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Chapter 1

The unfolded protein response

Life is all about balance
During its lifetime a neuron can encounter many stressful situations that can 
disrupt homeostasis. This highlights, especially for post-mitotic cells like neurons, the 
importance of adaptive defense mechanisms to counteract imbalances in homeostasis 
(Hetz and Papa 2018). Essential for cellular function and viability is the maintenance 
of protein homeostasis or proteostasis, determined by the balance between synthesis, 
proper folding and degradation of proteins. Proteostasis is under tight control of 
protein quality control mechanisms (Sontag, Samant, and Frydman 2017), including the 
highly conserved unfolded protein response (UPR; Figure 1; reviewed in (Walter and 
Ron 2011)). The UPR senses accumulation of misfolded or unfolded proteins in the 
endoplasmic reticulum (ER) defined as ER stress. The ER is essential for secretory and 
membrane proteins because these proteins enter the ER after synthesis where they are 
folded before being transported to their final destination (Viotti 2016). The main goal of 
the UPR is to restore proteostasis by reducing protein folding load, increasing the levels 
of molecular chaperones to assist protein folding and increasing clearance of mis- or 
unfolded proteins. Failure to restore proteostasis results in the activation of apoptotic 
programs (Hetz and Papa 2018; Walter and Ron 2011). Hence, a tight control of ER 
proteostasis is imperative for proper functioning and neuronal survival. 

The UPR is present in all eukaryotes and consists of one signaling branch in yeast 
initiated by the ER transmembrane protein inositol requiring enzyme 1 (IRE1). 
Metazoan cells have two additional UPR pathways that employ the ER transmembrane 
proteins protein kinase R (PKR)-like ER kinase (PERK) and activating transcription 
factor 6 (ATF6) (Mori 2009). Here, the main focus is on the mammalian UPR unless 
stated otherwise. 

Initiation of the mammalian unfolded protein response
When the protein folding demand exceeds the protein folding capacity in the ER, there 
is a need for UPR activation. Unfolded and misfolded proteins in the ER lumen are 
sensed by the ER luminal site of the three UPR signal transducer proteins; IRE1, PERK 
and ATF6 (Fig. 1). Once these transducer proteins are activated, downstream signaling 
of all three UPR pathways is initiated (reviewed in (Walter and Ron 2011; Hetz, Chevet, 
and Oakes 2015)). Different models describe how the accumulation of unfolded 
proteins is sensed by the UPR transducer proteins and leads to their activation 
(reviewed in (Carrara, Prischi, and Ali 2013; Walter and Ron 2011)). The leading theory 
proposes that ER chaperone binding immunoglobulin protein (BiP; or glucose-regulated 
protein 78) acts as a negative regulator of UPR signaling, where BiP binds to the luminal 
domains of the transducer proteins keeping them in a monomeric and inactive state. 
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Upon accumulation of unfolded proteins, there is competition for BiP binding and 
when BiP dissociates transducer proteins dimerize and oligomerize (IRE1 and PERK) 
(Okamura et al. 2000; Zhou et al. 2006; Bertolotti et al. 2000), or translocate (ATF6) 
(Shen et al. 2002), thereby initiating downstream UPR signaling (Carrara, Prischi, and Ali 

Figure 1 Signaling and gene regulation of the unfolded protein response
The accumulation of unfolded proteins in the ER induces the three signaling cascades initiated 
by the transmembrane proteins; IRE1, ATF6 and PERK. This results in the inhibition of protein 
translation through PERK and the production of active transcription factors; XBP1s, ATF6 and 
ATF4 via IRE1, ATF6 and PERK, respectively. Upon translocation to the nucleus, XBP1s and ATF6 
bind in different compositions to specific promoter sequences including ERSE, ERSEII and UPRE 
and initiate transcription of multiple UPR genes including ER chaperones and ERAD genes. 
Nuclear ATF4 binds the CARE promoter motif and induces CHOP transcription, which in turn 
increases GADD34 levels thereby providing negative feedback in the PERK pathway. For details 
see main text “The unfolded protein response”. 
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2013). However, IRE1 mutants in yeast that do not bind BiP, still regulate UPR signaling 
competently and BiP binding and dissociation was suggested to only fine-tune UPR 
signaling (Pincus et al. 2010; Kimata et al. 2004). Therefore, alternative ways of sensing 
ER stress and transducer activation were tested for yeast and mammalian IRE1 and 
PERK and the ligand-driven model has been proposed. In this model un- or misfolded 
proteins serve as activating ligands and bind the luminal domain, thereby directly 
activating IRE1 and PERK through stabilizing dimerization/oligomerization (Gardner 
and Walter 2011; Credle et al. 2005; Karagöz et al. 2017; Wang et al. 2018). BiP levels 
increase upon UPR activation and overexpression of BiP attenuates UPR signaling 
suggesting a negative feedback loop (Haze et al. 1999; Bertolotti et al. 2000). This 
negative UPR regulation through BiP can be explained by both models; 1) more BiP to 
bind the transducer proteins resulting in monomerization and inactivation or 2) less 
unchaperoned unfolded proteins to stabilize oligomerization of the transducer proteins. 
Taken together, more evidence is necessary to definitively state the mechanism of UPR 
activation and whether the role of BiP is direct or indirect. 

Three UPR pathways
Upon oligomerization IRE1 is autophosphorylated, which activates both the cytosolic 
kinase and endoribonuclease domain. As the most conserved branch of the UPR, 
IRE1 influences protein folding load, chaperone production and protein clearance 
of the ER (Walter and Ron 2011). The RNase property of IRE1 is employed for 
the unconventional splicing of X-box binding protein 1 (XBP1) mRNA, removing a 
26-nucleotide long intron that leads to a frameshift which creates the open reading 
frame of the active transcription factor XBP1s (Calfon et al. 2002; Lee et al. 2002; 
Yoshida et al. 2001). Once synthesized, XBP1s induces transcription of ER stress 
responsive genes including the ER luminal co-chaperone and DnaJ protein ERdj4 
(or DNAJB9) (Lee, Iwakoshi, and Glimcher 2003), which is suggested to negatively 
regulate IRE1 signaling by recruiting BiP to luminal IRE1 (Amin-Wetzel et al. 2017). The 
RNase activity of IRE1 also reduces protein folding load in the ER through regulated 
IRE1-dependent mRNA decay (RIDD) (Hollien and Weissman 2006; Hollien et al. 
2009). Upon IRE1 activation, some ER-localized mRNAs that contain a specific mRNA 
structure (XBP1-like stem loops; (Moore and Hollien 2015)) are cleaved by IRE1 and 
subsequently digested by 3’-5’ and 5’-3’ exoribonucleases (Iqbal et al. 2008). In addition, 
IRE1 stimulates ER-associated degradation (ERAD) of ER-retained misfolded proteins, 
a process that involves translocation of misfolded proteins to the cytosol and targeting 
to the proteasome for degradation (reviewed in (Smith, Ploegh, and Weissman 2011)). 

Upon misfolded protein accumulation, the stress transducer PERK oligomerizes and is 
autophosphorylated, thereby activating the cytosolic kinase domain (Ma, Vattem, and 
Wek 2002; Wang et al. 2018). Active PERK phosphorylates and inactivates eukaryotic 
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translation initiation factor 2α (eIF2α). This results in the transient inhibition of 
translation initiation of mRNAs and the reduced influx of newly synthesized proteins 
into the ER (Harding, Zhang, and Ron 1999). Paradoxically, translation is increased 
of selective mRNAs containing short open reading frames in their 5' untranslated 
regions, including activating transcription factor 4 (ATF4; (Harding et al. 2000)). ATF4 in 
turn promotes the transcription of C/EBP homologous protein (CHOP) and growth 
arrest and DNA damage-inducible 34 (GADD34; (Fawcett et al. 1999; Novoa et al. 
2001; Ma and Hendershot 2003)). CHOP is a transcriptional regulator of cellular 
programs involved in inflammation, cell differentiation and autophagy, although is mostly 
recognized as a direct or indirect mediator of pro-apoptotic networks in case of 
chronic protein stress (Yang et al. 2017). The increased expression of GADD34 upon 
PERK activation creates a negative feedback loop, because it is a regulatory subunit of 
phosphatase 1 that facilitates the dephosphorylation of eIF2α, thus restoring translation 
initiation and ATF4 levels (Novoa et al. 2001; Ma and Hendershot 2003). 

The third UPR transducer ATF6 is transported via COPII-coated vesicles to the Golgi 
apparatus upon ER stress (Schindler and Schekman 2009). In the Golgi, ATF6 (90 kDa in 
size) is cleaved by site-1 and site-2 proteases removing its luminal and transmembrane 
domain (Ye et al. 2000). The remaining 50 kDa cytosolic ATF6 fragment, is targeted 
to the nucleus where it increases transcription of UPR responsive genes (Haze et al. 
1999).

Gene regulation by the UPR
All three UPR branches activate transcription factors that bind to specific DNA motifs 
in the promoter sites of UPR responsive genes (Figure 1). XBP1s and ATF6 both 
regulate transcription of genes containing an ER stress element (ERSE) (Yoshida et al. 
1998, 2001; Yamamoto et al. 2004), including ER chaperones like BiP and also XBP1 
itself (Takayanagi et al. 2013; Yoshida et al. 2001). However, ATF6 has a higher affinity 
to bind ERSE than XBP1s (Yamamoto et al. 2004) and binding of both is dependent 
on the presence of nuclear transcription factor Y (NF-Y), a general non-stress related 
transcription factor (Yoshida et al. 2001, 2000). ATF6 and XBP1s together induce 
expression of ERAD machinery components (Wu et al. 2007; Yamamoto et al. 2007b). 
Two additional UPR responsive motifs, ERSE-II (Kokame, Kato, and Miyata 2001) and 
the UPR element (UPRE) (Wang et al. 2000; Yoshida et al. 2003), are suggested to be 
located in promoters of ERAD machinery genes (Yamamoto et al. 2007a; Yoshida et al. 
2003). UPRE is bound by XBP1s homodimers and by ATF6 and XBP1s heterodimers 
with higher affinity (Yoshida et al. 2001; Yamamoto et al. 2007a). XBP1s and ATF6 both 
bind ERSE-II, where only ATF6 binding is dependent on NF-Y (Yamamoto et al. 2004). 
Transcription of CHOP can be induced by all three UPR pathways, XBP1s and ATF6 
via ERSE and ATF4 through binding to the amino acid response elements (AARE1 and 
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AARE2) and the C/EBP-ATF response element (CARE) in its promoter, the strongest 
response is observed upon activation of the PERK pathway and its downstream 
target ATF4 (reviewed in (Yang et al. 2017)). Together, this suggests partial redundancy 
between ATF6, XBP1s and ATF4 since several transcriptional targets overlap. In addition, 
the difference in affinity to bind promoter regions and dependence on NF-Y suggests 
fine-tuning of the transcriptional response depending on the level of activation of each 
UPR signaling pathway.

Concluding remarks on the UPR
Upon ER stress, an intricate regulatory network is induced with fine-tuning of UPR 
responsive gene expression and feedback routes to negatively regulate UPR signaling. 
This ensures that the three UPR branches are highly protective during acute ER stress; 
reducing protein folding load, increasing folding capacity and stimulating degradation 
of un- or misfolded proteins. However, sustained and strong activation can lead to 
apoptosis. 

Disturbances of proteostasis: Tau pathology

Tauopathies
Neurodegenerative diseases are characterized by the accumulation of misfolded 
proteins in the brain of patients, indicating a severe disturbance of proteostasis in 
these diseases. In a subclass of neurodegenerative diseases called tauopathies, the 
microtubule-associated protein tau is hyperphosphorylated, misfolded and aggregated 
(Grundke-Iqbal et al. 1986; Grundke-Iqbal et al. 1986; Lee, Goedert, and Trojanowski 
2001). Although most tauopathies occur sporadically, rare familial cases exist that are 
caused by different mutations in MAPT, the gene encoding tau located at chromosome 
17q21 (Tacik et al. 2016; Neve et al. 1986), linking tau directly to disease etiology. 
Alzheimer’s disease (AD) is the most well-known tauopathy which, in addition to 
intracellular tau inclusions, is characterized by an extracellular type of deposition 
comprised of aggregated amyloid-β (Kovacs 2015). Primary tauopathy cases, where tau 
depositions are the predominant feature, include patients with frontotemporal lobar 
degeneration with tau inclusions (FTLD-tau), which is a subgroup of FTLD (Kovacs 
2015). According to current criteria, FTLD-tau is an umbrella term and comprises 
several phenotypes; Pick’s disease (PiD), corticobasal degeneration (CBD), progressive 
supranuclear palsy (PSP), system tauopathy with dementia, argyrophilic grain disease, 
neurofibrillary tangle dementia and frontotemporal dementia with parkinsonism linked 
to chromosome 17 (FTDP-17; reviewed in (Cairns et al. 2007; Kovacs 2015)). Clinically, 
tauopathies are heterogeneous with distinct and progressive cognitive problems 
including memory loss and/or executive dysfunction, also behavioral changes or motor 
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impairments can be observed (Irwin 2016). The brain areas affected by tau pathology 
correspond to the nature of the symptoms (Kovacs 2015), in line with the idea of tau 
pathology as a causal factor in developing the clinical phenotype. Moreover, the extent 
of tau pathology correlates with the severity of cognitive dysfunction in AD (Wilcock 
and Esiri 1982; Arriagada et al. 1992).

Tau pathology
Tau is a soluble and natively unfolded protein (Schweers et al. 1994). Under pathological 
circumstances the conformation of the tau protein can change, allowing oligomerization 
through the microtubule binding repeat domains (Gustke et al. 1994; Goedert et 
al. 1988; Wischik et al. 1988). This can result in insoluble filaments that accumulate 
into tau inclusions. Since filamentous tau is hyperphosphorylated (Grundke-Iqbal 
et al. 1986; Hasegawa et al. 1992; Hanger et al. 1998), pathological phosphorylation 
has been suggested to contribute to its aggregation (Wang et al. 2012). However, 
tau phosphorylation is not always pathological. Reversible phosphorylation is 
involved in the physiological function of tau by mediating the binding to and release 
from microtubules and in response to metabolic stress (van der Harg et al. 2014). 
Undisputable causality of hyperphosphorylation as trigger for aggregation of tau, has 
not yet been shown. 

The morphology of tau filaments is a distinguishing feature between tauopathies. Tau 
pathology can affect different cell types (neurons, astrocytes and oligodendrocytes) 
and is observed in different forms in neurons depending on disease type including; 
neurofibrillary tangles (NFTs; fibrillary tau inclusions in neuronal soma), pre-tangles 
(diffuse tau inclusions in neuronal soma, may represent an early stage of NFT 
formation), neuropil threads (fibrillary tau inclusions in neurites), grains (small spindle-
like fibrillary tau inclusions in neurites), dystrophic neurites (fibrillary tau inclusions 
accumulating around amyloid-β aggregates), Pick bodies and other spherical cytoplasmic 
fibrillary tau inclusions (negative or positive for Gallyas silver staining, respectively) 
(Kovacs 2015). Alternative splicing creates six major tau isoforms, containing a 
microtubule binding domain with either three or four repeat domains (3R or 4R 
respectively) (Goedert et al. 1989). Tauopathies present with 3R only (PiD), 4R only 
(CBD, PSP) or mixed (3R and 4R; AD) tau pathology (Kovacs 2015). However, the 
same tau isoform can lead to distinct tau filaments in different tauopathies (Crowther 
and Goedert 2000; Goedert et al. 2019). AD is characterized by paired helical and 
straight filaments (PHFs and SFs), while PiD contains narrow and wide Pick filaments. 
Cryo-EM studies revealed that the different filaments in AD and PiD are comprised of 
distinct conformations of aggregated tau (Fitzpatrick et al. 2017; Falcon et al. 2018). This 



14

Chapter 1

suggests that the conformation of aggregated tau determines the morphology of the 
tau filament and is a distinguishing hallmark of these tauopathies.

The concept that tau pathology can spread throughout the brain has been suggested 
after Braak and Braak observed a consistent spatiotemporal pattern of the brain 
areas affected by tau pathology in post-mortem AD brains (Braak and Braak 1991). 
Tau pathology is suggested to progress from cell-to-cell via synaptically connected 
brain regions and is related to AD symptom progression (Braak and Braak 1991; Ayers, 
Giasson, and Borchelt 2018). A prion-like seeding mechanism is hypothesized, where 
pathological tau fragments ('seeds') enter neuronal cells and induce misfolding of 
endogenous tau. This results in increased tau aggregation and generates additional tau 
seeds capable of triggering misfolding (Mudher et al. 2017; Ayers, Giasson, and Borchelt 
2018). Tau aggregation can be induced in vitro and in vivo by addition of tau seeds, for 
example recombinant proteins comprised of the microtubule binding domain of tau 
or brain homogenates of tauopathy patients (Li and Lee 2006; Crowther et al. 1992; 
Mudher et al. 2017). The disease-specific tau pathology phenotype can be transferred; 
brain extracts from tauopathy patients injected in mouse brain, induce tau pathology 
with the same phenotypic characteristics as seen in the human brain (Clavaguera et 
al. 2013). This study, together with the previously discussed identification of disease-
specific tau conformations, supports the idea of distinct strains of aggregated tau. The 
specific tau strains might be responsible for the variety in pathological and clinical 
phenotypes in tauopathies (Goedert et al. 2019).

Tau and neurodegeneration
Despite intense investigation it is largely unknown via which mechanism tau aggregation 
leads to neurodegeneration. Synaptic degeneration is an early event in tauopathies and 
tauopathy models show that synaptic loss precedes the formation of NFTs (Yoshiyama 
et al. 2007). Hence, preventing synaptic degeneration may be an important therapeutic 
strategy, although there is no consensus on how tau pathology leads to synaptic 
degeneration. One theory proposes that synaptic dysfunction is mediated through 
impaired axonal transport, since these pathological events often accompany each other 
in models of tauopathy (Kneynsberg et al. 2017). Either a loss of physiological function 
or a gain of toxic function of tau may lead to impaired axonal transport. In neurons, tau 
is mainly localized to axons where it binds and stabilizes microtubules and is important 
for axonal maturation and transport (Feinstein and Wilson 2005). A first hypothesis 
proposes that pathological hyperphosphorylation and aggregation, leads to tau 
mislocalization and microtubule instability resulting in impaired axonal transport (Guo, 
Noble, and Hanger 2017). However, an alternative model suggests that tau hampers 
axonal transport by blocking microtubules (Mandelkow et al. 2003). Although there is 
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no consensus about the mechanism, axonal degeneration seems a common feature in 
many different tauopathy models (Kneynsberg et al. 2017). Another theory regarding 
synaptic degeneration is the dysregulation by pathological tau of the synaptic proteome 
via an overactive UPR. The UPR-induced inhibition of protein synthesis results in loss of 
synaptic proteins, as was demonstrated in a mouse model of frontotemporal dementia 
overexpressing mutant tau (Radford et al. 2015). 

Since synaptic degeneration already occurs before the formation of NFTs (Yoshiyama 
et al. 2007), the question has been raised whether tau accumulated in NFTs is 
neurotoxic. In mice, synaptic dysfunction and impaired memory consolidation are 
induced by tau oligomers but not by tau monomers and fibrils (Lasagna-Reeves et al. 
2011). The idea of tau oligomers as the primary neurotoxic tau species, is supported by 
many studies (Gerson, Sengupta, and Kayed 2017). 

Although there is no cure yet, different strategies to develop therapeutics for 
tauopathies are being explored (Jadhav et al. 2019). For example, reducing tau protein 
levels and preventing the post-translational changes the tau protein undergoes during 
pathogenesis including hyperphosphorylation and aggregation. Also, inhibiting the 
spreading of pathology from cell-to-cell and counteracting disturbances in cellular 
processes including the UPR, are investigated as therapeutic options.

UPR, tauopathies and granulovacuolar degeneration 
bodies

UPR activation in tauopathies
In tauopathies there is a severe disturbance of proteostasis. The UPR reacts to 
proteotoxic stress in the ER and UPR activation in tauopathies has been investigated. 
First, UPR activation in AD has been reported; increased protein levels of BiP in the 
AD brain were shown (Hamos et al. 1991; Hoozemans et al. 2005). Later this has been 
supplemented with immunohistochemistry data showing increased phosphorylation 
(activation) of UPR markers including elevated levels of phosphorylated (p)PERK, 
peIF2α and pIRE1 in the hippocampus of AD patients compared to non-demented 
controls (Hoozemans et al. 2005; Hoozemans et al. 2009). Subsequently, reports 
demonstrating UPR activation in affected brain areas of other tauopathies followed 
including CBD, PSP, PiD, FTDP- 17 ((Nijholt et al. 2012; Stutzbach et al. 2013; 
Unterberger et al. 2006); reviewed in (Scheper and Hoozemans 2015)).

Although in many neurodegenerative diseases some signs of UPR activation have 
been reported, the most convincing evidence has been shown for AD with increased 
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activation markers for all three branches of the UPR and multiple independent reports 
(Scheper and Hoozemans 2015). For prion disease, some studies show elevated UPR 
activation markers (Hetz et al. 2003), while others do not (Unterberger et al. 2006). 
These contrasting findings might be due to co-morbidity, as is described for cases of 
prion disease with severe tau pathology that show evidence of UPR activation, while 
no UPR activation has been found in prion disease cases without robust tau pathology 
(Unterberger et al. 2006; Wiersma et al. 2016). In AD and primary tauopathies, 
UPR activation markers are closely linked to tau pathology, following a similar 
spatiotemporal pattern through the brain. Often, there is overlap on a single cell level 
especially in neurons showing diffuse tau pathology without inclusion bodies, suggesting 
UPR activation is an early event in tau pathogenesis (Hoozemans et al. 2009; Nijholt et 
al. 2012; Stutzbach et al. 2013; Unterberger et al. 2006). Together, these findings in post-
mortem brain tissue suggest a connection between UPR activation and tau pathology. 

Granulovacuolar degeneration bodies and tau pathology
The immunoreactivity pattern of the UPR activation markers pPERK, peIF2α and 
pIRE1 observed in tauopathies, is morphologically similar to so called granulovacuolar 
degeneration bodies (GVBs) (Nijholt et al. 2012; Hoozemans et al. 2009; Stutzbach 
et al. 2013). GVBs present as dense granules within vacuoles that are enclosed by 
a membrane and localize to the cytoplasm of predominantly hippocampal neurons 
(Fig. 2). They are the hallmark of granulovacuolar degeneration (GVD) which often 
accompanies tau pathology (Hirano et al. 1968; Ball 1978). The most commonly used 
GVB markers are the δ and ε isoforms of casein kinase 1 (CK1) (Ghoshal et al. 1999). 
Double-labeling of CK1δ with p-PERK shows strong colocalization (Köhler, Dinekov, 
and Götz 2014). Therefore, the UPR activation markers are also considered GVB 
markers. 

GVBs are present in AD (Woodard 1962; Ball and Lo 1977) and also found in primary 
tauopathies including PiD, PSP, CBD and FTD caused by MAPT mutations (Nijholt et al. 
2012; Stutzbach et al. 2013; Xu et al. 1992; Lagalwar, Berry, and Binder 2007). In addition, 
there is a positive correlation between the number of GVB-containing neurons and 
the severity of tau pathology (according to NFT Braak staging) (Braak and Braak 1991; 
Hoozemans et al. 2009; Lund et al. 2014). Also, a similar spatiotemporal pattern is 
observed for both tau pathology and GVB distribution in AD (Thal et al. 2011). GVBs 
are often observed in neurons with tau pathology, although rarely in tangle-bearing 
neurons (Yamazaki et al. 2011; Hoozemans et al. 2009; Nijholt et al. 2012; Stutzbach et 
al. 2013; Unterberger et al. 2006). In conclusion, GVBs are strongly associated with tau 
pathology. 
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Origin and potential function of GVBs
GVD was already described a century ago. However to date the origin and potential 
role of GVBs in disease etiology are still largely unknown (Simchowicz 1911; Köhler 
2016). From the proteins sequestered in GVBs, potential clues can be distilled regarding 
etiology and possible function of GVBs. GVBs are immunolabeled by antibodies 
that detect protein members of the auto- and endolysosomal systems including 
lysosome-associated membrane protein 1 and charged multivesicular body protein 2b. 
This suggests that GVBs originate in the late stages of the auto- and endolysosomal 
pathways, which physiological role is to transport intra- and extracellular proteins, 
respectively, to the lysosome for degradation (Funk, Mrak, and Kuret 2011). GVBs have 
been suggested to be autophagosome-like vesicles and may reflect the collapse of 
(multiple) cellular functions. For instance, GVBs could be formed when the autophagic 
flux is impaired because of trafficking defects or the failure of autophagosomes 
or endosomes to fuse with lysosomes. This could lead to accumulating stalled 
autophagosome-like vesicles (Funk, Mrak, and Kuret 2011; Yan et al. 2018; Köhler 2016). 

A neuroprotective role for GVBs has also been proposed, since GVBs are associated 
with an early diffuse state of tau pathology and generally not seen in end-stage tau 
inclusion-bearing neurons (Hoozemans et al. 2009; Nijholt et al. 2012; Stutzbach et 
al. 2013; Unterberger et al. 2006). The sequestration of proteins into GVBs could 
prevent them from causing more damage, for example tau kinases including CK1δ 
and the active form of glycogen synthase kinase-3β (Li, Yin, and Kuret 2004; Ghoshal 
et al. 1999; Leroy et al. 2002). In addition, the sequestration of the tau protein itself in 
GVBs could prevent further aggregation, although the presence of tau in physiological 
or pathological form within the GVBs is still unclear since conflicting results have 

Figure 2 Granulovacuolar 
degeneration bodies
Immunohistochemistry for GVB marker 
CK1δ using DAB (3,3'-diaminobenzidine) 
on human AD hippocampus tissue. Dark 
brown CK1δ staining represents the core 
of the GVBs, in some cases a clear vacuole 
surrounding the core is visible. Black 
arrowhead: neuron filled with GVBs. White 
arrowhead: neuron containing few GVBs. N 
= nucleus. Image: V.I. Wiersma.
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been reported (reviewed in (Köhler 2016)). Alternatively, the GVBs could function as 
a backup system when for example stress responses or degradational processes do 
not function properly. Although GVBs are immunoreactive for the apoptotic marker 
caspase-3 (Stadelmann et al. 1999), no conclusive evidence has been found that GVB-
containing neurons undergo apoptosis (Thakur et al. 2007; Köhler 2016).

Most of the knowledge about GVBs is extracted from human post-mortem studies 
and although highly valuable, it is not possible to establish a causal relation between 
GVBs and tau pathology from these experiments. Post-mortem material is static and 
is therefore unsuitable to investigate the mechanism of formation or the potential 
protective or detrimental role of GVBs in tauopathy pathogenesis. Hence, to move this 
field forward, a proper research model is essential.

Mechanistic entanglement between tau pathology and the UPR
Tau is not localized to the ER and tau aggregates accumulate in the cytoplasm. Since 
the UPR reacts to misfolded proteins specifically in the ER, it is unclear what the 
exact relation is between tau pathology and UPR activation. In neuronal cells, UPR 
activation induces phosphorylation of tau at epitopes associated with AD (Mondragón-
Rodríguez et al. 2014) via PERK signaling (van der Harg et al. 2014; Ho et al. 2012). 
Further, variants of the EIF2AK3 gene encoding for PERK (Wong et al. 2019; Liu 
et al. 2013; Höglinger et al. 2011) and polymorphisms in the XBP1 gene (Liu et al. 
2013) associated with altered transcriptional activity (Kakiuchi et al. 2003), have been 
identified as genetic risk factors for tauopathies. These studies support the idea that 
the UPR contributes to tau pathology. However, there are also studies suggesting the 
accumulation of tau triggers UPR activation, including a study that provides evidence 
that this occurs by impairment of ERAD in cellular and mouse models (Abisambra et al. 
2013). In addition, UPR activation is observed after the development of tau inclusions in 
mouse models of tau pathology (pR5; P301L) (Ho et al. 2012; Köhler, Dinekov, and Götz 
2014). These models suggest that UPR activation is a consequence of tau pathology. In 
contrast, no UPR activation is observed upon tau pathology in a different tau mouse 
model (rTg4510). However, here UPR activation is not measured at the single cell level 
but on the pool of cells and the effect may be diluted (Pitera et al. 2019). To conclude, 
there are arguments in favor of UPR activation both as cause of tau pathology and as 
consequence. These are not mutually exclusive and a vicious cycle has been proposed 
where UPR activation enhances tau pathology and vice versa (Ho et al. 2012; Scheper 
and Hoozemans 2015). 
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Proteostasis: Not just an inside job 

Protein stress-induced secretion
The majority of ER stress and UPR-related research focusses on UPR function inside 
the cell. However, multiple studies indicate that protein stress triggers secretion 
of proteins and therefore ER stress and UPR activation have putative cell non-
autonomous consequences. Under physiological circumstances, many secretory 
proteins follow the conventional secretory pathway and first enter the ER where they 
are folded. When approved by protein quality control systems, they are transported 
via the Golgi apparatus before reaching their final destination; a cell organelle, 
plasma membrane or extracellular space (Viotti 2016). However, when ER-to-Golgi 
trafficking is blocked which results in ER stress (Preston et al. 2009; Gee et al. 2011), 
some proteins are still secreted (Jung et al. 2016; Gee et al. 2011; Dupont et al. 2011; 
Schotman, Karhinen, and Rabouille 2009; Christensen et al. 2016; Duran et al. 2010). 
This has stimulated research into alternative secretory routes all circumventing the 
Golgi, now collectively called unconventional secretion pathways (Zhang and Schekman 
2013; Ng and Tang 2016; Nickel 2010). Unconventional secretion is often triggered by 
cellular stress, including ER stress (reviewed in (Giuliani, Grieve, and Rabouille 2011)). 
Most secretory events discussed in the next sections are about proteins employing 
unconventional secretory routes.

Since spreading of the tau protein from cell-to-cell has been implicated in tauopathy 
progression and the UPR is investigated as therapeutic target for tauopathies, the 
ramifications of UPR activation including its suggested function in protein secretion 
should be investigated. Here, three hypotheses are discussed (Fig. 3) regarding the 
putative proteostatic function of protein secretion triggered by protein stress; 
to maintain/restore 1) intracellular proteostasis; 2) extracellular proteostasis; 3) 
transcellular proteostasis. These proteostatic functions may be served by the secretion 
of different groups of proteins; accumulating and/or misfolded proteins from the ER or 
cytosol, chaperones or ‘danger signals’.

1) Intracellular proteostasis
Secretion induced by proteotoxic stress could function to prevent protein overload 
in ER and cytosol thereby ensuring intracellular proteostasis. This may be caused 
by, for example, insufficient capacity or impairment of protein quality control, which 
occur during intracellular protein aggregation or aging. In line with this hypothesis, 
cells adapt to the loss of proteasomal degradation by selectively secreting misfolded 
proteins using the ER stress-induced and ER-anchored (Hassink et al. 2009) ubiquitin-
specific protease 19 (USP19) for cargo selection (Lee et al. 2016). Secretion of the 
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PD-associated α-synuclein is also observed via this USP19-dependent route (Lee et al. 
2016). Additionally, inhibition of lysosomal function and impairment of autophagosome-



21

General introduction

1

lysosome fusion in neuronal cells, increases tau (Mohamed et al. 2014) and α-synuclein 
(Ejlerskov et al. 2013b) secretion, respectively. 

Also when the conventional ER-to-Golgi secretory pathway is blocked, cellular stress 
pathways are activated which trigger most of the identified unconventional pathways 
(reviewed in (Giuliani, Grieve, and Rabouille 2011)). This is illustrated by a study 
showing the induced trafficking of plasma membrane proteins via a non-conventional 
route when the canonical secretory pathway is impaired (Gee et al. 2011; Jung et 
al. 2016). Also, unconventional secretion of lysozyme is triggered when the classical 
pathway is damaged by disruption of the ER-Golgi structure during bacterial infection 
(Bel et al. 2017). In both studies non-conventional secretion is accompanied by ER 
stress, likely to be caused by the disruption of the conventional secretory pathway 
(Bel et al. 2017; Gee et al. 2011; Jung et al. 2016). These results suggest that the UPR 
is involved in triggering unconventional secretion to bypass a block in the canonical 
secretory route thereby preventing protein accumulation in the ER. This scenario infers 
a specific vulnerability of neurons, where axonal transport puts great demands on the 
conventional secretory pathway.

Collectively, this suggests that upon disturbances in proteostasis, adaptive secretory 
routes are activated to remove accumulating or misfolded proteins. Therefore, this 
could be an alternative pathway to maintain or restore intracellular proteostasis 
when classical protein quality control systems are insufficient (Lee et al. 2016) or 
conventional secretion is blocked. Notably, this adaptive mechanism may potentially 
contribute to the cell-to-cell spreading of aggregation-prone proteins like tau and 
α-synuclein in neurodegenerative diseases (Mohamed et al. 2014; Ejlerskov et al. 2013b; 
Lee et al. 2016).

< Figure 3 Putative proteostatic functions of protein stress-induced secretion
Schematic depiction of three hypotheses showing possible functions of protein secretion upon 
proteotoxic disturbances. 1) Upon protein stress, accumulating or misfolded proteins from 
ER or cytosol are secreted to maintain intracellular proteostasis. For example, impairment of 
proteasomal or autolysosomal degradation (a) or defects in the conventional secretory pathway 
(b) have been observed to cause protein stress and induce protein secretion. 2) ER chaperones 
are secreted alone or together with misfolded proteins, to maintain or restore proteostasis in 
the extracellular space. 3) Cells that experience proteotoxic stress can secrete ‘danger signals’ 
or DAMPs to alert recipient cells for upcoming proteotoxic insults. In addition, chaperones 
can be secreted to compensate chaperone levels between cells. Both forms of transcellular 
communication can contribute to proteostasis at the tissue or organismal level. For details see 
main text “Proteostasis: Not just an inside job”.
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2) Extracellular proteostasis
ER stress has been hypothesized to prevent or resolve extracellular proteostatic 
disturbances by inducing secretion. ERdj3, a co-chaperone to BiP, is secreted upon 
intracellular UPR activation, either alone or co-secreted bound to a misfolded 
client protein. Once secreted, ERdj3 stabilizes misfolded proteins and prevent their 
aggregation thereby increasing extracellular proteostatic capacity (Genereux et al. 
2015). 

3) Transcellular proteostasis
Not only can protein stress induce secretion to regulate extracellular proteostasis, 
it may extend its reach to neighboring cells and even other tissues. Although initially 
thought of as a cell-autonomous concern, regulation of proteostasis has been observed 
in a transcellular manner. This could lead to a more coordinated response and possibly 
increase resistance against protein stress on an organismal level (reviewed in (van 
Oosten-Hawle and Morimoto 2014; Schinzel and Dillin 2015; Zanetti, Rodvold, and 
Mahadevan 2016)). Chaperones, including heat shock protein (HSP) 40 and HSP70, 
are secreted upon proteotoxic stress (heat shock) (Takeuchi et al. 2015; Chen et al. 
2009). The secreted chaperones improve the proteostatic capacity in recipient cells 
and tissues and reduce aggregate formation of an aggregation-prone model protein 
(Takeuchi et al. 2015). Cell non-autonomous effects of proteotoxic stress are also 
observed in C. elegans where HSP90 levels are compensated between tissues (van 
Oosten-Hawle, Porter, and Morimoto 2013). Imbalances in the proteostasis network 
trigger transcellular communication thereby regulating proteostasis at the organismal 
level and improving viability (van Oosten-Hawle and Morimoto 2014; van Oosten-
Hawle, Porter, and Morimoto 2013; Takeuchi et al. 2015).

ER stress can also induce a particular type of intercellular communication; danger 
signaling. This involves the secretion of damage-associated molecular patterns (DAMPs) 
to alert recipient cells or tissues of upcoming cellular stress (reviewed in (van Vliet et al. 
2015)). Although it originated in the field of immunology (Matzinger 1994), the concept 
of danger signaling could possibly be extended to transcellular proteostasis regulation. 
In this case, secretion of protein stress-related signals is received by recipient cells 
enabling them to adapt to upcoming changes in their proteostatic environment. Indeed, 
this has been observed for ER stress and UPR activation. UPR activation is reported in 
cells upon culturing in conditioned media from cells undergoing ER stress (Mahadevan 
et al. 2011; Rodvold et al. 2017; Sprenkle et al. 2018), which increase resistance 
against subsequent proteotoxic insults (Sprenkle et al. 2018; Rodvold et al. 2017). This 
suggests that transmission of UPR activation by ER stress-induced signals increases the 
protein folding capacity in anticipation of future needs; the anticipatory UPR (Shapiro 
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et al. 2016). This idea is further substantiated by studies in C. elegans where neuron-
specific expression of XBP1s induces UPR activation in the intestine and enhances ER 
stress resistance resulting in a prolonged lifespan (Taylor and Dillin 2013). Cell non-
autonomous effects upon genetic alterations in XBP1 expression were also observed 
in Drosophila and mice (Wang, Qi, and Jasper 2015; Williams et al. 2014). Taken together, 
protein stress-induced secretion may function to maintain or restore transcellular 
proteostasis. 

Concluding remarks on protein stress-induced secretion
Although stated as separate options, the hypotheses above are not mutually exclusive. 
For example, the secretion of waste like aggregation-prone proteins could be 
accompanied by secretion of stress-induced danger signals or chaperones. ER stress 
and UPR activation may be the common trigger for a non-conventional secretory 
pathway and stimulate the secretion of a wide range of proteins serving multiple 
proteostatic functions. However, it is possible that the degree of protein stress and 
other cellular disturbances finetune the secretory profile through differential UPR 
activation. In view of pathology, the removal of the aggregation-prone proteins may 
be protective at a cell-autonomous level, however it could contribute to disease 
progression via transcellular spreading of pathology. Secretion of chaperones as well 
as an anticipatory UPR offer potential mechanisms by which ER stress can counteract 
extracellular proteotoxicity and limit the spreading of neuropathology. 

GRASPing ER stress and secretory autophagy

The Golgi reassembly and stacking proteins (GRASPs) are associated with the 
unconventional secretion of many different proteins from yeast to mammals (Gee 
et al. 2011; Dupont et al. 2011; Duran et al. 2010; Kinseth et al. 2007; Manjithaya et 
al. 2010; Schotman, Karhinen, and Rabouille 2008; Rajan et al. 2017). Among other 
types of cellular stress, ER stress can trigger GRASP-dependent alternative secretion 
(Giuliani, Grieve, and Rabouille 2011; Gee et al. 2011; Kim et al. 2016). In mammalian 
cells, GRASP65 was first identified, later followed by GRASP55 (Shorter et al. 1999; 
Barr et al. 1997). Both mammalian homologs are localized at the cytoplasmic side of the 
Golgi membrane where they are involved in the stacking of Golgi cisternae (Shorter 
et al. 1999; Barr et al. 1997; Bekier et al. 2017). GRASPs tether membranes through 
their PDZ (Post synaptic density protein 95, Drosophila disc large tumor suppressor 
and Zonula occludens-1 protein) domains located in the conserved GRASP domain 
(Truschel et al. 2011; Feng et al. 2013). The PDZ domains are suggested to contribute to 
GRASPs function in unconventional secretion, either by vesicular and plasma membrane 
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tethering or cargo selection (Gee et al. 2011; Kim et al. 2016; Rabouille and Linstedt 
2016).  

In multiple studies, GRASP has been implicated in a specific form of unconventional 
secretion; secretory autophagy (reviewed in (Jiang et al. 2013)). In addition to its 
degradative function, the autophagic machinery can also be used for secretory events. A 
proposed model suggests that there are two types of autophagosomes, degradative and 
secretory. Instead of fusing with lysosomes, the secretory autophagosome fuses with 
the plasma membrane and subsequently releases cargo in extracellular space (Ponpuak 
et al. 2015). Secretory autophagy is also utilized for the secretion of aggregation-prone 
proteins, as was demonstrated for α-synuclein and amyloid-β (Nilsson et al. 2013; 
Ejlerskov et al. 2013a; Borland and Vilhardt 2017). Thus, secretory autophagy could be 
viewed as a repurposed or multitasking autophagic system that may adapt its function 
to cellular stress levels and could play a role in the pathogenesis of neurodegenerative 
diseases. In case of stress-induced secretory events, GRASP may be a potential stress 
transducer (Gee, Kim, and Lee 2018).

Thesis outline: How to cope with protein stress?

The general aim of this thesis was to investigate the regulation of proteostasis in 
health and tauopathy. 

Maintaining proteostasis is essential especially for post-mitotic cells like neurons and 
the adaptive UPR is a crucial factor in this process. Therefore, gaining information 
about the consequences of UPR activation on both an intracellular and a cell non-
autonomous level during physiology and pathology, is imperative. 

The first aim of this thesis was to investigate transmission of UPR activation in 
neuronal cells (primary mouse neurons and the human neuroblastoma SK-N-SH cells; 
Chapter 2). We started with assessing the published protocol (Mahadevan et al. 2011) 
regarding transmission of UPR activation in neurons. Here, pharmacological UPR 
inducers were used to activate the UPR followed by transfer of conditioned media 
to naive recipient neurons. However, control experiments indicated carry-over of 
pharmaca via the conditioned media, hence this pharmaca-based protocol is unsuitable 
to study transmission of UPR activation. Therefore, we established several genetic 
methods to activate the UPR in cell lines and found no transmission of UPR activation, 
neither via transfer of conditioned media nor in a co-culture paradigm. To conclude, 
there is no evidence for transmission of UPR activation in cell culture.
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Secondly, the regulation of the GRASP proteins by the UPR was investigated in 
cultured primary mouse neurons (Chapter 3). GRASP is considered a key player 
in unconventional secretion (Gee et al. 2011; Dupont et al. 2011; Duran et al. 2010; 
Kinseth et al. 2007; Manjithaya et al. 2010; Schotman, Karhinen, and Rabouille 2008; 
Rajan et al. 2017) and ER stress can trigger unconventional secretion mediated 
by GRASP relocalization in cell lines (Gee et al. 2011; Kim et al. 2016). Here, we 
demonstrated that UPR activation did not result in GRASP relocalization in neurons, 
however, it did selectively induce mRNA and protein expression of GRASP55 and 
not GRASP65. Inhibition of the PERK and IRE1 pathways reduced and abolished, 
respectively, UPR-induced GRASP55 expression. Neither UPR induction, nor recovery 
were affected by knockdown of GRASP55 suggesting GRASP55 is not essential for 
adaptive UPR functioning under physiological circumstances. To conclude, GRASP55 is 
regulated by the UPR through a mechanism that requires the PERK and IRE1 pathways 
in neurons. 

In Chapter 4 we move towards pathology. Since most of the data on GVBs are 
gathered from post-mortem studies presenting static pathology, a GVB research model 
would bring the novel opportunity to investigate the origin and function of GVBs 
including the potential causality between tau pathology and GVB formation. Here, 
we present different in vivo GVB mouse models and the first in vitro model showing 
GVB formation in cultured primary mouse neurons. We extensively characterized 
the GVBs by using confocal and super resolution imaging and electron microscopy. 
We showed that seed-induced aggregation of tau, but not seed exposure alone, 
triggered the formation of GVBs in a neuron-selective manner. The GVBs in vitro 
had the same protein signature as in the human brain and were immunoreactive for 
CK1δ, CK1ε, charged multivesicular body protein 2b and the UPR activation markers 
pPERK, peI2α and pIRE1α. To learn more about the origin and purpose of GVBs, 
morphological and functional characteristics were assessed. In vitro GVBs contained a 
dense core in a vacuole surrounded by a single membrane positive for the lysosomal 
markers lysosome-associated membrane protein 1 and lysosomal integral membrane 
protein 2 and the majority of GVBs were proteolytically active. GFP-tagged CK1δ 
was detected in GVBs upon overexpression, however GFP-tagged tau or GFP alone 
were not, suggesting selective sequestration of proteins into GVBs. Here, we show 
GVB formation is triggered by tau pathology and GVBs present as proteolytically 
active lysosomal organelles that could contribute to restoring neuronal proteostasis in 
tauopathies.

The results presented in this thesis are discussed in Chapter 5. This chapter places the 
findings from single chapters in a broader perspective and suggests future directions.
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