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Appendices

English summary

Chapter 1 provides an in depth overview of the main topics investigated in this 
thesis. Here, the highlights are summarized. Protein homeostasis (proteostasis) is 
determined by the balance between synthesis, proper folding and degradation of 
proteins and is tightly controlled by protein quality control mechanisms, including 
the unfolded protein response (UPR). The UPR comprises three signaling pathways 
initiated by the endoplasmic reticulum (ER) transmembrane proteins IRE1, PERK and 
ATF6. These proteins sense the accumulation of unfolded or misfolded proteins in the 
ER (ER stress) and activate downstream signaling. The aim of the UPR is to restore ER 
proteostasis by transiently blocking protein synthesis, increasing the level of chaperone 
proteins and stimulating degradation of misfolded proteins. Disturbed proteostasis plays 
a prominent role in many diseases including tauopathies. In tauopathies, UPR activation 
markers have been observed in granulovacuolar degeneration bodies (GVBs). GVBs 
present as dense granules within clear vacuoles localized to the cytoplasm of neurons 
that are generally affected by tau pathology. Since the UPR is essential for proper 
cellular function and also strongly associated to tauopathies, it is imperative to elucidate 
the consequences of UPR signaling. Apart from intracellular effects, the UPR may also 
influence protein secretion and affect proteostasis extra- and transcellularly. Therefore, 
the general aim of this thesis was to investigate proteostasis regulation in health and 
tauopathy with a specific focus on the cell non-autonomous UPR.

In Chapter 2 the previously reported transmission of UPR activation from ER 
stressed-donor cells to naive acceptor cells was investigated. Our data show that a 
transmission protocol using pharmaca to activate the UPR and transfer of conditioned 
media (CM) to acceptor cells is unsuitable to study UPR transmission, since carry-over 
of pharmaca is a major confounding factor despite washing procedures. In addition, no 
evidence for UPR transmission was found using nutrient deprivation or multiple genetic 
transmission protocols in cell culture, neither using transfer of CM nor in a co-culture 
paradigm. We conclude that cell-to-cell transmission of UPR activation does not occur 
in cell culture. 

In Chapter 3 a potential effect of the UPR on secretion was investigated by studying 
the UPR-mediated regulation of the unconventional secretion factor GRASP55 in 
primary mouse neurons. UPR activation increased the mRNA and protein expression 
of GRASP55. GRASP65 expression was not affected. No subcellular relocalization of 
GRASP55 was observed in primary neurons upon UPR activation. The UPR-induced 
GRASP55 expression required the PERK and IRE1 pathway. However, expression of 
the spliced and active form of XBP1 (downstream target of IRE1) in the absence of 
ER stress was not sufficient to increase GRASP55 levels. GRASP55 knockdown did 
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neither affect induction nor recovery of the UPR. In conclusion, the UPR regulates the 
unconventional secretion protein GRASP55 by inducing expression levels in a PERK 
and IRE1 pathway-dependent manner in neurons.

In Chapter 4 the formation of GVBs was investigated. Most of the data on GVBs have 
been obtained from post-mortem studies presenting static pathology. A GVB research 
model would bring the novel opportunity to investigate the origin and function of 
GVBs. Here, we present different in vivo GVB mouse models and the first in vitro model 
showing GVB formation in cultured primary mouse neurons. We demonstrated that 
GVB formation was induced by tau pathology in a neuron-selective manner in mice and 
in cultured primary hippocampal neurons. The in vitro GVBs were characterized using 
confocal and super resolution imaging and electron microscopy. This showed that the in 
vitro GVBs contained the same protein signature as GVBs in the human brain and were 
labeled by antibodies against CK1δ, CK1ε, CHMP2b and the UPR activation markers 
phosphorylated (p)PERK, peIF2α and pIRE1α. In contrast to green fluorescent protein 
(GFP) alone, GFP-labeled CK1δ was observed in GVBs. Morphological and functional 
characterization demonstrated that GVBs are lysosomal organelles enclosed by a single 
membrane with proteolytic activity. In conclusion, we present the first in vitro GVB 
model where GVB formation is induced by tau pathology in a neuron-selective manner. 
GVBs selectively sequester proteins in their dense core which is surrounded by a 
vacuole and a single membrane. Our data demonstrate that GVBs are proteolytically 
active lysosomal organelles.

Chapter 5 provides a broader perspective on the results presented in this thesis 
by discussing chapter transcending insights and conclusions. The UPR comprises an 
intricate signaling network with crosstalk between UPR pathways and cell type-specific 
differences in UPR signaling. Although we show that there is no cell-to-cell transmission 
of UPR activation in cell culture (chapter 2), extra- and transcellular effects on 
proteostasis through UPR and heat shock response signaling have been reported 
previously. Studying the UPR-dependent secretome could reveal novel cell non-
autonomous functions. Furthermore, UPR activation markers are present in GVBs. This 
information could contribute to elucidating the origin of GVBs. For example, GVBs are 
formed through autophagy of the ER upon ER recovery after UPR activation. It is still 
elusive whether active UPR signaling in GVB-positive neurons occurs and whether the 
UPR is mechanistically involved in GVB formation. Multiple studies show the UPR could 
be a promising therapeutic target for neurodegenerative diseases including tauopathies. 
Better understanding of the role of the UPR in the pathogenesis of tauopathies 
together with more knowledge of neuronal UPR signaling and the intra-, extra- and 
transcellular UPR-induced effects, will advance the search for an effective therapy.
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