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ABSTRACT 

The activating transcription factor 6 (ATF6) is one of the three membrane 

proteins, which responds to misfolded protein induced stress, in the endoplasmic 

reticulum (ER). During ER stress, ATF6 dissociates from BiP, an ER chaperone, then 

transports to the Golgi apparatus where ATF6 undergoes proteolytic processing by 

site 1 protease (S1P) and site 2 protease (S2P). Up until now, the dissociation of 

BiP from ATF6 is reported to be the key factor that regulates the trafficking of 

ATF6 from the ER to Golgi in the unfolded protein response (UPR). However, our 

study suggests that the ATF6-BiP complex disassembly is not the only factor which 

controls ATF6 migration when cells get induced ER stress by standard inducers like 

dithiothreitol (DTT) and thapsigargin (TG). To identify the ATF6 protein complex, 

the stable cell-lines of the non-trafficking mutants ATF6α, D564G and Y567N, were 

created and compared with the wild type ATF6α. From our studies, the ATF6α 

mutants show specific characteristics, distinctively from the wild type ATF6α, 

which are likely to affect the ability of ATF6 to bind with other proteins and to 

form disulfides. The results of mass spectrometry indicate numerous proteins 

which seem to be interacted with ATF6 along with BiP such as 14-3-3E, Neudesin, 

TFG and ERdj3. Unfortunately, we can only properly investigate ERdj3. We 

investigated the interaction of ERdj3 protein with ATF6 by immunoisolation and 

western blot; the results show that ERdj3 interacts with ATF6. Subsequently, the 

lipotoxic stress inducers, dihydrosphingosine (DHS) and dihydroceramide (DHC), 

were used to induce ER stress and ATF6 pathway since it was reported that 

lipotoxic stress upregulates ATF6 differently compared with the mechanism of 

proteotoxic stress. However, the results from our study with the wild type ATF6α 

cell-line show that DHS and DHC did not upregulate the ATF6 stress response as 

previously reported.  Taken together our results define the interactome of ER-

localised ATF6α and suggest a role for ERdj3 during the ER stress response.
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CHAPTER I: MAIN INTRODUCTION  

1. 1. The endoplasmic reticulum (ER) 

The endoplasmic reticulum (ER) is a membrane-bound organelle, which can 

only be found in the cytoplasm of eukaryotic cells. In the animal cells, the ER 

accounts for more than half of the cells content.  Basic structure of the ER is a 

membrane network of flattened sacs and tubules, which is contiguous with the 

outer membrane of the nuclear envelope (English and Voeltz, 2013; Watson, 1955). 

In the spaces of this sac, also known as the ER lumen, contains the fluid portion 

and here is where a lot of proteins, specifically secretory and membrane proteins, 

are synthesis and modified (Fig.1.1). The function of ER is varied, depends on cell 

type, cell function and cell need, however the most well-known function is protein 

synthesis, modified, and secretion (Reid and Nicchitta, 2015; Westrate et al., 2015; 

Braakman and Hebert, 2013; Rapoport, 2007). However, several studies suggested 

that lipid synthesis is also a prominent role of the ER (Fagone and Jackowski, 2009; 

Baumann and Walz, 2001). According to physical and functional characteristics, 

the ER can be differentiated into two types: rough ER and smooth ER, however, 

ER structure is very dynamic and could be altered upon changes to the cellular 

conditions and environment (Westrate et al., 2015; English, Zurek and Voeltz, 

2009; Shibata, Voeltz and Rapoport, 2006; Voeltz et al., 2002; Baumann and Walz, 

2001). The ratio of rough ER (RER) and smooth ER (SER) is varied in different cell 

types, based on the role of the cells. For example, pancreatic cells will contain 

more RER rather than SER, since the cells need to produce and secrete numerous 

amounts of proteins like insulin. Meanwhile, cells with the role of lipid synthesis 

such as liver cells and adrenal cells, have more SER (Baumann and Walz, 2001).   

Rough endoplasmic reticulum. This type of ER is having ribosomes attach 

to the membrane on the cytoplasmic side; therefore, it appears rough on the 

surface under electron microscopy (West et al., 2011, Shibata et al., 2010). This 

type of the ER is primarily found connected to the nuclear membrane. Ribosome 

makes the RER to have specific role in protein synthesis, protein modification and 

secretion of protein entering the secretory pathway (Reid and Nicchitta, 2015; 

Prinz et al., 2000, Rolls et al., 2002, Simon and Blobel, 1991). It has been 

suggested that almost one third of the proteins within the human genome are 

targeted for synthesis at the ER (Kaufman, 1999). During secretion, the RER 
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collaborates with the Golgi complex by trafficking the mature protein to the Golgi 

and then from the Golgi, the secretory vesicles will carry the protein to cell 

membrane or the outside of the cell. RER can be mostly found in secretory cells 

such pancreatic cells, liver cells, B lymphocytes and osteoblasts (Baumann and 

Walz, 2001; Dallner et al., 1963). The proteins which are synthesised in and 

retained in the ER, have varied functions such as regulating calcium release from 

the ER, integrating proteins into the cell membrane, protein synthesis, protein 

folding and post-translational modification (Braakman and Hebert, 2013, Meldolesi 

and Pozzan, 1998).  

Smooth endoplasmic reticulum. It is more tubular and curved like than 

the RER. This type of ER is named as a smooth ER since it does not have the 

ribosomes attached to the ER membrane on the cytosolic site, therefore the 

membrane texture appears smoother than the RER membrane. Since the lack of 

ribosomes on the membrane surface, the general function of SER is more involved 

with the synthesis of lipids such as oils, phospholipids and steroids, metabolism of 

carbohydrates, regulation of calcium concentration, detoxification of drugs and 

poisons, transport of ions and also secretion of proteins and products from cells 

(Gao et al., 2017; Guo, Sirkis and Schekman, 2014; West et al., 2011; Fagone and 

Jackowski, 2009; Glick and Nakano, 2009; Black et al., 2005; Baumann and Walz, 

2001; Ishizuki et al., 1983). Higher prevalence of the SER can be found in many 

cell types such as cells in the adrenal gland, ovaries, and testis (Voeltz et al., 

2002, Fagone and Jackowski, 2009). 

 

Fig. 1.1. Endoplasmic reticulum (ER) structure and proteins secretory pathway. 
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1. 2. Protein synthesis and folding in the ER 

 The major role of the ER in cells is protein synthesis and this role is the 

focus for our study. While only some of the intracellular proteins are synthesised 

at the ER, the majority of extra-cellular and membrane proteins are synthesised 

at the ER and go through the secretory pathway (Reid and Nicchitta, 2015; Jan, 

Williams and Weissman, 2014). The ER is considering as a first compartment in the 

secretory pathway by regulating the synthesis, modification, and delivery of 

proteins to its proper target sites (Vitale and Denecke, 1999; Jin et al., 2017). For 

protein synthesis, ribosomes are required, therefore, protein synthesis only occurs 

in the RER which has ribosomes attached to the cytosolic side of the membrane. 

However, the post-translational modification and proteins folding could occur in 

both SER and RER (Braakman and Hebert, 2013; Rapoport, 2007). The folding 

process and post-translational modification such as oligomerization, N-linked 

glycosylation, and disulfide formation, take place in the ER lumen with the help 

of chaperones and folding enzymes and are very important processes for most 

proteins to be functional (Braakman and Hebert, 2013). The initiation of protein 

synthesis of the secretory and membrane proteins at the ER starts with the 

translation of a nascent polypeptide with a signal sequence which is recognised 

and bonded with the signal recognition particle (SRP) (Gilmore, Blobel and Walter, 

1982; Walter, Ibrahimi and Blobel, 1981). Then the complex attaches to the ER 

membrane via the SRP receptor (Alder et al., 2005). The growing polypeptide 

chain is translocated co-translationally through the ER translocon, a channel which 

contains several Sec proteins on the ER membrane, and the growing polypeptide 

chain will move across the ER membrane into the ER lumen (Braakman and Bulleid, 

2011; Dejgaard et al., 2010; Rapoport, 2007; Sitia and Braakman, 2003, Helenius 

et al., 1992; Deshaies et al., 1991). While translation is running or when it 

completed, the exposed polypeptide chain will interact with folding factors 

and/or modification enzymes (Braakman and Bulleid, 2011; Rutkevich et al., 2010; 

Sitia and Braakman, 2003). If the translated protein is a membrane protein, it will 

be integrated to the ER membrane and translocated to a target location with the 

ER membrane (Braakman and Hebert, 2013; Blobel, 1980). Meanwhile, the 

secreted proteins or the other non-membrane proteins will be cleaved to release 

the signal peptide before being transported to a target place via Golgi complex 

(Potter and Nicchitta, 2002; Seiser and Nicchitta, 2000).  
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In the ER lumen, the synthesised proteins undergo post-translational 

modifications and fold into their native form with the help of ER chaperones and 

enzymes such as the protein disulfide isomerase (PDI) family and N-linked 

glycosylated enzymes (Ariyasu et al., 2017; Poet et al., 2017; Rutkevich et al., 

2010, Ron and Walter, 2007). Only properly folded proteins can be exported to 

their final destination, with misfolded proteins being retained in the ER for 

refolding or for targeting to the ER-associated degradation (ERAD) pathway 

(Ariyasu et al., 2017; Ruggiano, Foresti and Carvalho, 2014; Hebert and Molinari, 

2007; Ellgaard and Helenius, 2003). Despite the fact that there are numerous 

factors that could help the synthesised proteins to be folded to their native form, 

the disruption of these processes by internal and external stimuli still happens and 

cause the accumulation of unfolded or misfolded proteins in the ER lumen 

resulting in ER stress and/or cell death (Ruggiano et al., 2014; Hebert and Molinari, 

2007; Credle et al., 2005). To overcome this situation, cells have developed 

specific processes collectively called the unfolded protein response (UPR) or ER 

stress response, with two main adaptive mechanisms; increasing of protein folding 

capacity in the ER and decreasing protein load. The folding capacity is upregulated 

by expanding organelle size and inducing newly synthesised protein-folding 

machinery such as ER chaperone and folding enzymes (Ariyasu et al., 2017; Schuck 

et al., 2009; Ron and Walter, 2007; Yoshida, 2007). Meanwhile, protein loading 

into the ER is restrained by downregulating on a transcriptional and translational 

level of protein synthesis, and the permanently misfolded proteins will be 

targeted for ERAD pathway to clear unfolded proteins from the ER (Smith, Ploegh 

and Weissman, 2011; Ellgaard and Helenius, 2003; Martínez and Chrispeels, 2003; 

Pakula et al., 2003; Friedlander et al., 2000; Travers et al., 2000; Harding, Zhang 

and Ron, 1999). Moreover, long term ER stress can lead to apoptosis and cell death 

to protect the whole organism (Tabas and Ron, 2011; Hacker, 2000). Therefore, 

several studies suggest that the upregulation or the absence of the UPR is related 

to several human diseases, for example, cancer, diabetes, inflammation, 

achromatopsia, and neurodegenerative disorders (Chianga et al., 2017; Honjo et 

al., 2017; Chen et al., 2015; Ruggiano et al., 2014; Ozcan, and Tabas, 2012; 

Yoshida, 2007). The UPR senses and manipulates the ER conditions via three types 

of stress sensors, inositol requiring enzyme α (IRE1α), double-stranded RNA-

activated protein kinase-like ER kinase (PERK) and activating transcription factor 

6 (ATF6), which regulate three individual branches of downstream signalling 
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pathways (Fig. 1.2). In mammalian cells, these three signal transducers are ER 

transmembrane proteins which can sense and transmit stress signals across the ER 

membrane in parallel (Ron and Walter, 2007; Schröder, and Kaufman, 2005).  

 

Fig. 1.2. The three branches of the unfolded protein response (UPR); ATF6, PERK, and IRE1.  

 

1. 3. Endoplasmic reticulum stress (ER stress) and unfolded protein response 

(UPR) 

The endoplasmic reticulum (ER) is the site of synthesis, folding and 

modification of proteins in the cell and is the major source of intracellular calcium 

(Ca 2+). In different physiological, pathological, chemical, or biological stimulation, 

such as hypoxia, abnormal Ca2+ homeostasis, viral infections, high-fat diet, 

oxidative injury, hypoglycemia, protein synthesis and folding in the ER lumen are 

disturbed, leading to the accumulation of unfolded protein in the ER lumen. The 

proteotoxicity of the unfolded protein which accumulated in the ER lumen, leads 

to stress of the ER (Jin et al., 2017; Hotamisligil, 2010; Yoshida, 2007; Alder et 

al., 2005; Schroder and Kaufman, 2005). In the response to ER stress, cell activates 

a signalling transduction pathway that attempts to cope with the altered 
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conditions and restore a favourable folding environment, called the unfolded 

protein response (UPR) (Ariyasu et al., 2017; Schuck et al., 2009; Ron and Walter, 

2007). The target of the UPR is to upregulate the refolding process in the ER, 

downregulate the protein translation, and upregulated the ERAD pathway to clear 

the misfolded protein from the ER lumen and restore cell homeostasis. However, 

the effect of the UPR and the prolonging of ER stress will activate an apoptosis 

pathway and lead to cell death (Dandekar et al., 2015; Tabas and Ron, 2011; 

Hacker, 2000). 

The UPR has three specific-signalling pathways initiate by three ER 

transmembrane proteins: inositol requiring enzyme α (IRE1α), double-stranded 

RNA-activated protein kinase-like ER kinase (PERK) and activating transcription 

factor 6 (ATF6) (Jin et al., 2017; Karagoz et al., 2017; Walter and Ron, 2011; 

Adachi et al., 2008; Lai, Teodoro and Volchuk, 2007; Ron and Walter, 2007; 

Schröder and Kaufman, 2005). These three branches of the UPR regulate three 

individual downstream signalling pathways which work distinctively free from 

each other. However, it is still not fully understood how each branch selectively 

response to ER stress. The main regulator of these three mediators is BiP, the ER 

chaperone of the heat shock protein HSP70 family, which also known as Grp78 

(glucose-regulated protein 78) (Walter and Ron, 2011; Ron and Walter, 2007; 

Schröder and Kaufman, 2005). BiP has an important role as a masking of the UPR 

transducer proteins to inactivate it and has a key role in restoring the misfolded 

and/or unfolded proteins into the right form in the ER lumen. Without stress, BiP 

binds with the luminal domain of the ER stress sensors: IRE1, PERK and ATF6, and 

inactivates the downstream signalling. When ER stress occurs and the unfolded 

protein accumulates in the ER lumen, BiP dissociates from ER transducers to bind 

with the unfolded proteins and restore it (Schröder, and Kaufman, 2005; Dorner 

and Kaufman, 1994; Flynn et al., 1991). Meanwhile, the ER-stress sensors which 

are free from BiP, will activate the downstream signalling pathways of the UPR by 

upregulating the UPR genes such as ER chaperones (Lai, Teodoro and Volchuk, 

2007; Yoshida, 2007; Adachi et al., 2008; Walter and Ron, 2011; Woehlbier and 

Hetz, 2011). 
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1.3.1. IRE1 pathway 

IRE1 is a type 1 ER transmembrane protein (serine/threonine kinase), 

consists with an N-terminal as an ER stress sensor luminal domain, and a C-

terminal as a cytosolic effector region which contains serine/threonine kinase 

domain and endoribonuclease (RNase) domain, the domains respond to the 

upregulation of ER-stress response genes. In humans, there are two types of IRE1: 

IRE1α and IRE1β, which encoded from the ER to nucleus signalling 1 and 2 (ERN1 

and ERN2), respectively (Fu et al., 2021; Sheng et al., 2019; Almanza et al., 2019; 

Lin et al., 2007; Iwawaki et al., 2001; Tirasophon, Welihinda and Kaufman, 1998). 

Reports suggested that the knockout of ERN1 or ERN2 genes in mice can lead to 

embryonic lethal and severe diseases (Iwawaki et al., 2009; Bertolotti et al., 

2001). However, the expression of the IRE1α is immensely, meanwhile, the 

expression of IRE1β is restricted (Fu et al., 2021; Martino et al., 2013; Bertolotti 

et al., 2001). IRE1 is the most conservative pathway of the UPR signalling pathways 

in the eukaryotic cells. In the resting stage, the luminal domain of IRE1 binds with 

BiP, which will dissociate upon the occurrences of ER stress. Activation of IRE1 in 

mammalian cells is typical of receptor kinase proteins, which is IRE1 

oligomerization, followed by trans-autophosphorylation (Prischi et al., 2014; 

Oikawa, Kimata and Kohno, 2007). The activation of kinase domain on the C-

terminal catalyses the X-box-binding protein 1 (Xbp1) mRNA splicing by removing 

a 26 nucleotides sequence from uXbp1 (unspliced Xbp1) and produced mature 

sXbp1 (spliced Xbp1) mRNA (Calfon et al. 2002; Yoshida et al. 2001; Tirasophon et 

al. 1998). Therefore, the sXbp1 mRNA will encode an active leucine zipper (bZIP) 

transcription factor sXbp1 which translocates to the nucleus and upregulates 

transcription of genes that are involved in increasing the ER protein-folding 

capacity and relieving ER stress such as chaperones, ER expansion elements, 

ER/Golgi transport components, ER-associated degradation (ERAD) proteins, redox 

homeostasis regulated proteins and also oxidative stress response proteins 

(Bhardwaj et al., 2020; Hetz, 2012; Marciniak and Ron, 2006; Lee, Iwakoshi and 

Glimcher, 2003; Travers et al., 2000). Moreover, the RNase domain of IRE1 also 

has an important role in downregulating the translation processes to reduce 

protein loading into the ER by cleavage of ER-targeted mRNAs, including its own 

mRNA, and/or cleavage of the 28s ribosomal subunit (Hollien and Weissman, 2006; 

Schröder, and Kaufman, 2005; Iwawaki et al., 2001; Tirasophon et al., 2000). This 
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mechanism of IRE1 is also known as the regulated IRE1-dependent decay (RIDD). 

Additionally, the interaction of TNF receptor-associated factor 2 (TRAF2), an E3 

ubiquitin ligase, with IRE1 is capable to transmit a MAP kinase activation cascade 

which leads to the activation of apoptosis signal regulating kinase 1 (ASK1), a 

MAP3K of the JNK/p38 MAPK pathway (Homma et al., 2009; Matsuzawa and Ichijo, 

2008; Urano et al., 2000). Recent studies also suggested that the IRE1 pathway is 

likely to play an essential role in tumors and cancers cells proliferation, invasion 

and migration (Sheng et al., 2019; Liu et al., 2017; Rajapaksa et al., 2015).  

  

1.3.2. PERK pathway 

PERK is also a type I ER-transmembrane protein, which consists of a luminal 

sensing domain and a cytosolic serine/threonine kinase domain. In the resting 

condition, PERK binds to the ER chaperone protein BiP and is retained within the 

ER membrane. The dissociation of BiP upon ER stress leads to auto-

phosphorylation and dimerization of PERK, similar to the activation of IRE1 

(McQuiston and Diehl, 2017; Bertolotti et al. 2000; Liu, Schroder and Kaufman, 

2000). The active PERK is targeting a eukaryotic initiation factor 2α (eIF2α) by 

phosphorylation on serine-51, resulting in inhibition of protein synthesis in general 

and a decrease of protein load in the ER lumen (Woehlbier and Hetz, 2011; Ron 

and Walter, 2007; Ron, 2002; Harding et al., 2000; Prostko, Brostrom and 

Brostrom, 1993). In parallel, the translation of an activating transcription factor 

4 (ATF4) is significantly increased. ATF4 directly upregulates the expression of 

genes involved in antioxidant stress responses, amino acid synthesis and transport 

functions to maintain ER homeostasis, and also upregulates apoptosis genes such 

as a transcription factor C/EBP-homologous protein (CHOP) (Hiramatsu et al., 

2014; Han et al., 2013; Kanemoto and Wang, 2012; Harding et al., 2003; Ron, 

2002; Novoa et al., 2001). In addition, the role of PERK can switch to promoting 

apoptosis and cell death during prolonged stress by upregulating the expression of 

apoptotic proteins such as CHOP and the growth arrest and DNA damage-inducible 

34 (GADD34), and also repressing the expression of cyclin D and p53 at the same 

time (Lee et l., 2017; Rajesh et al., 2015; Walter and Ron, 2011; Zhang et al., 

2006; Boyce et al., 2005; Schröder, and Kaufman, 2005; Ron, 2002; Brewer and 

Diehl, 2000). Moreover, several studies also suggested that the PERK pathway is 
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required for normal physiological control of ER protein synthesis, as well as for 

normal development of several tissues (Deng et al., 2004; Jiang et al. 2003).   

 

1.3.3. ATF6 pathway 

ATF6 is a type II ER-transmembrane protein which has two isoforms in 

mammals: ATF6α and ATF6β, which consist of 670 and 703 amino acids 

respectively. ATF6α is playing the main role in the UPR upon ER stress, meanwhile, 

ATF6β is considered as a very poor UPR mediator (Correll et al., 2019; Hillary and 

FitzGerald, 2018). ATF6 is identified as a member of the basic leucine zipper 

(bZIP) family (Haze et al., 1999 and 2001) since it consists the bZIP sequence on 

the cytosolic domain (N-terminal), which works as a transcription factor to 

upregulate the ER stress response element (ERSE) such as BiP, XBP1, glucose-

regulated protein 94 (GRP94), and protein disulfide isomerase (Okada et al., 2002; 

Haze et al., 1999; Yoshida et al., 1998). Meanwhile, the luminal domain (C-

terminal) of ATF6 contains molecular disulfide bonds which senses the change of 

ER environment and responses to the ER stress. Similar to other ER stress sensors, 

IRE1 and PERK, a signal transduction of ATF6 is mainly regulated by BiP which 

binds to the luminal domain of ATF6. Upon ER stress response, BiP dissociates from 

ATF6 to bind with unfolded protein, a higher affinity substrate, which overly 

accumulates in the ER lumen. Nevertheless, it is different from IRE1 and PERK, 

BiP regulates the activation of the Golgi localization sequences in ATF6, rather 

than the oligomerisation domains. Therefore, the dissociation of BiP from ATF6 

luminal domain does not cause oligomerization and phosphorylation of ATF6, but 

leads to a translocation of ATF6 from ER membrane to Golgi compartment for 

proteolytic process (Adachi et al., 2008; Shen and Prywes, 2004; Shen et al., 

2002). After the dissociation of BiP, ATF6 will be packaged into a coat protein 

complex II (COPII) vesicle and then migrates to the Golgi complex (Schindler and 

Schekman, 2009; Nadanaka et al., 2004). There, ATF6 is cleaved by the Golgi 

serine proteases: site 1 protease (S1P) and site 2 protease (S2P), Therefore, the 

product of cleavage process, a 50 kDa cytosolic bZIP fragment of ATF6, 

translocates into the nucleus where it forms the active homodimers or dimerizes 

with other bZIP transcription factors, such as NF-Y (CAAT binding factor) and 

Xbp1s, to upregulate the transcription processes of ER stress response genes such 
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as ER chaperone and folding enzymes, including BiP, glucose-regulated protein 94 

(Grp94), protein disulfide isomerase (PDI) and Xbp1 (Woehlbier and Hetz, 2011; 

Adachi et al., 2008; Schröder, 2008; Ron and Walter, 2007; Yoshida, 2007; 

Nadanaka, 2006; Schröder and Kaufman, 2005; Shen and Prywes, 2004; Wang et 

al., 2000; Ye et al., 2000; Haze et al., 1999; Yoshida et al., 1998). Moreover, ATF6 

also conducts apoptosis in term of chronic stress response by upregulating the 

translation of genes involved in cell death such as CHOP and the endoplasmic 

reticulum protein 29 (ERp29) (Hirsch et al., 2014; Tabas and Ron, 2011; Yoshida 

et al., 2000).  

Regarding the broad studies of ATF6, the understanding of the trafficking 

process of ATF6 from the ER to the Golgi upon ER stress response remains unclear 

and still not being fully investigated. Recent studies suggested that the 

dissociation of BiP from ATF6 is not enough for ATF6 to translocate from the ER to 

the Golgi apparatus and undergo proteolysis (Nadanaka et al., 2004; Antonny and 

Schekman, 2001). There are a number of additional elements such as ATP, COPII 

cargo protein, protein disulfide isomerases (PDI), thrombospondin (Thbs), and also 

a conformational change of the ATF6 itself, are required for this process. For 

example, ATP has been identified as an importance cofactor for BiP in protein 

refolding process, therefore lack of ATP could inhibit the dissociation of BiP from 

ATF6 under stress conditions (Vishnu et al., 2014; Mirazimi and Svensson, 2000; 

Dorner and Kaufman, 1994; Braakman, Helenius, and Helenius 1992). Moreover, 

researcher suggested that the reduced monomer form of ATF6, which is formed 

only after the departure of BiP, is likely to be the most preferable form of ATF6 

for packaging into COPII vesicles and also the most preferable substrate form of 

the S1P. This redox change might help to prevent an unnecessary activation of the 

UPR pathway when ATF6 migrates by mistake to the Golgi complex in the absence 

of ER stress (Schindler and Schekman, 2009; Nadanaka et al., 2007). In addition, 

several studies suggested that the reduction of ATF6 is likely to be assisted by 

proteins in PDI family such as the protein disulfide isomerase A5 (PDIA5 or PDIR) 

(Higa et al., 2014; Nadanaka et al., 2004). PDIs seem to be involved in both inter- 

and intra-molecular disulfide bonds rearrangement of ATF6 during the UPR. 

Besides, the transport vesicles which carry ATF6 from the ER to the Golgi, are also 

required specific proteins such as Thbs4 to be added. Therefore, the COPII vesicles 

could be formed properly and complete the migration process of ATF6 upon stress 
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response (Brodya et al., 2016; Lynch et al., 2012). However, the translocation of 

ATF6 to the Golgi also does not guarantee that the future downstream of the UPR 

will be triggered, since the cleaved process of ATF6 in the Golgi is regulating by 

several factors as well, for instance the disulfide formation of ATF6 and the S1P 

recognition region. Consequently, the abnormal changing of those factors will 

affect the binding of S1P and the cleaved process to produce the free form of 

cytosolic bZIP domain of ATF6 (Sun et al., 2015; Ye et al., 2000). Therefore, 

despite the amount of information obtained until now, the mechanisms underlying 

ATF6 transport in the UPR still remain elusive and require more study to 

understand it better. 

 

1.3.4. BiP, the trigger of the UPR 

BiP or immunoglobulin-binding protein, which is also known as 78 kDa 

glucose-regulated protein (GRP78), is a member of the heat shock protein 70 

(HSP70) family and consists of 654 amino acids. BiP is also one of the most well-

known ER chaperones, which has an important role in regulating the accumulation 

of the unfolded proteins in the ER lumen and being the key factor in the UPR 

during ER stress to maintain ER homeostasis (Sweeney et al., 2017; Ron and 

Walter, 2007). In the non-stressed condition, most of BiP binds to the luminal 

domain of the UPR mediator proteins such as ATF6, PERK and IRE1 to inactivate 

the proteins and maintain them in the ER membrane, then, when ER stress 

occurred, BiP is induced to release from the UPR mediators by the accumulation 

of the unfolded proteins in the ER lumen (Cuevas et al., 2017; Sweeney et al., 

2017; Chen and Brandizzi, 2013; Ron and Walter, 2007; Schröder and Kaufman, 

2005). According to the structure of BiP, which comprises two distinct functional 

domains, an ATP-binding domain and a peptide-binding domain, therefore, BiP is 

also known as an ATP-dependent chaperone (Karlin and Brocchieri, 1998; Munro 

et al., 1986). For protein folding and quality control, BiP has to bind with ATP in 

advance, so it could be released from the UPR mediators, before binding to 

exposed hydrophobic side chains of the unfolded protein clients. In addition, 

depletion of ATP could inhibit protein folding activity of BiP and prolong the 

association of the UPR proteins with BiP (Morris et al., 1997). Studies suggested 

that for recruiting the unfolded proteins, BiP requires co-chaperone, mainly the 
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members of DnaJ family (HSP40) such as DNAJB9/ERdj4 and DNAJC10/ERdj5, to 

assist the process (Terrab and Wipf, 2020; Pobre, Poet, and Hendershot, 2019; 

Chen et al.,2017; Braakman and Hebert, 2013; Oka et al., 2013; Otero, Lizák, and 

Hendershot, 2010). However, the mechanism of BiP dissociation from the UPR 

sensors during ER stress, is still not fully understand and the accessing of ATP is 

insufficiently to induce the departure of BiP. In the past, the dissociation of BiP 

from the UPR reporters was identified as a simple competitive process between 

two types of BiP client proteins; the UPR reporters and the unfolded proteins that 

accumulate in the ER lumen upon stress, since the unfolded proteins are appeared 

to be a strong competitor substrate of BiP than the UPR reporter proteins (Shen 

et al., 2002; Bertolotti et al., 2000; Bukau and Horwich, 1998). Nonetheless, 

recent studies proved that BiP binds with the UPR mediators tightly and the 

complex is very stable. The accumulation of a strong competitor like the unfolded 

proteins, upon ER stress or the presence of ATP alone, cannot simply lead the 

dissociation of BiP from the complex, in conclusion, the departure of BiP requires 

more additional factors than it was expected before (Schindler and Schekman, 

2009; Shen et al., 2005). The promising factors for regulating the detached BiP is 

ER oxidoreductases such as P5, PDIR and ERp18, which are members of the protein 

disulfide isomerase family (PDIs) (Fass, 2019; Oka et al., 2019; Zeng et al., 2019; 

Zhang et al., 2019; Honjo et al., 2017; Mathew, 2015). The ER oxidoreductase was 

suggested to create the thiol modification in the structure of BiP and the redox 

changing might affect the stability of the BiP binding the UPR mediators, 

therefore, BiP can detach from the binding complex easier (Wang and Sevier, 

2016; Higa et al., 2014; Wei et al., 2012). In addition, the dissociation of BiP will 

unmask the luminal domain sequence of the UPR reporters, leading to the 

downstream of the UPR pathways to be activated. Once detached from BiP, the 

free form of IRE1 and PERK will respond to the stress signal by structuring the 

oligomers, then followed by autophosphorylation to activate their downstream 

targets (Adams et al., 2019; Kopp etal., 2019; Hetz and Papa, 2018; Pincus et al., 

2010; Wu and Kaufman, 2006). However, the response of ATF6 after the 

dissociation of BiP is different from the other two UPR mediators. The dissociation 

will lead to the packaging of ATF6 into COP II vesicle and transport from the ER to 

the Golgi apparatus, in which ATF6 will get cleavaged to the active form that can 

upregulate the downstream pathway of the UPR (Xu et al., 2021; Oka et al., 2019; 

Hetz and Papa, 2018; Higa et al., 2014; Lynch et al., 2012; Wu and Kaufman, 2006; 
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Shen et al., 2002). Indeed, the overexpression of BiP could either inhibit the 

downstream pathways of the UPR in the presence of ER stress or increase the 

capacity of the ER to cope with the accumulation of unfolded proteins (Shen et 

al., 2002).  

 

1. 4. ER stress and apoptosis 

All three UPR pathways can switch from a survival pathway to apoptosis 

pathway when the initial cellular responses fail to restore ER homeostasis and the 

stress continues for a long time (Read and Schröder, 2021; Lai, Teodoro and 

Volchuk, 2007; Szegezdi et al., 2006; Schröder and Kaufman, 2005). Several 

studies have demonstrated that the pathway of ER stress-induced apoptosis is 

involved with many diseases, such as diabetes, nervous system disorders and 

cancer (Chalmers et al., 2017; Kanemoto and Wang, 2012; Matus, Glimcher and 

Hetz, 2011; Scheper and Hoozemans, 2009; Lindholm, Wootz and Korhonen, 2006). 

The C/EBP homologous protein transcription factor (CHOP), c-Jun NH2-terminal 

kinase (JNK) and caspase are the main pathway that is implicated in ER stress-

mediated apoptosis. However, the molecular mechanisms of this response are still 

not fully investigated and need more future study to clarify (Fig. 1.3). 
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Fig. 1.3. ER stress-induced apoptosis. The unsuccessfully renewing ER homeostasis during stress 

response could lead to chronic ER stress and cell death by inducing the expression of multiple 

proapoptotic proteins such as Bax, Bak and caspase 12, as well as inhibiting the expression of 

antiapoptotic protein Bcl-2.  

 

1.4.1. CHOP/GADD153 

CHOP or GADD153 is bZIP-containing transcription factor and counted as 

one of the members in the CCAAT/enhancer binding protein (C/EBP) family. 

Although CHOP is known as growth-arrest and DNA-damage-inducible gene 153 

(Wang et al., 1996), the protein is lower expressed under normal physiological 

conditions, like growth arrest or DNA damage, and only highly expressed under 

the inducing of ER-stress conditions (Okada T. at al. 2002; Harding H.P. et al. 

2000). In the chronic ER stress, CHOP can be upregulated by all three UPR 

signalling pathways (Hu etal., 2019; Oyadomari and Mori, 2004; Harding et al., 

2003). However, the PERK pathway is likely to play a key role in the induction of 

CHOP expression. The overexpression of CHOP could induce apoptosis for ER-stress 

response by upregulating a variety of genes (Malhi and Kaufman, 2011; Tabas and 
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Ron, 2011; Walter and Ron, 2011), such as GADD34 and ERO1α, but CHOP could 

not induce apoptosis directly. Furthermore, GADD34 is a regulatory subunit of 

protein phosphatase 1 (PP1) that leads PP1 to dephosphorylate eIF2α on serine 51, 

which recovers protein translation. If the condition of ER has not been recovered 

to the normal state, inhibition of protein synthesis will increase protein load in 

the ER and promote ER stress (Marciniak et al., 2004). Moreover, CHOP-mediated 

ERO1α expression causes hyperoxidizing conditions in ER which will increase 

misfolded proteins in ER (Schröder, 2008; Harding et al., 2003). In addition, CHOP 

can regulate the expression of some proteins in Bcl-2 family, such as 

downregulating the expression of anti-apoptotic protein Bcl-2 and upregulating 

the expression of proapoptotic BH3-only protein Bim, and also induce cellular 

reactive oxygen species (Malhi and Kaufman, 2011; Harding et al., 2003; 

McCullough et al., 2001). 

 

1.4.2. JNK and p38 MAPK 

c-Jun N-terminal kinase (JNK) and p38 MAP kinase are similar to the 

members of the stress-responsive MAP kinase family (Matsuzawa and Ichijo, 2008; 

Schröder and Kaufman, 2005). The two proteins will be upregulated by apoptosis 

signal-regulating kinase 1 (ASK1). Under ER stress conditions, IRE1α will interact 

with TNF receptor-associated factor 2 (TRAF2) and ASK1, causing activation of 

downstream JNK and p38 MAPK pathways leading to apoptosis (Homma et al., 

2009; Nishitoh et al. 2002; Urano et al., 2000). The recent studies are still not 

completely clear about the downstream mechanism of JNK and p38 MAPK but it is 

thought that this might be involved with the regulation of proteins in Bcl-2 family.  

However, it has been already reported that JNK and p38 MAPK pathways also 

function as regulator of autophagy pathway and inflammatory response under ER 

stress (Read and Schröder, 2021; Malhi and Kaufman, 2011; Bueter, Dammann and 

Leviton, 2009; Rzymski et al., 2009; Gargalovic et al., 2006; Hu et al., 2006). 
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1.4.3. Caspase 

Several studies have demonstrated that caspase 12 and caspase 7 play an 

important role in ER stress-induced apoptosis and are activated specifically only 

under ER-stress conditions, but not by other apoptotic signals (Read and Schröder, 

2021; Gotoh, Endo and Oike, 2011; Malhi and Kaufman, 2011; Schröder and 

Kaufman, 2005; Szegezdi, Fitzgerald and Samali, 2003; Nakagawa et al., 2000). 

Pro-caspase 12 is located on the cytoplasmic side of the ER membrane and 

interacts with TRAF2, on the other hand, caspase 7 is localized on the cytosol side 

of ER membrane. In response to ER stress, the interaction between TRAF2 and 

caspase 12 is inhibited by overexpression of IRE1α (Yoneda et al. 2001), and then 

caspase 7 is translocated from the cytosol to the cytoplasmic side of ER membrane 

to interact with pro-caspase 12 and cleave it, causing its activation (Rao et al. 

2001). Moreover, caspase 12 can be activated by calpains, a family of Ca2+-

dependent cysteine protease. Compared with mice, human caspase 12 is lack of 

function, but however, Hitomi and colleagues have suggested that caspase 4 in 

human, which is a homologous to mouse caspase 12, also performs the function of 

caspase 12 (Hitomi et al., 2004). Recent studies have demonstrated that caspase 

12 can activate caspase 9 (Lai, Teodoro and Volchuk, 2007; Morishima et al. 2002), 

but function and downstream pathway of caspase 12 are still remained unclear. 

 

1. 5. Protein disulfide isomerase (PDI) family 

The protein disulfide isomerase family (PDIs) is a group of thiol-disulfide 

oxidoreductase enzymes that comprises more than 20 members which are mainly 

located in the ER, however few members are intervene within the ER membrane, 

moreover the proteins in this group could be either catalytically active or inactive 

(Okumura, Kadokura and Inaba, 2015; Tannous et al., 2015). It was suggested for 

decades that the PDIs have an importance role in the oxidative protein folding and 

in the stabilization of proteins structure in the ER lumen, since a lot of 

intracellular proteins and almost one-third of the secreted human proteins 

consisted of disulfide bond either in the intra- or inter-molecule. However, the 

studies of the PDIs over the decades shown that the PDIs is not only playing critical 

role in protein translation in the ER, but also involving with the other processes 
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according to the role of the ER, for examples, protein trafficking, ERAD, calcium 

homeostasis and proteins homeostasis, which all required the disulfide 

conformation change of the proteins (Matsusaki et al., 2020; Okada et al., 2019; 

Arai et al., 2017). Therefore, the PDIs is obviously one of the main characters in 

the UPR during ER stress as well, since the disulfide formation change of the 

signaling proteins like ATF6 are also necessary in this process. 

It is commonly understood that the disulfide formation in the native 

structure of several proteins is important for its performance and transportation. 

However, the non-native disulfide formation is also commonly found in the protein 

translation process as a transition form of the native product of the normal protein 

folding as well. In addition, such non-native disulfides are also notable in the 

misfolded protein formation during ER stress (Bulleid and Ellgaard, 2011; Hatahet 

and Ruddock, 2009; Jansens et al., 2002). This non-native disulfide bond can 

prevent the correct folding of protein and must be reduced to form the native 

structure, or the protein will be targeted to degrade. Therefore, oxidoreductase 

enzymes like PDIs, which can oxidise, reduce, or isomerise their substrate proteins 

by accepting or donating electrons, are required for the post-translation 

modification and protein refolding (Kosuri et al., 2012; Feige and Hendershot, 

2011; Hatahet and Ruddock, 2009; Jansens et al., 2002). For PDIs, the oxidised 

form of the enzyme will catalyse the disulfide formation in the substrate protein 

by transferring the disulfide bond from its active site to substrate. Meanwhile, the 

reduced form of PDIs will work in the rearrangement of the non-native disulfide 

formation, the process also known as isomerization (Fig. 1.4). However, the 

process of disulfide formation is relatively more well-studied than the process of 

isomerisation (Bulleid and Ellgaard, 2011; Appenzeller-Herzog and Ellgaard, 2008). 
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Fig. 1.4. The processes of protein disulfide isomerase family (PDIs) members exchange 

disulfides with its substrate proteins (Bulleid and Ellgaard, 2011). In these processes, PDIs 

members could be either reduced or oxidised form, depending on the substrates.  

 

The published structure of PDIs shown that all comprise at least one 

thioredoxin-like domain, which is the main character for its grouping (Kozlov et 

al., 2010; Maattanen et al., 2006; Sevier and Kaiser, 2006). Even though, the name 

of the family indicates a protein disulfide isomerisation function, this property is 

not applied to all of the members in this group, for instance, a protein disulfide-

isomerase-like protein of the testis (PDILT or PDIA7) which has only one cysteine 

in the active site shows no oxidoreductase activity (van Lith et al., 2007). The 

thioredoxin-like domain which was mentioned before and used to categorize 

members of the PDIs, appears to be either catalytic or non-catalytic. The domain 

classified as a- and b-type domains afterwards (Appenzeller-Herzog and Ellgaard, 

2008). The a-type domains usually have a CXXC active-site motive which consists 

of two cysteines and another two random amino acids found in the middle of the 

sequence. However, some of the a-type domains might contain only one cysteine 

or none of it since the classification is based on the sequence similarity rather 

than the redox function of the domain. Meanwhile all the members in the b-type 
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domain group have none of cysteines on the active site. In addition, there 

appeared to be another two domains which could be found in the PDIs structure; 

the J- and D-domain, however these are very rare domains and until now only two 

PDIs members are found to carry these domains, ERdj5 with the J-domain and 

ERp29 with the D-domain (Lippert et al., 2007; Hosoda et al., 2003).  

The catalytic function or the redox activity of the PDIs members is found 

to be related with the CXXC sequence on the active site of a-type domain. 

Therefore, only members consisting of at least one a-domain with this specific 

sequence, could show catalytic property. Studies shown that the catalytic 

members of PDIs can generate the native disulfides or isomerise the non-native 

disulfides by dithiol-disulfide exchange with substrate proteins within the ER 

(Hatahet and Ruddock., 2007; Jensens, Duijn, and Braakman., 2002; Walker and 

Gilbert., 1997). Generally, the disulfide bond formation and isomerisation 

processes require different forms of PDIs, either the oxidised or reduced form, 

depending on the inter- or intra-molecular disulfide arrangement. Therefore, 

redox changing of the PDIs need to be produced in advance before performing its 

catalytic activity. Even though the mammalian PDIs are still poorly investigated, 

several studies suggested that the appearance of the human PDIs in vivo can be 

both reduced and oxidised state, despite the condition in the ER is generally more 

oxidizing. In addition, studies suggested that several enzymes such as Ero1, 

peroxiredoxin (Prx4), glutathione peroxidase (Gpx 7 and 8), and vitamin K epoxide 

reductase (VKOR) are also involved with the regulation of redox changing status 

of the disulfide exchange proteins like PDIs (Nguyen et al., 2011; Tavender et al., 

2010; Schulman et al., 2010). Some PDIs also require functional partners for client 

recognition since they cannot recruit substrates by themselves. For instance, 

ERP57 needs signaling proteins like the lectin chaperones calnexin (CNX) and 

calreticulin (CRT) to bind with the client proteins prior, therefore ERp57 can 

recognize and bind with the protein complex. Meanwhile, the other PDIs such as 

PDI, can directly recruit its substrates without the assist of other proteins 

(Kanemura et al., 2020; Gestaut et al., 2019). Even though, the regulatory 

pathway of redox changing of the PDIs is still not fully investigated, in human, 

nowadays the most acknowledgement pathway of redox regulation of the PDIs is 

reportedly to be the process of electron flow to and from PDIs, which is regulated 
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by the Ero1 and glutathione (Fig. 1.5) (Jha et al., 2021; Port et al., 2017; Deponte, 

2013; Appenzeller-Herzog and Ellgaard, 2008; Thorpe and Coppock, 2007). 

 

Fig. 1.5. Overview of redox changing and electron flow pathways to and from PDIs. The 

processes are regulated by Ero1 and glutathione for oxidation and reduction respectively. Red = 

reduced, Ox = oxidized, GSH = reduced Glutathione, GSSG = oxidized Glutathione disulfide 

(Appenzeller-Herzog and Ellgaard, 2008). 

 

1. 6. ERdj3 or DnaJ heat shock protein family member B11 (DNAJB11) 

ERdj3 or DnaJ heat shock protein family member B11 (DNAJB11) is an ER 

chaperone in DnaJ family, also known as HSP40 family, with a conservation of ∼70 

amino acid J domain, which contains specific His-Pro-Asp (HPD) motif. Research 

proposed that the conserved J-motif among DnaJ family members plays an 

important role in the interaction with chaperones in the 70-kDa heat shock protein 

(HSP70 or DnaK) family, including BiP. Therefore, mutation in this specific-motif 

sequence can interrupt the function of DnaJ as the HSP70 co-chaperone. In 

addition, studies suggested that the members of the DnaJ family, including ERdj3, 

are highly involved with folding, trafficking, disaggregation, and degradation of 

proteins in the ER lumen as well as an extracellular proteostasis (Adams et al., 

2021; Chen et al., 2017; Nillegoda and Bukau, 2015; Kim et al., 2013). The DnaJ 

proteins are mainly working as HSP70s co-factors which can stimulate the 

interaction of HSP70s and the unfolded client proteins. Some of the members in 

this family also can directly bind with the unfolded proteins and lead it to ERAD. 

However, it was reported that most of DnaJ proteins will depart from the HSP70-
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unfolded protein complex before the refolding process is completed. According to 

this information, the role of DnaJ proteins is likely to help HSP70s recruit the 

unfolded proteins than help BiP refolding the unfolded substrates (Terrab and 

Wipf, 2020; Pobre, Poet, and Hendershot, 2019; Chen et al.,2017). However, there 

is still a lack of information about the regulation pathways of DnaJ proteins over 

HSP70s in many aspects, including the knowledge about regulation of BiP, which 

is the ER chaperone mainly working in proteins refolding during ER stress, is also 

remained elusive and not fully examined until now.  

For ERdj3, recent studies illustrated that the protein could interact with 

BiP and regulate the function of BiP in the UPR during ER stress, mainly in the 

protein’s refolding processes. ERdj3 appears to assist BiP by recruiting the 

unfolded-protein substrates to BiP for ATP‐dependent processes, after the 

dissociated of BiP from the UPR mediators upon ER stress (Hanafusa, Wada, and 

Hosokawa, 2019; Romine and Wiseman, 2019; Genereux et al., 2015; Guo F, Snapp 

2013; Jin, Zhuang and Hendershot., 2009; Jin et al., 2008; Shen and Hendershot, 

2005). Moreover, the binding of ERdj3 with the unfolded proteins is not for 

delivery the client proteins to BiP or promoting the role of BiP, research suggested 

that the binding of ERdj3 could prevent aggregation of unfolded proteins in the 

ER lumen and ERdj3 is also found to be co-secreted with the unfolded proteins 

from ER when unfolded proteins arehighly accumulated in the ER lumen in stress 

condition. The secretion of this ERdj3-unfolded protein complex from ER is likely 

to be related with the activation of PERK during the UPR, because the absence of 

PERK can cause the accumulation of the complex in the ER lumen more than the 

presence of PERK (Hanafusa, Wada, and Hosokawa, 2019; Romine and Wiseman., 

2019). However, the mechanism of PERK regulating the secretion of the ERdj3-

unfolded protein complex still requires additional study for more information. 

Meanwhile, for the other UPR mediators such as ATF6 and IRE1, here is still no 

report of the direct interaction between ERdj3 and these two proteins of the UPR 

in the presence of ER stress. Despite the fact that ER stress activates ERdj3 and 

the known function of ERdj3 as BiP co-chaperone, it is still a debate, whether 

ERdj3 is serving as a pro-folding or pro-degradation factor in the ER. However, it 

is a possibility that the ERdj3 may have function in both pathways. 
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1. 7. Lipotoxic stress 

Recently, new research suggested that proteotoxicity is not the only 

inducer of ER stress to upregulate the UPR. New evidence indicates that lipotoxic 

stress also causes ER stress and can upregulate the UPR pathway. Even though 

lipotoxic stress acts as an ER stress inducer, the mechanism of induction is 

different from the mechanism during proteotoxic stress (Tam et al., 2019; Volmer 

and Ron, 2015; Promlek et al., 2011). In general, when proteotoxic stress activates 

the ER stress response, the UPR sensors IRE1, PERK and ATF6 sense the ER stress 

signal via its luminal domain. Then the downstream mechanism is to upregulate 

the protein refolding process and ERAD for clearing the misfolded/unfolded 

protein from the ER lumen. Meanwhile, the lipotoxic stress will upregulate the 

activity of the UPR mediators via their transmembrane domain, which causes an 

increase of membrane fluidity during stress (Fig. 1.6) (Tam et al., 2019; Halbleib 

et al., 2017; Volmer and Ron, 2015; Volmer et al., 2013; Promlek et al., 2011).  

 

Fig. 1.6. Proteotoxicity and lipotoxicity mediated ER stress response. The mechanism of 

lipotoxic stress induced UPR is still not fully investigated, however, recent information suggested 

that the UPR could upregulated by lipotoxicity via transmembrane domain of the UPR mediators 

like ATF6. This pathway is distinctively different from the proteotoxicity induction, and the signal 

will direct to upregulate the proteins responded to lipid synthesis metabolism like ACOX1. (Tam 

et al., 2019). 
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In addition, proteotoxic stress is known to activate the UPR by the 

accumulation of the unfolded/misfolded protein, which is occurring in the ER 

lumen due to the disruption of the folding process or post-translational 

modification. However, lipotoxic stress activates the UPR because of the 

disruption of the lipid synthesis processes, as well as the disruption of the lipid 

bilayer of ER membrane, causing disruption of ER function (Fig. 1.7). The 

disruption of lipid synthesis could drive the imbalance of ER homeostasis as same 

as the disruption of protein synthesis, since the majority of lipids such as 

sphingolipids, sterols and phospholipids, are synthesised in the ER lumen 

(Jacquemyn et al., 2017; Miller et al., 2017; Volmer and Ron, 2015; Fu et al., 2012; 

Thibault et al., 2012). There is still a lack of information and knowledge about the 

lipotoxicity-induced UPR pathway compared to the common proteotoxicity 

pathway, however, there was a report suggesting that some specific lipids such as 

dihydrosphingosine (DHS) and dihydroceranmide (DHC), the intermediators of 

sphingolipid biosynthetic pathway, can directly activate the UPR via the ATF6 

pathway to upregulate the expression of the lipid biosynthetic genes and proteins 

such as ACOX1, without the upregulating of genes involved with proteins folding 

which are specific to the proteotoxic stress response. However, there is still a lack 

of evidence to determine the mechanism which allows the proteotoxicity and 

lipotoxicity response to work independently, despite the induction of the same 

UPR mediator (Tam et al., 2019).  
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Fig. 1.7. The association of ER stress and lipotoxicity. Recent study suggested that lipotoxicity 

also could be induced by saturated fatty acids (SFAs) via ER stress in different cell types such as 

liver, pancreatic β cells, heart, and skeletal muscle (Han and Kaufman, 2016). 

 

1. 8. The aim of this study 

 Although recently our knowledge of the UPR and ATF6 activation pathway 

has increased, the process of translocation of ATF6 from the ER to the Golgi 

apparatus remains unclear. For instance, evidence suggests that the dissociation 

of BiP from ATF6 will lead to the transport of ATF6 and that process requires 

additional proteins such as PDI, COPII cargo protein, and Thbs4.  However, it is 

still unknown what regulates the dissociation of BiP, and what role additional 

proteins play during the release of BiP and trafficking. Therefore, the aim of this 

project is to investigate the trafficking of ATF6 from the ER to the Golgi apparatus. 

The result of this study will provide a clearer idea of the regulatory mechanism of 

ATF6 and the role of additional proteins in the process. The findings may also 

provide useful insight for the activation processes of IRE1α and PERK, since they 

are all regulated by BiP, therefore it might be a common regulatory mechanism 

between them. In addition, a more understanding of the ATF6 pathway and the 
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UPR in general will help us to develop new therapeutic methods for several 

diseases involved with ER stress and the overexpression of the UPR.  

 As it was stated, the point of this research is to consider the questions 

which will expand the knowledge of this important cellular process of ATF6.  To 

be specific, these will be directed toward three main questions which will be 

discussed in three different chapters: 

 1. To investigate the conformation of the ATF6 which is likely to affect the 

ATF6 performance in responding to stress. Since it is already well-known that 

specific conformations of protein such as the disulfide bond, could decrease or 

deflect protein function. 

 2. To investigate the complex formation of the ATF6 with others ER resident 

proteins in the presence and absence of ER stress. Even though there were several 

studies of the ATF6-proteins complex, the topic is still not fully discovered, 

therefore it will be worth to examine with the use of specific cell lines expressing 

mutants of ATF6. 

 3. The lipotoxic stress response of ATF6 is induced by specific inducers such 

as dihydrosphingosine (DHS) and dihydroceranmide (DHC). The recent studies 

suggested that the ER stress could be induced not only by the proteotoxic stress, 

but also lipotoxic stress, therefore this investigation might give us an interesting 

and useful information about the ATF6 trafficking regulation. 

 To achieve the aim of our study, we use specific mutants of ATF6 which 

were suggested to have a non-trafficking characteristic, the ATF6[D564G] and the 

ATF6[Y567N]. These point mutations of ATF6 luminal domain are a natural 

occurring, originated in patients with achromatopsia disease. It is an ideal type of 

mutation suitable for our ATF6 trafficking study, therefore, we created stable cell 

lines contained these specific mutants and mainly used these lines in our research. 
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CHAPTER II: MATERIALS AND METHODS  

2. 1. List of cell lines 

 Source 

HEK-239 (Human Embryonic Kidney) ATCC 

HEK-239/HA-ATF6-V5 Oka et al., 2019 

HEK-239/ HA-ATF6[D564G]-V5 This study 

HEK-239/ HA-ATF6[Y567N]-V5 This study 

HT-1080 (human fibrosarcoma cell) ATCC 

HT-1080/ATF6-KO Marie Anne Pringle (University of 

Glasgow) 

CHO (Chinese hamster ovary cells) ATCC 

CHO/ERdj3-KO David Ron (Cambridge University) 

E.coli, XL-1 cells Stratagene 

 

2. 2. List of chemicals 

 Source 

10X GlycoBuffer 3 NEB 

10X glycoprotein denaturing buffer NEB 

Acetic Acid Fisher 

Acetone BDH 

Ammonium Bicarbonate Sigma 

Ammonium Sulphate ((NH4)2SO4) ICN 

Ampicillin Sigma 

Bacto Agar Melford 

Bacto Tryptone Melford 

Bacto Yeast Extract Melford 

DABCO Sigma 

Dihydrosphingosine (DHS) Sigma, #D3314 

Dihydroceramide (DHC) Sigma, #C7980 

Dulbecco’s modified Eagle’s medium (DMEM) Gibco 

DMSO Sigma 
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DpnI  NEB 

Dithiobis(succinimidyl propionate) (DSP) Pierce 

1,4-Dithiothreitol (DTT) Fisher 

EDTA Fisher 

EGTA Invitrogen 

Endoglycosidase H (Endo H) NEB 

Ethanol Fisher 

Fetal Bovine Serum (FBS) Gibco 

Formaldehyde Fisher 

Glucose Sigma 

Glutamine Gibco 

Glycerol Fisher 

Glycine Fisher 

10X GlycoBuffer 3 NEB 

10X glycoprotein denaturing buffer NEB 

Ham′s F-12 Nutrient Mixture Gibco 

HEPES Fisher 

Hydrochloric acid (HCL) Fisher 

Hygromycin B Thermo Fisher 

Kanamycin Roche 

Lipofectamine CRISPRMAX transfection reagent Thermo Fisher 

MegaTran transfection kit Origene 

Mercaptoethanol Sigma 

Methanol Fisher 

MOWIOL Sigma 

N-Ethylmaleimide (NEM) Sigma 

Pen-Strep Gibco 

Phenol: chloroform: isoamyl alcohol Sigma 

PMSF Sigma 

Potassium Acetate BDH 

Protease inhibitor cocktail tablets Roche 

Protein A Sepharose Zymed 

QuickExtract DNA Extraction Solution Lucigen 

QuikChange II site-directed mutagenesis kit Stratagene 



28 

 

Sodium Carbonate (Na2CO3) BDH 

Sodium Chloride (NaCl) Fisher 

Sodium Dodecyl sulphate (SDS) Fisher 

Sodium hydroxide (NaOH) BDH 

Sodium Phosphate (NaH2PO4) Fisher 

T7 endonuclease New England Biolabs 

Thapsigargin (TG) Tocris 

TBST Sigma 

TEMED Sigma 

Tris Fisher 

TritonX-100 Sigma 

Trypsin DIFCO 

Tween Sigma 

 

2. 3. List of antibodies 

 Source 

1st antibodies  

ATF6 (mouse) Abcam, cat. ab122897 

Bip (mouse)  Biosciences, cat. #610979 

HA (mouse) Sigma, cat. H3663 

HA (rabbit) Proteintech, cat. 51064-2-AP 

V5 (mouse) Invitrogen, cat. R960-25 

V5 (rabbit) Cohesion (cat. CPA9009) or Proteintech 

(cat. 14440-1-AP) 

Neudesin (mouse) R&D systems, cat. MAB6714 

TFG (mouse) Invitrogen, cat. MA5-25759 

ERdj3 (mouse) Santa Cruz, cat. sc-271240 

14-3-3E (mouse) Bio-Rad, cat. VMA00525 

P5 (to C-terminal peptide) (rabbit) Bulleid’s Lab 

Actin (rabbit) Sigma, cat. A2103 

PERK (Rabbit) Cell Signaling, cat. #3192 

ACOX1 (Rabbit) Abcam, cat. ab184032 
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HDAC2 (Rabbit) Abcam, cat. #32117 

2nd antibodies  

Goat anti-mouse IRDye 800 ThermoFisher, cat. #10751195 

Goat anti-mouse IRDye 680 ThermoFisher, cat. A32729 

Goat anti-rabbit IRDye 800 ThermoFisher, cat. #13477187 

Goat anti-rabbit IRDye 680 ThermoFisher, cat. #35568 

Immunofluorescence  

V5 (Rabbit) Cohesion, cat. CPA9009 

V5 (Mouse) Invitrogen, cat. R960-25 

CNX (Rabbit) Abcam, cat. ab22595 

GM130 (Rabbit) Martin Lowe (University of Manchester) 

Anti-mouse-FITC Sigma, cat. F0257 

Anti-rabbit-FITC Sigma, cat. F7512 

Immunoprecipitation  

V5 (Rabbit) Cohesion or Proteintech 

V5 agarose conjugate (Mouse) Sigma, cat. A7345 

ATF6 (Mouse) Abcam, cat. ab122897 

BiP (Mouse) Biosciences, cat. #610979 

 

2. 4. List of primers 

 Primer Sequences (5’→ 3’) 

ATF6_D564G_FW CATCCGCAGAAGGGGAGGCACATTTTATGTTGTG 

ATF6_D564G_RV CACAACATAAAATGTGCCTCCCCTTCTGCGGATG 

ATF6_Y567N_FW AGGGGAGACACATTTAATGTTGTGTCATTTCGAAGG 

ATF6_Y567N_RV CCTTCGAAATGACACAACATTAAATGTGTCTCCCCTTC 

 

2. 5. Recombinant DNA 

 Source 

HA-ATF6α-V5 (WT) Ron Prywes’s lab 

HA-ATF6α[D564G]-V5 This study 

HA-ATF6α[Y567N]-V5 This study 
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2. 6. Cloning 

Wild type ATF6. The pCGN-ATF6 plasmid containing a HA-epitope at the N-

terminal, was obtained from Adam Benham (Durham University), originally a gift 

from Ron Prywes (Zhu et al., Mol Cell Bio 1997). This original construct was used 

as template to generate an ATF6α fragment containing a HA-tag at the N-terminal 

and a V5-tag at the C-terminal by my colleague in our lab (Oka et al., 2019). This 

DNA fragment was cloned into the NheI and NotI sites of pCDNA 3.1. Therefore, 

the construct expressed full-length ATF6 tagged with HA- and V5- epitope at the 

N- and C-terminal respectively. Then the plasmid construct was stably expressed 

in HEK-239 cell line with Hygromycin B as a selective reagent, and the cells were 

used as the wild ATF6 (ATF6-WT) in this study. Furthermore, this plasmid construct 

also was used as a template to generate the mutant ATF6 plasmid constructs. 

Mutants ATF6. The point mutations on the luminal domain of ATF6, pcDNA-

HA-ATF6(D564G)-V5 and pcDNA-HA-ATF6(Y567N)-V5, were made with QuikChange 

II site-directed mutagenesis kit. The mutant plasmid constructs were generated 

by standard PCR using the wild type pcDNA-HA-ATF6-V5 as a template with the 

appropriate primer pairs (See list of primers). Then, the DpnI was added to the 

PCR product to digest the DNA template and after that the product was 

transformed into E.coli, XL1 competent cells, by heat-shock at 42 ºC for 45 s. The 

transformed cells were plated on agar plate contained 100 µg/ml Ampicillin as a 

selective antibiotic and were incubated 24-48 h at 37 ºC. After that E.coli colonies 

were picked individually and grown in 3 ml Luria Bertani (LB) broth contained 100 

µg/ml Ampicillin on shaker at 37 ºC overnight. Then the plasmid DNA was 

extracted from bacterial cells by using mini prep purification method with alkaline 

lysis for sequencing or QIAGEN plasmid midi kit for transfection. The obtained 

plasmid construct was confirmed by agarose gel electrophoresis and sequencing 

analyses (GATC-Biotech) respectively. The plasmid DNA construct that contained 

the point mutation of our interest, was then stably expressed in HEK-239 cell line 

by using MegaTrans kit for transfection with the use of Hygromycin B as a selective 

reagent. Then the cells carried the mutant ATF6 plasmids, HA-ATF6[D564G]-V5 or 

HA-ATF6[D564G]-V5, were identified by immunoblotting with mouse anti-HA or 

mouse anti-V5 antibody (Bulleid’s Lab). 
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ATF6-Knockout. This is the Alt-R CRISPR/Cas9-based Knockout, the 

knockout ATF6 cell line was generated in our lab by Marie Anne Pringle. The single 

guide RNA (gRNA) matching the ATF6 genomic targets was designed using the 

CRISPR Design Tool - nickase analysis (crispr.mit.edu). The ATF6-KO was 

performed in HT-1080 cell line by using Lipofectamine CRISPRMAX transfection 

reagent to transfect CRISPR/Cas9-Ribonucleoprotein (RNP) complex. Then T7 

endonuclease was used to digest the DNA hybrid. The positive ATF6α knockout 

(ATF6-KO) cells were identified by immunoblotting with mouse anti-ATF6 antibody 

and the deletion was verified by sequencing (Bulleid’s Lab). 

ERdj3-Knockout. The ERdj3-KO was performed in the CHO cells and this 

cell type was gifted by David Ron (Cambridge University). 

 

2. 7. Cell culture 

HEK-239 cell line. HEK-239 cell line, a human embryonic kidney cells, was 

grown in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% 

fetal bovine serum (FBS), 2mM glutamine, 100 Units/ml penicillin and 100 µg/ml 

streptomycin (Pen-Strep) at 37 ºC in a 5% CO2 incubator. For AT6 transfected cell 

line, 200 µg/ml Hygromycin B was added to maintain the expression of transfected 

gene (Bulleid’s Lab). 

HT-1080 cell line. HT-1080 cell line, a human fibrosarcoma cells, was 

maintained in the same way with HEK-239 cell line by growing in DMEM 

supplemented with 10% FBS, 2mM glutamine and Pen-Strep antibiotics at 37 ºC in 

a 5% CO2 incubator (Bulleid’s Lab). 

CHO cell line. CHO cell line, a Chinese hamster ovary cells, was grown in 

Ham′s F-12 Nutrient Mixture media supplemented with 10% FBS and Pen-Strep 

antibiotics at 37 ºC in a 5% CO2 incubator (Bulleid’s Lab). 
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2. 8. Transfection 

Mutant ATF6 stable cell line. HEK-293 cells at 80 % – 90% confluence were 

transfected with the mutant ATF6 plasmid DNAs, ATF6(D564G) or ATF6(Y567N), 

using MegaTran transfection kit according to the manufacturer’s instructions. For 

stable transfections, 24 h post-transfection cells were passaged (at 1.5:10 

dilution) into fresh growth medium containing Hygromycin B as a selective 

reagent. After 2-3 weeks, a great number of cells will die and the cells which still 

remain growing in selective medium are likely to retain the transfected plasmids. 

Then the positive cells were identified by western blotting analysis with anti-HA 

or anti-V5 antibody, since the constructs of the mutant ATF6 plasmid were 

conjugated with HA and V5 at the N- and C-terminal respectively (Bulleid’s Lab). 

Transient transfection. CHO-cells were transfected by using NovaCHOice® 

Transfection Kit (Sigma) according to the manufacturer’s instructions. Cells were 

seeded 24 h prior to transfection. Plasmid DNA for transfection was prepared in 

serum free media with NovaCHOice® transfection reagent and booster reagent, 

the working ratio is 1 μg plasmid DNA: 1 μl transfection reagent : 0.5 μl booster 

reagent. The mixture was incubated for 30 minutes at room temperature, then 

transferred to culture cells. After 24 hours of transfection, cells can be used for 

experiments.  

 

2. 9. Cells treatment 

 Cells were specifically treated for each experiment, therefore it was 

separately described in the result chapters.  

 

2. 10. Agarose gel electrophoresis 

 1% agarose gel was prepared in TAE buffer (40 mM Tris-acetate, 1 mM 

EDTA), then into the warm gel, SYBR@ dye was added for DNA staining (1:10000). 

The gel solution had to be well mixed with dye and allow it to set at room 

temperature. DNA samples were mixed with 6X loading dye (0.25% bromphenol 
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blue, 0.25% xylene cyanol, 30% glycerol) before loading into the gel, then it was 

running at ~150V for 2 h. Gel needed to be in the dark for all of the processes 

(Bulleid’s Lab). 

 

2. 11. Western blotting (immunoblotting) and antibodies 

Cells were washed once with ice-cold phosphate-buffered saline (PBS) 

contained 20 mM N-ethylmalemide (NEM) and then lysed in lysis buffer (1% Tritol 

X-100, 150 mM NaCl, 50 mM Tris at pH 7.5, 2 mM EDTA, and a protease inhibitor 

cocktail) containing 20 mM NEM. Protein concentrations of the total cell lysates 

were measured by Bio-Rad protein assay (Bio-Rad). Thereafter, protein sample 

was mixed with 4X sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) loading buffer (1 M Tris at pH 6.8, 8% SDS, 40% Glyceral, and a few 

crystals of Bromophenol blue) and with 100 mM 1,4-Dithiothreitol (DTT) for 

reducing and without DTT for non-reducing condition, then the mixed sample was 

loaded onto 7.5%, 10%, or 12.5% acrylamide gel and running with 20 mA in 1X 

running buffer (25 mM Tris at pH 8.3, 192 mM Glycine, 0.1% SDS). After 

electrophoresis, the proteins were transferred from acrylamide gels to 

nitrocellulose membranes by using wet transfer technique in 1X transfer buffer 

(25 mM Tris, 192 mM Glycine, and 20% Methanol) at 250 mA for 1 h, after 

transferred the membrane was blocked with 5% skimmed milk for 1 h on shaker. 

Then the membrane was probed with primary antibody containing 1.5% skimmed 

milk for 1 h on rocker, followed by 5 min 3 times washing with 1X TBS (0.1% 

Tween20, 100 mM Tris pH 7.5, and 0.9% NaCl). After that, the membrane was 

probed with secondary antibody for 1 h on rocker, then washed again with 1x TBS 

for 5 min, 3 times. Finally, the signal was detected by Odyssey Sa (Oka et al., 

2019).  

The primary antibodies dilutions were mouse anti-HA (1: 3000), rabbit anti-

HA (1: 500), rabbit anti-P5 (1:500), mouse anti-V5 (1:5000), rabbit anti-V5 

(1:5000), mouse anti-ATF6 (1:500), rabbit anti-ACOX1 (1:500), rabbit anti-actin 

(1: 500), mouse anti-14-3-3E (1: 1000), mouse anti-ERdj3 (1: 300), mouse anti-

Neudesin (1: 1000), mouse anti-TFG (1: 1000), or mouse anti-BiP (1: 250).  
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The secondary antibodies dilutions were anti-mouse 800 (1: 5000), anti-

mouse 680 (1:5000), anti-rabbit 800 (1:5000), anti-rabbit 680 (1:5000).  

 

 2. 12. Immunoprecipitation 

Cells were washed once with ice-cold PBS containing 20 mM NEM and then 

lysed in lysis buffer which also contained 20 mM NEM. The total protein lysate was 

measured by Bio-Rad protein assay. Thereafter, the protein sample was pre-

cleared by adding 10% protein A-sepharose (PAS) beads prepared in 

immunoprecipitation (IP) buffer (1% Triton X-100, 10% glycerol, 20 mM HEPES at 

pH 7.5, 150 mM NaCl, 1 mM EDTA, and a complete mini EDTA-free protease 

inhibitor cocktail tablet) and rocked for 1 hour at 4 ºC. Then the mixture was 

centrifuged, and the supernatant was incubated with 10% PAS beads and specific 

antibody for the protein target, such as mouse anti-BiP (1:200), in IP buffer 

contained 1% bovine serum albumin (BSA) at 4 ºC on rocker overnight to 

precipitate the target protein. Subsequently, the beads were washed 3 times with 

IP buffer and the precipitated protein was eluted by SDS-PAGE loading buffer. The 

eluted protein sample was analyzed by western blot analysis (Oka et al., 2019).  

 

2. 13. Immunofluorescence 

Cells were grown on coverslips and then either left untreated or treated 

with 10 mM DTT for 30 minutes. Cells were washed with ice-cold PBS twice and 

fixed with cold methanol for 10 minutes. Then, the fixed-cells were washed again 

with ice-cold PBS, followed by blocking with 0.2% BSA in PBS for 30 minutes. After 

that, cells were incubated with primary antibody (1:200); rabbit anti-calnexin 

(ER), rabbit anti-GM130 (Golgi), mouse anti-V5 (ATF6), or rabbit anti-V5 (ATF6), 

for 1 h. Cells again were washed with ice-cold PBS and then incubated with 

secondary antibody (1:200); anti-rabbit FITC or anti-mouse FITC, for 45 min. After 

incubation cells were washed with ice-cold PBS and H2O respectively, then 

mounted on slides with 6 µl anti-fade reagent (4 µl MOWIOL and 25 mg/ml DABCO). 

The fluorescence cells images were collected with confocal microscope (Axiocam; 
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Carl Zeiss MicroImaging) and analyzed using Zen software (Carl Zeiss Microimaging) 

(Bulleid’s Lab).  

 

2. 14. Endoglycosidase H digestion 

According to the Endo H protocol from NEB, to the whole cell lysate was 

added 10X glycoprotein denaturing buffer (5% SDS, 400 mM DTT) and the samples 

heated at 105 ºC for 10 min. 10X GlycoBuffer 3 (500 mM CH3COONa pH 6) as then 

added along with 500,000 units/ml Endoglycosidase H (Endo H) (Endo H:sample 

ratio = 1:20). The mixture was incubated at 37 ºC overnight, subsequently, adding 

SDS-PAGE loading buffer contained 100 mM DTT. The mixed sample was boiled at 

105 ºC for 5 min prior to electrophoresis and immunoblotting analysis. 

 

2. 15. Sucrose gradient fractionation 

Cells were lysed with NP40 lysis buffer (50 mM Tris at pH 7.5, 20 mM NaCl, 

20 mM NEM, 1% NP40, and a complete mini EDTA-free protease inhibitor cocktail 

tablet). Total cell lysate was layered on top of 5-50% sucrose gradient (top to 

bottom) in SW40 tube, then centrifuged at 140,000 xg, at 4 ºC for 16 h in a swing-

bucket rotor. After centrifugation, the gradient was fractionated and collected by 

using BioComp Fractionator. Protein in the fraction was precipitated using 

trichloroacetic acid (TCA) precipitation method (see below). Thereafter, protein 

pellets were resolved in SDS-PAGE loading buffer and boiled at 105 ºC for 10 min. 

Protein samples were analysed by electrophoresis, followed by immunoblotting 

(Bulleid’s Lab).   

 

2. 16. Protein crosslinking 

Cells were either treated with 5 µg thapsigargin for 1 h to induce ER stress 

or left untreated. Then the cells were washed from the dish and collected by 

centrifugation at 1500 rpm for 5 min, followed by washing with PBS buffer twice. 
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After that, cells were treated with 2 mM dithiobis(succinimidyl propionate) (DSP) 

and incubated on rocker for 30 min at room temperature to form protein cross-

linking. The reaction was stopped by adding 20 mM Tris pH 7.5 for 15 minutes by 

rocking in a room temperature. Then cells were collected by centrifugation at 

1500 rpm for 5 minutes and rinsed with ice-cold PBS supplemented with 20 mM 

NEM. Cells were lysis with lysis buffer, then the supernatant was pre-incubated 

with 10% protein A-Sepharose (PAS) beads for 30 min at 4 °C, before 

immunoprecipitated with mouse anti-V5 conjugated agarose beads, or rabbit anti-

V5 with 10% PAS beads at 4 °C for approximately 16 h to precipitate the ATF6 

complex. The beads were washed with lysis buffer containing 0.1% SDS three 

times, then washed with PBS three times to remove detergent. The ATF6 cross-

linked complexes were eluted from the beads by adding 10 mM DTT supplemented 

with 25 mM ammonium bicarbonate for 10 minutes at room temperature. 

Supernatant was collected and send to be analyzed by mass spectrometry or 

analysed by immunoblotting (Oka et al., 2019). 

For mass spectrometry (MS) analysis, trypsin (0.3 μl, 0.2 ng/μl, Promega, 

sequencing grade) was added to the eluted protein samples which were prepared 

from the previous section and then the mixed solution incubated at 37°C 

overnight, to allow complete digestion of protein samples. After the incubation, 

a portion of the resultant peptides were then injected on an Acclaim PepMap 100 

C18 trap and an Acclaim PepMap RSLC C18 column (ThermoFisher Scientific), using 

a NanoLC Ultra 2D Plus loading pump and a NanoLC AS‐2 autosampler (Eksigent). 

The peptides were held on the trap and washed for 20 min and were eluted with 

a gradient of increasing acetonitrile, containing 0.1% formic acid (2–20% 

acetonitrile in 90 min, 20–40% in a further 30 min, followed by 98% acetonitrile to 

clean the column, before re‐equilibration to 2% acetonitrile). The eluate was 

sprayed into a TripleTOF 5600 + electrospray tandem mass spectrometer (AB 

Sciex, Foster City, CA) and analyzed in Information Dependent Acquisition (IDA) 

mode, performing 250 ms of MS followed by 100 ms of MS/MS analyses on the 20 

most intense peaks seen by MS. The MS/MS data file generated via the “Create 

mgf file” script in PeakView (Sciex) was analyzed using the Mascot search 

algorithm (Matrix Science), against the NCBInr database considering both all 

species (93482448 sequences) and restricting the search to Homo sapiens (331464 

sequences), trypsin as the cleavage enzyme and N‐ethylmaleimide, hydrolyzed N‐
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ethylmaleimide modifications of cysteine, thioacyl modification of lysines and N‐

termini, and methionine oxidation all as variable modifications. The peptide mass 

tolerance was set to 20 ppm and the MS/MS mass tolerance to ±0.05 Da. A protein 

was accepted as identified if it had 2 or more peptides with Mascot Ion Scores 

above the identity threshold (P < 0.05), and for those proteins identified by only 

two peptides, the MS/MS spectral assignments match most of the peaks in the 

MS/MS spectra (Oka et al., 2019). 

In addition, there were some modifications in the immunoprecipitation step 

for this method and we used this modification for most of our experiments 

followed by western blotting analysis. Here the cells lysate was 

immunoprecipitated with mouse anti-V5 conjugated agarose beads, or rabbit anti-

V5 with 10% PAS beads at 4 °C for approximately 16 hours to precipitate ATF6 

complex. Then the beads were washed with IP buffer three times, followed by 

washing with PBS three times to remove detergent. The cross-linked complexes 

were eluted from the beads by adding 10 mM DTT supplemented with 25 mM 

ammonium bicarbonate for 10 minutes at room temperature. Subsequently, 

centrifugation to collect supernatant, which was analysed by immunoblotting 

(Bulleid’s Lab).  

 

2. 17. Trichloroacetic acid (TCA) precipitation 

4 parts of sample were added by 1 part of 12.5% TCA and centrifuged at 

16,200xg at 4 ºC for 30 minutes. Removing TCA, then washing the protein pellet 

with 200 µl of 70% chilled acetone by spinning at 15,000 rpm at 4 ºC for 5 minutes, 

two times. After acetone was removed, the protein pellet was left to dry at room 

temperature about 15-20 minutes. Subsequently, the dried pellet was dissolved in 

SDS loading buffer (Bulleid’s Lab).  

 

2. 18. Protein precipitated from the culture media 

500 µl culture media was taking after cell treatment and 50 µl 0.1% BSA, 

then 110 µl 50% TCA was added. The sample was incubated on ice for 10 min, 



38 

 

before centrifuged at 10,000xg for 15 min at 4 ºC. TCA was removed from the 

protein pellet with 200 µl 100% chilled ethanol and by centrifuging at 10,000xg at 

4 ºC for 5 min, repeated two times. Then the pellet was air-dried for 10 min at 

room temperature. The pellet was dissolved in SDS loading buffer and analysed by 

western blotting. If the protein sample turned yellowish after dissolved, the pH 

was adjusted with 1M Tris pH 7.5 (Bulleid’s Lab).  

 

2. 19. Cell fraction 

Cells were collected and washed with ice-cold PBS supplemented with 

EDTA-free protease inhibitor tablet. Then cells were resuspended with 1 ml ice-

cold buffer A (10 mM HEPES pH 7.4, 250 mM Sucrose, 10 mM KCl, 1.5 mM MgCl2, 1 

mM EDTA, and 1 mM EGTA) and incubated 10 min on ice. The cells were lysed by 

passing through a 23-gauge needle, 30 times. Cell lysates were centrifuged at 

1,000xg at 4 ºC for 7 min, pellet is a nuclear fraction, meanwhile supernatant is 

cytosolic and membrane fraction. 

Nuclear fraction. The pellet was washed once with 500 µl buffer A 

contained protease inhibitor by centrifuge at 1,000xg at 4 ºC for 7 min. Then the 

pellet was discarded from supernatant and resuspended in 100 µl buffer B (10 mM 

HEPES pH 7.6, 2.5% Glycerol, 420 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, and 1 mM 

EGTA). The sample was incubated on the rocker at 4 ºC for 60 min. After that, the 

sample was centrifuged again at 100,000xg at 4 ºC for 30 min and supernatant was 

collected as a nuclear extract. 

Cytosolic and membrane fraction. Supernatant was centrifuged at 

100,000xg at 4 ºC for 30 min, consequently, the pellet contained membrane, 

meanwhile the cytosol was in the supernatant. Then the membrane pellet was 

resuspended in 100 µl buffer B contained protease inhibitor, while the cytosol in 

the supernatant was precipitated by using 5x volume of 100% ice-cold acetone and 

centrifuge at 16,200xg at 4 ºC for 15 min. Then the cytosol was found in the pellet 

and resuspended in 100 µl buffer B contained protease inhibitor as well (Bulleid’s 

Lab).
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CHAPTER III: RESULTS SECTION 1 - The mutation types of ATF6 and their 

characterization 

 3. 1. The variants of ATF6 mutants 

 Human ATF6 is a 670 amino acids transcription factor found on the 

endoplasmic reticulum (ER) membrane and has a key role in the unfolded protein 

response (UPR) during ER stress along with PERK and IRE1. The accumulation of 

unfolded or misfolded protein upon ER stress, which is induced by internal or 

external stimulators, will lead to the downstream response of ATF6 causing its 

dissociation from BiP, an ER chaperone protein, and packaging into transport 

vesicles. These CopII-coated vesicles deliver the ATF6 to the Golgi apparatus, 

where it is cleaved by the site 1 protease (S1P) and site 2 protease (S2P) 

respectively (Shen et al., 2002; Haze et al., 1999). After the luminal and 

transmembrane domains are removed, the liberated cytosolic domain, containing 

a transcription factor of the basic leucine zipper (bZIP) family, migrates to the 

nucleus and upregulates target genes such as ER protein folding enzymes and 

chaperones protein (Wu et al., 2007; Yamamoto et al., 2007; Ye et al. 2000). By 

this mechanism, ATF6 can help to restore protein folding homeostasis and suppress 

ER stress, resulting in the prevention of cells death (Wu et al., 2007; Nadanaka et 

al., 2004; Haze et al., 1999).  

Similar to other proteins, mutation and the non-native structure or 

modification can affect the function of ATF6 in several ways. Recent studies have 

shown that the natural ATF6 mutations found in Achromatopsia patients such as 

splice site, nucleotide deletion, missense, nonsense, or nucleotide duplication, 

can significantly attenuate ATF6 activity (Chiang et al., 2017; Kohl et al., 2015). 

The Achromatopsia-associated ATF6 mutations study suggested that mutations 

could be divided into 3 groups based on their pathomechanisms. Group 1, the 

luminal domain mutations show impaired trafficking of ATF6 from the ER to the 

Golgi, therefore, leading to a reduction or blocking of the downstream processes 

(Chiang et al., 2017). Group 2, the transmembrane domain mutations can 

upregulate the target genes even in the absence of ER stress (Chiang et al., 2017; 

Bommiasamy et al., 2009). Group 3, the cytosolic domain mutations still can 

transport to the Golgi during ER stress, however, the mutants cannot induce the 

transcription process of the target genes because of the lost or deficient bZIP 
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domain (Chiang et al., 2017). In addition, group 1 and group 3 mutants show that 

cell death increases in the presence of ER stress, while group 2 did not show a 

significant effect to cell death. According to the research on Achromatopsia 

mutations, the mutants in group 2 caught our attention the most because of the 

impaired trafficking characteristic. As it was mentioned before, the main focus of 

this project is to investigate the regulation ATF6 trafficking from the ER to the 

Golgi, thus, if we can identify the regulation factors which suppress the trafficking 

of the mutants in group 2, we might also find the factors that control the migration 

process of ATF6 as well. Consequently, we chose 2 mutants from group 2, 

ATF6(D564G) and ATF6(Y567N), for our research. 

 In addition to the natural occurring ATF6 mutations found in Achromatopsia 

patients, there are also several studies on deletion constructs of ATF6. The 

constructs were artificially created in the laboratory and used for several 

approaches.  Here we analysed the data from several studies to identify common 

characteristics of the constructs and their phenotype. For instance, in table 3.1.A., 

are the constructs studied by Shen and his colleagues in 2002. They reported 

several types of the ATF6 constructs which show interesting phenotypes related 

to the trafficking of ATF6, such as ATF6(1-475) and ATF6(1-500), despite the amino 

acid sequence not being complete, the constructs still show the common function 

as found in the wild type ATF6. Meanwhile, the constructs with a shorter amino 

acid sequence like ATF6(1-430) and ATF6(1-467), lose their translocation property. 

Simultaneously, in table 3.1.B. (Shen and Prywes, 2004), another study shows that 

S2P cleavage depends on the length of the ATF6 protein sequence, not by 

detecting or binding to specific regions of the ATF6 sequence. For instance, short 

sequence constructs like ATF6(1-418) and ATF6(1-430) can still be cleaved by S2P 

without the prior cleaved of the S1P. On the other hand, the long sequence 

constructs such as ATF6(1-500) or the short construct of ATF6(1-430) fused with 

another protein sequence like ATF6(1-430)-HC and ATF6(1-430)-IRE1, are unable 

to be cleaved by S2P without the prior cleaved of the S1P. In conclusion, the data 

here show that amino acid sequence from 431 to 475 is likely to be a BiP binding 

region and amino acid at 475 is potentially a Golgi localisation-control region. 

Moreover, the S2P cleavage is controlled by the length of the ATF6 protein 

sequence, not a specific binding site.  
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Table. 3.1. Analysis of laboratory constructs of the mutants ATF6 to identify the 

characteristics of the constructs and their phenotype. The summary of the data from the study 

of Shen’s group in 2002 (Shen et al., 2002) (A) and from the study of Shen and Prywes in 2004 

(Shen and Prywes, 2004) (B). / = Yes, X = No, - = N/A. 

 

A. 

B. 
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3. 2. Stable cell lines expressing the ATF6 mutants, ATF6(D564G) and 

ATF6(Y567N) 

 The first aim of our study was to generate stable cell lines expressing ATF6 

point mutations which suppress trafficking ability of ATF6, so that we could 

analyse interacting partners following ER stress. As it was already mentioned 

before, the mechanism of ATF6 trafficking from the ER to the Golgi is unclear, 

until now we only know that ATF6, following ER stress, dissociates from BiP before 

being packaged into the CopII vesicles and transported to the Golgi.  However, BiP 

dissociation is not likely to be the only factor to regulate ATF6 trafficking, 

therefore, determining the ATF6 interactome became a focus of our studies. To 

begin the ATF6 trafficking investigation, non-trafficking ATF6 stable cell lines 

were created. Our approach was based on information in a prior study, which 

suggested that the point mutation on the luminal domain of ATF6, such as D564G 

mutant where the amino acid at position 564 was changed from aspartic acid (D) 

to glycine (G), and Y567N mutant where the amino acid at position 567 was 

changed from tyrosine (Y) to asparagine (N), can suppress the transport of ATF6 

from the ER to the Golgi (Chianga et al., 2017). First, the pcDNA3.1(+) vector 

containing the DNA fragment of wild type ATF6, was constructed by attaching HA- 

and V5-epitopes to the N- and C-termini respectively (Fig. 3.1.A).  This plasmid 

construct was used as a template to produce the mutants of ATF6 by using the 

QuikChange II site-directed mutagenesis kit with the appropriate primer pairs for 

D564G and Y567N mutant (see list of primers in chapter II). The encoding protein 

generated from these constructs could be detected by anti-HA or V5 antibody as 

well as by anti-ATF6 antibody itself. In addition, using the epitope tags, we can 

also distinguish the expression of exogenous from endogenous ATF6. Then the 

mutant constructs were transformed into E.coli, XL1-Blue supercompetent cells, 

and the successfully transformed cells were selected by Ampicillin antibiotic. The 

ATF6 mutant plasmids DNA were extracted from cells and the mutation points 

were confirmed by DNA sequencing analyses (Fig. 3.1.B).  

Then the mutant plasmids DNA, ATF6(D564G) and ATF6(Y567N), were 

transfected into HEK-293 cells to generate stable cell lines by using MegaTran 1.0 

and the transfected cells were selected by placing on Hygromycin B antibiotic for 

several weeks until colonies appeared. The colonies were then screened by 
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western blot analysis with anti-HA antibody to see whether they expressed the 

mutant ATF6 or not. The results show that some colonies did not express the 

mutant ATF6 after transfection, some colonies expressed it in a low level, however 

there were also colonies which expressed the mutant ATF6 well and can be used 

for future experiments (Fig. 3.1.C). Specifically, on figure 1B, on lane 1 and 2 of 

the ATF6(D564G) clones, the expression of the mutants is very low, while in lanes 

3 to 8 the expression is high. Meanwhile, for the ATF6(Y567N) clones, there was 

no expression in lanes 1-4 and 6, low expression in lane 5, and good expression in 

lanes 7 and 8. Therefore, the ATF6(D564G) clone from lane 3 and the ATF6(Y567N) 

clone from lane 7 were selected for future experiments. In addition, for the 

ATF6(Y567N) clones, in the lanes that expressed the mutant there was also an 

intense unidentified band (present with an asterisk), however the band appeared 

only this one time and never been detected again in the following experiments. 
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Fig. 3.1. Creating stable cell-lines expressing the ATF6 mutants, D564G and Y567N. (A) Diagram 

of the ATF6 constructs used in this study. (B) The sequences of the DNA constructs were generated 

by sequencing analysis. (C) The expression of ATF6 after transfection HEK-293 cells with plasmids 

contained specific point mutation in ATF6 luminal domain. HEK-293 cells transfected with a 

plasmid to express HA-ATF6-V5 (D564G) or HA-ATF6-V5 (Y567N), were lysed in 20 mM NEM-

containing lysis buffer and then boiled for 5 minutes at 105 ºC in SDS-PAGE loading buffer with the 

presence of 100 mM DTT for analysis under reducing condition. The resulting protein was analyzed 

by immunoblotting using mouse anti-HA antibody (1: 3000). TM = Transmembrane domain, N = N-

terminal/cytosolic domain, C = C-terminal/luminal domain, * = Unknown band. 

B. D564G 

D(WT) = GAC                                    G(M) = GGC 

Y567N 

Y(WT) = TAT                                   N(M) = AAT 

C. 
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3. 3. The expression of monomer (M), dimer (D), and oligomer (O) form of the 

ATF6 mutants  

It is already well known that without any stress, ATF6 can be found in 3 

different forms, the monomer, the dimer and the oligomer, because of the 

interaction of the disulfide bond at amino acid number 467 and 618 (Oka et al., 

2019; Nadanaka et al., 2007). Recent study suggested that the oligomer is only a 

different form of the dimer, therefore sometimes it will be identified as C618 

dimer (618D) for the dimer and C467 dimer (467D) for oligomer (Oka et al., 2019). 

However, in this study we will still continue to use the term of monomer, dimer 

and oligomer to describe different forms of ATF6 since these terms are more 

familiar and well known. These cysteine residues cannot only form intra- or inter-

molecular disulfide bond between ATF6 molecules, but may form a disulfide bond 

with other molecules which were still not fully identified (Nadanaka et al., 2007). 

Thus, after stable ATF6 mutant cell lines, ATF6(D564G) and ATF6(Y567N) were 

created, cells were used to study the expression of the mutants ATF6 since the 

previously report of ATF6(Y567N) mutation only shows the monomeric form, but 

the non-reduced forms, oligomer and dimer, were not mentioned (Chiang et al., 

2017). Meanwhile, the ATF6(D564G) mutant does not have a report about its 

disulfide formation. Therefore, we were interested in the disulfide status of the 

different types of ATF6, since the redox forms of ATF6 could also be important for 

retention and transport.  

Consequently, the wild type ATF6, and the ATF6(D564G) and ATF6(Y567N) 

mutant cells were used to examine the difference of the disulfide formations. 

Cells were treated with or without 10 mM DTT, a reducing agent, for 30 minutes 

to induce ER stress and ATF6 trafficking. Then cells were collected, and the cell 

lysates were analyzed by immunoblotting with anti-HA antibody (Fig. 3.2). The 

results demonstrate that in the non-reduced condition, the untreated wild type 

ATF6 cells lane show all 3 redox forms of ATF6 with monomer, dimer and oligomer. 

The untreated ATF6(D564G) mutant also shows a similar result with the wild type, 

but with more expression of the dimer instead of oligomer. Simultaneously, the 

untreated ATF6(Y567N) shows a significantly different result compared to the wild 

type and the ATF6(D564G) mutant, since the untreated non-reduced ATF6(Y567N) 

only shows a single band of ATF6 monomer which was similar to the form of ATF6 
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when it was completely reduced.  This result demonstrates that these point 

mutants, especially ATF6(Y567N) mutant, somehow affected the formation of the 

interchain disulfide bond within the ATF6 luminal domain and suggests that this 

mutation may result in the misfolding of this domain. Moreover, the early studies 

suggested that the reduced monomer of ATF6 is likely to be the only form of ATF6 

which could be packed into the COP II vesicle and traffics from the ER to the Golgi 

during ER stress. Hence, the reduced monomer form of ATF6 is required and plays 

an important role in trafficking (Schindler and Schekman, 2009; Nadanaka et al., 

2007). However, our results here suggested that the reduction of ATF6 is 

insufficient to drive the trafficking process of ATF6 during ER stress, since the 

ATF6(Y567N) mutant which only presents the reduced monomer form was still 

retained in the ER and was not transported to the Golgi upon ER stress.  
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Fig. 3.2. The expression of different forms of ATF6 in the presence of ER stress. The 

recombinant HA- and V5-tagged wild-type ATF6 was expressed in HEK-293 cells and then the 

expressed ATF6 protein in the untreated cells was analysed by immunoblotting with mouse anti-

HA (1:3000) in reducing and non-reducing conditions. Recombinant HA- and V5-tagged ATF6 

mutants, D564G and Y567N were expressed in HEK-293 cells and then treated with or without 10 

mM DTT for 30 minutes to induce ER stress. The ATF6 protein was analysed with the same condition 

as the wild type. O = Oligomer, D = Dimer, M = Monomer. 

 

3. 4. The mutants ATF6 do not traffic from the ER to the Golgi 

 As we already mentioned earlier, the ATF6(D564G) and ATF6(Y567N) 

mutants are a naturally occurring mutant found in Achromatopsia disease and 

were reported as a member of the non-trafficking group of ATF6 mutants (Chiang 
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et al., 2017). Therefore, after we generated the mutant cells lines, we evaluated 

the consequence of mutated ATF6 on ER-to-Golgi trafficking. According to 

previous studies, it was shown that after trafficking from the ER to the Golgi upon 

ER stress, ATF6 is modified to an O-linked glycosylation form by 

glycosyltransferases, within the trans-Golgi compartment. The result of the O-

linked glycan modification is to generate a slower migrating full-length ATF6, also 

known as the Golgi form of ATF6 (Shen et al., 2002; Hanisch, 2001; Ye et al., 

2000). This modification specifically occurred only in the Golgi apparatus, thus it 

is a trustable indicator that we can use to examine the Golgi localisation of ATF6. 

Therefore, we verified the non-trafficking character of our mutants ATF6, 

ATF6(D564G) and ATF6(Y567N), by detecting its Golgi form. In this experiment, 

the wild type ATF6 and the mutants ATF6 stable cells lines were treated with 30 

µM S1P inhibitor for 1 hour to prevent cleavage of any Golgi localised protein 

before being treated with or without 10 mM DTT for 45 minutes to induce ER stress 

and the UPR.  After that, cells were collected and lysed, then the cells lysates 

were analysed by immunoblotting with anti-HA antibody in the reduced and non-

reduced condition (Fig. 3.3). The results show that the Golgi form of ATF6 is only 

present in the wild type ATF6 cells, while it is absent in the mutant ATF6 for both 

ATF6(D564G) and ATF6(Y567N). This evidence suggests that these ATF6 mutants 

are impaired in trafficking from the ER to the Golgi during ER stress as reported 

previously, compared with the wild type ATF6 (Chianga et al., 2017). 
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Fig. 3.3. Impaired trafficking of ATF6 from ER to Golgi in the presence of ER stress. 

Recombinant HA- and V5-tagged ATF6, wild-type, D564G mutant and Y567N mutant, were 

expressed in HEK-293 cells and then treated with 30 µM S1P inhibitor for 1 hour before challenged 

with or without 10 mM DTT for 45 minutes to induce ER-to-Golgi trafficking. Then cells were 

collected, and the cells lysates were analyzed by immunoblotting with mouse anti-HA antibody 

(1:3000) in the reduced and non-reduced condition.  

  

3. 5. The ATF6 mutants’ localisation in the presence of ER stress 

Following the trafficking of ATF6 mutants’ experiments, the location of the 
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were confirmed by immunofluorescence.  Since the results of our previous 

experiment already shown that the generated mutants of ATF6 were not 

trafficking during ER stress, this experiment was carried out to confirm this 

specific character of our ATF6 mutants. Therefore, the advantage of the non-

trafficking property of the mutants ATF6 was used as a key focus for this 

experiment. HEK-293T cells that stably expressed either wild type or mutants 

ATF6, both ATF6(D564G) and ATF6(Y567N), were treated with or without 10 mM 

DTT for 30 minutes to induce ER stress and ATF6 trafficking. Then cells were 

immunostained with anti-calnexin, anti-GM130 or anti-V5 antibody. Calnexin and 

GM130 are specific protein markers for ER and Golgi apparatus, respectively, then 

the location of the ER and the Golgi can visualised by staining cells with these 

antibodies. Meanwhile, the ATF6, both wild type and mutants, was visualised by 

using anti-V5 antibody. After staining, cells were imaged with confocal microscope 

and analysed using AxioVision4 software. Even though, after the immunostaining 

by using all of these antibodies, the cells staining will be visualised in green under 

confocal microscope, we still can indicate the location of ER, Golgi and ATF6 by 

the difference of the fluorescent pattern. Therefore, if the fluorescent pattern of 

V5 staining is similar to the pattern of calnexin staining, it means ATF6 is located 

in the ER. Meanwhile, if the fluorescent pattern of V5 staining is similar to the 

pattern of GM130 staining, it means ATF6 is located in the Golgi. The images 

generated from the immunofluorescence test (Fig. 3.4) show that without stress, 

both wild type and mutants ATF6 were localised in the ER since the pattern of the 

V5 staining which represents the ATF6 protein is similar to the pattern of calnexin 

staining which represents ER location.  

However, only the wild type ATF6 was re-localised into the Golgi in the 

presence of ER stress, while the mutants ATF6 are still retained in the ER after 

cells were treated with DTT to induce ER stress since the pattern of V5 staining of 

the wild type ATF6 is now more similar to the pattern of GM130 which represents 

the Golgi location. Meanwhile, the patterns of V5 staining of the mutants ATF6 

are still resembled with the pattern of calnexin staining which means the mutants 

ATF6 are still in the ER. This confirms that our created-mutants ATF6, both 

ATF6(D564G) and ATF6(Y567N), are poorly trafficking from ER to Golgi during ER 

stress.  
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Fig. 3.4. Impaired trafficking of mutants ATF6, D564G and Y567N, during ER stress. 

Recombinant HA- and V5-tagged ATF6, wild-type, D564G mutant, and Y567N mutant were stably 

expressed in HEK-293 cells, and then were treated either with or without 10 mM DTT for 30 minutes 

to induce ER stress and the trafficking of ATF6. The location of ATF6 was visualised by 

immunofluorescence labeling and confocal microscopy by using anti-V5 antibody. Anti-calnexin 

antibody was used to visualise ER localisation, meanwhile, the Golgi was visualised by GM130 

immunostaining. 
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3. 6. The dissociation of ATF6 from BiP in the present of ER stress is insufficient 

to drive the trafficking processes of ATF6 from the ER to the Golgi apparatus 

It is already well known that BiP is one of the important proteins in UPR 

regulation. This ER chaperone protein was reported to be a repressor of the UPR 

sensors, ATF6, PERK and IRE1, activation (Shen et al., 2005; Ma et al., 2002; Shen 

et al., 2002; Bertolotti et al., 2000). Without ER stress, BiP binds with the luminal 

domain of the UPR mediators, including ATF6, and inactivates it until the presence 

of ER stress. The dissociation of BiP upon ER stress is counted as an initiation of 

the UPR response, since only after the release of BiP, could ATF6 and other UPR 

mediators upregulate the downstream processes (Shen et al., 2002). Previous 

studies suggested that the dissociation of BiP leads to the formation of ATF6 

monomer, a form of ATF6 that could exit the ER and be cleavage in the Golgi by 

S1P and S2P (Nadanaka et al., 2007). In addition, the overexpression of BiP 

dramatically affects the activation of ATF6 by delaying ATF6 trafficking, and the 

translocation will completely abolish, if BiP is not released (Shen et al., 2002). In 

this experiment, we aimed to investigate whether the ER stress induced BiP 

dissociation is sufficient enough to allow trafficking of ATF6 from the ER to the 

Golgi, or it still requires other additional factors to fulfill the processes after the 

release of BiP. Therefore, the advantage of the non-trafficking property of the 

mutants ATF6, ATF6(D564G) and ATF6(Y567N), stable cells line was used to 

determine the dissociation of BiP and subsequent ATF6 trafficking. 

The wild type ATF6 cell line and the mutated ATF6 cell lines, both 

ATF6(D564G) and ATF6(Y567N), were treated with or without 10 mM DTT for 30 

minutes to induce ER stress and ATF6 trafficking, followed by immunoprecipitation 

using anti-BiP antibody and then immunoblotting with anti-HA antibody to detect 

ATF6 bands. It is clear that the amount of ATF6 co-immunoisolated with BiP is 

significantly decreased after the treatment with DTT in both wild type and 

mutants ATF6 cells (Fig. 3.5). The results demonstrate that BiP dissociates from 

ATF6 during ER stress, even though, ER-to-Golgi trafficking of mutated ATF6, both 

ATF6(D564G) and ATF6(Y567N), did not occur. Meanwhile, the results of 

ATF6(Y567N) mutant show that the amount of ATF6 that we obtained after 

immunoprecipitation varied. This suggests that the interaction of BiP with 

ATF6(Y567N) mutant is very weak and unstable compared with the wild type ATF6 
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and the ATF6(D564G) mutant. However, despite the unstable interaction, the 

ATF6(Y567N) mutant was still retained in the ER and could not traffic to the Golgi 

upon ER stress. This is an unexpected result, since it has been suggested for quite 

a long time that the association of BiP plays an important role in the retention of 

ATF6 in the ER and preventing trafficking (Shen and Prywes, 2005; Shen et al., 

2002).  Thus, the fact that the ATF6(D564G) and ATF6(Y567N) mutants has 

impaired trafficking despite the dissociation of BiP demonstrates that there may 

be other specific factors or co-factors which play a crucial role in the trafficking 

process of ATF6 after the dissociation of BiP, and without those unknown factors 

ATF6 will continuously remain in the ER in the presence of ER stress. 
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Fig. 3.5. The association of BiP and ATF6 with and without the presence of ER stress. 

Recombinant HA- and V5-tagged ATF6; wild-type, D564G, and Y567N, were stable expressed in 

HEK-293 cells and then the cells were treated with or without 10 mM DTT for 30 min to induce ER 

stress. The presence of BiP-ATF6 complex was analysed by immunoprecipitation with mouse anti-

BiP antibody (1: 200) followed by immunoblotting with rabbit anti-HA antibody (1: 1000) in the 

reduced and non-reduced condition. The figures here show the result of both the total cells lysate 

samples and the immunoprecipitation samples for WT and Y567N. For the D564G mutant the figure 

here only presents the result of the immunoprecipitation samples, meanwhile, the result of the 

total cells lysate sample of D564G was already presented in figure 3.2.  CL = Total cells lysate 

sample, IP = Immunoprecipitation sample, * = Nonspecific band, O = Oligomer, D = Dimer, M = 

Monomer. 

 

3. 7. The cleaved form of ATF6 produced by the Golgi proteases, S1P and S2P, 

in the presence of ER stress 

Another experiment that we performed to characterise the mutants ATF6, 

ATF6(D564G) and ATF6(Y567N), was to identify the cleavage form of ATF6 

following activation by ER stress. Generally, when ATF6 senses ER stress, it traffics 

from the ER to the Golgi by dissociating from BIP and packaging into COPII vesicle 

(Vishnu et al., 2014; Schindler and Schekman, 2009; Adachi et al., 2008; Nadanaka 

et al., 2007). In the Golgi, ATF6 is cleaved by the Golgi proteases, S1P and S2P 

respectively and generates the cleavage forms. 50 KDa cleaved form of the ATF6 

cytosolic domain with the conserved basic leucine zipper (bZIP) protein, N-

terminal, is continuously moving to the nucleus and upregulates the ER stress 

response genes by binding to ER stress-responsive cis-acting elements (Okada et 

al., 2003; Shen et al., 2002; Ye et al., 2000; Yoshida et al., 2000). Meanwhile, the 

cleaved form of the ATF6 luminal domain, C-terminal, is degraded by lysosomal 

proteolytic mechanism (Hong et al., 2004). First, we investigated the cleaved 

forms of ATF6 under the normal condition of ER stress by using DTT or thapsigargin 

(TG) as stress inducers. If ATF6 can migrate from the ER to the Golgi and become 

cleaved by S1P and S2P proteases, the cleaved form of ATF6 will be generated. 

Meanwhile, if ATF6 cannot traffic from the ER to the Golgi, the cleaved form will 

simply not be produced. For this experiment, the HEK-293 cell-line stably 

expressed the recombinant HA- and V5-tagged ATF6, the wild-type, the 

ATF6(D564G) mutant or ATF6(Y567N) mutant, were used again. Cells were treated 
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with 20 mM NH4Cl for 45 minutes to prevent the cleaved form of ATF6 from 

degradation, and then followed with 10 mM DTT for 30 minutes to induce ER stress 

(Fig. 3.6.A) or with 5 µM TG for 1 hour (Fig. 3.6.B). Then cells were lysed and 

analysed by immunoblotting with mouse anti-V5 antibody (1: 5000) to detect the 

cleaved form of the ATF6 luminal domain, a C-terminal (ATF6-C), under non-

reduced condition. The results of DTT treatment (Fig. 3.6.A) show that the wild 

type ATF6 was cleaved by S1P and S2P and generated the approximately 40 KDa 

monomer of the cleaved form of the ATF6-C, while ATF6(Y567N) mutant is clearly 

not showing the C-domain cleaved form. However, the ATF6(D564G) mutant is 

giving a band with similar size of the cleaved form, ATF6-C, with a bit faster 

mobility on the gel. It remains unclear whether the band that we obtained with 

DTT treatment is the cleaved form of ATF6 or not.  However, it might be the 

cleaved form of ATF6 since the previous study showed that the natural mutant of 

ATF6 obtained from Achromatopsia patient does not fully lose the ability to traffic 

from the ER to the Golgi during ER stress (Chiang et al., 2017). Therefore, the 

strong ER stress inducer like DTT might still drive a small amount of our 

ATF6(D564G) mutant to move to the Golgi. This requires future experiments to 

prove and clarify.  

The results of TG treatment (Fig. 3.6.B) show that in the non-reducing 

condition the wild type ATF6 was cleaved by S1P and S2P and produced the 

approximately 90 KDa dimer of the ATF6-C instead of the monomer form since TG 

induces ER stress without disrupting disulfide formation in the ER, while DTT 

induces ER stress with some disruption in the disulfides in the ER. For ATF6(Y567N) 

mutants, the result is clearly not showing the cleaved form of ATF6, either 

monomer or dimer. However, the result of ATF6(D564G) still shows the same 

unidentified band, which was seen in the DTT result previously, but no sign of the 

dimer of the ATF6-C as it found with wild type ATF6.  

In addition, there is another interesting information obtained from the 

result of TG treatment. For the wild type ATF6, after cells were treated with TG 

to induce stress, there appeared two additional bands, migrating faster and slower 

than the dimeric form of ATF6 (Fig. 3.6.B, lane 2). The slower migration band, 

which found above the ATF6 dimer band, is likely to be another disulfide-bonded 

form of ATF6 since it can be seen in the result of the stressed ATF6(Y567N) mutant 
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too. However, the faster migrated band, which is found below the ATF6 dimer 

band, is only seen with the stressed wild type ATF6. Nevertheless, there is a 

possibility that this band might be another disulfide-bonded form of ATF6 as well. 

In addition, if the bands are in fact represent the disulfide-bonded forms of ATF6, 

the forms are likely to be a mixed disulfide complex between the ATF6 and 

catalytic enzymes in PDI or PDIR families such as ERp72, ERp57 and ERp18. To 

identified this, future study is required.    

Fig. 3.6. The cleaved form of ATF6 generated by S1P and S2P proteases after ATF6 has 

migrated to the Golgi in the presence of ER stress. Recombinant HA- and V5-tagged ATF6; wild-

type, D564G, and Y567N, were stable expressed in HEK-293 cells and then the cells were treated 

with 20 mM NH4Cl for 45 minutes and followed with 10 mM DTT for 30 minutes to induce ER stress 

(A) or with 5 µM TG for 1 hour (B). Then cells were lysed and analysed by immunoblotting with 

mouse anti-V5 antibody (1: 5000) in the non-reduced condition. O = Oligomer, D = Dimer, M = 

Monomer, C = C-terminal/luminal domain.  
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domain, the N-terminal (ATF6-N), in a time-course (Fig. 3.7.A). The recombinant 

HA- and V5-tagged ATF6, wild-type, was stable expressed in HEK-293 cells and 

then the cells were treated with 100 µg/ml cycloheximide for 2 hours to inhibit 

protein synthesis so we can observe the cleaved form of ATF6 without confounding 

contributions from transcription or translation. Then, cells were treated with 5 

µg/ml Brefeldin A for 0, 30, 60, 90, or 120 minutes to merge the Golgi to the ER 

so that S1P and S2P proteases can cleave ATF6 without trafficking or ER stress 

inducing. Cell lysates were precipitated by mouse anti-ATF6 antibody and 

analysed by immunoblotting with rabbit anti-HA antibody (1: 1000) in the non-

reduced condition. The result shows that the cleaved form of the ATF6 cytosolic 

domain is produced after cells were treated with Brefeldin A for 60 minutes, so 

this specific time of Brefeldin A treatment will be used for following experiments. 

Second, we measured the cleaved form of the ATF6 luminal domain, the C-

terminal (ATF6-C) (Fig. 3.7.B). The same cell-line expressed the recombinant HA- 

and V5-tagged ATF6, wild-type, which we used in the previous experiment, were 

used in this experiment again. Cells were treated with 100 µg/ml cycloheximide 

for 2 hours and followed with 5 µg/ml Brefeldin A for 0 and 60 minutes. Then the 

treated cells were collected and lysed. The protein lysate was precipitated by 

mouse anti-V5 agarose beads and analysed by immunoblotting with rabbit anti-V5 

antibody (1: 5000) in the non-reduced condition. The data here (Fig. 3.7.B) shows 

similar pattern as seen in the result of TG treatment (Fig. 3.6.B) with the 

additional unknown bands at upper and lower position than the band of ATF6 

dimer, however in this experiment the slower migration band, which was found 

above the ATF6 dimer band, is very faint and almost not detected. The dimer of 

the cleaved form of the ATF6 luminal domain is clearly detected after 60 minutes 

of Brefeldin A treatment too. Therefore, Brefeldin A treatment resulted in the 

same cleaved forms of ATF6, for both cytosolic and luminal domains.  
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Fig. 3.7. The cleaved form of ATF6 generated by S1P and S2P proteases when the Golgi was 

merged with the ER by the inducing of Brefeldin A. (A.) The cleaved form of the ATF6 cytosolic 

domain, the N-terminal (ATF6-N). Recombinant HA- and V5-tagged ATF6, wild-type, was stable 

expressed in HEK-293 cells and then the cells were treated with 100 µg/ml cycloheximide for 2 

hours and followed with 5 µg/ml Brefeldin A for 0, 30, 60, 90, or 120 minutes. The lysed cells were 

precipitated by mouse anti-ATF6 antibody and analysed by immunoblotting with rabbit anti-HA 

antibody (1: 1000) in the non-reduced condition. (B.) The cleaved form of the ATF6 luminal 

domain, the C-terminal (ATF6-C). Recombinant HA- and V5-tagged ATF6, wild-type, was stable 

expressed in HEK-293 cells and then the cells were treated with 100 µg/ml cycloheximide for 2 

hours and followed with 5 µg/ml Brefeldin A for 0 and 60 minutes. The lysate cells were 

precipitated by mouse anti-V5 agarose beads and analyzed by immunoblotting with rabbit anti-V5 

antibody (1: 5000) in the non-reduced condition. O = Oligomer, D = Dimer, M = Monomer, N = N-

terminal/cytosolic domain, C = C-terminal/luminal domain, * = Background band. 
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V5-tagged ATF6; wild-type, D564G, and Y567N, were stable expressed in HEK-293 

cells. The cells were treated with or without? 30 µM S1P inhibitor for 60 mins, 

then treated with 5 µg/ml Brefeldin A for 0 and 60 minutes. The treated cells 

were lysed and immunoprecipitated with mouse anti-V5 agarose beads. Therefore, 

A. 
ATF6 - O 

ATF6 - M 

ATF6 - D 

ATF6 - N 

Cyclohexamide     +          +         +         +          + 

Brefeldin A           0         30        60       90       120 

WT-Nonreduced                                        

95 

72 

130 

250 

180 

55 

43 

B. 

95 

72 

130 

250 

180 

55 

43 

34 

26 

ATF6 - O 

ATF6 - M 

ATF6 - D 

ATF6 – C 

(Dimer) 

Cyclohexamide       +           + 

Brefeldin A             0           60        

WT-Nonreduced                                        

* 



60 

 

the precipitated samples were analyzed by immunoblotting with rabbit anti-V5 

antibody (1: 5000) under non-reducing conditions, as it was done in the previous 

experiment. The results showed that only the wild type ATF6 can form dimer after 

being cleaved by S1P protease when the Golgi was merged to the ER. Meanwhile, 

the ATF6(D564G) and ATF6(Y567N) mutants were cleaved, but only generated the 

monomeric form. When cells were treated with the S1P inhibitor prior to Brefeldin 

A, the cleaved bands of ATF6, both dimer and monomer, were not formed 

demonstrating that they were a result of S1P activity. To sum up, the mutants 

ATF6 still can be cleaved by S1P when the Golgi was merged to the ER by Brefeldin 

A, so the non-trafficking function of the mutants can be confirmed now, however 

the mutations appear to strongly effect the ATF6 disulfide formation which could 

be one reason preventing the mutant ATF6 from trafficking.  

Fig. 3.8. The cleaved form of the ATF6 luminal domain generated by S1P and S2P proteases 

when the Golgi was merged with the ER by treatment with Brefeldin A. Recombinant HA- and 

V5-tagged ATF6; wild-type, D564G, and Y567N, were stable expressed in HEK-293 cells and then 

the cells were treated with or without 30 µM S1P inhibitor for 60 mins, then treated with 5 µg/ml 

Brefeldin A for 0 and 60 minutes. The lysate cells were precipitated by mouse anti-V5 agarose 

beads and analyzed by immunoblotting with rabbit anti-V5 body (1: 5000) in the non-reduced 

condition. M = Monomer, C = C-terminal/luminal domain. * = Background band. 
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3. 8. Chapter Discussion 

 Several ATF6 mutants have been studied and reported upon, both naturally 

originated and laboratory-synthetically generated. Several mutants also 

reportedly carried significant effects on the normal function of ATF6, mostly 

inhibiting or suppressing the ER stress response of ATF6 (Table. 3.1). The 

malfunction or non-function of ATF6 causes several diseases such as 

Achromatopsia, stroke, myocardial infarction, diabetes, inflammatory bowel 

disease, neurodegenerative diseases (Ranjan et al., 2021; Ghemrawi and Khair, 

2020; Glembotski, Rosarda and Wiseman, 2020; Lee et al., 2020; Yang et al., 2019; 

Chianga et al., 2017). Related to the aim of our study, the phenotype of two 

specific point mutations of ATF6 luminal domain, which were found naturally 

occurring in the patients who suffer from Achromatopsia disease and have been 

reported to prevent the ATF6 migration from ER to Golgi (Chianga et al., 2017), 

were regenerated for our experiments. The first mutant is the point mutation of 

ATF6 at amino acid 564, which was changed from aspartic acid (D) to glycine (G), 

also known as ATF6(D564G). The second mutant is the mutant of amino acid 567 

from tyrosine (Y) to asparagine (N), this mutant also known as ATF6(Y567N). Using 

these specific mutants in our study, we can confirm that ATF6(D564G) and 

ATF6(Y567N) mutants can suppress the trafficking of ATF6 in the presence of ER 

stress (Fig. 3.3 and 3.4), as it was reported (Chianga et al., 2017). Moreover, 

despite the mutation point of ATF6(D564G) and ATF6(Y567N) mutant are located 

only a few amino acids apart, our study found that the expression of these two 

mutants is significantly different, since the ATF6(Y567N) only appeared as a 

monomer without the disulfide-bonded dimer or oligomer formation. Meanwhile, 

the ATF6(D564G) shown all of redox forms, monomer, dimer and oligomer, 

however in the non-stressed condition the dimer form of ATF6(D564G) is 

significantly increasing compared to the wild type ATF6 (Fig. 3.2). These 

mutations are obviously disrupted in their formation of the disulfide bond on the 

luminal domain of ATF6. It still remains unclear how these point mutations affect 

disulfide formation, however it might have disrupted the conformation of ATF6 

protein and made ATF6 to become misfolded. Hence, the misfolded ATF6 is losing 

the ER stress response function as a result. This might be one of the reasons that 

we still found the interaction between BiP and the mutants ATF6, since a common 
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function of BiP is binding with the misfolded proteins which appear in the ER 

lumen.  

BiP is well known as an initiation of UPR process, the releasing of BiP upon 

ER stress will lead to the downstream responses of the UPR mediators like ATF6. 

The mechanism of BiP dissociation from ATF6 remains unclear, however, some 

studies suggested that the presence of the unfolded/misfolded protein upon ER 

stress or the presence of ATP alone, are insufficient to drive the departer of BiP 

from ATF6 (Schindler and Schekman, 2009; Shen et al., 2005). In addition, BiP can 

be modified to a disulfide form or sulfenylated by some ER oxidoreductase such 

as PDIR. This thiol modification of BiP had reported to strongly affect the stability 

of BiP-ATF6 complex (Wang and Sevier, 2016; Higa et al., 2014; Wei et al., 2012). 

However, according to the recent report of Oka in 2019, they found that upon the 

released of BiP, ATF6 still remains in the ER by binding to a member of the PDI 

family like ERp18. Since ERp18 is also an ER oxidoreductase and has function as a 

disulfide exchange (Jeong et al., 2008), therefore, ERp18 is likely to form mixed 

disulfides with ATF6 and change the disulfide formation within the luminal domain 

of ATF6 to the appropriated form which could be packed into COP II vesicle and 

moved to the Golgi (Oka et al., 2019). Thereby, the presence of ERp18 here might 

play an important role in the retention of the ATF6 mutants in the ER after the 

releasing of BiP during stress, since our study clearly shows the dissociation of BiP 

from the ATF6 mutants, however, the mutants still remained non-trafficking (Fig. 

3.5). This result underlines that the departure of BIP is not sufficient enough to 

drive the trafficking process of ATF6 or the downstream response of ATF6 branch 

upon ER stress because we did not detect the Golgi form of the ATF6 mutants or 

the cleaved forms that would have been generated by S1P and S2P proteases in 

the Golgi apparatus (Fig. 3.3 and 3.6). Accordingly, additional factors like ERp18 

are required after the releasing of BiP, so the ATF6 could be packaged into COP II 

vesicle. Moreover, the different conformation of ATF6 mutants from the wild type 

might also affect the interaction between the mutants and other proteins such as 

ERp18, hence the mutants cannot be modified and exit the ER in the presence of 

ER stress. 

The reduced monomer of ATF6 is reported as a required form to exit the 

ER and to move to the Golgi during the UPR, and also the most preferable form 
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for the S1P cleavage (Sato et al., 2011; Nadanaka et al., 2007). In the absence of 

ER stress, the wild type ATF6 is found as monomer, dimer, and oligomer by forming 

intra- and/or inter-molecular disulfide bonds, between the two cysteine residues 

in the luminal domain. All of these redox forms of ATF6 are retained in the ER 

lumen by binding with BiP. Meanwhile, in the presence of ER stress, after the 

releasing of BiP, it was assumed that the different forms of ATF6 will be reduced 

to monomers by the ER oxidoreductase enzymes before trafficking to the Golgi to 

continue the UPR process (Oka et al., 2019; Nadanaka et al., 2007; Shen et al., 

2002). However, in contrast to the previous knowledge, the results of our study 

suggested that the monomeric form of ATF6 is not the most preferable form for 

S1P and S2P cleavage, since we detected the dimeric form of the wild type ATF6 

luminal domain as a result of S1P and S2P cleavage rather than seeing the 

monomeric form when we treated cells with TG to induce stress or merged the 

Golgi to the ER by Brefeldin A (Fig. 3.6.B and 3.7). Meanwhile, the non-trafficking 

mutants ATF6 only generated the monomeric form after the cleavage by S1P and 

S2P, when we merged the Golgi to the ER, despite that fact that the ATF6(D564G) 

mutant can form the dimer and oligomer like the wild type ATF6 (Fig. 3.8). We do 

not know why the ATF6(D564G) mutant only generated the monomeric ATF6 

luminal domain after the cleavage by S1P and S2P.  Nevertheless, it is clear that 

the S1P could recognize and cleave both dimeric and monomeric forms of ATF6. 

In addition, according to this result, the monomer is also not likely to be the form 

of ATF6 that could exit the ER during the time of the UPR as previously thought 

(Nadanaka et al., 2007). Our results suggested that the dimeric form of the wild 

type ATF6 is more likely to be the form that exits the ER during stress activation 

rather than the monomer, since the wild type ATF6 only produced the dimeric 

form of the luminal domain after S1P and S2P cleavage when cells were treated 

with TG (Fig. 3.6.B).  

It is already reported for quite long time that the luminal domain of ATF6 

has two conserved cysteine residues at amino acid 467 and 618 involved in 

disulfide formation. However, only recent studies demonstrated that the 

oligomeric and the dimeric form of ATF6 are in fact both dimers with the 

differentiated by electrophoretic mobility. The band that we previously 

considered as oligomeric form of ATF6, is in fact a dimer stabilised by an 

interchain disulfide between C467 residues, meanwhile, the dimer is stabilized by 
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a C618 interchain disulfide (Koba et al., 2020; Oka et al., 2019; Nadanaka et al., 

2007). Moreover, the dimer (C618-dimer) of ATF6 is a minor form compared to the 

oligomer (C467-dimer) (Koba et al., 2020; Oka et al., 2019). According to this 

information, the unknown bands that appeared upper and lower the dimeric 

(C618-dimer) band of wild type ATF6 when cells were induced ER stress by TG 

(Fig. 3.6.B), could be the result of a mixed disulfide formed between C618 and 

C467 residues of ATF6 or between the ATF6 molecule and the disulfide exchange 

protein(s).  

According to the information from other studies and from our investigation, 

BiP releases prior to redox modification of ATF6, with the luminal domain of ATF6 

forming a dimer catalysed by ER oxidoreductase enzymes in the PDI family. This 

change seems to be a critical stage of the ATF6 stress response and trafficking. 

The disruption of this process by the mutation of ATF6 may be one of the causes 

of the defective trafficking of these ATF6 mutants. 
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CHAPTER IV: RESULTS SECTION 2 - The identification of proteins in complex 

with ATF6  

4. 1. Isolation of ATF6 protein complex  

The trafficking of ATF6 following ER stress from the ER to the Golgi is a 

complex process that potentially requires a number of additional factors, for 

instance, ATP, COPII cargo receptor, protein disulfide isomerases (PDI), and 

thrombospondin (Thbs).  ATP has been identified to be required for protein 

quality-control by BiP, therefore a lack of ATP inhibits the dissociation of BiP from 

ATF6 under stress conditions (Vishnu et al., 2014; Mirazimi and Svensson, 2000; 

Dorner and Kaufman, 1994; Braakman, Helenius, and Helenius, 1992).  However, 

our studies in the previous chapter suggested that the dissociation of BiP-ATF6 

complex does not mean that ATF6 will translocate to the Golgi or undergo 

proteolysis.  These results are supported by previous studies (Nadanaka et al., 

2004; Antonny and Schekman, 2001).  Moreover, to package into COP II vesicle, 

the rearrangement of ATF6 disulfide bonds is likely to be an important 

requirement and maybe facilitated by proteins in PDI family such as the protein 

disulfide isomerase A5 (PDIA5 or PDIR) and ERp18 (Oka et al.,2019; Higa et al., 

2014; Schindler and Schekman, 2009; Nadanaka et al., 2007; Nadanaka et al., 

2004). Specifically, proteins in the PDI family participate in inter- and intra-

molecular disulfide bonds rearrangement to activate ATF6 in the UPR.  In addition, 

the vesicle packaging of ATF6 is also reported to involve proteins in the 

thrombospondin (Thbs) group, the common one being Thbs4 which binds to the 

luminal domain of ATF6 and promotes vesicle formation, and the migration of 

ATF6 to the Golgi (Brodya et al., 2016; Lynch et al., 2012).  Despite the 

identification of some components, the mechanisms underlying these processes 

remain elusive, and it is likely that additional proteins participate in this process. 

Therefore, our next series of experiments were aimed at identifying the protein 

complex of ATF6 in the resting condition and during stress. Here we use our non-

trafficking mutants of ATF6, D564G and Y567N.  The result of this study should 

provide a clearer idea of the identity of proteins which participate in ATF6 

retention and trafficking.  The promising proteins found in this analysis will also 

form the basis for future experiments to verify their interaction with core proteins 

namely ATF6 and BiP. 
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First, to study the ATF6 protein complex we carried out sucrose gradient 

centrifugation of cell lysates to separate the complexes with different molecular 

weights, containing different proteins. Analysing the protein complexes could help 

us determine the composition of ATF6 protein complexes in different cell types 

and conditions and indicate possible changes to protein components in the ATF6 

complex, despite this, surprisingly there was no report based on the sucrose 

gradient separation up until now. According to the knowledge of the interaction 

and dissociation of ATF6 with different proteins before and after the presence of 

ER stress, we expected that there might be some specific pattern of ATF6 proteins 

complexes, when cells expressed wild type or mutants ATF6, are treated with and 

without ER stress inducer such as DTT. Therefore, we can use the complex 

distribution from this experiment as a reference for other experiments to identify 

specific proteins which are interacting with ATF6. Thus, the recombinant HA- and 

V5-tagged wild-type ATF6 and ATF6(D564G) plasmid were expressed in HEK-293 

cells and then the cells were treated with 10 mM DTT for 30 minutes to induce ER 

stress. The treated cells were lysed, and total cell lysates were separated by 

sucrose gradient centrifugation with sucrose density from 5% to 45%. After 

centrifugation, the protein fractions were collected and precipitated with 

acetone. Thereafter, protein was analyzed by immunoblotting with mouse anti-V5 

and mouse anti-BiP antibody (Fig. 4.1) or with mouse anti-HA antibody under 

reducing conditions (data not shown). Results show that there was a lot of 

variation between each experiment, so it was hard to define a common pattern 

with an acceptable accuracy. The results that are shown here are only one 

example from several experiments we have done. Hence, sucrose gradient 

centrifugation with a lot of different separated fractions might not be an ideal 

method to identify the complex of ATF6, but the results still show a distinctive 

difference between wild type and mutant ATF6(D564G). Accordingly, in figure 4.1. 

for the wild type, the density of ATF6 band was significantly decreased after 

fraction 8 and then reappeared in fraction 13. Meanwhile, in the mutant cells the 

density of ATF6 band was significantly decreased only after fraction 12. In 

addition, BiP band also appeared differently between wild type and mutant. For 

the wild type, BiP quickly disappeared after fraction 6, when the band in mutant 

cells was shown until fraction 12-13. Therefor it is clearly suggested that the wild 

type ATF6 and the mutant ATF6 are formed the protein complex differently and 

this could be affected an ability of trafficking and non-trafficking of the wild type 
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and mutant ATF6. However, when compared the stress induced to the noninduced, 

it shown only a little shifting of the protein bands, specifically in the wild type 

cells. 

Hence, we can conclude that the wild type and the mutant ATF6 are likely 

to form a complex with distinct proteins and for the wild type there are also slight 

shifts of the protein members in the complex when cells are exposed to stress. 

The shifting of the protein members in the complex was also seen between the 

cells at steady state and the cells exposed with stress. Therefore, the dissociation 

and/or the association of specific proteins in the ATF6 complex are important for 

the downstream response of ATF6 towards stress. Moreover, for the wild type 

ATF6, there seems to be two complexes centered on fractions 7 and 13. 

Meanwhile, the mutant has a broader separation centered around fraction 8.  In 

addition, BiP seems to be associated with the mutant ATF6 complex throughout 

the gradient but prominently with more dense fractions than the wild type ATF6 

complex.  
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Fig. 4.1. The isolated protein complex of ATF6 in the presence of ER stress. Recombinant HA- 

and V5-tagged wild-type ATF6 (A.) and ATF6(D564G) (B.) were expressed in HEK-293 cells and then 

treated with 10 mM DTT for 30 minutes to induce ER stress. The treated cells were lysed, and total 

cell lysates were separated by sucrose gradient centrifugation protocol with sucrose density from 

5% to 45%. After centrifugation, the protein fractions were collected and precipitated with 

acetone. Thereafter, protein complexes were analyzed by immunoblotting with mouse anti-V5 

(1:5000) and mouse anti-BiP (1:250) under reducing conditions. 

 

4. 2. Identifying-protein partners which associate with ATF6 during ER stress 

The sucrose gradient method in the previous experiment might be not a 

suitable method to separate the protein complex of ATF6, however it still gives us 

a broad range idea about the possibility of the complex formation of ATF6 with 

the other proteins before and after stress. Now we known that ATF6 is likely to 

form a complex differently with and without stress, and also forming it differently 

between the wild type and the mutant ATF6. The different complex formation of 

the mutant ATF6 from the wild type might be the result of the unusual 

conformation of the mutant which we already saw from the experiments in the 

previous chapter. Here we continued to investigate the complex of ATF6 by using 

the more sensitive method for proteins detection and identification, a mass 

spectrometry analysis. For these experiments un-transfected HEK-239 cells, as 

well as stable cell-lines expressing the non-trafficking mutants ATF6, ATF6(D564G) 

and ATF6(Y567N), were used to identify the partner proteins of ATF6 in non-

stressed and stressed conditions. Cells were treated with or without thapsigargin 

for 1 hour to induce ER stress before performing crosslinking with 

Dithiobis(succinimidyl propionate) (DSP), an amine-specific thiol-cleavable 

crosslinking reagent, to ensure that even weak interacting proteins were captured 

together with the ATF6. Subsequently, the ATF6 complexes were immunoisolated 

with anti-V5 agarose beads from the whole cell lysate. We used anti-V5 agarose 

beads in this step, so we capture only the exogenous ATF6 with the V5 tag on the 

C-terminus and not the endogenous ATF6.  The interacting proteins were eluted 

from the beads by using the reducing reagent DTT that cleaves the crosslinker. 

Finally, the eluted proteins were sent for analysis by mass spectrometry. Raw data 

file of mass spectrometry analysis shown list of proteins contained in a sample 

along with other information such as number of sequences of each protein in a 
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sample, data base used to analyse protein sequences, and emPAI (Table. 4.1.A). 

The experiment was carried out three times and the proteins consistently 

observed. Only the proteins were present in ATF6(D564G) and ATF6(Y567N) 

samples, and not in the control samples from untransfected HEK293 cells, will be 

listed. 

Proteins, that were identified specifically interacting with the mutants 

ATF6 after comparison with the untransfected HEK-239 cells, are listed along with 

emPAI and the % coverage (Table. 4.1.C). The data shows that there are several 

proteins which have a potential to control ATF6 trafficking, most of them are ER 

proteins with a role in protein folding and modification processes, such as BiP, 

Grp94, the protein disulfide isomerases in the PDI family, glycoprotein quality 

control proteins, and calcium binding proteins in the CREC family (Oka et al., 2018; 

Higa et al., 2014; Honore, 2009; Jeong et al., 2008). When we compared the data 

that we obtained (Table. 4.1.C) to the data of the wild type ATF6 obtained from 

a previous study of my colleague in our laboratory (Table. 4.1.B) (Oka et al., 2018), 

14-3-3 protein epsilon (14-3-3E), TRK-fused gene protein (protein TFG), Neudesin 

and the DnaJ homolog subfamily B member 11 (DNAJB11 or ERdj3) were chosen as 

the identified proteins with the most potential role as ATF6 trafficking control 

factors (Hanafusa, Wada, and Hosokawa, 2019; Romine and Wiseman, 2019; 

Pennington et al., 2018; Kanadome et al., 2017; Genereux et al., 2015; Johnson 

et al., 2015; Beetz et al., 2013). Therefore, these proteins were analysed further 

to confirm their interaction with ATF6 and to determine their role in ATF6 

trafficking. 

A. 
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 ATF6(WT) 

ATF6(WT) 

+Thapsigargin 

Protein %coverage emPAI %coverage emPAI 

BiP 41 2.94 42 4.12 

Grp94 29 0.98 26 0.58 

Calreticulin 17 0.1 0 0 

Erp72 39 2.01 37 0.79 

P5 34 1.04 36 1.26 

Grp170 3 0.04 0 0 

Erp57 31 1.19 26 0.69 

Cyclophilin B 30 0.86 32 0.86 

Reticulocalbin-1 10 0.13 0 0 

Reticulocalbin-2 5 0.14 0 0 

Erp29 20 0.38 11 0.38 

Calumenin 10 0.14 6 0.14 

Glucosidase 2 

subunit beta 
7 0.08 6 0 

PDI 14 0.18 26 0.18 

VCP 3 0.05 10 0.11 

Erp18 0 0 13 0.28 

Ero1 6 0.11 6 0.11 

Urotensin-2 

isoform b 
6 0.38 6 0.38 

Peroxiredoxin-4 9 0.17 16 0.17 

 

 

 ATF6(D564G) 

ATF6(D564G) 

+Thapsigargin 

ATF6(Y567N) 

ATF6(Y567N) 

+Thapsigargin 

Protein %coverage emPAI %coverage emPAI %coverage emPAI %coverage emPAI 

BiP 44 3.57 28 1.87 47 4.97 33 2.32 

Grp96 30 2.21 23 1.46 16 0.79 7 0.31 

Calreticulin 39 1.69 2 0.1 24 1.21 0 0 

Erp72 49 4.49 20 1.05 31 1.86 7 0.39 

P5 30 1.41 16 0.64 35 2.97 23 1.2 

Peroxiredoxin-1 0 0 36 4.5 31 5.78 34 5.78 

Erp57 28 1.98 0 0 13 1.32 0 0 

Cyclophilin B 22 2.3 25 1.7 41 5.02 25 1.73 

14-3-3E 41 3.32 11 0.63 47 4.99 8 0.39 

B. 

C. 
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Protein canopy 

homolog 2 
31 1.5 5 0.26 5 0.26 0 0 

Erp29 12 0.63 4 0.18 12 0.64 0 0 

ERdj3 11 0.42 5 0.26 18 0.8 7 0.43 

Glucosidase 2 

subunit beta 
9 0.49 5 0.27 9 0.5 1 0.08 

PDI 9 0.52 8 0.4 0 0 5 0.28 

Calnexin 8 0.42 0 0 7 0.33 0 0 

Erp18 7 0.28 0 0 8 0.28 0 0 

Ero1 6 0.24 4 0.24 8 0.3 0 0 

Protein TFG 0 0 4 0.24 14 0.39 4 0.12 

Neudesin 0 0 5 0.28 0 0 5 0.28 

PDIR 9 0.52 8 0.4 32 1.53 33 2.32 

Peroxiredoxin-4 14 1.16 0 0 7 0.37 0 0 

ARMET 3 0.97 0 0 4 0.98 0 0 

Grp170 2 0.09 0 0 3 0.16 0 0 

Table. 4.1. The crosslinked proteins which interacted with ATF6 during thapsigargin-induced 

ER stress. The table demonstrates percent coverage and emPAI values of the proteins from Mass 

Spectrometry analysis. ATF6(WT) + Thapsigargin, ATF6(D564G) + Thapsigargin and ATF6(Y567N) + 

Thapsigargin indicate that cells were treated with 5 µM Thapsigargin for 1 hour before crosslinking. 

(A.) An Excel table, example of raw data of mass spectrometry analysis with list of proteins 

contained in the sample. (B.) Data obtained by my colleague Dr. Ojore Oka (Oka et al., 2019). (C.) 

Data obtained by myself.  

 

4. 3. The interaction of specific proteins in the ATF6 protein complex  

Based on the information that we obtained from the mass spectrometry 

analysis, we were able to establish a list of proteins which were identified as 

members of an ATF6 protein complex that maybe involved with the regulation of 

ATF6 trafficking and/or retention. The list of the proteins which we investigated 

further included 14-3-3E, protein TFG, Neudesin, and ERdj3. These protein 

candidates were chosen because ERdj3 and protein TFG are already shown some 

recognition role involved with the ER stress response, meanwhile, 14-3-3E and 

Neudesin were a high possibility candidate with a broad range of unidentified roles 

in cells (Hanafusa, Wada, and Hosokawa, 2019; Romine and Wiseman, 2019; 

Pennington et al., 2018; Kanadome et al., 2017; Genereux et al., 2015; Johnson 

et al., 2015; Beetz et al., 2013). For this experiment, the wild type ATF6 and the 

non-trafficking mutants ATF6; ATF6(D564G) and ATF6(Y567N), which were stably 
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expressed in HEK-239 cells, were used to examine the interaction of the interested 

proteins with ATF6 during ER stress. Cells were treated with or without 5 µM TG 

for 1 hour to induce ER stress before performing the crosslinking with DSP to 

ensure that even the weak interacting proteins were captured. The whole cells 

lysate was pre-cleared with 10% protein-A sepharose (PAS) beads and the ATF6 

complexes were immunoisolated from the whole cell lysate by using mouse anti-

V5 conjugated agarose beads. Subsequently, a lysis buffer containing 0.1% SDS was 

used in the washing step, then the interacting proteins were eluted by using the 

reducing reagent DTT. The eluted proteins were analysed by western blot with 

anti-14-3-3E, anti-ERdj3, anti-neudesin, or anti- protein TFG antibody. 

Unfortunately, the first attempt at our investigation showed no promising results. 

For 14-3-3E and ERdj3, we obtained positive results, but 14-3-3E antibody has very 

high background, meanwhile ERdj3 band was very faint to almost not be able to 

recognize. Thus, it is hard to conclusively interpret this initial experiment.  

Simultaneously, the results of neudesin and TFG did not indicate their presence 

in complex with ATF6 (Fig. 4.2.A).  

To make sure the results we obtained here are not due to the approach 

taken, the same membrane that we were used to blot with anti-14-3-3E, anti-TFG, 

anti-neudesin, or anti-ERdj3 were re-blotted with anti-BiP. In addition, P5 protein 

also was used as another positive control besides BiP since both P5 and BiP are 

already confirmed as members of ATF6 protein complex and was detected 

previously following crosslinking and immunoprecipitation (Oka et al., 2018). The 

results of this re-blotting experiment show the presence of both BiP and P5 in the 

immunoisolated ATF6 complex (Fig. 4.2.B). Hence, we are assured that the 

approach is working, and we can have confidence that our immunoisolated ATF6 

should contain the proteins identified by mass spectrometry. Therefore, the next 

step is to confirm the non-detection of our interested proteins.    

Next, we repeated the crosslinking and immunoprecipitation experiment 

with some changes in our method, and focused on only one protein, ERdj3, at this 

time. ERdj3 was selected as a main focus here instead of the other three proteins, 

since it was reported to be involved with the UPR regulation by playing a role as 

a BiP co-factor. Recent studies suggested that ERdj3 assisted and helped BiP to 

interact with unfolded proteins after BiP dissociates from the UPR reporters such 
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as ATF6 (Hanafusa, Wada, and Hosokawa, 2019; Romine and Wiseman, 2019; 

Genereux et al., 2015; Shen and Hendershot, 2005). In this experiment, first, wild 

type ATF6 cells were treated with TG and we performed crosslinking with DSP as 

the original method, then the treated cells were lysed. Thereafter the cell lysate 

was not precleared before immunoprecipitation and the immunoprecipitated ATF6 

protein complex was washed with immunoprecipitation buffer in the absence of 

0.1% SDS before elution with DTT. This time we demonstrated the presence of 

ERdj3 in the immunoisolated ATF6 (Fig. 4.1.C). These results indicate that the 

number of interacting proteins is low and can only be verified by western blotting 

when a less stringent approach is taken.   
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IP: mouse anti-V5 conjugated agarose beads 

Blot: mouse anti-14-3-3E 

IP: rabbit anti-V5 with protein A Sepharose beads 

Blot: mouse anti-ERdj3 

IP: rabbit anti-V5 with protein A Sepharose beads 

Blot: mouse anti-Neudesin 

IP: rabbit anti-V5 with protein A Sepharose beads 

Blot: mouse anti-TFG 

A. 
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Fig. 4.2. The association of 14-3-3E, ERdj3, Neudesin, and TFG with ATF6 during the presence 

of ER stress. Recombinant HA- and V5-tagged wild-type ATF6, ATF6(D564G), and ATF6(Y567N) 

were stably expressed in HEK-293 cells, and then were treated either with or without 5 µM 

thapsigargin for 1 hour before crosslinking. After that, the whole cell lysates were 

immunoprecipitated by using standard protocol with pre-clear step and using lysis buffer with 0.1% 

SDS in the washing step (A.) and (B.), or immunoprecipitated by using modified protocol without 

pre-clear step and using IP buffer instead of  lysis buffer with 0.1% SDS in the washing step (C.), 

followed by immunoblotting with mouse anti-14-3-3E (1:1000), mouse anti-ERdj3 (1:250), mouse 

anti-Neudesin (1:1000), mouse anti-TFG (1:1000), mouse anti-BiP (1:250), or rabbit anti-P5 (1:500) 

antibodies in the reduced condition. CL = Total cells lysate sample, IP = Immunoprecipitation 

sample. 

 

4. 4. The interaction of ERdj3 with ATF6 

Following the previous experiment, we decided to focus on ERdj3 rather 

than all four proteins at the same time. Several proteins in the ERdj family were 

reported as BiP co-factors which stimulate the interaction of BiP and the unfolded 

proteins, and some of ERdjs even binding directly to the unfolded protein clients 

(Pobre, Poet, and Hendershot, 2018). However, only Erdj3 is found in the results 

of our mass spectrometry analysis. Therefore, the protein has a high potential for 

a role in regulating the ATF6 trafficking process as well. In this experiment, the 

HA and V5 conjugated wild type ATF6 and the non-trafficking mutants ATF6; 

ATF6(D564G) and ATF6(Y567N), which were stably expressed in HEK-239 cells were 

used to investigate the interaction of ERdj3 with ATF6 during ER stress. Cells were 

treated with or without 5 µM TG for 1 hour to induce ER stress before performing 

the crosslinking with DSP to ensure that even the weak interacting proteins in the 

ATF6 complex were captured. The ATF6-proteins complex was immunoisolated 

from whole cell lysate by using the new modified protocol, which we were adapted 

in the previous experiment, with mouse anti-V5 conjugated agarose beads. Then 

the interacting proteins were eluted using reducing reagent DTT and were 

analysed by western blot in reduced conditions with mouse anti-ERdj3 antibody. 

However, the result with the wild type ATF6 cell-line has a high background and 

a lot of non-specific bands even though one of the proteins is convincing to be 

ERdj3 (Fig. 4.2.C). Therefore, we decided to modify this method again to reduce 

the background and non-specific bands. To prevent the high background that 

appeared when using antibodies raised in the same species for immunoisolation 
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and western blotting, we used a rabbit anti-V5 antibody with 10% PAS beads 

instead of anti-V5 conjugated agarose beads for immunoisolation and used mouse 

anti-ERdj3 antibody for western blotting. The resulting blot had less background 

and provided clearer evidence for an interaction between ATF6 and ERdj3 before 

and after thapsigargin treatment (Fig. 4.3). Thus, the rabbit anti-V5 antibody was 

used for immunoprecipitation in ERdj3 cross-linking method subsequently. 

Fig. 4.3. The association of ERdj3 with ATF6 during the presence of ER stress. Recombinant 

HA- and V5-tagged wild-type ATF6 were stable expressed in HEK293 cells, and then were treated 

either with or without 5 µM thapsigargin for 1 hour before crosslinking. After that, the whole cell 

lysates were immunoprecipitated by using the modified protocol with rabbit anti-V5 antibody with 

10% PAS beads, followed by immunoblotting with mouse anti-ERdj3 antibody (1:250) in the reduced 

condition. CL = Total cells lysate sample, IP = Immunoprecipitation sample. 

 

Given the less stringent conditions for the verification experiments, it was 

important to determine whether the presence of ERdj3 in the immunoisolates was 

due to specific or non-specific binding.  As a negative control we carried out an 

immunoisolation with an antibody to actin.  If the presence of ERdj3 was due to 

binding to the beads, we would expect to find ERdj3 in the negative control.  For 

this experiment, the HA- and V5-conjugated wild type ATF6 and the non-

trafficking mutants ATF6; ATF6(D564G) and ATF6(Y567N), which were stably 

expressed in HEK-239 cells were treated to induce ER stress before performing the 

ATF6 - WT 

(Reduced)                                        

    5 µM TG                    -                            + 

   CL            IP           CL           IP        

ERdj3 
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crosslinking with DSP. Then, the treated cells were lysed and immunoisolated by 

using the rabbit anti-V5 or anti actin antibody. The interacting proteins were 

eluted by using the reducing reagent DTT and were analysed by western blot in 

reduced condition with mouse anti-ERdj3 antibody. The results showed that ATF6-

ERdj3 complex was isolated only when anti-V5 antibody was used to precipitate 

the complex, while the negative control did not co-purify ERdj3 (Fig. 4.4.A). Thus, 

we can conclude that the cross-linking and immunoprecipitation method allows 

the specific identification of proteins interacting with ATF6. The results also 

demonstrated that ERdj3 interacted with ATF6 in the resting state and partially 

dissociates during ER stress in both wild type and mutant cells-lines since the 

intensity of ERdj3 decreased after cells were treated with the ER stress inducer 

in every cell type (Fig. 4.4.A, B, and C).  In conclusion, it shows that ERdj3 

interacts with ATF6 and may play some specific role in ATF6 retention in the ER 

during the absence of ER stress. In addition, ERdj3 dissociation might not 

necessarily lead to ATF6 trafficking since ERdj3 dissociated from the mutant ATF6 

in the present of ER stress, but the mutants are not transported from the ER to 

the Golgi unlike the wild type ATF6 which traffics after ERdj3 dissociated. 

However, we have to confirm this hypothesis with other experiments. 
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Fig. 4.4. The association of ERdj3 with ATF6 during the presence of ER stress. Recombinant 

HA- and V5-tagged wild-type ATF6, ATF6(D564G), and ATF6(Y567N) were stable expressed in 

HEK293 cells, and then were treated either with or without 5 µM TG for 1 hour before crosslinking. 

After that, the whole cell lysates were immunoprecipitated by using the modified protocol with 

rabbit anti-V5 antibody, followed by immunoblotting with mouse anti-ERdj3 antibody (1:250) in 

the reduced condition. (A.) the result of wild type ATF6 cells-line. (B.) the result of ATF6(D564G) 

cells-line. (C.) the result of ATF6(Y567N) cells-line. CL = Total cells lysate sample, IP = 

Immunoprecipitation sample. 
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4. 5. The expression of ERdj3 in ATF6-KO cells 

 According to the previous experiment we can verify the interaction of ERdj3 

with ATF6, thus in this experiment the role of ERdj3 will be examined deeper. As 

it was mentioned before there is a report stating about the role of ERdj3 in 

regulating BiP activity in the presence of ER stress, mainly being a co-factor of BiP 

in protein folding process after the dissociation of BiP from the UPR mediators like 

ATF6, PERK, and IRE1 (Hanafusa, Wada, and Hosokawa, 2019; Romine and 

Wiseman, 2019; Genereux et al., 2015; Shen and Hendershot, 2005). However, 

there is no report on the role of ERdj3 in the function of ATF6 in response to ER 

stress conditions. Therefore, a knockout-ATF6 cell line will be used to investigate 

the role of ERdj3 in regulating ATF6.  First, the HT-1080 cell-line expressing 

endogenous ATF6 (ATF6-WT) or the knockout ATF6 (ATF6-KO) cell line were 

treated with or without 1 µM thapsigargin for 24 hours in serum free media, then 

the culture media were collected, and the proteins were precipitated from the 

media by using Trichloroacetic acid (TCA) precipitation. Meanwhile, the treated 

cells were lysed by using the normal lysis conditions.  After that, both proteins 

from the culture media and the cells lysate were examined by western blotting 

with mouse anti-ERdj3 antibody under reducing condition. The results indicated 

that after both cell types, WT and KO, were treated with ER stress inducer for 24 

hours, ERdj3 was secreted from the cells into the culture media (Fig. 4.5.A).  

However, the level of ERdj3 in the cell extract only increased in the ATF6-WT cells 

after they were induced by ER stress, meanwhile the expression of ERdj3 in ATF6-

KO cells remained unchanged (Fig. 4.5.B).  To summarise, the expression of ERdj3 

is firmly correlated with ATF6, first ATF6 is likely to be the only UPR sensor that 

can directly upregulate ERdj3 during ER stress since depleting ATF6 could 

attenuate the induction of expression of ERdj3 following stress.  Second, ERdj3 

was still released from cells in the presence of ER stress despite the lack of ATF6 

expression, so ERdj3 and ATF6 are associated, but this interaction is not related 

to the retention of ATF6 or ERdj3 in the ER.  Recent studies have not elucidated 

the mechanism of ERdj3 retention, despite the lack of an ER retrieval signal 

(Pobre, Poet, and Hendershot, 2019).  The data of our experiments indicate that 

the secretion of ERdj3 is not constitutive because even in the ATF6-KO cells, ERdj3 

is located in the ER until the presence of ER stress without any release to the 

extracellular space.  Moreover, the ERdj3 secreted during ER stress may be by 
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binding to misfolded protein and being co-secreted with it, rather than being 

overexpressed as was suggested previously, since the secretion of ERdj3 is 

increasing when the misfolded protein is increasing during ER stress, while the 

actual level of ERdj3 expression in the cells is stable.   

Fig. 4.5. The association of ERdj3 with ATF6 during the presence of ER stress. HT1080 cell-line 

with the knock-out (KO) ATF6 or the wild type (WT) ATF6 were treated either with or without 1 

µM thapsigargin for 24 hours in the serum free media, then the culture media was collected, and 

the contained proteins were precipitated from the media (A.), meanwhile, the treated cells were 

lysed (B.). After that, both proteins from the culture media and the cells lysate were examined by 

immunoblotting with mouse anti-ERdj3 antibody (1:250) in the reduced condition. 

 

4. 6. The expression of BiP and PERK in the ERdj3-KO cells 

 Next, we studied the role of ERdj3 in the ER stress response. As it was 

mentioned before, our understanding of the role of ERdj3 in the ER stress response 

is limited and researchers still debate whether ERdj3 is serving as a pro-folding or 

pro-degradation factor in the ER. However, recent studies have shown that ERdj3 

binds to misfolded protein transferring it to the ER chaperone, BiP, during ER 

stress (Jin et al., 2008; Shen, and Hendershot, 2005). Moreover, ERdj3 is likely to 

be regulated by ATF6 (Genereux et al., 2015), rather than being a regulator of 

ATF6 trafficking as we found in the previous experiments. Therefore, the 

association of BiP and PERK with ERdj3 will be investigated here to observe the 
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role of ERdj3 in the UPR by using the ERdj3 wild type (ERdj3-WT) and knockout 

(ERdj3-KO) cell-lines. First, the correlation between ERdj3 and PERK activation 

will be evaluated, in this experiment the CHO cells expressing endogenous ERdj3 

were treated with 1 µM TG for 0, 3, 6, 9, 12, and 24 hours before lysis. Then, the 

whole cell lysates were analysed by immunoblotting with rabbit anti-PERK 

antibody. The result shows that in the wild type ERdj3 cell-line, PERK was 

activated to phosphorylated PERK (P-PERK) after 3 h treatment with ER stress 

inducer and the P-PERK form decreases after 24 h of treatment (Fig. 4.6.A). 

Hence, we used the 3 hours of TG treatment to induce ER stress and activate PERK 

for subsequent experiments. In the following experiment, ERdj3-WT or ERdj3-KO 

CHO cells were treated with 1 µM TG for 0 or 3 hours before lysis (Fig. 4.6.B). 

Then, the whole cell lysates were analysed by immunoblotting with rabbit anti-

PERK antibody as described before. The results show no difference between the 

wild type and the knockout ERdj3, both expressed the P-PERK after ER stress was 

induced by TG treatment for 3 hours. These results suggest that ERdj3 is not 

required for PERK activation. Even though ERdj3 is required to assist BiP in the 

proteins folding process upon ER stress, the ERdj3 is not likely to be involved with 

the releasing of BiP from the UPR reporters like PERK. Our result agrees with the 

previous study which suggested the interaction of free-BiP with the complex of 

ERdj3 and misfolded proteins (Genereux et al., 2015).     
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Fig. 4.6. The expression of PERK in ERdj3 cells line in the presence of ER stress. (A.) CHO cells 

expressed endogenous ERdj3 were treated with 1 µM TG for 0, 3, 6, 9, 12, and 24 hours before 

lysis. After that, the whole cell lysates were analyzed by immunoblotting with rabbit anti-PERK 

antibody (1:250). (B.) CHO cells expressed the wild type ERdj3 or CHO cells with the knockout 

ERdj3 were treated with 1 µM TG for 0 or 3 hours before lysis. After that, the whole cell lysates 

were analysed as described in (A.).  

  

The induction of BiP is used as a readout of ATF6 activation, since it has 

been reported for long time that BiP is a downstream target of ATF6. Therefore, 

any attenuation of BiP induction might also suggest a disruption of the ATF6 

pathway indicating a role for ERdj3. In this experiment we considered the role of 

ERdj3 upon BiP induction using the ERdj3-WT and KO cell-lines. The experiment 

was carried the same way as for PERK. The CHO cells expressed endogenous ERdj3-

WT were treated with 1 µM TG for 0, 3, 6, 9, 12, and 24 hours before lysis. Then, 

the whole cell lysates were analysed by immunoblotting with mouse anti-BiP 

antibody under reducing conditions. The experiment was carried out three times, 

meanwhile the density of the protein bands was analysed by ImageJ program and 

the data were shown in bar graph for better distinguish (Fig. 4.7.A). In the wild 

type ERdj3 cell-line, BiP was induced with expression increasing after 3 hours 

treatment with ER stress inducer. Then it started to decrease at 12 hours 

treatment and dropped dramatically at 24 hours treatment. Hence, we will use 

the 3 hours of TG treatment to induce ER stress and activate BiP for the next 
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experiment. After that, CHO cells expressed ERdj3-WT or ERdj3-KO were treated 

with 1 µM TG for 0 or 3 hours before lysis. Then, the whole cell lysates were 

analysed by immunoblotting with mouse anti-BiP antibody as was described 

previously (Fig. 4.7.B). The results of this experiment show no qualitative 

difference between the wild type and the knockout ERdj3, both increased the 

expression of BiP after 3 hours incubation with TG to induce ER stress. However, 

BiP induction was attenuated in the ERdj3-KO cells if the fold induction of BiP is 

compared between the ERdj3-WT and the ERdj3-KO cells. Therefore, without 

ERdj3, the increase in BiP expression is muted. To summarize, the effect of ERdj3 

towards ATF6 might be not too significant despite ERdj3 being one of the protein 

members of the ATF6 complex and also involved in BiP-misfolded proteins 

interaction in the UPR (Genereux et al., 2015; Jin et al., 2008; Shen, and 

Hendershot, 2005). 

In addition, despite it being reported that ERdj3 has a role in promoting BiP 

function in the ATPase cycle by transferring the misfolded protein to BiP, our 

results show that ERdj3 does not contribute to the releasing of BiP from ER stress 

sensors such as PERK in the presence of ER stress, since the lack of ERdj3 in the 

KO cells does not disrupt the downstream activity of the UPR.  Nevertheless, we 

still cannot confirm whether without ERdj3, the ATPase cycle of BiP after releasing 

from UPR sensors is disrupted. 
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Fig. 4.7. The expression of BiP in ERdj3 cells line in the presence of ER stress. (A.) CHO 

cells expressed endogenous ERdj3 were treated with 1 µM TG for 0, 3, 6, 9, 12, and 24 hours before 

lysis. After that, the whole cell lysates were analyzed by immunoblotting with mouse anti-BiP 

antibody (1:250) in the reduced condition. (B.) CHO cells expressed the ERdj3-WT or CHO cells 

with the ERdj3-KO were treated with 1 µM TG for 0 or 24 hours before lysis. After that, the whole 

cell lysates were analysed as described in (A.). The experiment was carried out three times and 

the density of the protein bands were analysed by ImageJ to generate the bar graphs. 
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4. 7. The expression of the ATF6 Golgi form in the ERdj3-KO cells 

 In this experiment, we explored the consequence of ERdj3 depletion on 

ATF6 trafficking to the Golgi by observing the expression of the Golgi form of 

ATF6. Previous studies suggested that upon ER stress ATF6 became activated and 

transported from the ER to the Golgi after dissociation from BiP and packed into 

COP II vesicles. In the Golgi apparatus, ATF6 underwent modification to an O-

linked glycosylation form by the work of glycosyltransferases, within the trans-

Golgi compartment. The result of the O-linked glycan modification in the Golgi 

apparatus is to generate a slower migrating form of the full-length ATF6, which is 

also known as the Golgi form of ATF6 (Shen et al., 2002; Hanisch, 2001; Ye et al., 

2000). This specific modification only appeared with ATF6 in the Golgi apparatus 

after the trafficking from the ER upon the stress response, thus it is a trustable 

indicator that we can use to investigate the Golgi localisation of the ATF6 before 

and after stress exposure. Therefore, ERdj3-WT and KO cells were used to examine 

the expression of the Golgi form of ATF6. CHO cells, which stably expressed the 

ERdj3-WT and KO, were transiently transfected with recombinant HA- and V5-

tagged wild-type ATF6. Then the transfected cells were treated with 30 µM S1P 

inhibitor for 1 hour to inhibit cleavage by S1P protease, followed by treated with 

10 mM DTT for 45 minutes to induce stress before the cells were lysed. 

Subsequently, the whole cell lysates were analysed by immunoblotting with mouse 

anti-ATF6 antibody in the reduced condition. The results that we obtained show 

no differences between ERdj3-WT and KO cells, both cell types which were 

transiently transfected with ATF6-WT can generate the Golgi form of ATF6, when 

ER stress was caused by DTT after 45 minutes of treatment (Fig. 4.8). According 

to the fact that the Golgi form of ATF6 could be generated in both cell types, we 

can assume that the ERdj3 depletion in cells has no direct effect on ATF6 

trafficking when cells exposed with stress. 
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Fig. 4.8. The expression of the Golgi form of ATF6 in the ERdj3 wild type (WT) and knockout 

(KO) cell-lines in the presence of ER stress. CHO cells expressed ERdj3-WT or ERdj3-KO were 

transiently transfected with the recombinant HA- and V5-tagged wild-type ATF6. Transfected cells 

were treated with 30 µM S1P inhibitor for 1 hour, and then treated whit 10 mM DTT for 45 minutes 

before lysis. Subsequently, the whole cell lysates were analysed by immunoblotting with mouse 

anti-ATF6 antibody (1:250) in the reduced condition. 

 

However, even though the Golgi form of ATF6 could be produced in both 

ERdj3-WT and KO cells, the generating time after exposure to ER stress might vary 

in the different cell types. The faster or slower trafficking of ATF6 upon ER stress 

will make our understanding about ERdj3 toward ATF6 trafficking clearer.  

Therefore, in order to analyse the kinetics of trafficking, the CHO cells expressing 

ERdj3-WT or ERdj3-KO were used again. Both cell types were transiently 

transfected with recombinant HA- and V5-tagged wild-type ATF6. Then 

transfected cells were pre-treated with S1P inhibitor for 1 hour prior to treatment 

with DTT for varied time point, 0, 15, 30, 45, and 60 minutes before lysis. 

Furthermore, the whole cell lysates were analysed by immunoblotting with mouse 

anti-ATF6 antibody under reducing conditions (Fig. 4.9). The result again showed 

no significant differences between the ERdj3-WT and KO cells, the time course of 

the Golgi form appearance in both cell types is very similar after cells were 

stressed with DTT. Nevertheless, closer inspection of the Golgi form of ATF6 which 

was generated by both cell types indicates that the expression might be slightly 

less in the knockout compared with the wild type cells. The difference is not 
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significant so if there is an effect of ERdj3 on ATF6, the effect is very limited and 

does not disrupt ATF6 activation.   

According to the information we obtained from these experiments, the 

results clearly shown no significant effect of ERdj3 toward the trafficking or the 

expression of ATF6. Hence, we can assume here that the interaction between the 

ATF6 and ERdj3 that we saw is likely to be due to the abnormal conformation of 

ATF6 than interacting for ATF6 retention or trafficking, since it already reported 

that ERdj3 assisted the refolding process of BiP by binding with the misfolded 

proteins and transferring it to BiP (Genereux et al., 2015). ERdj3 might recognise 

the mutants of ATF6 as one of the misfolded protein clients and associate with 

mutants ATF6 to bring it in to the refolding processes.  

Fig. 4.9. The expression of the Golgi form of ATF6 in the ERdj3 wild type (WT) and knockout 

(KO) cell-lines in the presence of ER stress in a time-related manner. CHO cells expressed ERdj3-

WT (A.) or ERdj3-KO (B.) were transiently transfected with the recombinant HA- and V5-tagged 

wild-type ATF6. Transfected cells were treated with 30 µM S1P inhibitor for 1 hour, and then 

treated whit 10 mM DTT for 0, 15, 30, 45, and 60 minutes before lysis. Subsequently, the whole 

cell lysates were analysed by immunoblotting with mouse anti-ATF6 antibody (1:250) in the 

reduced condition. 
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4. 8. Chapter Discussion  

In this chapter, the aim was to identify the proteins that exist in the 

complex with ATF6 before and during ER stress.  In addition, we investigated the 

role of these proteins in the UPR related to ATF6, by using our created mutant 

ATF6 stable cells lines. To this aim, firstly, we tried to compare differences in the 

ATF6-proteins complex in the wild type ATF6 cell-line, compared to the mutant 

ATF6 cell-line, ATF6(D564G), in the presence and absence of ER stress by 

fractionation based on density/size of the complex. Unfortunately, the results we 

obtained from sucrose gradient experiments were highly erratic. However, we 

were able to distinguish between the wild type and the mutant ATF6(D564G). The 

results were sufficient to prove our hypothesis that the wild type ATF6 and the 

mutant carried different protein members within the complex and those proteins 

affected the performance of ATF6 during the UPR (Fig. 4.1).   

To identify proteins that exist in the ATF6 complex, the more sensitive 

method of crosslinking followed by mass spectrometry analysis was used. The 

results of mass spectrometry show numerous proteins which could be in the 

complex and have a role in ATF6 trafficking (Table. 4.1). However, as mentioned, 

mass spectrometry is a very sensitive method so it can also detect very small 

amount of protein which come from non-specific binding. Thus, only four 

promising proteins that we identified from mass spectrometry such as 14-3-3E, 

protein TFG, Neudesin, and ERdj3, were chosen and their interaction with ATF6 

determined by immunoisolation and western bloting (Hanafusa, Wada, and 

Hosokawa, 2019; Romine and Wiseman, 2019; Pennington et al., 2018; Kanadome 

et al., 2017; Genereux et al., 2015; Johnson et al., 2015; Beetz et al., 2013). 

Unfortunately, we could not detect any of these 4 proteins from the ATF6 complex 

from our first attempt (Fig. 4.2). Therefore, we decided to focus on the individual 

protein rather than do it all at the same time. We also modified some steps of our 

method so it can be used more effectively, since we were concerned that the 

concentration of the proteins might be too low and/or the affinity between the 

proteins and ATF6 is too low. The first protein that we decided to investigate was 

ERdj3, an ER co-chaperone in DnaJ family, which has been reported to be involved 

with the regulation of BiP function in the UPR (Hanafusa, Wada, and Hosokawa, 

2019; Romine and Wiseman, 2019; Genereux et al., 2015; Shen and Hendershot, 
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2005). After some modification of our method, the results of immunoprecipitation 

showed that the ERdj3 is part of the ATF6 complex (Fig. 4.2.C), therefore we 

continued to study the role of ERdj3 in the ATF6 complex to see whether or not it 

is involved with ATF6 activation and trafficking. 

The role of Erdj3 during ATF6 activation had not previously been 

investigated.  Recent studies only looked at the role of ERdj3 in the protein folding 

process by transferring proteins clients to BiP (Hanafusa, Wada, and Hosokawa, 

2019; Romine and Wiseman, 2019; Genereux et al., 2015; Shen and Hendershot, 

2005). Therefore, it is difficult to predict the role of ERdj3 in the ATF6 complex, 

it could be involved in retention or trafficking control. However, the results of our 

studies suggested that, first, the ERdj3 interacts with ATF6 in normal conditions, 

and dissociated from ATF6 in the presence of ER stress (Fig. 4.3). However, the 

dissociation of ERdj3 from ATF6 is insufficient to lead to the trafficking of ATF6 

from the ER to the Golgi, since the dissociation of ERdj3 is also found in the 

mutants of ATF6, but the mutants are still retained in the ER following ER stress 

(Fig. 4.4). This information suggests that ERdj3 might be participating in retention 

rather than driving the trafficking process of ATF6.  

Second, the expression of ERdj3 during the stress response is seems to be 

regulated by ATF6, rather than ATF6 being regulated or activated by ERdj3, since 

the expression of the Golgi form of ATF6 and also the ATF6 related protein such 

as BiP, show no noticeable difference following ATF6 activation between the wild 

type and the knockout ERdj3 cell-lines. Both ERdj3 cell types can generate the 

cleaved form of ATF6, and the Golgi form, when cells are exposed to stress. The 

kinetics of activation after exposure to ER stress are also similar in both ERdj3 cell 

types. Also, the induction of BiP shows a similar result between two cell types; 

the expression of BiP started to increase after 3 hours and dropped after 12 hours 

(Fig. 4.7). ERdj3 might assist BiP for proteins folding processes by transferring the 

unfolded proteins to BiP (Genereux et al., 2015; Jin, Zhuang and Hendershot., 

2009), however the absence of ERdj3 in the KO cells does not significantly affect 

BiP performance. Hence, our results suggest that BiP has other co-factors which 

can cope with the absence of ERdj3 during ER stress. Moreover, the ERdj3 

depletion in cells also has no significant effect on ATF6 regulation, since ATF6 still 
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could maintain its activity following ER stress by upregulating the downstream 

events (Fig. 4.8).  

Third, our research suggested that ATF6 is the UPR sensor which can 

directly upregulate ERdj3 expression during ER stress, since the lack of ATF6 could 

prevent the increasing of ERdj3 level in the ATF6-KO cells following stress, even 

though, it still secreted from the cells (Fig. 4.5). Our result is in contrast with a 

previous study of PERK, another ER stress response mediator.  PERK was found to 

regulate the secretion of an ERdj3-misfolded protein complex. The absence of 

PERK caused the accumulation of the complex in the ER lumen (Romine and 

Wiseman., 2019). Therefore, from our study the association of ATF6 is not related 

to the secretion of ERdj3 from the ER, since it still could secrete to the 

extracellular space without the presence of ATF6. According to the recent studies, 

the mechanism of ERdj3 retention in the ER lumen is still not elucidated, despite 

the lack of an ER retrieval sequence of ERdj3 itself, however some studies 

suggested that the secretion will only occur after the association of ERdj3 with 

unfolded proteins in the presence of ER stress (Pobre, Poet, and Hendershot, 2019; 

Genereux et al., 2015). Meanwhile, the results of our experiments demonstrate 

that the secretion of ERdj3 is not constitutive because ERdj3 is located in the ER 

until the presence of ER stress without any release to the extracellular space, 

even in the ATF6-KO cells which were deprived of ATF6 expression.  Moreover, the 

secretion of ERdj3 during ER stress is likely to be by binding to unfolded protein 

and being co-secreted from the cells with it, rather than being overexpressed, 

since the secretion of ERdj3 is increasing when the unfolded protein increases 

during ER stress, while the actual level of ERdj3 expression in the ATF6-KO cells 

remains stable (Fig. 4.5.B). This result extends the previous studies which 

highlighted the possibility of co-secretion of ERdj3 and the misfolded protein 

clients (Romine and Wiseman., 2019; Genereux et al., 2015).  

In addition, even though, it has been reported that the ERdj3 has a 

supportive role toward BiP in the ATPase cycle by transferring the unfolded 

protein to BiP during the UPR, the results from our research indicate that ERdj3 is 

not required for the release of BiP from ER stress sensors such as ATF6 and PERK, 

since the lack of ERdj3 in the ERDj3-KO cells does not disrupt the downstream 

activity of ATF6 or PERK during the UPR. For instance, in the ERdj3-KO cells PERK 
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could still generate P-PERK and ATF6 also could produce the Golgi form, when ER 

stress was induced (Fig. 4.6, 4.8 and 4.9). Therefore, according to the results we 

achieved from these experiments, ERdj3 has no significant effect on the 

trafficking or the expression of ATF6. Consequently, we can assume here that the 

interaction between the ATF6 and ERdj3 that we saw is likely to be due to the 

abnormal conformation of ATF6 rather than associated with ATF6 for its retention 

or trafficking, since it has already been reported that ERdj3 acts as a co-chaperone 

for BiP (Romine and Wiseman., 2019; Genereux et al., 2015). In this case, the 

ERdj3 might recognise the mutants of ATF6 as one of the unfolded protein clients 

which accumulated in the ER lumen in the presence of ER stress, thence ERdj3 

associates with the mutant ATF6 like D564G and Y567N to bring it in to the 

refolding processes. However, this hypothesis still requires future study to 

support.  
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CHAPTER V: RESULTS SECTION 3 - The lipotoxic stress response of ATF6 

5. 1. The role of specific sphingolipids, DHS and DHC, in the activation of the 

UPR sensor ATF6 

Recently, a new study has suggested that ER stress could be induced not 

only by proteotoxicity, but also by lipotoxicity, and both pathways are distinct. 

Proteotoxic stress is the main pathway of the UPR that has been identified and 

studied for numerous years, even though, not all of the mechanisms were 

investigated until now. For proteotoxic stress induction of the UPR, research 

suggested that the UPR sensors; ATF6, PERK and IRE1, sense stress via the luminal 

domain following the release of the ER chaperone, BiP. Proteotoxic stress, induced 

by internal or external factors, was thought to be the only pathway of the UPR 

activation for several years, however recent studies introduced lipotoxic stress as 

another mechanism to induce ER stress which also can activate the UPR process.  

Since the majority of lipids such as sphingolipids, sterols and phospholipids, are 

also synthesized in the ER (Jacquemyn et al., 2017; Miller et al., 2017; Volmer and 

Ron, 2015; Fu et al., 2012; Thibault et al., 2012) the disruption of these lipid 

synthesis processes, as well as the disruption of the lipid bilayer of ER membrane, 

could disrupt ER function and cause stress to the ER. In addition, it was reported 

that the induction of lipotoxic stress is likely to be through individual pathways 

which work separately from the proteotoxic stress pathway (Tam et al., 2019; 

Volmer and Ron, 2015; Promlek et al., 2011). Various studies suggested that the 

UPR members, including ATF6, sense lipotoxic stress via the transmembrane 

domain motif, which causes an increase of membrane fluidity during stress (Tam 

et al., 2019; Halbleib et al., 2017; Volmer et al., 2013). Moreover, from the report 

of Tam et al. in 2019, the intermediators of sphingolipid biosynthetic pathway 

such as dihydrosphingosine (DHS) and dihydroceranmide (DHC) can directly 

activate the UPR via the ATF6 branch to upregulate ER lipid biosynthetic genes, 

instead of the upregulation of genes involved with proteins folding as we normally 

see in the proteotoxic stress response. The mechanism of this process is 

completely distinct from the regular proteotoxic stress as both pathways seem to 

work independently. Therefore, we want to use these two specific sphingolipids 

to investigate the ATF6 pathway in our created mutants, ATF6(D564G) and 

ATF6(Y567N), to see whether they could respond to lipotoxic stress, as they could 
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not respond to proteotoxic stress because of the point mutation within the luminal 

domain.  

For this experiment, firstly, the recombinant HA- and V5-tagged wild-type 

ATF6 (ATF6-WT), expressed in HEK-293 cells, was used to reproduce the results of 

the research of Tam et al. in 2018. We studied the ER stress induced mechanism 

of DHS and DHC in the ATF6-WT before using these lipids to induce ER stress with 

our mutants. Therefore, the ATF6-WT cells were treated with 5 µM TG, or 50 µM 

DHS or DHC for 2 hours to induce ER stress. Here TG was used as a positive control 

to induce ER stress via the regular proteotoxic stress pathway. Then the treated 

cells were lysed and separated into membrane fraction and nuclear fraction by 

centrifugation. Thereafter, the protein fractions were collected and analysed by 

immunoblotting with mouse anti-ATF6 antibody under reducing condition to 

evaluate the appearance of the cleaved ATF6 upon the stress response. The results 

of this experiment show that, for the membrane fraction, there were no 

differences between TG treatment and sphingolipids, DHS and DHC, treatment. 

However, the results of nuclear fraction were significantly different, only cells 

which were treated with TG show both the ER form and the cleavage-nuclear form 

of ATF6. While the results of the nuclear fraction of the DHS and DHC treatment 

cells merely showed the single band of the ER form as with the untreated cells 

(Fig. 5.1.A). Our results using DHS and DHC induced ER stress are in contrast to 

the reported results of Tam et al. in 2019, our results shown no ER stress induction 

with DHS and DHC, whilst the results of Tam clearly show that these sphingolipids 

could induce ER stress by specifically activating the ATF6 pathway. Therefore, we 

continued with further experiments to determine whether DHS and DHC could 

induce an UPR. 

Consequently, the recombinant HA- and V5-tagged wild-type ATF6 (ATF6-

WT), expressed in HEK-293 cells, was used again in these experiments. Cells were 

treated with S1P inhibitor for 1 hour to prevent ATF6 cleavage by S1P and S2P 

following ATF6 transport from the ER to the Golgi after ER stress. Then cells were 

treated with 10 mM DTT for 30 mins, or with 50 µM DHS or DHC for 16 hours to 

induce ER stress. Here DTT was used as a positive control for ER stress as it causes 

a build-up of the O-link glycosylated Golgi form that can be distinguished by SDS-

PAGE analysis. The treated cells were lysed and analysed by immunoblotting with 

mouse anti-HA antibody under the reducing condition. The results shown that only 
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DTT treatment can induce the Golgi form of the wild type ATF6, the results of DHS 

and DHC treatment show only a single band of ER form without Golgi form of ATF6 

(Fig. 5.1.B). The results correlate with our previous experiment on the ATF6 

nuclear form. However, despite the DHS and DHC results showing a similarity to 

the result of the untreated cells here, from this experiment we cannot conclude 

that the DHS and DHC lack the ability to induce ER stress since TG, one of the 

well-known ER stress inducers, only poorly induces the Golgi form of ATF6 during 

ER stress in the presence of S1P inhibitor.  Hence, from this result we can only 

conclude that if the DHS or DHC can induce ER stress, the mechanism will not lead 

to detection of the Golgi form of ATF6, similar to the situation with TG induction. 

Therefore, other experiments are required to test the ability of DHS and DHC to 

induce ER stress.  
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Fig. 5.1. The activation of the UPR sensor ATF6 induced by DHS and DHC. (A). Recombinant 

HA- and V5-tagged wild-type ATF6 (ATF6-WT) were expressed in HEK-293 cells, then treated with 

5 µM TG, or 100 µM DHS or DHC for 2 hours to induce ER stress. The treated cells were lysed and 

separated into membrane and nuclear fractions by centrifugation. Thereafter, the protein 

fractions were collected and analysed by immunoblotting with mouse anti-ATF6 antibody (1:250) 

under reducing conditions. (B). WT-ATF6 cell-line was treated with S1P inhibitor for 1 h and then 

treated with 10 mM DTT for 30 mins or 50 µM DHS or DHC for 16 hours. Then cells were lysed and 

analysed by immunoblotting with mouse anti-HA antibody under reducing conditions. UT = 

Untreated control cells. 
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5. 2. The ATF6 activation output induced by lipotoxic reagents, DHS and DHC  

According to our previous experiments, the ER stress-induced function of 

DHS and DHC still remained elusive, hence, we continued to investigate the role 

of DHS and DHC in induction of ER stress. In this experiment, the downstream 

output of DHS and DHC-induced ER stress and UPR via the ATF6 branch activation, 

was examined. First, induction of BiP expression was analysed, since BiP is the 

main protein upregulated by the UPR and is a downstream target of ATF6. Here, 

the HEK-293 cells stably expressed recombinant HA- and V5-tagged wild-type ATF6 

(ATF6-WT), were used. Cells were treated with 1 µM TG, or 50 µM DHS or DHC for 

16 hours to induce ER stress and the UPR. Here TG was used as a positive control 

to induce ER stress instead of DTT. Subsequently, the treated cells were lysed, 

and the total cell lysates were analysed by immunoblotting with mouse anti-ATF6, 

mouse anti-BiP, and rabbit anti-Actin antibody in the reduced gel. As it was stated 

in the results of the previous experiment, the TG-induced ER stress would not 

indicate the Golgi processed form of ATF6, therefore, we used TG as a positive 

control by measuring the expression of BiP, an ER stress response element in the 

ATF6 pathway. The result shows that DHS and DHC do not induce the expression 

of BiP. Meanwhile, our positive control TG did show the expected increase of BiP 

expression (Fig. 5.2.A). Therefore, from these results we can be more confident 

that DHS and DHC are not likely to be the ER stress inducers, these results are in 

contrast with the publication of Tam’s group in 2019. 

Subsequently, ACOX1, a protein involved in lipid biogenesis and metabolism 

that was reported to be one of the ATF6 target proteins in DHS- and DHC-activated 

ER stress (Tam et al., 2019), was investigated to ascertain the role of DHS and 

DHC in the UPR. The same HA- and V5-tagged wild-type ATF6 cell-line was treated 

with 1 µM TG, or 50 µM DHS or DHC for 16 hours to induce ER stress same as in the 

previous experiment. The TG, proteotoxic stress inducer of ER stress, was used as 

a positive control again here. Then, the treated cells were lysed and analysed by 

immunoblotting with mouse anti-ACOX1 antibody in the non-reduced condition. 

For ACOX1, the result shows that only TG can upregulate the expression of ACOX1, 

despite the TG not directly targeting lipid biogenesis and metabolism, meanwhile 

the expression of the protein after cells were treated with DHS and DHC remained 
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not significantly changed (Fig. 5.2.B). This result also indicates opposite results to 

Tam’s research in 2019.   

Accordingly, it is hard to make an assumption here since the results we got 

for this study, clearly shown that the DHS and DHC cannot significantly induce the 

expression of ER stress response proteins such as reduced-ATF6, the Golgi form of 

ATF6 and BiP, same as the expression of the protein involved with lipid metabolism 

like ACOX1. Even though, it was already reported that ACOX1 can be upregulated 

directly by DHS and DHC via ATF6 pathway of the UPR (Tam et al., 2019), in our 

study ACOX1 remains unchanging after inducing by DHS and DHC compared to the 

inducing of standard ER stress inducers such as DTT and TG. At first, this 

information convinced us to think that the DHS and DHC might not be able to 

induce ER stress via lipotoxicity as it was reported, even so it remained unclear 

why our study and the study of the other group about these sphingolipids inducing 

UPR, are pointing to a completely different direction. However, there is also the 

possibility of the DHS and DHC that we used for our experiments might be not 

working for some unknown reasons too, despite we purchased it from the same 

company with the one was used in the Tam’s team experiments and the possibility 

of two reagents, DHS and DHC, that will be not working at the same time, might 

be very low. Therefore, the future study is obviously needed to clarify about this 

lipotoxic stress pathway of ER stress, as same as the role of DHS- and DHC-

activated ATF6 in the UPR.   
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Fig. 5.2. The downstream output of the ATF6 activation induced by DHS and DHC in the UPR. 

(A). Recombinant HA- and V5-tagged wild-type ATF6 were expressed in HEK293 cells, was treated 

with 1 µM TG, or 50 µM DHS or DHC for 16 hours to induce ER stress. The treated cells were lysis 

and the total cell lysates were analyzed by immunoblotting with mouse anti-ATF6 (1:250), mouse 

anti-BiP (1:250), and rabbit anti-Actin (1:250) antibody in the reduced gel. (B). The same ATF6-

WT cell-line was treated with 1 µM TG, or 50 µM DHS or DHC for 16 hours to induce ER stress. Then, 

the treated cells were lysis and analyzed by immunoblotting with mouse anti-ACOX1 (1:500) 

antibody in the non-reduced condition.  

 

5. 3. Chapter Discussion 

 As it was stated that the aim of this chapter was to focus on lipotoxic stress, 

which was reported to be a mechanism for activating ER stress distinct from 

proteotoxic stress. Understanding of this alternative pathway of ATF6 in regulating 

ER homeostasis would help us to establish a clearer picture of how ATF6 trafficking 

is controlled in general. Even though the role of lipotoxic stress is a new topic and 

still lacks of understanding compared to the proteotoxic stress, some specific 

lipids, such as DHS and DHC, were already reported to activate the UPR via the 
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observed previously. Our results contradicted the original report. In our study, the 

ATF6 downstream events, such as reduction of ATF6, generating the Golgi form of 

ATF6 and BiP induction, following the UPR were not seen following treatment with 

DHS and DHC (Fig. 5.1). Similarly, the result of proteins regulated by lipid 

synthesis such as ACOX1, also showed no induction after cells were treated with 

DHS and DHC, compared with the expression of the proteins in the non-treated 

cells. Meanwhile, the expression of ACOX1 was clearly increasing in the cells that 

treated with the standard ER stress inducer like TG (Fig. 5.2). However, the reason 

why DHS and DHC cannot induce the other proteins and the other forms of ATF6 

is remains to be addressed.  

 Even though, the results which we obtained here, are convincing there is a 

possibility that the DHS and DHC might not be able to upregulate the downstream 

processes of the ATF6 pathway in the UPR as efficiently as proteotoxic stress.  As 

the report of DHS- and DHC-activated ATF6 is a very new study, the data or the 

information might be changed in the future when more experiments are 

performed. However, there may be factors that we used in our experiments, such 

as cell types that they used in their experiments are different from the cells that 

we used since every cell type has its own specificity and sensitivity, therefore 

different cell types may generate different result as well. In addition, the method 

that they used to treat their cells with DHS and DHC, also needed to be considered, 

despite our attempts to reproduce their experiments as close as possible, because 

sometimes only small thing could make a huge different in research experiment. 

Therefore, in the future study the conditions and source of reagents should be 

reviewed and verified again. Moreover, we also need a positive control that would 

allow us to know that the added lipids actually do get into the cells after treated 

since lipids are sometime hardly to go into the cells.



102 

 

CHAPTER VI: DISCUSSION AND CONCLUSION  

6. 1. The non-native conformation of the non-trafficking ATF6 mutants affects 

their performance in responding to stress 

 The aim of our study was to investigate the trafficking process of ATF6, one 

of the three main UPR reporters, alongside PERK and IRE1. Up until now, the 

understanding of ATF6 trafficking remains poor, despite the broad range studies 

of ER stress and ATF6 in general. Research about ATF6 roughly suggested that 

during the UPR, the luminal domain of ATF6 senses the stress signal and dissociates 

from BiP, the ER chaperone which binds with the UPR sensers like ATF6 in the 

resting stage (Sato et al., 2011; Chen et al., 2002). The detachment of BiP from 

ATF6 is well known as an initiation of ATF6 downstream processes in the UPR, 

since the binding of BiP with ATF6 and other UPR reporters is very stable until the 

presence of ER stress (Schindler and Schekman, 2009; Shen and Prywes, 2005; 

Shen et al., 2005). Following, ATF6 will pack into COP II vesicles and translocate 

to the Golgi apparatus, where the ATF6 will undergo proteolysis by S1P and S2P 

protease (Higa et al., 2014; Ye et al., 2000; Haze et al., 1999). Then the cleaved 

ATF6 moves to the nucleus and upregulates the unfolded protein response genes. 

It remains unclear what is regulating the packed of ATF6 into COP II and driving it 

to move to the Golgi during stress, some studies suggested that some specific ER 

proteins in the thrombospondin, and PDI family such as thrombospondin 4, PDIR, 

and ERp18, assist in the trafficking process of ATF6. Reports advised that those ER 

proteins are assisting the process by changing the disulfides within ATF6 to the 

monomeric form for trafficking (Oka et al., 2019; Higa et al., 2014; Lynch et al., 

2012; Jeong et al., 2008). Moreover, some proteins involved in glycoprotein 

quality control such as glucosidase II and calreticulin are also reported to interact 

with the ATF6 before it traffics (Honore, 2009; Ye et al., 2000; Haze et al., 1999).  

However, there is still a lot we do not know about the trafficking of ATF6 

upon ER stress, such as which disulfide form of ATF6 is the form that likely to be 

transported during ER stress.  In addition, the role of the mentioned proteins 

which were reported to be involved with the trafficking process of ATF6 is still not 

known.  It is likely that additional protein(s) will also be involved in the process. 

Therefore, our study aimed to fill this gap in knowledge.  The additional 

knowledge which we gained from our experiments will also build up a clearer 
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picture of ATF6 and the UPR for future study.  Understanding more about ATF6 

and the UPR could also help researchers discover therapeutic treatments for 

several diseases in the future too, since the malfunction or non-function of ATF6 

is proving to relate to several diseases such as Achromatopsia, neurodegenerative 

diseases, stroke, diabetes, inflammatory bowel disease, and myocardial infarction 

(Ranjan et al., 2021; Ghemrawi and Khair, 2020; Glembotski, Rosarda and 

Wiseman, 2020; Lee et al., 2020; Yang et al., 2019; Chianga et al., 2017). 

To address our aims, we decided to take advantage of previous studies into 

ATF6 mutants that lack the ability to be trafficked to the Golgi.  After we 

examined several studies about ATF6 mutants, both laboratory-synthetically 

generated and naturally occurring (Chapter 3.1), we found interesting mutations 

which carried the non-trafficking property from the research of Chianga’s group.  

This report published in 2017 identified several mutation types of ATF6 which can 

be found in Achromatopsia patients. The members of class one mutations, as it 

was identified in this paper, are mutated in the luminal domain of ATF6 and have 

impaired trafficking. Therefore, we were interested in using the same mutants to 

study the trafficking of ATF6 compared to the wild type ATF6.  We aimed to 

identify the differences between the mutants and the wild type ATF6, since this 

would help us to understand more about the mechanism of ATF6 trafficking and 

also the factors that regulate this process. 

The two ATF6 mutations occurring in Achromatopsia patients, ATF6(D564G) 

and ATF6(Y567N), were reproduced for our study (Chapter 3.2). The ATF6(D564G) 

is the point mutation of ATF6 luminal domain at amino acid 564, which was 

changed from aspartic acid (D) to glycine (G), meanwhile, the ATF6(Y567N) is the 

mutation of amino acid 567 from tyrosine (Y) to asparagine (N) (Chianga et al., 

2017). After testing our regenerated ATF6 mutants, ATF6(D564G) and 

ATF6(Y567N), we found that these mutants could suppress ER-to-Golgi trafficking 

of ATF6 as reported previously (Fig. 3.3 and 3.4). However, we found more 

interesting information not included in the original work. From our study, even 

though these two point-mutations are located only a few amino acids apart and 

both lack trafficking, the redox forms of these two are different. In the resting 

state, the ATF6(D564G) appears in all disulfide forms that are also found in the 

wild type ATF6, oligomer, dimer and monomer, while the ATF6(Y567N) only 
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appears as monomer (Fig. 3.2). This result made us concerned about what redox 

form of ATF6 trafficked to the Golgi, since a previous study reported that the 

monomeric form of ATF6 is likely to be the most preferable form for trafficking 

and S1P cleaved (Nadanaka et al., 2007).  ATF6(Y567N) which shows only 

monomeric form, remains in the ER without any trafficking in the presence of ER 

stress. Moreover, the phenotype of the mutant ATF6 is obviously showing the 

disruption of the interchain disulfides in the luminal domain of ATF6. It is still 

remains unclear how these point mutations affect the disulfide status of ATF6, 

however the change in conformation of ATF6 might make the other proteins in the 

UPR recognise it as an unfolded protein. Hence, the unfolded ATF6 could lose its 

trafficking function as a result. This might be one of the reasons that we still noted 

the interaction between BiP and the mutants ATF6, since a common function of 

BiP is reported to bind with the unfolded proteins which appear in the ER lumen 

during ER stress (Schindler and Schekman, 2009). 

BiP is one of the most well-known ER chaperones, that regulates the 

unfolded protein in the ER lumen. However, the mechanism of the BiP dissociation 

from the UPR sensors like ATF6 during ER stress, is still not fully understood. 

Previously, researchers thought the main reason of the BiP dissociation might be 

simply a competitive process between the unfolded proteins that accumulate in 

the ER lumen upon stress, and the UPR reporters, since the unfolded proteins are 

a strong competitor compared with the UPR reporters, leading to the dissociation 

of BiP from UPR reporters (Shen et al., 2002; Bertolotti et al., 2000; Bukau and 

Horwich, 1998). However, recent studies suggested that the complex of ATF6-BiP 

is very stable and the accumulation of the unfolded proteins upon ER stress or the 

presence of ATP alone, cannot simply lead the dissociation of BiP from ATF6, it 

requires more additional factors (Schindler and Schekman, 2009; Shen et al., 

2005). Other studies suggested that BiP can be modified by some ER 

oxidoreductase such as PDIR and this thiol modification of BiP affects the stability 

of the BiP-ATF6 complex, therefore this kind of modification of BiP might be 

regulating the association of BiP with ATF6 and other UPR reporters (Wang and 

Sevier, 2016; Higa et al., 2014; Wei et al., 2012). In addition, the binding of BiP 

results in ATF6 retention in the ER lumen since the dissociation of BiP from the 

ATF6 luminal domain may unmask a Golgi localisation sequence, leading to the 

transport of ATF6 from the ER to the Golgi.  Indeed, the over expression of BiP 
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can slow down or inhibit the transport process of ATF6 upon ER stress (Shen et al., 

2002). However, our study suggests that the dissociation of the ER retention factor 

like BiP from ATF6 is insufficient to induce ATF6 trafficking, since we found that 

BiP also dissociated from the mutants ATF6, both ATF6(D564G) and ATF6(Y567N), 

as occurs from the wild type ATF6. Despite the dissociation of BiP, the ATF6 

mutants still remain in the ER lumen during ER stress (Chapter 3.6). Therefore, it 

seems like the trafficking process of ATF6 requires other additional factors to 

assist after BiP release. Accordingly, this retention of the ATF6 mutants might be 

controlled by the a redox switch or glycosylation modification of ATF6, since there 

were studies which suggested that the association of ER oxidoreductase like ERp18 

and PDIR, and proteins involved in glycoprotein quality control such as glucosidase 

II and calreticulin, are important for ATF6 to package into COP II vesicles prior to 

transport to the Golgi (Oka et al., 2019; Higa et al., 2014; Lynch et al., 2012; 

Honore, 2009; Jeong et al., 2008; Ye et al., 2000; Haze et al., 1999). The mutants 

of our study might not bind to the mentioned proteins and/or be modified because 

of the altered conformation and are retained after ER stress. 

ATF6 is found in three different forms during the absence of ER stress, 

monomeric, dimeric and oligomeric form, which are the result of intra- and/or 

inter-molecular disulfide formation between the two cysteine residues in the 

luminal domain of ATF6. The masking by BiP of the translocation region of the 

ATF6 luminal domain will retain all of these redox forms of ATF6 in the ER. 

Researchers suggested that during ER stress, after the dissociation of BiP, ATF6 

will be reduced to the monomeric form before transport to the Golgi, since the 

reduced monomer of ATF6 is likely to be the most preferable form for trafficking 

and for S1P and S2P cleavage (Sato et al., 2011; Nadanaka et al., 2007; Shen et 

al., 2002). However, our study shows the contrasting result since we only detected 

the dimeric form of ATF6 luminal domain after S1P and S2P cleavage when we 

induced ER stress with TG or when we merged the Golgi to the ER by Brefeldin A 

(Fig. 3.6 and 3.7). Interestingly, when we merged the Golgi to the ER by using 

Brefeldin A, our non-trafficking mutants ATF6 only generated the monomeric form 

as a result of S1P and S2P cleavage, even though the ATF6(D564G) mutant can 

express all of redox form the same as the wild type ATF6 (Fig. 3.8). It seems that 

the redox forms of ATF6 could be produced during S1P and S2P cleavage. 

Nonetheless, it is clear that the S1P could recognise and cleave both dimeric and 
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monomeric forms of ATF6, and that the wild type ATF6 will exit the ER in dimeric 

form rather than the monomeric.  

It has previously been reported that the luminal domain of ATF6 has two 

conserved cysteine residues at amino acid 467 and 618, and these cysteine 

residues can form the intra- and/or inter-molecular disulfide bonds between each 

other, hence the ATF6 could be found as monomer, dimer, and oligomer. 

Recently, the additional information about ATF6 disulfide formation suggested 

that the oligomeric and the dimeric form of ATF6, are in fact both dimers 

differentiated by electrophoretic mobility. The band that we used to think as an 

oligomeric form of ATF6 (slower mobility), appeared to be a disulfide formation 

between C467 residues, meanwhile, the dimer (faster mobility) appears to be a 

disulfide formation between C618 residues (Koba et al., 2020; Oka et al., 2019; 

Nadanaka et al., 2007). This information allows us to conclude that the unknown 

bands we found at the upper and the lower position than the dimeric (C618-dimer) 

band of the wild type ATF6 in the presence of ER stress induced by TG (Fig. 3.6.B), 

could be the result of the mixed disulfide formation between C618 and C467 

residues of ATF6 or between the ATF6 molecule and the disulfide exchange 

protein(s) in the PDI families such as ERp18.  

In accordance with the results of our study and the information 

accumulated from numerous other studies, the post-processes modification of 

ATF6 after the releasing of BiP has a critical role in packaging of ATF6 into COP II 

vesicles and trafficking. The potential modifications include the glycosylation and 

redox status within the luminal domain of ATF6 (Oka et al., 2019; Higa et al., 

2014; Lynch et al., 2012; Honore, 2009; Jeong et al., 2008; Ye et al., 2000; Haze 

et al., 1999). Therefore, the disruption of these modification processes will lead 

to the non-trafficking of ATF6 in the presence of ER stress. The altered 

conformation of our non-trafficking mutants ATF6, ATF6(D564G) and 

ATF6(Y567N), may disrupt these modification processes after the release of BiP. 

Even though we are still not sure how the disruption occurs, our hypothesis is the 

altered conformation of the ATF6 mutants might obscure specific binding sites or 

the binding sites might not be exposed in the right way. Hence the proteins 

involved with ATF6 modification cannot access the ATF6 luminal domain. 

Moreover, the altered conformation of the ATF6 mutants might be recognised as 
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one of the unfolded proteins. Therefore, BiP or other chaperone association might 

occur in the same way as when these proteins bind to unfolded proteins, rather 

than the way it binds to the wild type ATF6.    

 

6. 2. The non-trafficking mutants ATF6 are forming a complex with others ER 

resident proteins differently from the wild type ATF6  

Since our study suggested that disulfide formation of the non-trafficking 

mutants ATF6 was different from the wild type of protein and that an altered 

conformation might affect the binding of other ER resident proteins to the luminal 

domain of ATF6, we decided to establish whether there were differences in the 

ATF6 complexes as determined by density gradient analysis.  It was reported that 

the ATF6 could go through modification after release of BiP and association with 

some specific proteins such as ERp18, PDIR, glucosidase II.  Subsequently, the 

modified ATF6 could package into COP II vesicles and traffic from the ER to the 

Golgi during ER stress (Oka et al., 2019; Higa et al., 2014; Lynch et al., 2012; 

Honore, 2009; Jeong et al., 2008; Ye et al., 2000; Haze et al., 1999). Results of 

our study suggested that the ATF6 mutants, both ATF6(D564G) and ATF6(Y567N), 

form a complex with the other ER proteins differently from the wild type ATF6 in 

both resting stage and during ER stress (Chapter 4.1 and 4.2). The sucrose gradient 

approach was not ideal since the results were inconsistent. However, we still could 

see differences between the sedimentation patterns between the wild type ATF6 

and the mutant, as well as the differences between complexes from cells in the 

absence or presence of ER-stress (Fig. 4.1). Moreover, the results of our mass 

spectrometry also supported the results of our sucrose gradients in that the wild 

type and the ATF6 mutants form a complex with other proteins differently. 

Numerous proteins were found in the ATF6-proteins complex as a result of mass 

spectrometry (Table 4.1), however we chose only 4 promising proteins for our 

future investigation at this time, 14-3-3E, protein TFG, Neudesin, and ERdj3. 

These proteins became the promising candidates in the ATF6 trafficking regulation 

in our study since some of them such as 14-3-3E and ERdj3 are already reported 

to have a role involved with ER stress response.  Meanwhile the proteins TFG and 

Neudesin have a broad range of function in cells, hence it might be worth 

investigating these too (Hanafusa, Wada, and Hosokawa, 2019; Romine and 
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Wiseman, 2019; Pennington et al., 2018; Kanadome et al., 2017; Genereux et al., 

2015; Johnson et al., 2015; Beetz et al., 2013).  

To verify the mass spectrometry results we carried out immunoisolation of 

the ATF6 complex and western blot analysis to determine the presence of our 

most promising hits (Chapter 4.3).  Unfortunately, we could not see any 

interaction between ATF6 and our identified proteins in our first attempt. 

However, we know that mass spectrometry is a very sensitive method, it could 

detect even a small amount of protein in the sample. Therefore, our inability to 

detect an interaction-by western blotting might be due to the low level of our 

proteins in the sample. For this reason we adapted our immunoisolation and 

western blot protocol and focused only for one particular protein, the ERdj3, 

instead of investigating all four proteins at the same time, since ERdj3 is an ER 

chaperone in DnaJ family which has been reported to be involved with the 

regulation of BiP function in the UPR, therefore, it seemed to be the most 

promising protein from the four identified proteins (Hanafusa, Wada, and 

Hosokawa, 2019; Romine and Wiseman, 2019; Genereux et al., 2015; Shen and 

Hendershot, 2005). After some adaptations in the immunoisolation protocol, we 

could confirm that ERdj3 can interact with ATF6 (Fig. 4.2.C) and the reason we 

cannot detected it in the earlier experiments is might due to the weak binding 

between ATF6 and ERdj3, hence a harsh washing step during immunoisolation 

protocol could cause the loss of protein interaction.   

Recently, several studies suggested that the ERdj3 is also involved with the 

UPR, mainly in the protein’s folding processes. ERdj3 is found to assist BiP by 

transferring the unfolded proteins to BiP after the dissociation of BiP from ATF6 

upon ER stress (Hanafusa, Wada, and Hosokawa, 2019; Romine and Wiseman, 

2019; Genereux et al., 2015; Shen and Hendershot, 2005). However, there is no 

report of an interaction between ATF6 and ERdj3 until now. According to our 

previous study, ERdj3 interacts with ATF6, however it is still a challenge to 

demonstrate a role for ERdj3 in ATF6 trafficking at this point, it could be involved 

in either retention or translocation regulation. Subsequent investigation of the 

role of ERdj3, showed that in the absence of ER stress ERdj3 associated with ATF6 

and dissociated from ATF6 when ER stress was induced (Chapter 4.4). However, 

the dissociation of ERdj3 seems to be insufficient to drive the trafficking of ATF6, 
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since the dissociation of ERdj3 was also seen in the non-trafficking ATF6 mutants 

in the presence of ER stress and the mutants still remained in the ER. This could 

suggest that the interaction of ERdj3 might play a retention role toward the wild 

type ATF6, or it might recognise and interact with the altered conformation of the 

ATF6 mutants as a misfolded protein.  

The absence of ERdj3 shows no significant effect toward ATF6 function in 

the UPR, since the expression of the UPR downstream products of ATF6 activation, 

such as BiP, the appearance of the Golgi form of ATF6 and the cleavage form of 

ATF6, are all similar in both the wild type ERdj3 and the ERdj3-KO cells during ER 

stress (Chapter 4.6 and 4.7). Thus, we can suggest that ERdj3 had no regulatory 

role toward ATF6 during the UPR since the absence of ERdj3 did not disrupt 

induction of the ATF6 pathway (Fig 4.8 and 4.9). In addition, our results showed 

no difference in BiP expression during ER stress in the presence and absence of 

ERdj3 and BiP was still released from the UPR sensers like ATF6 and PERK in the 

absence of ERdj3 (Fig. 4.7). According to previous studies the role of ERdj3 with 

BiP in the protein folding process, is to recruit the unfolded protein to BiP 

(Genereux et al., 2015; Jin, Zhuang and Hendershot., 2009). However, from our 

study, it is clear that the role of ERdj3 can be replaced by the other co-factor(s), 

since the absence of ERdj3 show no effect toward releasing BiP. Interestingly, 

while ERdj3 shows no direct regulatory effect toward ATF6 in the UPR, ATF6 itself 

seems to regulate the function of ERdj3 in ER stress response, since the absence 

of ATF6 can affect the expression of ERdj3 during stress. We found that in the 

ATF6-KO cells, the removal of ATF6 can inhibit the expression of ERdj3 in the cells, 

while the level of ERdj3 secretion increases during the stress response (Fig. 4.5). 

Our result is in contrast with the study of another ER stress response mediator, 

PERK, which regulates the secretion of the ERdj3-unfolded protein complex. The 

absence of PERK can cause the accumulation of the complex in the ER lumen 

(Romine and Wiseman., 2019). Therefore, it is likely to be that the association 

ATF6 is not related to the secretion of ERdj3 in the presence of ER stress, without 

ATF6, ERdj3 still simply could be secreted from the cells with the increasing of 

unfolded proteins in the ER lumen. Some studies suggested that secretion will 

appear after the association of ERdj3 with the unfolded proteins in the presence 

of ER stress (Pobre, Poet, and Hendershot, 2019; Genereux et al., 2015), however, 

it is clear that the increase of unfolded proteins in the ER lumen alone is enough 
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to lead the secretion of ERdj3 from the cells, it is not required an additional factor 

of ATF6 to complete the process. Moreover, our study also suggested that the 

expression of ERdj3 is significantly involved with the presence of ATF6, since in 

the wild-type ATF6 cells, ERdj3 level is increased in the cells during ER stress. 

Meanwhile, in the ATF6-KO cells the level of ERdj3 remained unchanged. It would 

be interesting to see if we could observe the secretion of ERdj3 and the expression 

level in the cells expressing just the ATF6 mutants in future studies. This would 

test our earlier hypothesis about ER resident proteins involved with the protein 

folding processes, and whether they might recognise the non-trafficking ATF6 

mutants as unfolded proteins due to the altered conformation of the luminal 

domain.                

 

6. 3. The lipotoxic stress response of ATF6 by the inducing of DHS and DHC 

 For this part of our work, we focused on lipotoxic stress, a new inducer of 

the ER stress response, hoping for more understanding of the role of ATF6 in the 

ER lipid homeostasis. Lipotoxic stress is a newly studied area of ER stress, which 

has its own pathway distinctly different from the proteotoxic stress pathway. 

Proteotoxic stress activates the UPR sensers like ATF6 via the luminal domain, 

whereas lipotoxic stress activates the UPR sensors via the transmembrane motif 

(Tam et al., 2019; Halbleib et al., 2017; Volmer and Ron, 2015; Volmer et al., 

2013; Promlek et al., 2011). There is still a lack of knowledge about this pathway 

compared to the common proteotoxicity pathway, however, there was a recent 

report showed that specific lipids such as DHS and DHC could induce ER-lipotoxic 

stress response directly via the ATF6 pathway (Tam et al., 2019). Therefore, we 

decided to use DHS and DHC, the intermediators of sphingolipid biosynthetic 

pathway, as an ER stress inducer in our study. We aimed to generate lipotoxic 

stress in our cells expressing ATF6 mutants and compare the results to those that 

we generated from the normal proteotoxic stress inducers like DTT or TG. Since 

our ATF6 mutants have a point mutation in the luminal domain they should affect 

the way of ATF6 luminal domain senses proteotoxic stress, however the mutation 

in the luminal domain might not affect the response of ATF6 to lipotoxic stress 

since it is reported to be activated via the transmembrane domain.  
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 To begin with, we induced lipotoxic stress in the wild type ATF6 cell line 

by using DHS and DHC to see whether it could induce the stress response in the 

cells, before using these lipids to induce the lipotoxic stress in the cells expressing 

ATF6 mutants. After several experiments, our results are not consistent with the 

results of Tam’s group, who reported that the DHS and DHC could induce ER stress 

response via ATF6 (Tam et al., 2019). Our results suggested that the DHS and DHC 

do not induce ER stress compared with ER stress inducers like DTT or TG (Chapter 

6.1 and 6.2). The DHS and DHC do not induce any downstream products of ER 

stress response such as the Golgi form or the nuclear form of ATF6, or BiP induction 

(Fig. 5.2.A). Even for ACOX1, the specific protein involved with lipid synthesis 

which was reported could be upregulated by DHS and DHC via ER stress, the 

expression of ACOX1 remained unchanging in our study (Fig. 5.2.B). The results of 

the DHS and DHC induced ER stress in the wild type ATF6 cells convincingly show 

that DHS and DHC could not induce ER stress and upregulate the ATF6 stress 

response pathway in our hands. Despite our results contrasting with the previous 

study, it still a possibility that our results are of value, since the study of lipotoxic 

stress is very new, the data or the information might be changed from time to 

time when more experiments are performed to obtain more information. It is 

possibility that the conditions that we used in our experiment are different from 

the conditions which were used in the published paper in some specific details, 

even though we tried to reproduce their experiments as close as possible and used 

the DHS and DHC reagent from the same supplier. In addition, the cell-line 

specificity is also a concern for the comparison of our results and the publication 

results since we used different cell types for the experiments. Moreover, we also 

need to verify the method that we used to treat our cells with DHS and DHC since 

we do not have a positive control that would allow us to confirm that the added 

lipids actually do get into the cells. Therefore, it is necessary to do more 

experiments to determine the basis for the discrepancy in the results obtained. 
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CHAPTER VII: MITIGATION PLAN - To investigate the mechanism by which 

disease mutants of ATF6 are prevented from ER to Golgi trafficking.   

7. 1. Introduction and aims  

According to the situation of the Covid pandemic during the time of my 

study, the impact of disruption is high since my study is lab based/object-based 

research. Therefore, when the pandemic occurred, I had to stop all my research 

work for several months because of the full lockdown. After the full lockdown 

there was also a restriction and social distancing requirement for working in 

laboratory and I cannot do the experiment full time as usual, so the disruption is 

still continuous as a medium Impact for several months after the lockdown. Thus, 

this chapter was added as a compensation for the lost lab time.  

Recent studies provide strong evidence that ATF6 has an important role in 

the unfolded protein response, which regulates proteins synthesis in the ER lumen.  

Malfunctional ATF6 can lead to ER stress and cell death, which can cause multiple 

pathological conditions such as cancer, diabetes, ischemic disease and 

achromatopsia (Glembotski, Rosarda and Wiseman, 2019; Hillary and FitzGerald, 

2018; Chiang et al., 2017; Kohl et al., 2015; Glembotski, 2014; Usui et al., 2012; 

Schewe and Aguirre-Ghiso, 2008).  ATF6 is a type II ER transmembrane protein, 

which was identified as a member of the basic leucine zipper (bZIP) family (Haze 

et al., 1999 and 2001).  The C-terminal luminal domain of ATF6 is unstructured, 

contains disulfide bonds and senses changes to the redox conditions within the ER.  

The N-terminal cytosolic domain is a DNA binding domain, which works as a 

transcription factor to upregulate the ER stress response element (ERSE) such as 

BiP, XBP1, glucose-regulated protein 94 (GRP94), and protein disulfide isomerase 

(Okada et al., 2002; Haze et al., 1999; Yoshida et al., 1998).  Signal transduction 

of ATF6 is thought to be regulated by BiP which binds to the luminal domain of 

ATF6.  Upon stress, BiP is released from ATF6 to bind with unfolded proteins, 

which accumulate in the ER lumen and used to count as a higher affinity substrate 

for BiP than the UPR mediators. The dissociation of BiP is thought to lead to the 

formation of a reduced monomer of ATF6 which can be packaged into the coat 

protein complex II (COPII) vesicles and migrate to the Golgi complex (Schindler 

and Schekman, 2009; Nadanaka et al., 2004).  There, ATF6 is cleaved by site 1 

protease (S1P) and site 2 protease (S2P), and the cleaved soluble ATF6 
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translocates to the nucleus where it will upregulate the transcription of ER 

chaperone and folding enzymes (Shen and Prywes, 2004; Ye et al., 2000; Haze et 

al., 1999).  Meanwhile, during chronic stress ATF6 is also responsible for apoptosis 

by upregulating genes involved in cell death such as CHOP and the endoplasmic 

reticulum protein 29 (ERp29) (Hirsch et al., 2014; Tabas and Ron, 2011; Yoshida 

et al., 2000). 

Despite these previous studies, the process of ATF6 trafficking from the ER 

to the Golgi is not straightforward and requires a number of additional elements, 

for instance, ATP, COPII cargo protein, protein disulfide isomerases (PDI), and 

thrombospondin (Thbs).  ATP has been identified to be required for protein 

quality-control by BiP, therefore, lack of ATP inhibits the dissociation of BiP from 

ATF6 under stress conditions (Vishnu et al., 2014; Mirazimi and Svensson, 2000; 

Dorner and Kaufman, 1994; Braakman, Helenius, and Helenius 1992).  In addition, 

the dissociation of the BiP-ATF6 complex does not mean that ATF6 will translocate 

to the Golgi or undergo proteolysis (Nadanaka et al., 2004; Antonny and 

Schekman, 2001).  A recent study demonstrated that the reduced monomer form 

of ATF6, which is thought to form only after dissociation from BiP, is the most 

preferable form for packaging into COPII vesicles and also the most preferable 

substrate form of S1P enzyme.  This may prevent unnecessary activation of the 

UPR when ATF6 migrates by mistake to the Golgi in the absence of ER stress 

(Schindler and Schekman, 2009; Nadanaka et al., 2007).  The reduction of ATF6 is 

likely to be accomplished by proteins in the PDI family such as the protein disulfide 

isomerase A5 (PDIA5 or PDIR), (Higa et al., 2014; Nadanaka et al., 2004).  

Specifically, PDI participates in inter- and intra-molecular disulfide bond 

rearrangement to activate ATF6.  Furthermore, vesicles packaging of ATF6 is 

thought to involve proteins in the Thbs group, in particular Thbs4, which binds to 

the luminal domain of ATF6 and promotes vesicles formation and the migration of 

ATF6 to the Golgi (Brodya et al., 2016; Lynch et al., 2012).  In addition, other 

studies suggested that the luminal domain of ATF6 plays an important role in stress 

sensing and trafficking.  Several types of luminal domain mutants, such as Y567N, 

D564G, and G512Lfs*39, lead to a decrease or prevention of downstream signal in 

the ATF6 pathway by blocking the trafficking of ATF6 from the ER to the Golgi.  

Thus, when ER stress occurs, ATF6 with these mutations is retained in the ER and 
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cannot upregulate the UPR genes (Chianga et al., 2017).  The mechanisms and 

proteins in facilitating these processes remain elusive. 

Although, our knowledge of the UPR and ATF6 activation pathway has 

increased, it is important to understand the mechanism of ATF6 in every aspect 

to allow novel therapeutic approaches to be developed.  This project will focus 

on the proteins involved with trafficking of ATF6 from the ER to the Golgi by 

studying the disease mutants of ATF6, ATF6 (D564G) and ATF6 (Y567N), which can 

prevent the trafficking of ATF6 (Chianga et al., 2017).  Therefore, we can compare 

the absence or the present of specific proteins in the mutant cells with proteins 

in wild type ATF6 cells during ER stress.  The results of this study will provide a 

clearer idea of the regulatory mechanism of ATF6 and the role of additional 

proteins in the process.  Our specific aims are: 

• To investigate the role of the proteins which are found in the complex with 

ATF6. 

• To examine the redox status of the ATF6 luminal domain and the role of 

disulfide bridges in controlling trafficking. 

• To study the role of the glycosylation status of ATF6 in trafficking. 

 

7. 2. Experimental design and methods to be used 

7.2.1. The siRNA knockdown of target genes associated with regulation 

of ATF6 trafficking 

 Recent reports indicate that BiP is insufficient to regulate the trafficking 

of ATF6 from the ER to the Golgi and the process requires additional proteins.  

Previously we have found by mass spectrometry that several proteins interact 

differently with either the wild type or ATF6 mutants during ER stress.  In this 

project we want to evaluate whether these proteins are involved in ATF6 

trafficking. If BiP dissociates from the mutants but they are not trafficked, then 

the expectation is that they interact (or not) with downstream factors that are 

involved in retention (or forward trafficking).  Hence the proteins that we found 

through mass spectrometry could be involved in retention (or selection for forward 
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trafficking), consequently, the knockdown experiments would be carried out to 

test the roles of the proteins.   

Once the interactions of ATF6 or BiP with all of the proteins of our interest ERdj3, 

14-3-3E, TGF, or Neudesin, have been verified, we will address the consequence 

of knocking down specific genes on the activation and trafficking of the ATF6 

mutants.  Individual genes will be knocked down using siRNA to examine the effect 

of reducing protein expression on the translocation of ATF6 from the ER to the 

Golgi.  If the proteins are playing an important role, the trafficking of ATF6 should 

be decreased or completely prevented after knockdown.  For this experiment, 

siRNA will be specifically designed for the target genes so the siRNA will selectively 

adjust the level of individual proteins.  The wild type ATF6 stable cell-line will be 

transfected with siRNA targeting specific gene and then screened for knockdown 

efficiency by qPCR or western blotting.  High efficiency of knockdown will be 

selected and treated with ER stress inducer such as tunicamycin, thapsigargin, or 

DTT.  The treated cells will be lysed, immunoprecipitated with anti-V5 antibody 

which is specific to the V5 tagged C-terminal of ATF6, and then the level of the 

cleaved ATF6 will be analyse by western blotting with anti-ATF6.  The results of 

this study will show the level of the cleaved ATF6 in the knockdown cells, if the 

cleaved form of ATF6 is not showing after ER stress induction, therefore we can 

confirm that the unexpressed protein in the knockdown cells is playing an 

importance role for ATF6 trafficking.  Meanwhile, we can consider that the 

knocked down protein is selectively working only for ATF6 regulation, or it could 

be regulating the other UPR reporters, like IRE1 and PERK by doing the same 

experiment that we use for investigated ATF6.  The knockdown cells will be 

treated with ER stress inducers such as tunicamycin, thapsigargin, or DTT, and 

then will be lysed.  The cells lysate will be immunoprecipitated with anti-IRE1 or 

anti-PERK antibody, and then the expression level of IRE1 and PERK will be 

analysed by western blotting with anti-p-IRE1 or anti-p-PERK antibody.  If the 

results show that the expression of p-IRE1 and p-PERK are still increasing after the 

knockdown cells were induced ER stress, it means that the knockdown protein has 

not affected IRE1 or PERK, and specifically regulated only the ATF6 pathway. In 

other way, after roughly screening to find the most promising gene(s) from our 

protein candidates, ERdj3, 14-3-3E, TGF, or Neudesin, by knockdown method, we 

can evaluate the role of the proteins of our interest by creating the knockout cell 
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lines. Moreover, for the knockout-cells, we can restore the expression of the 

proteins by transfection to recheck its function, meanwhile the knockdown-cells 

would prevent the cell from compensating for the reduction of protein level. The 

proteins will be knocked out by CRISPR/Cas9 method using vectors expressed 

specific guide RNA for individual protein of interest.  Then the knockout cells will 

be used to investigate the consequence of restoring the expression of the 

identified proteins. However, for the knockout experiment, we already have some 

data for ERdj3 and the data suggested that the expression of ERdj3 during stress 

response seemed to be regulated by ATF6, rather than the ATF6 or BiP regulated 

or activated by ERdj3. Therefore, it is still worth examining the other proteins; 

14-3-3E, TGF and Neudesin, which we did not have enough time to check 

determine.  

 

7.2.2. Changing of redox status of the ATF6 luminal domain and the role 

of disulfide bridges 

 According to our studies, the non-trafficking mutants ATF6, D564G and 

Y567N, are found in different redox states compared to the wild type ATF6.  It is 

already well known that the two conserved cysteines in the luminal domain of wild 

type ATF6 can form inter- and intramolecular disulfide bridges appearing in 

oligomeric, dimeric, and monomeric forms.  However, our experiments show that 

the D564G mutant appears in all forms as the wild type in normal conditions, while 

the dimeric form rapidly disappears during ER stress compared with the wild type.  

Additionally, the Y567N mutant is only present as a monomer in non-stressed ER 

but forms an alternative dimer to the wild type protein following stress.   Even 

though D564G and Y567N are not close to the position of the conserved cysteine 

residues, the mutations affect the formation of disulfides in the luminal domain 

of ATF6.  Recent studies suggest that ATF6 leaves the ER in the form of a reduced 

monomer following stress (Kroeger et al., 2018; Schindler and Schekman, 2009; 

Nadanaka et al., 2007), so the redox status of the non-trafficking mutants ATF6 

should be considered.  

As it was stated in the precious paragraph, in the non-reducing gels the 

untreated wild type ATF6 has 3 specific forms, oligomer, dimer and monomer, 
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meanwhile, the Y567N mutation only has monomer and the D564G mutation has 3 

forms with the rapid disappearance of the dimer after exposing with stress. 

Therefore, to investigate the formation of disulfides in the ATF6 mutants, the 

thiol-reactive probe 4-acetamido-4’-maleimidylstilbene-2,2;-disulfonate (AMS) 

will be used.  The untreated wild type and ATF6 mutant cell-lines will be lysed 

with or without N-ethylmaleimide (NEM), then proteins will be precipitated with 

trichloroacetic acid (TCA) and reduced with DTT. Consequently, the reduced 

proteins will be incubated with or without AMS for covalent modification on the 

thiol group of cysteine residues and analysed by immunoblotting using an anti-

ATF6 antibody.  The results will demonstrate the presence or absence of the free 

thiols in the luminal domain of ATF6 mutants, so we can determine if the 

monomeric form of the mutants is oxidized or reduced (Fig. 7.1.A).  

Furthermore, it was clear that the mutants ATF6, D564G and Y567N, formed 

the disulfide bond in a different way from the wild type ATF6, however the reason 

why it formed differently is unclear and it might significantly affect the trafficking 

of ATF6 during stress. We can determine whether mutants ATF6 are disulfide 

bonded with another ATF6 or other ER proteins by immunoprecipitating the lysates 

of the untreated 35S-labeled cells with anti-ATF6 antibody and immunoblotting 

analysis under reducing and non-reducing condition (Fig. 7.1.B).  The difference 

of the ATF6 migration will indicate oligomeric and redox status of the mutants 

(Fig. 7.1.C). 

 

A. 
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Fig. 7.1. The presence of the disulfide bonds in ATF6. The figure is adapted from the 

publication of Nadanaka S. and colleagues in 2007 (Nadanaka et al., 2007). (A) ATF6(WT) cells with 

four cysteine residues, two in the luminal domain and two in the cytosolic domain, were harvested 

with PBS contained or not contained NEM. Then the proteins lysate was precipitated with TCA and 

reduced with DTT, followed by incubation with or without AMS. Proteins were then separated by 

SDS-PAGE under reducing condition and analyzed by immunoblotting using anti-ATF6 antibody. 

Cysteines with free SH or disulfide bonded as well as those covalently modified with NEM or AMS 

are illustrated. (B) ATF6(WT) cells or the cysteine mutant ATF6 cells, ATF6(C618A), were pulse-

labeled with [35S]methionine and cysteine. The SDS-PAGE results under reducing and nonreducing 

conditions shown difference forms of ATF6, which formed the disulfide bonds between molecules 

B. 

C. 
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of ATF6 or between ATF6 and unknown proteins (protein X). (C) Non-reducing SDS-page shown the 

difference disulfide formations on the luminal domain of ATF6(WT) compared with the disulfide 

mutants of ATF6, C467A, C618A and C467&618. The disulfide formations are also illustrated under 

the SDS-page figure. 

 

7.2.3. Glycosylation status of ATF6 

 Since there is still lack of evidence and understanding of the trafficking 

mechanism of ATF6, except the co-proteins which assisted ATF6 to traffic, one of 

the possible control factors of ATF6 trafficking is the glycosylation status of ATF6.  

Recently, the information we have suggested that the glycosylated ATF6 with high 

mannose N-glycan was established in the ER and transported to the Golgi when ER 

stress occurred.  Therefore, in Golgi, the glycosylated ATF6 was modified by 

glycosidases to form an Endo H-resistant ATF6 before undergoing S1P and S2P 

protease cleavage (Kroeger et al., 2018; Ye et al., 2000; Haze et al., 1999).  

However, the glycosylation status of the non-trafficking mutants ATF6, such as 

D567G and Y567N, remains undetermined.  Thus, the aim of this study is to 

examine the glycosylation status of the mutants ATF6 to see whether it is similar 

or different from the wild type ATF6 because these point mutations clearly affect 

disulfide formation, so it might be also to charge the conformation of ATF6 leading 

to unusual glycosylation of ATF6.  Firstly, the sensitivity of the glycosylated ATF6 

with Endo H will be tested.  The untreated wild type ATF6 and the mutants AT6 

cell-lines will be lysated and then treated with Endo H.  If the mutants ATF6 are 

glycosylated as the wild type in the non-stress condition, the western blotting 

analysis will show a single band of the deglycosylated ATF6.  Afterwards, the 

conversion of Asparagine to aspartate after deglycosylation will be monitored by 

mass spectrometry to identify the glycosylation site in the wild type and mutants 

ATF6 peptides.  The ER fraction will be prepared by sucrose gradient from the 

untreated wild type and mutants ATF6 cell-lines and then treated with the 

labelled H2
18O during PNGase F digestion. After deglycosylated by PNGase F, 

asparagine residues of the ATF6 luminal domain will be converted to aspartate 

with 18O incorporation and this change will be analysed by mass spectrometry. 

Moreover, we can also create cell-line with the glycosylation site mutants of ATF6 

and then induce cells with ER stress inducers to examine the effect of the 
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mutation in the ATF6 trafficking. The data should unveil more information of the 

role of the glycosylation in ATF6 transport. 

  

7. 3. Conclusion 

The mechanism of the UPR has been explored throughout this decade, 

however there are so many aspects of this mechanism that still remain obscure, 

including the regulation of the ATF6 pathway.  It has been reported that ATF6 has 

its own mechanism which works differently from other UPR reporters like PERK 

and IRE1, to respond to unfolded protein and ER stress.  Initially, it was shown 

that BiP an ER chaperone plays a key role in the downstream regulation of ATF6.  

Only after BiP is released from ATF6 following stress is the protein packaged into 

COP II vesicles and trafficked from the ER to the Golgi.  Recent studies show that 

BiP release from ATF6 is insufficient to drive the translocation of ATF6 from the 

ER to the Golgi.  In addition, it is unclear what role of disulfide bonds has in 

regulating ATF6 trafficking control.  However, it has been shown that the luminal 

domain of ATF6 is the most important part of ATF6 which regulates the mechanism 

of trafficking.  Several mutations which occur in the luminal domain, can prevent 

trafficking of ATF6 and inhibit the downstream signal for the UPR during ER stress.  

From our previous study, the results shown that specific mutation types of ATF6 

luminal domain, such as D564G and Y567N, still can be released from BiP during 

stress induction, despite that trafficking is blocked.  Thereby, there may be other 

factors which have a crucial role in terms of trafficking control.  There are other 

results from our experiments which indicated some proteins in PDI family, ER 

chaperone group, and the group of trafficking-control proteins, like ERdj3, ERp18, 

and ERO1, as a candidate protein in trafficking control.  According to the 

knowledge we have, if we can continue our research as described above to test 

all the hypothesis.  The results will improve our understanding about ATF6 

pathway, and we may discover the way to control or boost it in patients who are 

suffering with different kinds of diseases.  
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