM, 5 minutes). Coverslips were rinsed (demi 
water), air dried, and mounted on glass slides with Prolong Gold (Invitrogen). Anti-
bodies and incubation conditions are listed in table 2. Confocal imaging was performed 
on a Leica TCS-SP2 confocal scanner mounted on an inverted microscope (Leica Mi-
crosystems, Mannheim, Germany). Images were acquired with Leica Confocal Software 
(version 2.61, build 1537). Confocal images were deconvoluted using a theoretical point 
spread function by Huygens Essential Software (compute engine 4.1.1p1 64b; Scientific 
Volume Imaging, Hilversum, the Netherlands). Cathepsin D punctae were quantified on 
three fields of  view, using ImageJ software (version 1.46r, National Institutes of  Health, 
USA), with the following parameters: punctae per cell, and area, perimeter and circularity 
of  the punctae.

Table 2. Antibodies used for western blot and immunofluorescence
Antibody Species Clonality Company Cat. no.
Western blotting
LC3 Rabbit Polyclonal Novus Biologicals NB100-2220
CD147 Goat Polyclonal (C-19) Santa Cruz sc-9754
GAPDH Mouse Monoclonal (6C5) EMD Millipore MAB374
Immunofluorescence
LC31 Mouse Monoclonal (4E12) MBL M152-3
LAMP1 Mouse Monoclonal (H5G11) Santa Cruz sc-18821
Cathepsin D Goat Polyclonal R&D Systems AF1014

Western blot dilutions were 1:1000 in 5% (w/v) fat-free dried milk in (0.05%, v/v) PBS-T, secondary 
antibodies were from Dako (Glostrup, Denmark). Immunofluorescence dilutions were 1:100 in 5% 
(v/v) fish skin gelatin in PBS, secondary antibodies were from Jackson ImmunoResearch (West Grove, 
PA, USA). 1Coverslips were not air dried after demi water rinse, but immediately mounted on glass 
slides with antifade reagent as per manufacturer’s instructions.
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Results

In this study, kifunensine was used to inhibit ERAD; kifunensine inhibits ER 
α-1,2-mannosidase I (including EDEM) which is required for the early steps of  ERAD 
substrate recognition257. Differentiated SK-N-SH cells were preconditioned with 1 µg/
mL kifunensine for 24 and 72 hours to mimic chronic impairment as expected in neuro-
degenerative diseases. The endogenous ERAD substrate CD147258 accumulates in SK-
N-SH cells treated with kifunensine for 72 hours, confirming the inhibition of  ERAD by 
kifunensine (suppl. fig. 1). The UPR was induced by the ER stressor tunicamycin at the 
indicated concentrations for 20 hours while kifunensine pressure was maintained. After 
20 hours of  tunicamycin treatment, the UPR is fully activated beyond the initial signaling 
events, furthermore the induction of  the UPR follows a dose dependent response at 0.2 
and 0.5 µg/mL. Lower concentrations do not elicit a reproducible UPR response and at 
higher concentrations the increased toxicity interferes. The dose dependancy is demon-

A B

C

Figure 1. Kifunensine reduces UPR activation and UPR mediated cytotoxicity. SK-N-SH cells were 
preconditioned for 24 and 72 hours with 1 µg/mL kifunensine. Treatment was performed with tuni-
camycin and kifunensine for 20 hours at the indicated concentrations. The effect of  kifunensine on 
UPR induction was assessed by qPCR analysis of  BiP (A) and CHOP (B) mRNA. GAPDH was used 
as a reference gene. Kif: Kifunensine. Shown are mean and SD in arbitrary units (AU; n=3, statistical 
differences are indicated by *, ** and *** for p≤0.05, p≤0.01 and p≤0.001, respectively). (C) MTT 
viability assay was performed to assess tunicamycin induced cytotoxicity in the absence or presence of  
kifunensine. Shown are mean and SEM values normalized to control of  two normalized experiments 
(n=12, statistical differences at a significance level of  p≤0.001 are indicated by ***).
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strated by the increased mRNA levels of  the established UPR targets BiP and CHOP 
(apoptotic factor cAMP response element-binding (C/EPB) homologous protein; figs. 
1A and B). The UPR markers are slightly increased at basal level by treatment with 
kifunensine, which could suggest sensitization of  the UPR. However, this effect does 
not persist when the UPR is stimulated with tunicamycin; treatment with kifunensine 
strongly reduces the induction of  the UPR targets. BiP mRNA is reduced approximately 
3-fold for all treatment conditions (fig. 1A) and CHOP mRNA is reduced approximately 
8-fold (0.2 µg/mL tunicamycin) and 4-fold (0.5 µg/mL tunicamycin; fig. 1B). 

The viability of  the cells was determined to test whether kifunensine also reduces 
the toxicity of  the ER stress stimulus. Cellular survival is reduced, as expected, with 
tunicamycin treatment (fig. 1C: control). On the other hand, survival increases 28% (0.2 
and 0.5 µg/mL tunicamycin) and 16% (1.0 µg/mL tunicamycin) upon treatment with 
kifunensine (fig. 1C: kifunensine). This protective effect of  kifunensine on UPR acti-
vation and ER stress toxicity is not cell type specific, because it is also observed in the 
non-neuronal HeLa cells (suppl. fig. 2). Our data show that inhibition of  ERAD using 
kifunensine renders cells less susceptible to ER stress, demonstrated by a reduction in 
UPR activation accompanied by a reduction in ER stress toxicity. Preconditioning with 
kifunensine is required for this protective effect (suppl. fig. 3), because addition of  the 
kifunensine at the start of  the tunicamycin treatment does not result in protection. This 
suggests that in response to ERAD inhibition a mechanism is activated that reduces the 
negative effects of  ER stress.

Since ER α-1,2-mannosidase I inhibition by kifunensine compromises ERAD, an 
alternative system must reduce ER stress. Autophagy is activated by the UPR, and we 
therefore investigated if  autophagy is enhanced by ER α-1,2-mannosidase I inhibition. 
Kifunensin does not affect the quantity and quality of  the LC3 positive punctate struc-
tures (fig. 2A). In addition, induction of  autophagy was assessed by LC3-I to LC3-II 
processing on western blot. Kifunensine preconditioning does not alter the processing 
of  LC3 on basal level, by tunicamycin induced autophagy, and by amino acid induced 
autophagy starvation (EBSS; fig. 2B) Furthermore, the functional requirement for au-
tophagy was tested in autophagy-defective (Atg5-/-) MEF cells with inducible autopha-
gy competence256. As in SK-N-SH and HeLa cells, the UPR mediated toxicity and the 
rescue by kifunensine preconditioning was observed in this cell system. In the presence 
of  doxycycline the cells become autophagy-defective, however, the rescue of  UPR me-
diated toxicity by kifunensine was still observed (fig. 2C). These data demonstrate that 
kifunensine does not activate autophagy and moreover that its effects are not dependent 
on functional autophagy; therefore it must lead to activation of  a different protective 
mechanism.

The autophagic flux finalizes with the fusion of  autophagosomes with degrada-
tive bodies, i.e. the lysosomes. Kifunensine does not affect the induction of  autophagy 
(fig. 2), but this does not exclude effects on the lysosomes directly. Therefore we used 
cathepsin D (fig. 3A) and lysosome associated membrane protein 1 (LAMP1; fig 3B) to 
visualize the lysosomes in SK-N-SH cells. In the untreated cells both cathepsin D and 
LAMP1 staining show a punctate pattern, distributed throughout the cell (fig. 3A and B). 
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Kifunensine treatment increases the number, size and perimeter but not the circularity 
of  the Cathepsin D positive structures (table 3). ER stress induction by tunicamycin 
treatment relocalizes the LAMP1 positive structures to a juxtanuclear site. Positioning 
of  lysosomes to a juxtanuclear site also occurs during nutrient stress259. The tunicamycin 
induced repositioning of  the LAMP1 positive structures is strongly inhibited in the pres-
ence of  kifunensine, and is similar to the pattern of  LAMP1 distribution in untreated 
cells (fig. 3B). These results demonstrate that lysosomal morphology and distribution is 
changed by ERAD inhibition by kifunensine, which may be indicative for altered lyso-
somal function.
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Figure 2. Kifunensine mediated ER stress protection does not involve autophagy. SK-N-SH cells were 
preconditioned with kifunensine for 72 hours. Cells were treated with tunicamycin (1 µg/mL) for 20 
hours or EBSS for 2 hours (both with kifunensine co-treatment). (A) LC3 punctate structures were 
visualized by immunofluorescent staining. Nuclei were counterstained with DAPI. Scale bar indicates 
10 µm. (B) Western blot analysis was performed for LC3-I to LC3-II conversion. Equal amounts of  
protein were loaded in each lane, and GAPDH was used as a loading control. (C) Inducible MEF 
 Atg5-/- cells were preconditioned with kifunensine for 72 hours and treated with tunicamycin and 
kifunensine for 20 hours. The MTT viability assay was performed in the absence or presence of  dox-
ycyclin, rendering autophagy-competent (Atg5+/+) and autophagy-defective (Atg5-/-) cells, respectively. 
UPR toxicity was analyzed by MTT. Shown are mean and SEM values normalized to control (n=6, 
statistical differences are indicated by * and ** for p≤0.05 and p≤0.01, respectively). Con: control, Tm: 
tunicamycin, EBSS: Earle’s balanced salt solution and Kif: Kifunensine.
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Figure 3. Kifunensine alters the size and number of  lysosomal punctae structures. SK-N-SH cells 
were preconditioned with kifunensine for 72 hours. Treatment was performed with tunicamycin (1 µg/
mL) and kifunensine treatment for 20 hours. Immunofluorescent staining was performed for Cathep-
sin D (A) and LAMP1 (B). Nuclear counterstain was performed with DAPI. Scale bar indicates 10 µm. 
Quantifications of  numbers, area, perimeter and circularity are provided in table 3 and were performed 
as described in materials and methods. CathD: cathepsin D.

Discussion

In this paper we provide evidence that chronic inhibition of  ERAD using kifunensine 
activates a pathway that protects against ER stress. Kifunensine inhibits ER α-1,2-man-
nosidase I109,257,260 and therefore interferes with the early recognition of  ERAD sub-
strates and is expected to decrease the retrotranslocation of  ERAD substrates. To mim-
ick chronic impairment of  ERAD in a cell model we perfomed kifunensine treatment 
for 24 and 72 hours which may be considered as persistent. ERAD is inhibited under 
these conditions, demonstrated by accumulation of  the endogenous ERAD substrate 
CD147. Surprisingly this prolonged inhibition of  ERAD is well tolerated by the cells. 
Chronic impairment of  ER α-1,2-mannosidase I is also found in patients with mutations 
in the MAN1B1 gene. This leads to autosomal-recessive intellectual disability, but apart 
from the developmental problem that underlies the clinical presentation, chronically 
low levels of  the ER α-1,2-mannosidase I are well tolerated261, suggesting activation of  
a compensatory mechanism for the disturbed ERAD function. This suggestion is sup-
ported by several in vitro studies. Inhibition of  ERAD using kifunensine did not lead to 
strong UPR activation or to UPR mediated apoptosis257, despite the increased retention 
of  aberrant proteins in the ER. Also inhibition of  ERAD via reduction of  Herp (an 
ERAD associated ubiquitin-like protein) is shown to improve cell viability when the pro-
teasomal function is impaired262. In fact, hyperactivation of  ERAD via overexpression 
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Table 3. Quantification of  Cathepsin D positive punctea
 Control Kifunensine
 Average SD Average SD p-value
Punctae per cell 4.07 0.40 4.94 0.29 0.037
Puncta area (µm2) 0.51 0.04 0.68 0.04 0.035
Puncta perimeter (µm) 2.49 0.07 2.99 0.12 0.023
Puncta circularity 0.88 0.01 0.88 0.01 0.640

of  the translocon component Sec61α increases neural proteotoxicity in Drosophila. This 
is probably caused by accumulation of  aberrant proteins in the cytosol by the inability of  
the UPS to deal with the increased translocation263,264. Interestingly, inhibition of  ERAD 
at the level of  the cytosolic ERAD factor p97/VCP did lead to UPR activation and ER 
stress mediated apoptosis. This indicates that not inhibition of  ERAD per se, but inhi-
bition at specific steps can provide protection from ER stress257,265.  

The protective effect of  ERAD inhibition against ER stress appears paradoxical, 
but may actually indicate the presence of  tight regulation and solid back-up systems to 
maintain proteostasis. The observation that preconditioning with kifunensine is required 
to achieve protection also indicates that it induces a functional adaptation to decreased 
ERAD capacity. A likely candidate pathway that deals with the elevated ER stress if  
ERAD is impaired is the autophagy/lysosomal pathway. There is an intricate but not 
fully elucidated interplay between ERAD and autophagy via the UPR. Deficiency for 
the transcription factor XBP1, that is activated via the Ire1 pathway of  the UPR, re-
duces ERAD and induces autophagy170. Furthermore, knockdown of  the ERAD factor 
EDEM induces LC3 positive punctae170. 

We have shown that autophagy induction is not affected by kifunensine treatment, 
moreover protection against ER stress is also observed in autophagy deficient cells. 
Interestingly, we find that the number of  lysosomal punctae, but also the size and pe-
rimeter of  lysosomal punctae are increased. In addition, the positioning of  lysosomes 
is affected by kifunensine treatment. Under nutrient stress conditions lysosomes reposi-
tion to a juxtanuclear site259, which we also observe under ER stress in our experiments. 
In cells preconditioned with kifunensine, an ER stress stimulus does not result in this 
typical ER stress induced lysosomal repositioning. Instead the lysosomal position is sim-
ilar to that in untreated cells. Responses to ER stress and nutrient stress share common 
pathways in the integrated stress response266 and our data suggest that the lysosomes 
may play a role in different stress responses.

There are data emerging about degradational pathways that resemble autophagy or 
use components of  the autophagy/lysosomal machinery, but are different from classi-
cal macroautophagy. A neuron-specific alternative endo-lysosomal degradation pathway 
was recently reported, which protects against neurodegeneration267. An interesting ex-
ample is provided by EDEMosomes, degradational compartments where ERAD factors 
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are segregated and subjected to rapid turn-over268. This ERAD tuning is thought to limit 
the activity of  ERAD only to proteins that are really terminally misfolded. The degra-
dation involves LC3 positive structures and an autophagy-like process, but not classical 
macroautophagy.

We have previously shown activation of  the UPR early in AD pathology62,269. Lyso-
somal dysfunction is also an early phenomenon in AD270 and may therefore contribute 
to a vicious pathological cycle where ER stress cannot be resolved because of  dimin-
ished lysosomal capacity. Our data suggest that inhibition of  ERAD positively affects 
the ER stress toxicity via the lysosomes. Further studies are required to further address 
the regulation of  the protective mechanisms against ER stress, and whether this may be 
employed to intervene early in the pathogenesis of  neurodegenerative diseases.
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Supplementary figures
Con Kif
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Supplementary figure 1. Kifunensine inhibits ERAD of  CD147 in HeLa cells. HeLa cells were treat-
ed with kifunensine for 72 hours and CD147 was visualized on western blot. GAPDH was used as a 
loading control. Con: Control, Kif: Kifunensine.

A B

Supplemental figure 2. Kifunensine reduces UPR activation and UPR mediated cytotoxicity in HeLa 
cells. HeLa cells were preconditioned with kifunensine (1 µg/mL) for 72 hours. Cells were treated with 
tunicamycin (as indicated) and kifunensine for 20 hours. Induction of  the UPR was assessed by qPCR 
analysis of  BiP mRNA. Shown are mean and SD in arbitrary units (AU; n=3, ** indicates a statistical 
difference of  p≤0.01). MTT viability assay was performed to assess tunicamycin induced cytotoxicity 
in the absence or presence of  kifunensine preconditioning (1 µg/mL, 72 hours). Shown are mean and 
SEM values normalized to control (n=6, statistical differences at a significance level of  p≤0.001 are 
indicated by ***).

Supplementary figure 3. Preconditioning is required for the protective effect of  kifunensine. SK-N-
SH cells were treated with kifunensine and tunicamycin at the indicated concentrations for 20 hours. 
MTT viability assay was performed to assess tunicamycin induced cytotoxicity in the absence or pres-
ence of  kifunensine preconditioning (1 µg/mL, 72 hours). Shown are mean and SEM values nor-
malized to control (n=6, statistical differences at a significance level of  p≤0.05 are indicated by *). 
Control: No kifunensine treatment, kifunensine: 72 hours preconditioning and 20 hours co-treatment 
with kifunensine and tunicamycin, no preconditioning: only 20 hours co-treatment with tunicamycin 
and kifunensine.
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Abstract

Previously we reported that the UPR is activated early in Alzheimer’s disease (AD). 
The UPR activates upon disturbances (ER stress) in the ER homeostasis that lead to 
increased protein misfolding. Because ER stress is persistent in AD, mechanisms to 
restore ER proteostasis may provide a potential target for intervention. Our previous 
work indicates that inhibition of  ER associated degradation using kifunensine activates 
a mechanism that protects against ER stress concomitant with a repositioning of  lyso-
somes. In addition, we have shown before that Rab6 mediates a pathway that restores 
ER proteostasis. Therefore, in this paper we investigated whether the UPR modulating 
mechanisms mediated by Rab6 and induced by kifunensine are connected. Our data in-
dicate that kifunensine relocalizes Rab6 to membranes at a juxtanuclear position close to 
the repositioned lysosomes. However, Rab6 is not absolutely required for the protective 
effect of  kifunensine. Our data show that kifunensine and Rab6 induce independent 
proteostatic mechanisms that may converge at the lysosomes.

Rab6 and Unfolded Protein Response-Mediated Proteostasis in Alzheimer's Disease.indb   60 8-10-2014   8:11:54



61The ProTecTive effecT of Kifunensine on er sTress is noT rab6 DePenDenT

Introduction

The maintenance of  proteostasis is of  major importance for correct functioning of  
cells. The underlying cause of  several human diseases may be disturbance of  proteosta-
sis72. This is illustrated in neurodegenerative disorders that are characterized by accu-
mulation of  aberrant proteins and (apparently ineffective) activation of  protein quality 
control mechanisms249. The unfolded protein response (UPR) of  the endoplasmic retic-
ulum (ER) is such a mechanism. We reported previously that the UPR is activated early 
in Alzheimer’s disease (AD) and other tauopathies62,64,250. 

The UPR activates upon disturbances (ER stress) in the ER homeostasis that lead 
to increased protein misfolding. In resting state, the ER chaperone BiP/GRP78 binds 
three sensor proteins in the ER membrane. In case of  ER stress, BiP releases from the 
sensors and the three signalling pathways of  the UPR are activated68. These pathways 
are involved in translational regulation and the induction of  a transcriptional response. 
This results in overall decreased protein load in the ER and selective upregulation of  
proteins that assist in protein folding (e.g. BiP) and degradation. Activation of  the UPR 
is initiated to restore homeostasis in the ER. If  the homeostasis is restored, the UPR will 
be switched off, but prolonged activation will result in cell death251. Because ER stress 
is persistent in AD and other tauopathies, mechanisms to restore ER proteostasis may 
provide a potential target for intervention.

We previously reported that the small GTPase Rab6, that has been implicated in 
trafficking in the secretory and endocytic pathways208,237,238,271, mediates a protective path-
way against ER stress. Increased Rab6 levels decrease the output of  the UPR, whereas 
decreased Rab6 levels augment UPR induction101. Our data indicate that Rab6 does not 
interfere early in the signalling response of  the UPR. Instead, we find that the recovery 
from an ER stress insult was shown to be impaired in the absence of  Rab6. Rab6 there-
fore mediates its effect on the UPR by restoring the proteostasis, via a yet unknown 
mechanism. 

An important way to restore ER proteostasis is the removal of  misfolded proteins by 
proteolysis. Misfolded ER proteins can be degraded by the ubiquitin proteasome system 
(UPS) in the cytosol after translocation from the ER to the cytosol, a process called 
ER associated degradation (ERAD)113. An alternative pathway for degradation of  ER 
proteins is via the autophagy/lysosomal system. Autophagy involves the sequestering of  
material that needs to be degraded by a double membrane structure, followed by fusion 
with a lysosome and degradation by lysosomal enzymes123. Paradoxically, we previously 
showed that impairment of  ERAD using the ER α-1,2-mannosidase inhibitor kifun-
ensine attenuates UPR activity and protects against ER stress toxicity272. These results 
suggested that a protective pathway is activated if  ERAD is impaired. There is crosstalk 
between ERAD and the autophagy/lysosomal system; for example if  proteasome func-
tion is impaired, autophagy is induced162. However, inhibition of  ERAD by treatment 
with kifunensin does not induce classical macro autophagy272. In contrast, a relocaliza-
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tion of  lysosomes is observed, suggesting that the non-conventional activation of  the 
autophagy/lysosomal system may be involved. In this paper we investigate whether the 
UPR modulating pathways induced upon ERAD inhibition and mediated by Rab6 are 
mechanistically connected.  

Materials and methods

Materials

Cell culture media and reagents were obtained from Gibco/Invitrogen (Carlsbad, 
CA, USA) and other chemicals were from Sigma (St. Louis, MO, USA), unless indicated 
otherwise.

Cell culture and treatment

SK-N-SH and HeLa cells were cultured in Dulbecco’s modified Eagle medium with 
GlutaMAX supplemented with 10% (v/v) fetal calf  serum (Lonza, Basel, Switzerland), 
100 U/mL penicillin and 100 µg/mL streptomycin. Cells were incubated at 37°C, 5% 
CO2 and 95% humidity. Cells were treated with kifunensine (1 µg/mL, Calbiochem, 
EMD Millipore, Billerica, MA, USA) for 72 hours prior to tunicamycin (1 µg/mL) and/
or kifunensine treatment (as indicated) for 20 hours. For differentiation to a neuronal 
phenotype, SK-N-SH cells were plated in a desired wells format at a density of  ~50.103 
cells/cm2 in complete culture medium supplemented with 20 µM retinoic acid.

SDS-PAGE and western blotting

Cells were harvested by scraping with a rubber policeman in 1% (v/v) Triton X-100 
PBS lysis buffer supplemented with protease inhibitors (Leupeptin and PMSF). Cell 
lysates were vigorously mixed, incubated on ice (5 minutes), and centrifuged (20.000xg, 
5 minutes, 4°C). Supernatant protein content was determined by Bio-Rad Protein Assay 
(Bio-Rad, Hercules, CA, USA). Samples were analyzed for Rab6 on a 12% polyacryl-
amide gel. Equal amounts of  protein were loaded in each lane on a gel. A TE77XP 
Semi-Dry Transfer Unit (Hoefer, San Francisco, CA, USA) was used for protein transfer 
to PVDF membrane (Millipore). Antibodies and incubation conditions are specified 
in table 1. Visualization was performed with Lumi-Light Western Blotting Substrate 
(Roche) on a LAS-3000 imaging system (Fujifilm, Tokyo, Japan).

Subcellular fractionation

Cells were cultured in Ø10 cm Petri dishes. After treatment, cells were harvested 
by scraping with a rubber policeman in a hypotonic lysis buffer (5 mM Tris.HCl pH 
7.4, 250 mM sucrose [Merck, Darmstadt, Germany], 1 mM EDTA, Complete protease 
inhibitors and PhosSTOP phosphatase inhibitor cocktail [Roche]) and passed 10 times 
through a 27 gauge needle, all on ice. Post nuclear supernatants (800xg, 10 minutes, 4°C) 
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were transferred in detergent-free ultracentrifuge tubes and ultracentrifuged (120.000xg, 
1 hour, 4°C). Membrane pellets were dissolved in 1% (v/v) Triton X-100 in PBS.

Immunofluorescence and confocal microscopy

For immunofluorescence stainings, cells were plated on glass coverslips. All follow-
ing procedures were performed in/with PBS and at room temperature. After treatment, 
cells were fixed (4% [w/v] paraformaldehyde, 4% [w/v] sucrose [Merck], 15 minutes) 
and permeabilized (0.5% [v/v] Triton X-100, 5 minutes). Washes after formalin fixa-
tion included a trace of  glycine (187 µM). Coverslips were transferred to a dark moist 
chamber, blocked (5% [v/v] fish skin gelatin, 30 minutes) and incubated with primary 
antibody in block buffer for 2 hours. Cells were incubated with secondary antibodies in 
block buffer for 1 hour. Washes after antibody incubations were performed with 0.05% 
(v/v) Tween-20. Cells were counterstained with DAPI (1.3 µM, 5 minutes). Coverslips 
were rinsed (demi water), air dried, and mounted on glass slides with Prolong Gold (In-
vitrogen). Antibodies and incubation conditions are listed in table 1. Confocal imaging 
was performed on a Leica TCS-SP2 confocal scanner mounted on an inverted micro-
scope (Leica Microsystems, Mannheim, Germany). Images were acquired with Leica 
Confocal Software (version 2.61, build 1537). Confocal images were deconvoluted using 
a theoretical point spread function by Huygens Essential Software (compute engine 
4.1.1p1 64b; Scientific Volume Imaging, Hilversum, the Netherlands).

Table 1. Antibodies used for western blot and immunofluorescence
Antibody Species Clonality Manufacturer Cat. no.
Western blotting
Rab61 Rabbit Polyclonal (C-19) Santa Cruz sc-310
Actin Mouse Monoclonal (AC-40) Sigma A4700
Calnexin Rabbit Polyclonal Calbiochem 208880
Immunofluorescence
GM-130 Mouse Monoclonal (35) BD Biosciences 610822
LC3 Mouse Monoclonal (4E12) MBL M153-3
LAMP1 Mouse Monoclonal (H5G11) Santa Cruz sc-18821

Incubations for western blot were performed 1:1000 in 5% (w/v) fat-free milk in PBS-T (0.05%, v/v), 
secondary HRP labeled antibodies were from Dako (Glostrup, Denmark). Incubations for immunoflu-
orescence were performed 1:100 in 5% (v/v) FSG in PBS, secondary fluorescently labeled antibodies 
were from Jackson ImmunoResearch (West Grove, PA, USA). 1Also used for immunofluorescence.

siRNA transfection

HeLa cells were plated at a density of  ~8.103 cells/cm2 in complete culture medi-
um before knockdown of  Rab6. The transfection procedure and the sequences of  the 
scramble and Rab6 siRNA duplexes were provided previously101. Briefly, transfections 
were performed with HiPerFect Transfection Reagent (Qiagen, Venlo, the Netherlands) 
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according to the manufacturer’s protocol. Cells were incubated with duplexes (25 nM) 
for 6 hours, after which medium was replaced with fresh medium supplemented with 1 
µg/mL kifunensine for 72 hours, before treatment followed by kifunensine/tunicamycin 
treatment (as indicated) for 20 hours.

RNA isolation and cDNA synthesis

The procedures for RNA isolation and cDNA synthesis are described previously101. 
Briefly, RNA was isolated using TRIzol Reagent according to the manufacturer’s proto-
col (Invitrogen). cDNA synthesis was performed using a SuperScript II Reverse Tran-
scriptase Kit (Invitrogen) on equal quantities of  RNA. Oligo(dT)12-VN primers (125 
pmol) were used to prime mRNA poly-A tails.

Real-Time qPCR

The procedures for qPCR are described elsewhere101. Briefly, equal quantities of  trip-
licate cDNA samples were dried in a 384 wells plate. qPCR reactions were performed in 
a LightCycler 480 system (Roche, Penzberg, Germany). Probe and primer combinations 
are listed in table 2. Results were analyzed using the LightCycler 480 software (version 
1.5.0.39). Normalized data are presented as mean±SD (n=3) from a representative ex-
periment.

Table 2. Primer and probe combinations for qPCR
Amplicon Primers (5'-3') Probe1

BiP/Grp78 Fw: CATCAAGTTCTTGCCGTTCA #10
Rv: TCTTCAGGAGCAAATGTCTTTGT

GAPDH Fw: TCCACTGGCGTCTTCACC #45
 Rv: GGCAGAGATGATGACCCTTTT  

 Primers were prepared by Sigma. 1From Universal ProbeLibrary for Human probes (Roche).

MTT viability assay

After treatment, cells were incubated with 250 µg/mL 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in complete culture medium (2 
hours, 37°C). The formazan salts were dissolved in DMSO and the OD570 nm was mea-
sured using a BMG FLUOstar Omega Microplate Reader (BMG Labtech, Offenburg, 
Germany). Normalized data are presented as mean±SD (n=6) from a representative 
experiment.

Statistical analysis

Statistical analyses were performed using the unpaired two-tailed Student’s T-test and 
differences were accepted as statistically significant at a level of  p≤0.05.
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Results and discussion

To address whether kifunensine treatment activates the Rab6 pathway, we deter-
mined the Rab6 protein levels and found that kifunensine does not affect Rab6 total 
levels (fig. 1A). In contrast, subcellular fractionation reveals that Rab6 is enriched on 
membranes by kifunensine stimulation (fig. 1A). Membrane association of  Rab6 marks 
the GTP-bound state and thus activation of  this Rab protein175. Indeed, this is support-
ed by the increased localization of  Rab6 to vesicular structures, close to the perinuclear 
GM-130 positive Golgi structures by treatment of  kifunensine (fig. 1B). These results 
show that kifunensine activates Rab6 which may mediate or contribute to the attenuating 
effect on the UPR.

Our previous data indicate Rab6 has a positive effect on the recovery from ER stress, 
but does not directly interfere with the UPR signalling101, suggesting it is involved in the 
relieve of  the proteostatic stress via an unknown mechanism. Our group previously 
showed that during UPR activation autophagy is the major degradational route169,171, 
therefore we investigated whether kifunensine relocalizes Rab6 to compartments of  
the autophagy/lysosomal system. Rab6 does not co-localize with the autophagosome 
marker LC3, in the absence or presence of  kifunensine (fig. 2A). This corroborates our 
previous work that demonstrates that kifunensine does not affect LC3 localization or 
processing. We did however observe that kifunensine induces repositioning LAMP1 
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Figure 1. Kifunensine recruits Rab6 to membranes. SK-N-SH cells were treated with kifunensine for 
92 hours. (A) Rab6 protein levels from total- and membrane fractions were assessed on western blot. 
Equal amounts of  protein were loaded in each lane, and actin (total) and calnexin (membrane) were 
used as loading controls. Biological duplicates are presented. (B) Cells were stained for Rab6 and GM-
130 by immunofluorescence. DAPI was used to stain nuclei. Scale bar indicates 10 µm.
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positive structures (fig. 2B). Interestingly, kifunensine predominantly relocalizes Rab6 
to the same juxtanuclear position as the lysosomal marker LAMP1, although no direct 
co-localization is observed. This may indicate that Rab6 is involved in the formation of  
these lysosomal structures, either directly or indirectly. 

To investigate whether Rab6 is directly involved in the ER stress protective effects 
of  kifunensine, Rab6 was down regulated cells using siRNA. Due to technical limitations 
to obtain efficient knockdown in SK-N-SH cells, this experiment was performed in 
HeLa cells in which we previously demonstrated the Rab6 mediated UPR modulation. 
Kifunensine inhibits induction of  the UPR and ER stress toxicity in these cells as well as 
we showed before (fig. 3A and B)272 . However, knockdown of  Rab6 does not prevent 
the inhibitory effect of  kifunensine on the induction of  the UPR target BiP (fig. 3A). In 
addition, the protective effect of  kifunensine on ER stress induced toxicity is also not 
reduced by Rab6 knockdown (fig. 3B). 

Figure 2. Kifunensine does not relocalize Rab6 to LC3 or LAMP1 positive structures. SK-N-SH cells 
were treated with kifunensine for 72 hours. Immunofluorescent staining was performed for Rab6, LC3 
(A), and LAMP1 (B). Nuclear counterstain was performed with DAPI. Scale bars indicate 10 µm.
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A B

Figure 3. The ER stress protective effect of  kifunensine is not dependent on Rab6. HeLa cells were 
transfected with scramble or Rab6 (R6) siRNA and treated with kifunensine (Kif) for 72 hrs before 
treatment with tunicamycin at the concentrations indicated for 20 hrs. (A) BiP mRNA levels (in arbi-
trary units) were determined by qPCR to measure UPR activation and (B) cell viability was assessed by 
MTT viability assay. Data are normalized to untreated controls (Con). GAPDH was used as a reference 
gene.

These data indicate that although the kifunensine and Rab6 induced protective path-
ways appear similar —at least in HeLa cells— the kifunensine induced pathway does not 
require Rab6. Because the Rab6 pool is not completely depleted, we cannot fully exclude 
that the remaining Rab6 is sufficient to perform a function in kifunensin induced UPR 
protection. This seems unlikely however, because kifunensin and Rab6 knockdown have 
opposite effects on the UPR. Therefore the data suggest that the two pathways are large-
ly independent. The juxtanuclear relocalisation of  Rab6 correlates with the lysosomal 
relocatisation upon kifunensine treatment, suggesting that the proteostatic response me-
diated by these pathways may converge at the lysosomes. Lysosomal repositioning to a 
juxtanuclear site has been shown to be a protective response that occurs upon nutrient 
stress259. In the next chapter we will address the role of  the autophagy/lysosomal system 
in the Rab6 mediated proteostatic pathway.
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Abstract

Previously, we showed that Rab6 reduces UPR activation and ER stress toxicity. 
Our data indicated that Rab6 does not directly affect the UPR signalling, therefore we 
investigate in this study whether Rab6 affects the function of  the major proteolytic sys-
tem during UPR activation, the autophagy lysosomal pathway. To this end we employed 
knockdown of  Rab6 in HeLa cells. Here we show that reduced Rab6 levels do not affect 
the processing of  LC3, showing that Rab6 does not affect the induction of  autopha-
gy. In contrast, we observe a striking relocalization of  lysosomal, but not endosomal 
structures in cells with reduced Rab6 levels. The lysosomes cluster at a juxtanuclear site. 
Analysis by immuno-electron microscopy confirms our observation that the lysosomes 
cluster together. These ultrastructural changes are accompanied by a selective change in 
the glycosylation of  LAMP 1 and 2 proteins and increased proteolytic activity indicating 
disturbed lysosomal function. Interestingly, the lysosomal repositioning that occurs in 
cells under nutrient or ER stress is disturbed in Rab6 depleted cells. Our data support 
a role for Rab6 in lysosomal positioning and dynamic repositioning during stress. The 
results underscore the importance for proper lysosomal function in the maintenance of  
proteostasis.
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Introduction

Disturbed proteostasis is the underlying cause of  several human diseases72. This is 
illustrated in neurodegenerative disorders that are characterized by accumulation of  ab-
errant proteins and (apparently ineffective) activation of  protein quality control mech-
anisms249. Protein quality control is an intricate interplay of  stimulation of  proper pro-
tein folding and removal of  aberrantly folded proteins. The unfolded protein response 
(UPR) of  the endoplasmic reticulum (ER) presents one of  the major protein quality 
control systems in the cell273. Activation of  the UPR is homeostatic response that is 
switched off  upon restoration of  proteostasis251. 

An important way to restore disturbed proteostasis caused by stress in the ER is the 
removal of  misfolded proteins by proteolysis. Misfolded ER proteins can be degraded 
by the ubiquitin proteasome system (UPS) in the cytosol after translocation from the 
ER to the cytosol, a process called ER associated degradation (ERAD)113. An alternative 
system for degradation of  ER proteins is via the autophagy/lysosomal pathway (ALP). 
Autophagy involves the sequestering of  material that needs to be degraded by a double 
membrane structure, followed by fusion with a lysosome and degradation by lysosom-
al enzymes123. The initial autophagophore membrane derives from different compart-
ments, including the ER and Golgi124. Our lab has previously shown that during activa-
tion of  the UPR, the ALP is the preferred pathway for degradation169.  

We reported previously that the UPR is activated early in Alzheimer’s disease (AD) 
and other tauopathies33,62,269. In addition we found that the levels of  the small GTPase 
Rab6 are increased in close correlation with the extent of  ER stress in AD brain226. 
Follow-up studies in vitro showed that Rab6 mediates a protective pathway against ER 
stress101. Increased Rab6 levels decrease the output of  the UPR, whereas decreased Rab6 
levels augment UPR induction. Rab6 does not interfere early in the signalling response 
of  the UPR. Instead, we find that the recovery from an ER stress insult is impaired in 
the absence of  Rab6. Rab6 therefore mediates its effect on the UPR by restoring the 
proteostasis, via a yet unknown mechanism. 

Rab6 is a member of  the Ras superfamily that use a GTP/GDP switch to regulate 
their activity175. Rab proteins bind to vesicles in their GTP bound state and assist in dif-
ferent steps of  vesicle transport and fusion181. They release from membranes upon GTP 
hydrolysis and after exchange of  the GDP for GTP a new cycle can be started. Differ-
ent Rab proteins are involved in specific trafficking routes. Rab6 has been implicated in 
trafficking in both secretory and endocytic pathways208,237,238,271.

Because UPR activation is persistent in AD and other tauopathies, mechanisms to 
restore ER proteostasis may provide a potential target for intervention. Therefore in this 
study we investigated whether Rab6 is involved in the function of  the ALP.
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Materials and Methods

Materials

Cell culture media and reagents were obtained from Gibco/Invitrogen (Carlsbad, 
CA, USA) and other chemicals were from Sigma (St. Louis, MO, USA), unless indicated 
otherwise.

Cell culture and transfection

HeLa cells were cultured in Dulbecco’s modified Eagle medium with GlutaMAX 
supplemented with 10% (v/v) fetal calf  serum (Lonza, Basel, Switzerland), 100 U/mL 
penicillin and 100 µg/mL streptomycin. Cells were incubated at 37°C, 5% CO2 and 95% 
humidity. Cells were plated in a desired wells format at a density of  ~8.103 cells/cm2 
in complete culture medium. The sequence of  the scramble siRNA duplex was (sense: 
5’ r(AGUACUGCUUACGAUACGG)d(TT) 3’). The sequences of  Rab6 siRNA duplex 1 
(sense: 5’ r(GACAUCUUUGAUCACCAGA)d(TT) 3’) and duplex 2 (sense: 5’ r(CACCU-
AUCAGGCAACAAUU)d(TT) 3’) were previously published elsewhere207. The siRNA 
duplexes were prepared by Sigma/Proligo. Experimental phenotypes were confirmed 
with both siRNA duplexes. Cells were transfected with 25 nM siRNA using HiPerFect 
Transfection Reagent (Qiagen, Venlo, the Netherlands), as indicated by the manufactur-
er’s protocol, and transfection lasted 72 hours before treatment. Cells were plated at a 
density of  40.103 cells/cm2 before transfection with 1 µg plasmid DNA (empty vector 
[mock], myc-tagged Rab6 Wt and -T27N) per well (12 wells format) using TransIT-LT1 
transfection reagent (Mirus Bio LLC, Madison, WI, USA) according manufacturer’s pro-
tocol. 

Cell culture treatments

Cells were treated with 1 µg/mL tunicamycin for 1 or 16 hours, as indicated. Full 
nutritional starvation was performed with Earle’s balanced salts solution (EBSS; Sigma) 
preceded by a single EBSS wash step and lasted 2 hours for determination of  LC3 
processing. To follow the redistribution of  lysosomes, a mild nutritional starvation treat-
ment was given by immediate EBSS substitution of  complete culture medium without 
EBSS rinse and treatmemt lasted 1 hour. Cells were always incubated with DQ-BSA 
red (100 µg/mL; Molecular Probes/Invitrogen) together with DextranMW40000 488 (20 
µg/mL) to take uptake efficiencies in account. Incubation lasted 4 hours prior to (live) 
fluorescent imaging and FACS analysis. Non-permeabilized cells were incubated with 
Alexa Fluor 488 conjugated wheat germ agglutinin (WGA-AF488, Molecular probes/
Invitrogen; 10 µg/mL in EBSS for 10 minutes) prior to imaging or FACS analyses.

SDS-PAGE and western blotting

Cells were harvested by scraping with a rubber policeman in lysis buffer (1% [v/v] 
Triton X-100 in phosphate buffered saline [PBS] supplemented with Complete pro-
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tease inhibitors cocktail tablets [Roche]). Protein content of  denucleated supernatant 
(20.000xg, 5 minutes, 4°C) was determined by Bio-Rad Protein Assay (Bio-Rad, Hercu-
les, CA, USA). Samples were analyzed on polyacrylamide gels for LAMP1 and LAMP2 
(6%), amyloid precursor protein (8%), cathepsin D, LAMP1, LIMP2, p62 (10%), Rab6 
(12%) and LC3 (18%). Equal amounts of  protein were loaded in each lane on a gel. An-
tibodies and incubation conditions are specified in table 1. Visualization was performed 
with Lumi-Light Western Blotting Substrate (Roche) on a LAS-3000 imaging system 
(Fujifilm, Tokyo, Japan).

Immunofluorescence and imaging

Immunofluorescence stainings were performed as previously published101. Briefly, 
cells were fixed (4% [w/v] paraformaldehyde, 4% [w/v] sucrose [Merck], 15 minutes) 
and permeabilized (0.5% [v/v] Triton X-100, 5 minutes). Coverslips were blocked (5% 
[v/v] donkey serum, 30 minutes) and incubated with primary (2 hours) and secondary 
antibody (1 hour) in a dark moist chamber. Washes were performed with 0.05% (v/v) 
Tween-20. All previous solutions were prepared with PBS. Cells were counterstained 
with DAPI (1.3 µM, 5 minutes). Coverslips were mounted on glass slides with Prolong 
Gold (Invitrogen). Antibodies and incubation conditions are listed in table 1. Confocal 
imaging was performed on a Leica TCS-SP8 confocal scanner mounted on an invert-
ed microscope (Leica Microsystems, Mannheim, Germany). Images were acquired with 
LAS-AF Software (version 3.0.0). Confocal images were deconvoluted using a theoreti-
cal point spread function by Huygens Essential Software (compute engine 4.1.1p1 64b; 
Scientific Volume Imaging, Hilversum, the Netherlands). Epi-fluorescent images were 
captured on a Leica DMI 4000 (Leica) and image acquisition was performed with LAS-
AF software (version 2.6.0.766).

Quantification of lysosomal structures

The smallest possible circumference i.e. convex hull of  the lysosomal structures was 
determined to quantify the redistribution event. Each main lysosomal structure within a 
field of  view was cropped individually, excluding peripheral lysosomes. The convex hull 
was determined on LAMP1 positive structures in n=3 independent experiments with 
each two fields of  view using the ImageJ (version 1.46r) plugin Hull and Circle (version 
2.0a, 2005/05/24).

FACS analysis

DQ-BSA red and Dextran 488 incubated cell suspensions (1% FCS in PBS) were 
measured on a BD LSR Fortessa flow cytometer (Becton, Dickinson and company, 
New Jersey, USA). WGA-AF488 incubated cell suspensions were analyzed on a BD 
FACSCanto II flow cytometer (BD). Ten-thousand events per sample (gated population 
ranged from 81% to 91%) were acquired by FACSDiva software (BD Biosciences, ver-
sion 6.1.3., build 2009, 05 13 13 29) and analyzed using FlowJo software (version 7.6.5, 
Engine 2.99700).
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Immuno-electron microscopy

The procedures for immune-EM analysis are described elsewhere139. Briefly, cells 
treated for 3 days with Rab6 or scrambled, siRNA (see Cell culture and transfection) were 
fixed by addition of  either 4% (w/v) paraformaldehyde (PFA) in 0.1 M phosphate buffer 
(PB) pH 7.4 or a mixture containing 0.4% (w/v) glutaraldhyde (GA; Polysciences Eu-
rope GmbH, Eppelheim, Germany) and 4% (w/v) PFA in 0.1 M PB pH 7.4 to an equal 
volume of  culture medium for 10 minutes at room temperature (RT). Subsequently, fix-
ative was replaced for 4% (w/v) PFA in 0.1 M PB or 0.2% (w/v) GA + 2% (w/v) PFA 
in 0.1 M PB, respectively, for at least 2 hours at RT. Fixed cells were rinsed with PBS, 
scraped and cell pellets were embedded in 12% gelatin. After overnight infusion in 2.3 M 
sucrose at 4°C, cells were frozen in liquid nitrogen as described274. Ultrathin cryosections 

Table 1. Antibodies used for western blot and immunofluorescence
Antibody Species Clonality Manufacturer Cat. no.
Western blotting
Rab61 Rabbit Polyclonal (C19) Santa Cruz sc-310
LC3 Rabbit Polyclonal Novus Biologicals NB100-2220
GAPDH Mouse Monoclonal (6C5) EMD Millipore MAB374
LAMP12 Rabbit Monoclonal (C54H11) Cell Signalling #3243
LAMP23 Mouse Monoclonal (H4B4) Santa Cruz sc-18822
APP Mouse Monoclonal (22C11) EMD Millipore MAB348
Cathepsin D1 Goat Polyclonal R&D Research AF1014
LIMP2/lpg85 Rabbit Polyclonal Novus Biologicals NB400-129
p62 Mouse Monoclonal BD Transduction Labs 610832
Spot blotting
Digoxigenin (AP) Rabbit Oligoclonal Invitrogen 710019
O-GlcNAc Mouse Monoclonal Cell Signalling #9875
Immunofluorescence
LAMP13 Mouse Monoclonal (H5G11) Santa Cruz sc-18821
EEA1 Mouse Monoclonal (N-19) Sigma E7659
Rab7 Rabbit Polyclonal Sigma R4779
Myc Mouse Monoclonal (9E10) Boehringer Mannheim 1667149
Immuno-electron microscopy
LAMP1 Mouse Monoclonal (H4A3) BD Biosciences 555798
Cathepsin B Goat Polyclonal R&D Systems AF953

Incubations for western blot were performed 1:1000 in 5% (w/v) fat-free milk in PBS-T (0.05%, v/v), 
secondary HRP labeled antibodies were from Dako (Glostrup, Denmark). Incubations for immuno-
fluorescence were performed 1:100 in 5% (v/v) donkey serum in PBS, secondary fluorescent labeled 
antibodies were from Jackson ImmunoResearch (West Grove, PA, USA). For immuno-electron micros-
copy, the dilutions for LAMP1 and Cathepsin B were 1:150 and 1:30, respectively. The dilutions for 
secondary antobodies were 1:300 for rabbit-α-mouse (Nordic) and 1:1500 for rabbit-α-goat (Sigma). 
1Also used for immunofluorescence. 2Broad range LAMP1 glycoform detection. 3High molecular mass 
LAMP1/2 glycoform detection.
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were cut at -120°C using a Leica UCT-FCS ultracryomicrotome (Leica Microsystems), 
picked up on copper grids with a 1:1 mixture of  2.3 M sucrose in PBS and 2% (w/v) 
methyl cellulose. Subsequent immunogold labeling was performed as described274. Sec-
tions were analyzed in a JEOL 1200 EX electron microscope (Tokyo, Japan) at 80 kV. 
Gold particles were from Microscopy Center Utrecht (produced in-house).

Peptide-N-glycosidase F and Endopeptidase H treatment

For both Peptide-N-glycosidase F (PNGase F, Roche) and Endopeptidase H (Endo 
H, Roche) treatment, cells were harvested in lysisbuffer (50 mM, Tris.HCl pH 7.4, 125 
mM NaCl, 1% [w/v] SDS, 0.5% [w/v] Deoxycholate(Na), 0.1% Triton X-100, supple-
mented with Complete protease inhibitor and PhosStop [Roche]). Protein content was 
measured using the BioRad Dc Protein Assay (Bio-Rad). Dithiothreitol (20 mM) was 
added after protein measurement and lysates were denatured at 95°C for 5 minutes.

One volume of  PNGase F mixture (50 mU per µg protein in 20 mM EDTA, 2% 
[v/v] Triton X-100 in PBS) was added to one volume of  protein lysate and incubated at 
37°C for 24 hours or as indicated.

One volume of  Endo H mixture (125 µU per µg protein in 200 mM sodium citrate 
buffer pH 5.0, 20 mM EDTA, 2% [v/v] Triton X-100) was added to one volume of  
protein lysate and incubated at 37°C for 24 hours. EndoH reaction mixture pH was 
neutralized (NaOH) prior to SDS-PAGE sample preparation.

Spot blotting

One µg of  protein per spot was applied on a dry nitrocellulose membrane (What-
man, Kent, UK). Visualization was performed with Lumi-Light Western Blotting Sub-
strate (Roche) on a LAS-3000 imaging system (Fujifilm). Analyses of  the spot blots were 
performed with Aida Image Analyzer (raytest Isotopenmessgeräte GmbH, Strauben-
hardt, Germany, version 4.26.038).

Glycan determination

The DIG (digoxigenin) Glycan Differentiation Kit (Roche) was used to determine 
glycan composition of  the protein lysates, using the manufacturer’s protocol as a guide-
line. Briefly, dry nitrocellulose membranes were spotted with protein samples (1 µg per 
spot). Membranes were incubated with blocking solution, washed (tris buffered saline 
[TBS] pH 7.4) and equilibrated (1 mM MgCl2, 1 mM MnCl2 and 1 mM CaCl2 in TBS 
pH 7.4), followed by lectin incubation in equilibration buffer: Galanthus nivalis agglu-
tinin (GNA, 1 µg/mL), Sambucus nigra agglutinin (SNA, 1 µg/mL), Maackia amurensis 
agglutinin (MAA 5 µg/mL), peanut agglutinin (PNA, 10 µg/mL), and Datura stramomium 
agglutinin (DSA, 1 µg/mL), as supplied by the kit. For precise carbohydrate recognition 
see manufacturers manual (Cat. No. 11 210 238 007, version 16.0, November 2010). 
After lectin incubation membranes were incubated with a DIG antibody, followed by 
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secondary HRP-labeled antibody incubation (see table 1 for details on the antibodies). 
Chemiluminescence detection and analyses were performed as described in the SDS-
PAGE and western blotting, and spot blotting sections.

RNA isolation and cDNA synthesis

The procedures for RNA isolation and cDNA synthesis are described previously101. 
Briefly, RNA was isolated using TRIzol Reagent according to the manufacturer’s protocol 
(Invitrogen). cDNA synthesis was performed using a SuperScript II Reverse Transcrip-
tase Kit (Invitrogen) on equal quantities of  RNA between samples. Oligo(dT)12-VN 
primers (125 pmol) were used to prime mRNA poly-A tails.

Real-Time qPCR

The procedures for qPCR are described elsewhere101. Briefly, equal quantities of  trip-
licate cDNA samples were dried in a 384 wells plate. qPCR reactions were performed in 
a LightCycler 480 system (Roche, Penzberg, Germany). Probe and primer combinations 
are listed in table 2. Results were analyzed using the LightCycler 480 software (version 
1.5.0.39). Data are presented as mean±SD (n=3) from a representative experiment of  
three.

Table 2. Primer and probe combinations for qPCR
Amplicon Primers (5'-3') Probe1

Rab6 Fw: GCACACAGGACAGAAGCAGA #75
Rv: GGTTGAAGATGACATGGGAGAT

LAMP1 Fw: CGAAGGCGTTTTCAGTCAA #21
Rv: CGTCCAGCAGACACTCCTC

Cathepsin B Fw: CACTGACTGGGGTGACAATG #83
Rv: TACTGATCGGTGCGTGGA

Cathepsin D Fw: TCTGTCCTACCTGAATGTCACC #10
Rv: CCTCCTTGCACAGGGCCA

EEF1 Fw: CAATGGCAAAATCTCACTGC #63
 Rv: AACCTCATCTCTATTAAAAACACCAAA

 Primers were prepared by Sigma. 1From Universal ProbeLibrary for Human probes (Roche).

Statistical analysis

Statistical analyses were performed using the unpaired two-tailed Student’s T-test and 
differences were accepted as statistically significant at a level of  p≤0.05.
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Results

To investigate the involvement of  Rab6 in the ALP, we employed siRNA mediated 
knockdown in HeLa cells, resulting in efficient reduction of  Rab6 levels as determined 
by qPCR, western blotting and immunofluorescence (suppl. fig. 1). As a measure of  
autophagy induction, the processing of  LC3 was assessed on western blot and showed 
no difference in LC3-II/LC3-I ratio between control and Rab6 knockdown cells (fig. 1, 
Con). Also when the cells are exposed to autophagy inducing stressors —ER stress in-
duced by tunicamycin (Tm) and nutrient stress induced by Earle’s balanced salts solution 
(EBSS)— the expected increased LC3-II/I ratio is not different between control and 
Rab6 knockdown cells (fig. 1, Tm and EBSS). These data indicate that reduction of  Rab6 
has no profound effect on the induction of  autophagy.  

LC3 I

Scramble Rab6 siRNA

LC3 II

Con Tm EBSS

GAPDH

B

A
Con Tm EBSS

Figure 1. LC3 processing is not affected by Rab6 knockdown. Rab6 was downregulated by siRNA 
in HeLa cells. Autophagy was induced by tunicamycin (Tm; 1µg/mL, 16 h) and Earle’s balanced salts 
solution (EBSS; 2 h). (A) LC3 processing was visualized by western blot. GAPDH was used as a load-
ing control. A representative blot was shown. Con: control. (B) LC3-II/LC3-I ratios were quantified. 
Shown are normalized values (mean and SEM) from n=3 independent experiments.

To investigate the ALP downstream downstream of  autophagic induction, immu-
nofluorescence using lysosomal markers was employed. Confocal microscopy demon-
strates that reduced Rab6 levels result in a striking relocalization of  lysosomes. This is 
observed with both the integral lysosomal membrane protein LAMP1 (fig. 2A) as well 
as with the luminal hydrolase Cathepsin D (fig. 2B), indicating that Rab6 affects the 
positioning of  lysosomes. In Rab6 knockdown cells lysosomes cluster at a juxtanuclear 
location which is reflected by a reduction in convex hull by 21% (fig. 2C). Overexpres-
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sion of  a dominant negative mutant (T27N) of  Rab6 also results in juxtanuclear relo-
calization of  lysosomes, confirming that loss of  functional Rab6 is responsible for this 
effect (suppl. fig. 2). 

The endosomal markers Rab7 and EEA1 show no strong relocalization in Rab6 
knockdown cells (fig. 3). The slightly more juxtanuclear pattern observed for the late en-
dosome marker Rab7 in Rab6 knockdown cells may be explained by partial localization 
of  this marker to lysosomes (fig. 3A). This is supported by the absence of  difference be-
tween control and Rab6 knockdown cells for the early endosome marker EEA1, which 
does not co-localize with lysosomes (fig. 3B).

B
Scramble

A

C

Rab6 siRNA Scramble Rab6 siRNA

LAMP1 Cathepsin D

Figure 2. Rab6 downregulation induces lysosomal 
repositioning. Rab6 was knocked down by siRNA 
in HeLa cells. Immunofluorescence staining was 
performed to visualize lysosomes by membrane 
protein LAMP1 (A) and luminal protein Cathepsin 
D (B). The nuclei were stained with DAPI. Confo-
cal imaging was performed. Scale bars indicate 10 
µm. (C) The convex hull of  the lysosomal struc-
tures was determined. Shown are mean and SD 
from n=3 independent experiments with each two 
fields of  view. Statistical difference of  p<0.001 is 
indicated by ***.
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HeLa cells treated with scramble and Rab6 siRNA were analyzed by immune-elec-
tron microscopy (EM; fig. 4). In the Golgi region of  the HeLa cells, lysosomes show 
a typical lamellar structure275 for cells transfected with scrambled siRNA (fig. 4A). Im-
muno-EM analysis of  Rab6 knockdown HeLa cells demonstrates the striking clustering 
of  lysosomes as confirmed by LAMP1 and Cathepsin B double immuno-gold labeling 
(fig. 4B). In addition, lysosomes are morphologicaly altered; they are reduced in size (fig. 
4B,C). These results from ultrastructural analysis not only strengthen the observation as 
seen under the confocal, it also adds information about the actual morphology of  the 
lysosomes under Rab6 depletion in HeLa cells.

In conclusion our data indicate that loss of  Rab6 function affects the morphology 
and positioning of  lysosomes without affecting autophagic or endocytic pathways to 
lysosomes. 

Rab6 itself  does not colocalize strongly with lysosomes, therefore the role of  Rab6 
in the positioning of  the lysosomes is likely to be indirect. Since Rab6 is implicated in 
maintaining the structural integrity of  the Golgi191,215, down regulation of  Rab6 may 

BA

EEA1Rab7

Scramble Rab6 siRNA Scramble Rab6 siRNA

Figure 3. Rab6 downregulation does not change endosomal distribution. Rab6 was downregulated in 
HeLa cells. Late endosomes were visualized by Rab7 (A) and early endosomes by EEA1 (B). Nuclear 
counterstain was performed with DAPI. Confocal imaging was performed. Scale bars indicate 10 µm.
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Figure 4. Rab6 knockdown induces clustering of  small sized lysosomes. Electron micrographs of  
ultrathin cryosections of  HeLa cells transfected with scramble (A) or Rab6 (B,C) siRNA. (A) Repre-
sentative pictures of  Golgi (G) region with typical lamellar lysosomes (L) labeled for LAMP1 (10 nm 
goldparticles). (B) Golgi region of  Rab6 knockdown cells showing a cluster of  small sized lysosomes 
labeled for LAMP1 (10 m gold particles) and cathepsin B (15 nm gold particles). (C) Cluster of  small-
sized, LAMP1-positive (10 nm gold particles) lysosomes in Rab6 knockdown cells. Bars indicate 200 
nm.
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affect glycosylation. We used different lectins to differentiate between different glycan 
modifications (fig. 5A). No major global effects on O- or N-glycosylation are observed. 
Cell surface binding to the fluorescent lectin WGA-AF488 is also not affected by Rab6 
knock-down, confirming this result (fig. 5B). Also overall O-GlcNAc modification is not 
affected (fig. 5C). In contrast, we observed that in Rab6 knockdown cells, the mobility 
of  LAMP1 and LAMP2 on SDS-PAGE is reduced (fig. 6). Removal of  all N-glycans 
with peptide-N-glycosidase F (PNGase F) restores the mobility difference, indicating 
the N-glycosylation of  LAMP proteins is different in Rab6 knockdown cells (fig. 6A). 
Endopeptidase H (Endo H) treated samples still show a mobility difference, indicat-
ing that Rab6 knockdown causes a change in the composition of  the complex/hybrid 
N-glycans (fig. 6B, LAMP1 and LAMP2). Interestingly, Rab6 knockdown does not lead 

B

A GNA SNA MAA PNA DSA

O-GlcNAcCWGA-AF488
Scramble Rab6 siRNA

Figure 5. Down regulation of  
Rab6 has no major effect on 
overall glycosylation. Rab6 was 
depleted in HeLa cells. (A) Cell 
lysates were analyzed for sever-
al carbohydrate moieties using 
different lectins on spot blots. 
GNA: Galanthus nivalis aggluti-
nin, SNA: Sambucus nigra agglu-
tinin, MAA: Maackia amurensis 
agglutinin, PNA: Peanut agglu-
tinin, DSA: Datura stramomium 
agglutinin. (B) Non-permea-
bilized cells were probed with 
wheat germ agglutinin conjugat-
ed to an Alexa 488 fluorescent 
dye (WGA-AF488) and were 
analyzed by FACS and confo-
cal imaging. (C) Spot blots with 
cell lysates were analyzed for 
O-linked N-acetyl-glucosamine 
(O-GlcNAc). Shown are results 
of  representative experiments. 
Bars and error bars indicate 
mean and standard deviation of  
triplicates, statistical differences 
are indicated by * for p<0.05 
and ** for p<0.01. Each spot 
represents 1 µg protein. AU: ar-
bitrary units.

Rab6 and Unfolded Protein Response-Mediated Proteostasis in Alzheimer's Disease.indb   81 8-10-2014   8:12:09



82 Chapter five

B

A

150 

100

75

50

kDa

- +
Sc R6

Endo H

LAMP1

Sc R6
150 

100

75

kDa

- +
Sc R6

Endo H

LAMP2

Sc R6

Sc
-

150 
100

50

37

kDa
R6 Sc R6 Sc R6 Sc R6 Sc R6 Sc R6

5 10 15 30 240
PNGase F

LAMP1

min

75

Figure 6. Depletion of  Rab6 
leads to a mobility shift of  
LAMP proteins. Rab6 was 
down regulated by siRNA in 
HeLa cells. (A)  Cell lysates were 
treated with peptide-N-glycosi-
dase F (PNGase F) for the in-
dicated times and LAMP1 was 
visualized on western blot. (B) 
Cell lysates were treated with 
Endopeptidase H (Endo H) 
for 24 hours and LAMP1 and 
LAMP2 were visualized on 
western blot. Equal amounts 
of  protein were loaded on each 
gel. Sc: Scramble knockdown, 
R6: Rab6 knockdown, kDa: 
kiloDalton.
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Figure 7. Down regulation of  Rab6 increases the proteolytic activity of  lysosomes. Rab6 knockdown 
was performed in HeLa cells. Cells were treated for 4 h with DQ-BSA red (100 µg/mL). (A) Cells 
were visualized using epi-fluorescence microscopy. (B) DQ-BSA red fluorescent signal was measured 
by FACS analysis. Mean and SD are shown from a representative experiment of  4 independent exper-
iments. (C) Degradation of  lysosomal substrate p62 was assessed on western blot. A representative 
experiment is shown, the quantification shows normalized values (mean and SD) from n=3 indepen-
dent experiments. GAPDH was used as a loading control. Statistical differences are indicated by ** for 
p<0.01.
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to differences in glycosylation of  Cathepsin D, APP or LIMP-2, suggesting selectivity 
towards a subset of  lysosomal membrane proteins (suppl. fig. 3). 

To investigate whether the Rab6 knockdown has implications for lysosomal func-
tion, DQ-BSA was used to determine the proteolytic activity. Interestingly, Rab6 deple-
tion is accompanied by increased degradation of  the DQ-BSA substrate clearly visible 
by fluorescence microscopy (fig. 7A) and quantified by FACS analysis (fig. 7B). Because 
endocytic uptake is not increased by Rab6 knockdown (suppl. fig. 4A) this reflects an 
actual increase in lysosomal hydrolase activity. This is not caused by increased expression 
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Figure 8. Rab6 downregulation impairs lysosomal repositioning during nutrient stress and ER stress. 
Rab6 was downregulated in HeLa cells with siRNA. (A) Cells were treated with Earle’s balanced salt 
solution (EBSS, 1 h). Lysosomes were visualized using LAMP1 as a marker. (B) Cells were treated with 
tunicamycin (1 µg/mL, 1 h). Lysosomes were visualized using LAMP1 as a marker. Confocal imaging 
was performed. Scale bars indicate 10 µm.
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of  lysosomal components as result of  activation of  the ALP transcriptional regulator 
TFEB (suppl. fig. 4B). The steady state levels of  the endogenous ALP substrate p62 
are decreased in Rab6 knockdown cells, supporting the observed increase in lysosomal 
activity (fig. 7C).

Repositioning of  lysosomes to a juxtanuclear site has been demonstrated to occur 
during nutrient stress259. This is also found in our cells after incubation in EBSS (fig. 8A, 
scramble). However, in Rab6 knockdown cells, the already juxtanuclear localization of  
the lysosomes is not changed during EBSS incubation (fig. 8A, Rab6 siRNA). A similar 
repositioning of  lysosomes is observed during ER stress in HeLa cells, and again, this 
repositioning is disturbed in the Rab6 depleted cells (fig. 8B). Our data indicate that ly-
sosomal repositioning is a common response to cellular stress that is mediated by Rab6. 

Discussion

Our previous work suggested a role for Rab6 in ER proteostasis via proteolysis. Be-
cause the ALP is the major degradational pathway during ER stress and Rab6 functions 
via membrane bound compartments, we studied here whether Rab6 is connected to the 
ALP. The ratio of  LC3-II to LC3-I is not affected by Rab6 knockdown at baseline or af-
ter autophagy induction by amino acid starvation or ER stress. This is an indication that 
the initiation of  autophagy is not affected by Rab6, although differences in autophagic 
flux may not be reflected in the LC3-II/-I ratio121. In fact, our own data indicate that 
autophagic flux is increased, as the degradation of  the ALP substrate p62 is increased. 
In contrast, a striking effect on the distribution of  lysosomes is observed. Reduction of  
Rab6 results in redistribution of  lysosomes to a juxtanuclear site. This is observed both 
with the integral membrane protein LAMP1 as well as the luminal hydrolase cathepsin 
D, indicating this is a relocalization of  lysosomes rather than missorting of  a lysosomal 
marker protein. This is further supported by the observation that the late endosome 
marker Rab7 that also labels a subset of  lysosomes is mildly affected, whereas the distri-
bution of  the early endosome marker EEA1 is not affected by Rab6 knockdown. The 
relocalization of  the lysosomes is accompanied by increased proteolytic activity, indicat-
ed by a DQ-BSA activity assay and the above mentioned reduction in endogenous p62 
levels. 

Lysosomes are subject to a retrograde repositioning towards the MTOC during nu-
trient deprivation259. We demonstrate that a similar repositioning event occurs during ER 
stress, which could indicate that lysosomal repositioning is part of  a general response to 
stress situations that require increased lysosomal activity. Interestingly, our data indicate 
that the stress-induced repositioning of  lysosomes is disturbed in Rab6 knockdown 
cells. It appears that the distribution of  the lysosomes in Rab6 knockdown cells already 
resembles the lysosomal position during stress and is not further affected by exogenous 
stress. Although the exact function of  this dynamic process during cellular stress is not 
fully elucidated yet, it was shown to play a role in the interaction of  lysosomes with 
regulating signaling molecules, such as the mTORC1 complex259. Rab6 knockdown is 
well tolerated, however, we showed previously that it impairs the recovery from an ER 
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stress insult and increases the sensitivity to ER stress toxicity101, which would support a 
function for lysosomal repositioning in the protection against stress. Interestingly, Ryh1, 
the Rab6 homologue in S. pombe,  was demonstrated to be involved in vacuolar integrity 
and stress resistance via a TORC2 dependent pathway, and defective Ryh1 function in 
this respect could be substituted by human Rab6276. 

It seems paradoxical that the proteolytic activity of  the lysosomes is increased in 
the Rab6 knockdown cells, where proteostasis is disturbed. However, this may be an 
ineffective compensatory response to the disturbed repositioning of  lysosomes under 
stress conditions. A master regulator of  lysosomal biogenesis is the transcription fac-
tor TFEB that is activated under conditions where lysosomal demand is increased, like 
starvation277,278. We find no evidence for activation of  the TFEB induced upregulation 
of  lysosomal biogenesis, indicating a different mechanism is involved in the increased 
lysosomal activity.

Because Rab6 itself  does not colocalize with components of  the ALP, the role of  
Rab6 in the positioning of  the lysosomes is likely to be indirect. Rab6 is implicated in 
maintaining the structural integrity of  the Golgi191,215 and active Rab6 is predominantly 
localized at the trans-Golgi network (TGN). Rab6 has been shown to be involved in 
several antero- and retrograde trafficking pathways206,208,238,239. Interestingly, Rab6 was 
shown to assist in the fission of  vesicles from the Golgi, which may explain to some 
extent the broad range of  Rab6 mediated trafficking pathways242. Although we cannot 
exclude that Rab6 has other yet unknown functions as well, it is likely that its role in 
lysosomal positioning is mediated by its function in vesicle transport. Rab6 knockdown 
results in cargo transport inhibition at the TGN, accompanied by increased number of  
Golgi cisternae216, which we also observe in our experiments. The transport defect fits 
with the presence of  lysosomal proteins in the Golgi observed by immuno EM if  Rab6 
is depleted.

Protein glycosylation is specific for organisms, tissues and cell types279, and this may 
change in disease states such as cancer and inflammation279,280. The variety of  individual 
N-glycans is vast and indeed glycosylation may present an information dense poten-
tial281. Adding to this complexity is so called microheterogeneity, which postulates that 
one particular glycosylation site on a protein may display a range of  glycosylation varia-
tions, depending on tissue, cell type or even a particular biochemical state of  the cell281. 
The ER and Golgi are major sites for glycosylation and, in addition, activated Rab6 is 
recruited to Golgi like structures. Biochemically, Rab6 depletion induces glycosylation 
differences in a subset of  lysosomal proteins. Glycosylation differences are found for 
LAMP1 and 2, but not for LIMP-2 or Cathepsin D. The mobility shift of  LAMP1 and 
2 proteins to a higher molecular weight is corroborated by Sun and colleagues: In fact, 
if  anything, as indicated by the slightly retarded migration of  LAMP2 in the Rab6 siRNA case, 
glycosylation was promoted.214 Our results strongly suggest that the alteration relates to com-
plex N-glycosylation opposed to high mannose N-glycosylation. This may be caused by 
addition of  entire N-glycan carbohydrate chains or addition/modification of  specific 
carbohydrate moieties on these chains. It was reported previously that polylactosamine 
modification of  LAMP1 and 2 is increased if  the retention time in the Golgi is longer282. 
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We hypothesize that dysfunction of  Rab6 leads to altered retention of  LAMP proteins 
or factors that involve glycosylation within this cellular compartment, ultimately affect-
ing the glycosylation of  LAMP proteins282.

The exact function of  LAMP proteins in lysosomal function is not known yet, but 
is has become clear that the LAMP proteins have overlapping functions that go beyond 
a structural protein in the lysosome. Knockout of  LAMP1 or LAMP 2 is well tolerated. 
However, double knockout of  LAMP 1 and LAMP2 is embryonic lethal. Interestingly, 
the proteolytic function of  the lysosomes is not affected in the double knockout cells283. 
However, in the LAMP1/LAMP2-/- cells the lysosomes are larger and have a more pe-
ripheral localization, which seems to be opposite to the lysosomal phenotype in the 
Rab6 knockdown cells. It is tempting to speculate that the change in LAMP glycosyla-
tion induced by Rab6 is functionally connected to the lysosomal relocalization, different 
morphology and increased proteolytic activity, but this requires further investigation. 

Mechanistically, the role of  Rab6 in ALP function may involve as yet unknown reg-
ulatory pathways. For example Rab12 was recently shown to regulate autophagy via 
targeting the amino-acid transporter PAT4 for lysosomal degradation284. Our previous 
work indicated that the membrane association of  Rab6 is dependent on presenilin 1225, 
mutations in which cause autosomal dominant variants of  AD. Recently presenilin was 
shown to affect the acidification of  the lysosomes and thereby lysosomal function248. 

The data in this study further underscore the importance of  the ALP to restore pro-
teostasis during UPR activation. Therefore, the paradoxical observation that the UPR 
activation is not resolved by the high Rab6 levels in AD neurons, may relate to the 
dysfunction of  the ALP as observed early in AD pathogenesis247. Indeed, in human 
AD hippocampus, the UPR activation is prominently present in neurons that have dis-
turbances in the ALP64. The current study contributes to accumulating evidence that 
dysfunction of  the lysosomal system is a major player and possible target in AD. 
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Supplementary figures

A

Rab6 

GAPDH

Scramble Rab6 siRNA

Sc R6B

C

Rab6 merge

Supplemental figure 1. Rab6 is efficiently downregulated in HeLA cells with siRNA. HeLa cells were 
transfected with scramble and Rab6 siRNA for 72 hours. (A) Rab6 mRNA expression was analyzed 
by qPCR. Shown are normalized values (mean and SD) of  n=5 independent experiments. (B) Rab6 
protein expression was analyzed on western blot. Shown is a representative blot and GAPDH was 
used as a loading control. (C) Rab6 protein expression was analyzed by immunofluorescence. Nuclear 
counterstain was performed with DAPI. Scale bar indicates 10 µm.
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Supplemental figure 2. Dominant negative Rab6 (T27N) induces lysosomal repositioning. Myc-
tagged Rab6 wildtype (Wt) and T27N were overexpressed in HeLa cells. Rab6 Wt  and -T27N were 
visualized using the Myc-tag. Lysosomes were visualized with LAMP1. DAPI was used for the nuclear 
counterstain. Confocal imaging was performed. Scale bar indicates 10 µm. Mock: Empty vector.
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Supplementary figure 3. Rab6 selectively affects the glycosylation of  LAMP family proteins. Rab6 
was down regulated in HeLa cells using siRNA. Cell lysates were analyzed for mobility shifts on west-
ern blots in three glycoproteins: cathepsin D (A, CathD), amyloid precursor protein (B, APP) and 
lysosome integral membrane protein 2 (C, LIMP-2). In addition, cell lysates treated with PNGase and 
Endo H (24 hours) were analyzed on western blot for LIMP-2 (C). Sc: Scramble, R6: Rab6 siRNA, 
CathD: cathepsine D, APP: amyloid precursor protein, kDa: kiloDalton.

BA

Supplementary figure 4. Increased lysosomal activity by Rab6 depletion is not caused by increased 
endosomal uptake or TFEB target upregulation. Rab6 was down regulated in HeLa cells with siRNA. 
(A) Cells were treated for 4 h with DextranMW40000 488 (20 µg/mL). (A) The fluorescent signal of  Dex-
tranMW40000 488 was measured by FACS analysis. Mean and SD are shown from a representative experi-
ment of  4 independent experiments. (B) Quantitative PCR was performed for the targets of  the TFEB 
transcription factor, LAMP1, cathepsine B (CathB) and cathepsine D (CathD). Normalized values are 
shown (mean and SD, experimental triplicates) from n=5 of  independent experiments and EEF1A was 
used as a reference. Statistical difference is indicated *** for p< 0.001.
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Abstract

Our previous work showed that Rab6 accumulates in Alzheimer’s disease (AD) brain 
and that this is in strong correlation with the increase of  the unfolded protein response 
(UPR) of  the endoplasmic reticulum (ER). In cell models, we showed that Rab6 actu-
ally reduces the UPR and associated ER stress toxicity. This effect is not mediated via 
UPR signaling, but via an unknown feedback mechanism that may involve lysosomes. 
Because the autophagy/lysosomal pathway (ALP) is compromised in neurons of  AD 
patients, we further investigated in this study the connection between high Rab6 levels 
and dysfunction of  the ALP. We showed that membrane bound Rab6 accumulates in 
cells deficient for autophagy and therefore this pool of  Rab6 is a substrate for the ALP. 
In line with this we find increased levels of  Rab6 in AD hippocampal neurons with 
increased LC3 and Cathepsin D levels, indicative of  ALP dysfunction. Double immuno-
histochemistry shows that Rab6 accumulates both in- and outside of  structures positive 
for ALP markers. We propose that impaired ALP function contributes to Rab6 accu-
mulation in AD neurons as well to rendering Rab6 inactive or ineffective to perform its 
protective role during ER stress.
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Introduction

Alzheimer’s disease (AD) is an age-related multifactorial disorder of  which we are 
only beginning to understand molecular events that are early contributors to the patho-
genesis. Activation of  the unfolded protein response (UPR) of  the endoplasmic retic-
ulum (ER)62 is such an early event. The UPR is activated in response to disturbances in 
the ER that result in protein misfolding. It involves a transcriptional and translation-
al program aimed to restore ER homeostasis after which tight feedback mechanisms 
switch off  the UPR98-100. Prolonged UPR activation in the brain, however, may lead to 
neurodegeneration via depletion of  synaptic proteins285,286 and initiation of  an apoptotic 
program235,236.

We have previously shown that the small GTPase Rab6 is increased in AD brain 
and that this occurs in strong correlation with the increase of  UPR226. We have shown 
that Rab6 has an ameliorating effect on the UPR; elevated Rab6 levels reduce UPR 
activity and inhibit ER stress toxicity101. Our previous work shows that Rab6 does not 
directly interfere in the upstream sensing and signaling of  the UPR, but rather works 
via a feedback mechanism101. ER stress induces activity of  the autophagy/lysosomal 
pathway (ALP)233. Indeed, during UPR activation, the ALP is the major pathway for pro-
tein degradation169. Knockdown of  Rab6 induces a strong relocalization of  lysosomes, 
accompanied with disturbed lysosomal activity. In addition, it impairs the dynamic repo-
sitioning of  lysosomes during nutrient and ER stress (Chapter 5), suggesting a role for 
lysosomes in the Rab6 mediated downregulation of  the UPR. 

In AD brain UPR activation in neurons is high despite high levels of  Rab6226. There-
fore, the downregulating effect of  Rab6 on the UPR is apparently compromised in 
AD brain. An imbalance between formation and degradation of  lysosomal/autophagic 
vesicles causes accumulation in AD brain247,270. The accumulation of  these vesicles may 
ultimately contribute to the formation of  end-stage granulovacuoles287,288, granules as-
sociated with AD that represent disturbed ALP processes288. In AD hippocampus, neu-
rons that exhibit this granulovacuor degeneration (GVD) are strongly positive for UPR 
activation markers64. In addition, LC3, a substrate of  the ALP, accumulates in neurons 
with an active UPR169. These observations suggest that prolonged UPR activation is 
associated with dysfunction of  the ALP.

The cause of  the Rab6 accumulation in AD brain is not known. Rab6 levels are not 
increased by ER stress; in fact UPR activation reduces the Rab6 levels and also inhibition 
of  the proteasome does not lead to higher Rab6 levels226. Rab6 is therefore not a direct 
target of  the UPR or the ubiquitin proteasome system. It is not known whether Rab6 
is a substrate for the ALP, which could be a possible explanation for its accumulation in 
AD neurons with a defective ALP.

Here we further investigate the connection between Rab6 and the ALP in AD hip-
pocampus. 
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Materials and methods

Materials

Cell culture media and reagents were obtained from Gibco/Invitrogen (Carlsbad, 
CA, USA) and other chemicals were from Sigma (St. Louis, MO, USA), unless indicated 
otherwise.

Post-mortem hippocampal material

Post-mortem hippocampal material was obtained from the Netherlands Brain Bank 
(Amsterdam, the Netherlands). Patients or their next of  kin gave informed consent for 
autopsy and use of  tissue and medical records for research purposes. Clinical diagnosis, 
age, gender and Braak staging of  cases used in this study are listed in table 1, if  available.

Table 1. Cases in this study
Case Clin. Diag. Age (y) Gender Braak stage1

S10-198 Con 83 f 1
S11-27 Con 80 m 1
S06-183 AD 62 m 6
S08-139 AD U U 6

1Braak staging based on senile plaque pathology. Clin. Diag.: clinical diagnosis, Con: Control, AD: Alz-
heimer's disease, f: female, m: male, U: unknown.

Cell culture and treatment

Inducible mouse embryonic fibroblast (MEF) Atg5-/- cells were a kind gift of  Dr. N. 
Mizushima256. MEF Atg5-/- cells were cultured in Dulbecco’s modified Eagle medium 
with GlutaMAX supplemented with 10% (v/v) fetal calf  serum (Lonza, Basel, Swit-
zerland), 100 U/mL penicillin and 100 µg/mL streptomycin. MEF Atg5-/- cells were 
maintained in the presence of  doxycylin (20 ng/mL) and cultured in the absence or 
presence of  doxycycline for the Atg5+/+ or Atg5-/- genotype, respectively. Omission of  
doxycycline was at least 72 hours to fully obtain the wildtype Atg5 expression. Cells 
were incubated at 37°C, 5% CO2 and 95% humidity. Cells were plated in a desired wells 
format at a density of  ~8.103 cells/cm2 in complete culture medium. 

Subcellular fractionation, SDS-PAGE and western blotting

Cells were cultured in Ø10 cm Petri dishes. After treatment, cells were harvested by 
scraping with a rubber policeman in a hypotonic lysis buffer (5 mM Tris.HCl pH 7.4, 250 
mM sucrose [Merck, Darmstadt, Germany], 1 mM EDTA, Complete protease inhibi-
tors and PhosSTOP phosphatase inhibitor cocktail [Roche,Penzberg, Germany]) and 
passed 10 times through a 27 gauge needle, all on ice. Post nuclear supernatant (800xg, 
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10 minutes, 4°C) protein content was determined by Bio-Rad Protein Assay (Bio-Rad, 
Hercules, CA, USA). Post nuclear supernatants were transferred in detergent-free ultra-
centrifuge tubes and ultracentrifuged (120.000xg, 1 hour, 4°C). Membrane pellets were 
dissolved in 1% (v/v) Triton X-100 in PBS. Samples were analyzed for Rab6 on a 12% 
polyacrylamide gel. Membrane fraction protein loading was proportional to the protein 
content of  the post nuclear supernatant and was checked using calnexin (see table 2) as a 
loading control. A TE77XP Semi-Dry Transfer Unit (Hoefer, San Francisco, CA, USA) 
was used for protein transfer to PVDF membrane (Millipore, Billerica, MA, USA). An-
tibodies and incubation conditions are specified in table 2. Visualization was performed 
with Lumi-Light Western Blotting Substrate (Roche) on a LAS-3000 imaging system 
(Fujifilm, Tokyo, Japan).

Immunohistochemistry

Immunohistochemistry (IHC) was performed as described previously by Nölle et 
al.289 Briefly, formalin-fixed, paraffin-embedded tissue was selected from age-matched 
non-neurological controls and Alzheimer’s disease cases (table 1). Sections (5 µm thick) 
were mounted on Superfrost Plus tissue slides (Menzel-Gläser,Braunschweig, Germa-
ny) and dried overnight (37°C). After deparaffinization, endogenous peroxidase activity 
was quenched (0.3% H2O2 in phosphate-buffered saline [PBS] for 30 min). All washes 
were performed with PBS. Sections were treated in sodium citrate buffer (10 mM, pH 
6.0) and heated by autoclave (10 min) for antigen retrieval. Sections were incubated 
with Rab6 primary antibody in Dako antibody diluent (Dako, Glostrup, Denmark; see 
table 2 for more information). Sections were incubated with horseradish peroxidase 
(HRP) labeled secondary antibody complex (REAL EnVision/HRP, Dako, 30 min at 
room temperature). Color development was performed using 3,3’-diaminobenzidine 
(DAB, Sigma) as chromogen (10 min). Sections were treated with sodium citrate (10 
mM, pH 6.0) and heated by autoclave (10 min) to denature bound antibodies. Sections 
were blocked in 10% normal goat serum (10 min at RT, Dako). Incubation with second 
primary antibody (LC3 or Cathepsin D, see table 2) was performed overnight (4°C). Sec-
tions were incubated with HRP labeled secondary antibody for 1 h. Color development 
was performed using Liquid Permanent Red (LPR, Dako) as chromogen. Sections were 

Table 2. Antibodies used for western blot and immunofluorescence
Antibody Species Clonality Manufacturer Cat. no.
Western blotting
Rab61 Rabbit Polyclonal (C-19) Santa Cruz sc-310
eEF2 Rabbit Polyclonal Cell Signaling #2332
Calnexin Rabbit Polyclonal Calbiochem 208880
Immunohistochemistry
LC3 Mouse Polyclonal Novus Biologicals NB100-2220
Cathepsin D Goat Polyclonal R&D Research AF1014

Incubations for western blot were performed 1:1000 in 5% (w/v) fat-free milk in PBS-T (0.05%, v/v), 
secondary HRP labeled antibodies were from Dako. Incubations for immunohistochemistry were per-
formed 1:100, secondary dilutions were 1:100. 1Also used for immunohistochemistry.
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counterstained with haematoxylin and mounted using DePeX (BDH Prolabo/VWR, 
Radnor, PA, USA). Negative controls were generated by omission of  primary antibod-
ies. Microscopy was performed on a Leica microscope with a 20x objective. At least 
three fields of  view were photographed per patient. Images were acquired and spectrally 
separated using Nuance Multispectral Tissue Imaging System and software (Nuance 
software, CRi/PerkinElmer, Waltham, MA, USA). Spectral grey-scale images were con-
verted to indexed pseudo-fluorescence images using Photoshop CS6 (Version 13.0.1 
x32, Adobe Systems Incorporated, San Jose, CA, USA). 

Figure 1. Membrane bound Rab6 in-
creases if  autophagy is impaired.
Total and membrane associated Rab6 
was determined by western blot in 
MEF Atg5-/- cells. Doxycycline (20 
ng/mL) was used to induce the  Atg5-/- 
genotype and doxycycline was omit-
ted for at least 72 hours to recover the 
wildtype (Wt) genotype. Eukaryotic 
elongation factor 2α was used as a 
loading control for total fractions and 
calnexin was used as a loading control 
for membrane fractions. Shown are 
blots from representative experiments. 
Quantification shows the mean and 
SD of  the relative increase of  Rab6 
(in arbitrary units, AU) of  n=4 inde-
pendent experiments.

Results and discussion

To determine if  Rab6 is degraded by autophagy, we employed inducible Atg5-/- 

MEFs. These cells are autophagy proficient in the presence of  doxycycline and deficient 
in the absence of  doxycycline256. We determined Rab6 levels in the absence and presence 
of  doxycycline. The total levels of  Rab6 were unaffected by autophagic capacity (fig. 
1). Interestingly, the membrane-bound fraction of  Rab6, which represents the active 
form181,290, increases almost two-fold if  autophagy is rendered inactive (fig. 1). This indi-
cates that at least part of  the Rab6 pool is degraded by the ALP.

To address the connection between increased Rab6 levels and the dysfunctional ALP 
in AD neurons, we performed double immunohistochemical stainings with Rab6 and 
the autophagic marker LC3 (fig. 2A) and the lysosomal marker cathepsine D (CathD; 

Figure 2. Rab6 accumulates partly in the autophagy/lysosomal pathway in the hippocampal area. Dou-
ble immunohistochemical stainings for Rab6 with LC3 (A) or cathepsine D (B, CathD) were performed 
on post mortem human hippocampal material. Images were spectrally separated and artificial coloring 
was applied (Pseudo-F green: Rab6, red: LC3 or CathD and blue: haematoxylin). Detailed images show 
Rab6, LC3 or cathepsine D distribution in hippocampal neurons.
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fig.2B) in the hippocampus of  control and AD patients. Spectral imaging was performed 
and images were converted to pseudo fluorescence. In human hippocampus Rab6 pos-
itivity is found throughout the neuronal soma, some material appears to be associated 
with structures inside the cell, some appears more diffusely distributed (fig. 2A,B). In 
AD hippocampus, Rab6 levels are strongly increased as expected.

Both LC3 and cathepsine D positivity is found throughout the neuronal cell body 
as punctate structures that are enriched in the perinuclear region (fig. 2A,B, control). In 
addition, cathepsin D can be observed in tubular structures. In AD hippocampus, both 
markers are strongly increased (fig 2A,B, Alzheimer’s Disease), reflecting dysfunction of  
the ALP that occurs in the course of  AD. Prominent colocalization of  Rab6 is found 
with cathepsine D and to lesser extent with LC3 as well. This suggests that a subpool of  
Rab6 accumulates in ALP structures in AD neurons, although confocal microscopy is 
required to draw a definitive conclusion. 

The colocalization with LC3 and cathepsin D positive structures supports the in vi-
tro data that Rab6 itself  is a substrate for autophagic clearance. Our results in the  Atg5-/- 
MEFs indicate that only active Rab6 is degraded by autophagy, which could explain 
why also a large part of  Rab6 does not co-localize with the ALP but rather accumulates 
diffusely outside the LC3 or cathepsine D positive structures, suggestive of  cytosolic 
localization. This may represent the non-membrane bound pool of  inactive Rab6-GDP. 
This selective degradation of  the active form may entail an additional level of  control 
of  Rab6 activity, besides the GTP/GDP switch function inherent to the small GTPases. 
It is tempting to speculate that this provides feedback on the UPR modulation by Rab6, 
because the UPR also induces autophagy169,233 (see model Chapter 7). In support of  
this, we have previously reported that the levels of  Rab6 are decreased by activation of  
the UPR226. 

In AD neurons, UPR activation is associated with high Rab6 levels therefore Rab6 is 
apparently inactive or at least unable to perform its UPR-downregulating function. This 
may be because Rab6 requires an intact ALP for this function and this is defective in AD. 
It is also possible that a defect in the Rab6 pathway contributes to the ALP dysfunction. 
Interestingly, the cathepsine D positivity in AD neurons is concentrated in the perinucle-
ar region. This organization is reminiscent of  the relocalized lysosomal clusters that we 
observe under stress conditions in cell models (Chapter 4 and unpublished data) as well 
as in Rab6 knockdown cells (Chapter 5). Although this remains speculative at this time, 
it is in agreement with the hypothesis that Rab6 may be inactive or ineffective in AD.

Our data support the important role of  the dysfunction of  the ALP system in AD 
pathogenesis. The interplay between Rab6 and ALP function during UPR activation 
therefore potentially presents a novel opportunity to intervene early in the disease pro-
cess. 
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1. Summary and model

Our research group is studying the involvement of  the UPR in AD pathogenesis, 
because it provides a potential target for therapeutic intervention:

1. The UPR is observed in brains of  patients with early (preclinical) Braak stages of  
AD pathology62;

2. The UPR is activated in neurons with the earliest stages of  tau pathology64,250;
3. Activation of  the UPR leads to tau phosphorylation and aggregation (van der Harg 

et al., submitted and Nölle et al., in preparation).

Previous work showed that Rab6 levels are increased in AD brain in close connec-
tion with the extent of  UPR activation226. In this thesis we investigated how Rab6 and 
the UPR are connected in the maintenance of  proteostasis and its implications for AD.

We demonstrated that Rab6 modulates the extent of  the UPR and exerts this func-
tion by means of  a feedback mechanism that does not interfere with the downstream 
signaling of  the UPR (Chapter 2). We have shown that ERAD inhibition reduces the 
UPR and affects lysosomes (Chapter 3). Even though the effect of  ERAD inhibiton 
on the UPR is very similar to Rab6 overexpression, these proteostatic responses are 
independent (Chapter 4). We have implicated Rab6 in correct lysosomal positioning, 
morphology and activity (Chapter 5) and we have shown that ablation of  Rab6 changes 
lysosomal dynamics during cellular stress events, including ER stress. Finally we have 
shown that Rab6 itself  is degraded by autophagy and partly accumulates in the lyso-
somes in AD brain (Chapter 6).

Based on these results we propose the following model (fig.1). Under normal condi-
tions cells cope with cellular stress events by upregulation of  several proteostatic mech-
anisms, in case of  ER stress the UPR is activated. In addition to the primary signaling 
pathways of  the UPR, other pathways are co-activated that aid in resolving the ER 
stress event; these include ERAD and the ALP. Correct lysosomal dynamics during 
stress events are maintained by Rab6. After the stress has been resolved the proteostatic 
systems are downregulated or switched off. The UPR has shutdown mechanisms that 
switch of  the UPR sensor proteins. In addition, Rab6 provides another layer of  feed-
back regulation, as it downregulates UPR activity and is itself  degraded in the autophagic 
process (fig.1: physiological). Under influence of  factors such as aging, neurons are less 
capable of  resolving stress or are exposed to persistent stress. This pushes the capacity 
of  the proteostatic systems to their limits. First pathological signs may be detected, such 
as accumulation of  Rab6 and p-tau (fig.1: transitional). In the final stages proteostatic 
systems including the ALP are compromised, and proteostasis is severely disturbed. 
Rab6 is found (partially) accumulated in lysosomes and signs of  pathological p-tau and 
β-amyloid pathology are displayed (fig1: pathological). 
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2. Experimental limitations of studies

2.1 Cell models in this thesis

The cell models used in this study vary from non-neuronal cell types such as HeLa 
(Henriëtta Lacks, cervical carcinoma)291,292, CHO (Chinese hamster ovary)293 and MEF 
(mouse embryonic fibroblasts)294 cells, to a more neuron-related cell type, i.e. SK-N-SH 
(neuroblastoma)295 cells. Even though neurons or let alone brain tissue are hardly com-
parable to these cell lines, in terms of  specialized pheno/genotype, there are common 
characteristics that can be studied in these cell models. These have the advantage of  

Figure 1. A model for Rab6 and UPR-mediated proteostasis in AD. Cellular stress is resolved ade-
quately under physiological conditions; there are no signs of  pathology. The UPR and autophagy/
lysosomal pathway are activated in response to cellular stress events. Autophagy is also stimulated 
directly by the UPR to assists in resolving ER stress by targeting ER substrates. Rab6 maintains correct 
positioning and lysosomal function. These proteostatic pathways are turned off  when cellular stress 
is resolved. An extra layer of  regulation comprises selective degradation of  active Rab6 by autophagy. 
During persistent cellular stress (marking a transitional state), the burden on these proteostatic systems 
further increases, Rab6, UPR and autophagy markers are elevated. This stretches the capacity of  these 
systems to the limit, leading to imbalance in proteostasis as reflected by first signs of  tau pathology. In 
pathological state, the autophagy/lysosomal pathway is compromised, as a consequence, negative feed-
back control on the UPR and Rab6 is impaired. Rab6 accumulates, unable to assist in reduction of  the 
UPR. This loss of  proteostatic control ultimately results in irreversible tau and β-amyloid pathology.

Chapter seven
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easier genetic manipulation in addition to their ready availability which does not require 
animal sacrifices for each experiment. Indeed, the UPR, autophagy and lysosomes are 
universal parts of  the proteostatic machinery in cells296 and Rab6 is ubiquitously ex-
pressed297. UPR pathways that bear relevance for AD can be modeled in these cell types, 
for example the targeting of  inactive GSK-3β to the lysosomes during UPR activation 
that was identified in SK-N-SH, was shown to occur in primary neurons as well298. 
Therefore, the investigation of  the interactions of  proteostatic systems in immortalized 
cell lines and the drawing of  general conclusions is warranted. Whatever the source, a 
cell model is —as the naming implies— a tool to get an informed representation of  the 
cellular mechanisms under study. The model for proteostatic regulation during UPR 
activation obtained in this thesis can now be confirmed in primary neurons. 

2.2 Rab GTPases in post-mortem tissue

Increased levels of  small GTPases in AD brain may underscore the importance of  
the particular protein in the disease process. Besides Rab6 other Rab proteins are in-
creased in AD brain. Micro-array analysis reveals that Rab4, Rab5 and Rab7 of  the 
endosomal pathway were increased in cholinergic basal forebrain neurons, congruent 
with their increases in protein level299. Interestingly, the authors found that Rab6 mRNA 
was not increased. However, upregulation of  mRNA does not necessarily correlate to 
increased protein levels300,301, other factors than transcription influence the steady state 
of  proteins such as translational regulation and protein degradation. More information 
may be gathered from the activation state of  Rabs, which can be achieved by studying 
their membrane association225,302,303. At steady state in cultured cells, Rab6 is largely lo-
calized at the Golgi, indicative of  a GTP-bound state238. In post-mortem tissue, Rab6 is 
predominantly diffusely distributed through the cytoplasm, suggesting that the major-
ity of  Rab6 in human brain is GDP-bound. It is, however, unknown how these small 
GTPases respond in terms of  GTP hydrolysis and localization during the post-mortem 
delay. In a study on the effect of  post-mortem delay on G-coupled signal transduction, 
the authors showed that a post-mortem delay up to 92 hours did not affect either the 
receptor-mediated activity or the immunoreactive levels of  G-proteins304. Although the 
levels of  Rab6 are clearly increased in post-mortem AD brain, caution is warranted in 
the interpretation of  the activation state of  Rab proteins based on the localization in the 
absence of  experimental data on how the post-mortem delay affects the GTP hydrolysis.

3. Mechanistic insight in the function of Rab6 in proteostasis

3.1 Rab6 and lysosomal positioning

Our results demonstrate that Rab6 depletion by siRNA has a profound effect on the 
localization, morphology and hydrolytic function of  lysosomes (Chapter 5). This asso-
ciation suggests an intricate feedback mechanism: Under proteostatic stress conditions 
Rab6 mediates the repositioning of  lysosomes, possibly to facilitate the degradation 
of  material gathered in autophagophores. How Rab6 is involved exactly, is currently 
unknown, but interestingly overexpression of  Rab6(-GTP) has no particular effect on 
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LAMP1 structures as shown in this thesis (Chapter 5, Supplementary figure 2) and by 
Young and colleagues207. An appealing hypothesis is the direct involvement of  Rab6 in 
the correct positioning of  lysosomes, where it acts as an adaptor together with a specific 
Rab6 effector protein. Rab6 affects the autophagic flux via the lysosomes, but not the 
autophagic process. This helps to restore the proteostasis, and the increased autophagic 
flux degrades the active pool of  Rab6, thereby inactivating the Rab6 mediated reposi-
tioning of  lysosomes upon which the overall homeostasis is restored. This hypothesis 
would suggest direct colocalization of  Rab6 with lysosomes, and indeed Rab6 was pre-
viously reported to be associated with the lysosomal membrane in rats138. In the cur-
rent study, however, we found no compelling evidence for strong Rab6 association with 
lysosomes; Rab6 merely colocalized partially or transiently with lysosomes (Chapter 
5, Supplementary figure 2). This does not necessarily exclude Rab6 from participating in 
lysosomal function and positioning. Both Rab6 (our unpublished data) and lysosomes259 
are subject to repositioning, especially during cellular stress events. Live-cell imaging of  
Rab6209 combined with lysosomal markers may provide insight in the function of  Rab6 
during lysosomal positioning. 

3.2 Rab6, the UPR and AD

In this thesis we show that Rab6 decreases UPR output. We do not know precise-
ly how Rab6 feeds information back to the UPR. Recent discoveries of  UPR inhibi-
tors open avenues for in depth exploration of  Rab6 function on the UPR. Axten and 
colleagues synthesized a potent PERK inhibitor (GSK2606414)305, and Cross and col-
leagues identified and characterized a Ire1 RNase activity inhibitor (4μ8C)306,307. Okada 
and colleagues identified that a commonly used serine protease inhibitor (AEBSF) pre-
vents cleavage of  ATF6 as result of  UPR activation308. Using any of  these inhibitors 
allows investigation of  an isolated UPR signaling transduction route and its interactors. 

Another explanation for feedback control on the UPR may be presented by UPR 
induced ALP and in this thesis we show that Rab6 is a substrate of  the ALP (Chapter 
6). Our previous work showed that the Rab6 increase as seen in AD neurons is not 
induced by activation of  the UPR in a cell model226. In fact the levels of  Rab6 decrease 
when the UPR is activated. The dysfunction of  the ALP could therefore be an import-
ant contributor to the high Rab6 levels in the pathological situation in AD neurons.  
Interestingly, it was recently reported that Rab6 and BiP are increased with increasing 
pathology in 3xTg AD mice, that have mutant human PS1/APP and tau genes227. This 
demonstrates that Rab6 levels are increased in association with ER stress in AD models 
as well. Interestingly, the same report shows that cells overexpressing mutant PS1 alone 
or in combination with mutant APP proteins also display increased Rab6 and BiP levels. 
Although the literature on effects of  PS1 mutations on UPR activity is conflicting309-315, 
the increased Rab6 levels could be related to the role of  PS1 in lysosomal function. It has 
to be noted that the increases observed in cells are much less than those in the 3xTG and 
those we observed in human AD brain, so the events do not necessarily reflect the same 
process. This is a plausible separate mechanism causing lysosomal dysfunction because 
Aβ aggregates also cause lysosomal dysfunction and accumulate more prominently in 
the brain than in cell models248,288,316-320.
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4. Implications for therapeutic intervention in AD

A recent GWAS study identified the EIF2AK3 gene encoding PERK, as a risk fac-
tor for progressive supranuclear palsy (a tauopathy) and AD in APOε4 carriers321, this 
finding stresses the increasing importance of  understanding UPR events in tau-related 
neurodegenerative disease progression. In addition, targeting of  UPR signaling events 
directly has recently been employed in animal models for neurodegenerative diseases. 
Via genetic and pharmacological intervention in the PERK pathway, the neurodegen-
erative phenotype was rescued in a model for prion disease285,322 and an amyloid AD 
model286. Although this provides an important proof  of  concept for the suitability of  
UPR targeting, inhibition of  an upstream homeostatic signaling pathway like PERK is 
bound to have undesired side-effects323. In this thesis we identified a UPR connected 
proteostatic pathway mediated by Rab6 that serves a modulatory role without affecting 
the core signaling.

Rab6 or Rab proteins in general provide an interesting target for therapeutic inter-
vention, because of  its switch-like function. However, to date no Rab-specific drug has 
been developed324,325, although there are some reports in cancer research concerning 
an inhibitor of  Rab geranylgeranyltransferase which affects Rab prenylation, in gener-
al326-328. By contrast, specific targeting is the preferred way to minimize unwanted side-ef-
fects, and that may pose a problem for the multifaceted function of  Rab6 in the cell. 
Instead, targeting of  specific Rab6 routes via intervention at the GDI, REP, GAP or 
even at the effector level may provide potential therapeutic targets.

Another important conclusion from this work is that the lysosomes play a major 
role in the maintenance of  proteostasis during UPR activation. This is corroborated by 
our previous work showing that the ALP is the major proteolytic system during UPR 
activation169,171. Impaired lysosomal capacity may be an important second hit in the neu-
rodegenerative process. Recent research shows that it is possible to stimulate lysosomal 
activity329,330, opening possibilities for therapeutic intervention.

Alzheimer’s disease is a complex multifactorial disease and currently has no cura-
tive treatment. Future prospects may include a highly personalized array of  medication 
aimed early in the disease progression. Here, we propose that a combination of  boosting 
the signaling to the lysosomes via Rab6 and increasing lysomal capacity may be a viable 
approach for early intervention in AD and other protein folding disorders with UPR 
activation.
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De ziekte van Alzheimer —kortweg Alzheimer— is een aandoening, die gepaard gaat 
met afname van het aantal zenuwcellen in de hersenen en daardoor met een steeds klein-
er wordende hersenmassa. Deze progressieve, neurodegeneratieve aandoening wordt 
klinisch gekarakteriseerd door geheugenverlies (amnesie), verminderde taalvaardigheid 
(afasie), onvermogen om objecten of  personen te herkennen —of  beide— zonder zin-
tuigdefecten (agnosie) en onvermogen tot het uitvoeren van complexe motorische han-
delingen, zonder enige fysieke beperkingen (apraxie). Alzheimerpatiënten kunnen daar-
naast ook psychiatrische symptomen ontwikkelen, zoals persoonlijkheidsveranderingen, 
waandenkbeelden, hallucinaties en depressie.

De pathologische kenmerken van Alzheimer in de hersenen zijn seniele plaques, 
bestaande uit samengeklonterd β-amyloïd eiwit en neurofibrillaire kluwens, bestaande 
uit verstrengeld tau-eiwit. Aan het begin van de 20e eeuw zijn deze kenmerken voor 
het eerst tezamen beschreven door Alois Alzheimer ten aanzien van een pre-seniel 
overleden patiënte, Auguste D. Het eiwit tau is betrokken bij stabiliteit van een onderdeel 
van het geraamte van de cel (cytoskelet), de buisvormige microtubuli en het bijbehoren-
de transport van blaasjes langs deze microtubuli. De functie van het β-amyloïd eiwit is 
minder goed bekend, maar mogelijk betrokken bij het vermogen tot sterkteverandering 
van de verbinding tussen zenuwcellen (synaptische plasticiteit) en de bescherming van 
zenuwcellen.

Voor het verkrijgen van Alzheimer is geen eenduidig aanwijsbare oorzaak; de ziekte 
heeft een multifactoriële grondslag. Hoge leeftijd is de meest klaarblijkelijke en voorname 
risicofactor. Verdere risicofactoren zijn, onder andere, genetische factoren (APOε4 vari-
ant dragerschap), suikerziekte (diabetes mellitus type 2), maar ook weinig lichaamsbewe-
ging en een laag opleidingsniveau. Alzheimer is grofweg in twee varianten in te delen, de 
erfelijke en de sporadische variant, hoewel de benaming ‘sporadisch’ ietwat misleidend 
is, omdat deze vorm van Alzheimer het meest voorkomt. Voor de erfelijke variant zijn 
met name bepaalde mutaties in het amyloïd voorlopereiwit en in het preseniline-eiwit ve-
rantwoordelijk. Deze eiwitten zijn betrokken bij de vorming van β-amyloïd. De mutaties 
leiden gegarandeerd tot het verkrijgen van Alzheimer op vroege leeftijd.

Tot op heden bestaat er geen medicatie die de ziekte van Alzheimer oplost en de nu 
beschikbare medicatie (NMDA receptor agonisten en acetylcholine-esterase remmers) 
is zeer beperkt effectief. Bovendien begint het geven van medicatie, als er al symptomen 
zijn, betrekkelijk laat, omdat de onderliggende ziekteprocessen dan al een tijd aan de 
gang zijn. Idealiter grijpt men dus vroeg tijdens de ziekte in, nog vóór het ontstaan van 
symptomen. Hiervoor zijn begrip en inzicht nodig in moleculaire processen die zich in 
Alzheimer afspelen.

Een van deze processen is de unfolded protein response (UPR) van het endoplas-
matisch reticulum (ER). Het endoplasmatisch reticulum is een cellulair orgaan (organel), 
betrokken bij de productie van membraaneiwitten en eiwitten bestemd voor afscheiding 
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in het externe milieu (exocytose). De UPR wordt aangezet, als de fysiologische balans 
(homeostase) van het ER verstoord is; deze situatie noemt men ER-stress. De UPR 
tracht de ER-stress te verhelpen, maar als dit niet lukt, start de UPR een geprogram-
meerde celdoodcascade. In het verlengde van de UPR ligt de ER associated degradation 
(ERAD), een proces dat eiwitten exporteert uit het ER naar het cytosol voor afbraak in 
het proteasoom (gespecialiseerd eiwitafbraakcomplex).

Verder is er autofagie, wat zoveel betekent als “zichzelf  opeten”. Tijdens dit afbraak-
proces vormt zich een dubbelmembraan om eiwitten en zelfs om hele celonderdelen 
heen. Dit dubbelmembraan sluit zich volledig tot een blaasje. Dat fuseert vervolgens 
met het lysosoom (een organel met een zeer zuur milieu, dat zich heeft gespecialiseerd in 
eiwitafbraak), waarna afbraak plaatsvindt van de blaasjesinhoud. Al deze mechanismen 
zijn geïntegreerd met behulp van signaalstoffen om de cellulaire homeostase van eiwit-
ten (proteostase) te behouden. Deze mechanismen staan ook met elkaar in verbinding 
via intracellulair transport door middel van blaasjes. 

Het transport van blaasjes binnen de cel wordt verzorgd door kleine Rab-eiwitten. 
Rab staat voor Ras-related  of  the brain. De Rab-eiwitten regelen verschillende onder-
delen van het blaasjes- transport. Hieronder vallen de vorming en de voortbeweging van 
de blaasjes en hun aanlegging op en fusie met het doelmembraan. Rab-eiwitten gedra-
gen zich als een schakelaar; ze staan aan of  uit, afhankelijk van de nucleotide binding 
(respectievelijk aan GTP versus GDP). Er zijn ongeveer 60 verschillende Rab-eiwitten 
met ieder een eigen intracellulaire transportroute. Rab6 verzorgt transport binnen en 
rondom het domein van het Golgi-complex, een organel betrokken bij het verpakken 
van blaasjes en hun bijbehorende inhoud. In ons laboratorium hebben we aangetoond, 
dat de UPR vroeg in de ziekte van Alzheimer aanstaat en dat dit gepaard gaat met een 
verhoging van het transport-eiwit Rab6. In deze thesis onderzoeken we de functie van 
het eiwit Rab6 in proteostatische systemen met betrekking tot de ziekte van Alzheimer.

In Hoofdstuk 1 worden de bovengenoemde aspecten van Alzheimer en de mo-
leculaire mechanismen behandeld en wordt de hoofdvraag onderbouwd. Hoofdstuk 2 
behandelt de vraag, wat de relatie tussen Rab6 en de UPR is. We tonen aan, dat verhoogd 
Rab6 leidt tot een vermindering van de UPR en dat —omgekeerd—  verlaagd Rab6 leidt 
tot verhoogde UPR. We tonen aan, dat Rab6 niet ingrijpt in de signalering van de UPR, 
maar dat Rab6 betrokken is bij een nog te definiëren feedback-mechanisme van de UPR. 
Uit deze resultaten trekken wij de conclusie, dat Rab6 een effect heeft tijdens het herstel 
van de UPR en daarmee een modulator is van de UPR.

Hoofdstuk 3 beschrijft het effect van ERAD-remming op de UPR. We laten zien, 
dat remming van ERAD een vergelijkbaar effect heeft op de UPR als Rab6-verhog-
ing: de UPR is verminderd. Onze hypothese die hieruit volgt veronderstelt, dat er een 
compensatoir mechanisme is, dat de verlaging van de UPR verzorgt. Wij tonen aan, 
dat autofagie waarschijnlijk niet het compensatoire mechanisme is, maar dat lysosomen 
hierbij betrokken zijn. ERAD-remming zorgt voor een licht verhoogd aantal lysosomen 
en veranderde plaatsing van lysosomen binnen de cel. Wij concluderen uit deze resultat-

Rab6 and Unfolded Protein Response-Mediated Proteostasis in Alzheimer's Disease.indb   132 8-10-2014   8:12:42



133Dutch Summary—NeDerlaNDSe SameNvattiNg

en, dat ERAD-remming leidt tot activering van een compensatoir mechanisme, dat te 
maken heeft met lysosomen.

In Hoofdstuk 4 gaan we in op de sterke overeenkomst tussen het effect op de UPR 
van verhoogd Rab6 en ERAD-remming. In dit hoofdstuk laten we zien, dat remming 
van ERAD zorgt voor een concentratie van Rab6 op membranen dicht in de buurt van 
lysomonen. We tonen echter aan, dat Rab6 in geen geval nodig is voor het effect van 
ERAD-remming op de UPR. Hieruit trekken we de conclusie, dat ERAD-remming en 
het effect van Rab6 onafhankelijke mechanismen zijn, die hoogstwaarschijnlijk samen-
komen op het lysosoom.

Hoofdstuk 5 gaat in op het effect van Rab6 op de lysosomen. We tonen aan, dat 
verlaging van Rab6 geen effect heeft op autofagie. Er is echter een sterke verplaatsing 
van lysosomen waar te nemen bij verlaagde Rab6-niveaus. De lysosomen laten een sterke 
clustering zien, dichtbij de celkern. Naast verandering van de lokalisatie van lysosomen, 
is ook de koppeling van suikergroepen (glycosylering ) van de lysosomale membraa-
neiwitten LAMP1 en 2 selectief  veranderd. Verder is de proteolytische activiteit van de 
lysosomen verhoogd en is de dynamische (her)positionering onder stress-condities ver-
stoord. Uit deze resultaten concluderen wij, dat Rab6 onder normale omstandigheden 
een functie heeft in de positionering van lysosomen en in het bijzonder in de dynamische 
herpositionering tijdens stress.

In Hoofdstuk 6 bestuderen we Rab6 in relatie tot de lysosomen in post-mortem 
Alzheimer hersenmateriaal. We tonen aan, dat membraangebonden Rab6 accumuleert 
in cellen die geen autofagie kunnen uitvoeren en hieruit volgt, dat membraangebon-
den Rab6 wordt afgebroken door autofagie in een celmodel. In de hippocampus van 
overleden Alzheimerpatiënten vinden we verhoogd Rab6, zoals eerder aangetoond. 
Bovendien tonen wij aan, dat Rab6 zich zowel in als rondom autofagosomen  en lyso-
somen bevindt. Dit leidt tot de hypothese, dat de verstoorde lysosomen en autofagie 
bijdragen aan de ineffectiviteit van Rab6.

In Hoofdstuk 7 geven we een kort overzicht van de bevindingen en gaan we in op 
de implicaties van ons onderzoek voor de ziekte van Alzheimer. We illustreren een mod-
el van de ziekte vanuit onze invalshoek. We bespreken enkele technische beperkingen, 
waaronder de gebruikte celmodellen. We speculeren over de functie van Rab6 met be-
trekking tot lysosomen, gaan in op de rol van Rab6 tijdens ER-stress, geven een inzicht 
in de mogelijke farmacologisch-therapeutische mogelijkheden en sluiten af  met het 
voorstel, dat Rab6 een mogelijk aangrijppunt voor interventie kan zijn door het verho-
gen van lysosomale activiteit in het beginstadium van de ziekte van Alzheimer.
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