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103General Discussion

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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