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Abstract 

Pancreatic cancer is a dismal malignancy with a 5-year survival rate of 7-9%, one 

of the worst among all cancer types. Patients with pancreatic ductal 

adenocarcinoma (PDAC) usually present an advanced stage of the disease upon 

diagnosis and often develop chemotherapy resistance. As the disease progresses, 

patients are commonly administered a gemcitabine-based therapy, which is known 

for its clinical benefits, but also low response and concomitant high resistance rates. 

For this reason, the mechanism driving gemcitabine resistance has been 

extensively studied in pancreatic cancer. In fact, several gemcitabine metabolizing 

enzymes have been identified as prognostic, correlating with gemcitabine response 

rates in patient biopsies. Still, the molecular consequences of gemcitabine 

resistance in tumors remain elusive. Chemotherapeutic agents are known to not 

only act on their targets, but to also elicit stress and therefore trigger stress-induced 

apoptosis. Thus, it is plausible that chemotherapy resistance is not only mediated 

by a bypass of the pathway directly targeted by the chemotherapeutic agent, but 

also by an altered response to stress cues.  

In this study we investigated the molecular consequences of gemcitabine resistance 

in PDAC tumors. For this, a gemcitabine resistant cell line was established by 

treating treatment-naïve PDAC cells with increasing concentrations of gemcitabine. 

By studying the genomic, epigenomic and transcriptomic changes associated with 

acquired gemcitabine resistance, we identified a main driver of gemcitabine 

resistance and unraveled a novel mechanism employed by these tumors to 

overcome stress and activate alternative pathways. Copy number variation analyses 

revealed an amplification of a segment of chromosome 11, which included genes 

previously associated with gemcitabine resistance, such as Ribonucleotide 

Reductase Catalytic Subunit M1 (RRM1) as well as other genes, like Stromal 

Interaction Molecule 1 (STIM1). RRM1 is a known target of gemcitabine and 

proliferation studies confirmed that its amplification and upregulation drove 

gemcitabine resistance in our system. 

In order to elucidate further molecular mechanisms affected by acquired 

gemcitabine resistance, an epigenetic profiling of the cells was traced. This led to 

the identification of a dampened ER stress response in gemcitabine resistant 

compared to parental cells. Gemcitabine resistant cells failed to activate stress 
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responsive transcription factors, such as Activating Transcription Factor 4 (ATF4), 

while also displaying a drop in active transcription histone marks around ATF4 

binding sites and target genes. Interestingly, the stress response is tightly coupled 

to calcium signaling and an important ER calcium sensor, STIM1, was identified to 

be co-amplified with RRM1 in gemcitabine resistant cells. In fact, the co-

amplification of the neighboring genes, RRM1 and STIM1, was shown to have a 

high co-occurrence rate in different treatment naïve cancer cell lines as well as 

several primary tumors, suggesting it may also spontaneously occur in tumors.  

STIM1 is an ER calcium sensor, which upon ER calcium depletion interacts with the 

calcium channel ORAI calcium release-activated calcium modulator 1 (ORAI1). This 

stimulates the influx of calcium from the extracellular matrix into the cytosol, a 

process referred to as Store Operated Calcium Entry (SOCE). Interestingly, calcium 

measurements revealed that STIM1-amplifying cells displayed an increased SOCE, 

which in turn led to a dampened ER stress response. Moreover, this increase in 

SOCE elicited an aberrant activation of the Nuclear Factor of Activated T cells 

(NFAT) family of transcription factors. Finally, analysis of primary tumors as well as 

treatment-naïve and gemcitabine treated Patient-Derived Xenografts (PDXs) 

corroborated our findings in vivo.  

Taken together, our study characterizes molecular mechanisms driving gemcitabine 

resistance in PDAC and unravels the role of calcium signaling in these tumors.  

While the amplification of RRM1 drove gemcitabine resistance, the upregulation of 

STIM1 elicited a heightened SOCE leading to ER stress resistance and aberrant 

NFAT activation. Thus, STIM1 was identified as a rheostat balancing between ER 

stress-responsive and NFAT-driven epigenetic programs upon stress. Finally, we 

propose STIM1 as a novel therapeutic target for the treatment of gemcitabine 

resistant as well as STIM1-overexpressing tumors. 
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 Introduction 

1. Introduction 

1.1. PDAC incidence and prognosis 

Among all cancer types, pancreatic ductal adenocarcinoma (PDAC) patients face 

one of the worst prognoses with a 7-9% 5-year survival rate, mainly due to late 

diagnosis and chemotherapy resistance (American Cancer Society, 2020). While 

53% of the patients are diagnosed with a metastatic tumor, those patients who can 

undergo a tumor resection usually face a relapse in 1-2 years (American Cancer 

Society, 2020; Oettle et al., 2013). Thus, the understanding of PDAC and the study 

of alternative diagnostic and treatment options is of ultimate importance. 

1.1.1. Development of PDAC 

Several external risk factors, which include smoking, type 2 diabetes, obesity and a 

history of chronic pancreatitis, are associated with PDAC development (American 

Cancer Society, 2020; Kirkegård et al., 2018; Malka et al., 2002). After Vogelsteinôs 

model for the development of colorectal cancer (Faeron and Vogelstein, 1990), 

Hruban et. al proposed a model for PDAC development. In this model, the pancreas 

first presents ductal lesions, pancreatic intraepithelial neoplasms (PanINs), which 

evolve from a low-grade lesion, with minimal atypia to high-grade lesions with severe 

cytological and architectural atypia. These lesions are initially non-invasive, but later 

develop into adenocarcinoma as they accumulate mutations over time (Fig. 1) 

(Distler et al., 2014; Hruban et al., 2000). Low grade PanINs are characterized by 

K-RAS mutations, which lead to a constitutively active signaling cascade and only 

progress to invasive pancreatic cancers when followed by silencing of tumor 

suppressors (Buscail et al., 2020; Di Magliano and Logsdon, 2013). After K-RAS 

mutation, 90% of the lesions present a loss of heterozygosity or silencing of the 

tumor suppressor, CDKN2A (Rozenblum et al., 1997). It was suggested that the K-

RAS mutation alone leads to senescence, but upon silencing of CDKN2A, a key 

regulator of the G1/S-phase transition in cell cycle, the cells are able to overcome 

this and undergo cell cycle. This allows for a fast cell proliferation and further 

promotes tumor formation (Tu et al., 2018).  

Later in PDAC development, the tumor suppressor genes TP53 and SMAD4 are lost 

(Rozenblum et al., 1997). These high-grade PanIN lesions present an accumulation 
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of mutations, shortening of telomeres and increased reactive oxygen species (ROS) 

levels, which would normally trigger a p53 dependent DNA-damage response, cell 

cycle arrest and apoptosis. Thus, the loss of TP53 allows cells to proliferate even 

under aberrant events (Hezel et al., 2006). While the ablation of TP53 is essential 

for cell cycle progression, the consequences of SMAD4 loss are still under 

investigation. Some studies propose that in the presence of a mutated K-RAS, loss 

of SMAD4 leads to accelerated fibrosis, loss of acinar cells and neoplastic changes 

(Bardeesy et al., 2006; Kojima et al., 2007). Taken together, the loss of tumor 

suppressor genes together with mutations in oncogenes allow PanIN lesions to 

develop into carcinomas.  

Furthermore, it has been shown that misregulation of several other transcriptional 

regulators drive the development of lesions and initiation of carcinomas. One such 

example is KLF4, which together with K-RAS stimulates the formation of PanINs 

promoting their reprogramming and plasticity (Wei et al., 2016). GLI1 is also required 

for K-RAS driven PanINs and accelerates tumor formation by activating NF-əB 

signaling (Nolan-Stevaux et al., 2009; Rajurkar et al., 2012). PRRX1B has been 

shown to be upregulated in PanINs being associated with increased proliferation 

and a first de-differentiation step from epithelial cells to more invasive carcinoma 

cells. While PRRX1B was not found to promote metastasis and a more aggressive 

oncogenic phenotype, the other isoform, PRRX1A, has been shown to promote EMT 

in PDAC and was found to be upregulated in metastatic cancer cells (Reichert et al., 

2013; Takano et al., 2016). In conclusion, genetic aberrations accompanied by 

transcriptional misregulation drive PDAC initiation and development, while also 

giving rise to different pancreatic cancer subtypes, as discussed below. 
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1.1.2. PDAC heterogeneity and subtypes 

Transcriptomic analysis of PDAC revealed the tumorsô high heterogeneity and 

context dependency. In an attempt to first classify adenocarcinomas for a better 

targeted therapy, Collisson et al. microdissected and profiled 27 resected PDAC 

tumors. The authors identified 62 genes, which were intrinsically variably expressed 

and conferred different properties to these tumors. This gave rise to three molecular 

subtypes termed: classical, quasimesenchymal (QM) and exocrine-like. While the 

classical subtype was characterized for being more dependent on the transcription 

factor GATA6 and having higher expression of epithelial and cell adhesion genes, 

the QM subtype enriched for mesenchymal genes. The exocrine-like subtype 

comprised digestive enzyme genes and could not be verified in further cell culture 

and mice studies, raising the possibility that it originates from contaminating tissues, 

from the stroma or normal pancreatic cells (Collisson et al., 2011). 

A further study by Moffitt et al. not only subtyped PDAC tumors, but also 

characterized the tumor stroma and metastases. PDAC was classified into classical 

and basal-like, where the classical signature greatly overlapped with the classical 

signature defined by Collisson et al. The basal-like subtype showed a more 

aggressive phenotype and was found to be enriched in metastases. The stroma was 

classified into activated and normal stroma, characterized by a more inflammatory 

environment and better prognosis, respectively. Interestingly, the basal-like, normal 

Fig. 1 PDAC development model. The scheme shows the progression of a normal 
pancreas into a low grade PanIN to a high grade one and finally to PDAC. The mutation 
of K-RAS and silencing of CDKN2A, p53 and SMAD4 are essential for the development 
of the lesions into PDAC. The scheme was based on the publication from Hruban et al. 

p53 

SMAD4 

Normal 
pancreas 
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and activated stroma signatures included genes comprised in QM signature defined 

by Collisson et al. (Moffitt et al., 2015). 

A third classification based on gene expression and tumor histology identified the 

following subtypes: squamous, pancreatic progenitor, immunogenic and aberrantly 

differentiated endocrine exocrine (ADEX). The squamous subtype showed the worst 

prognosis and was characterized by the upregulation of the transcription factor 

ȹNp63, while early development transcription factors were enriched in the 

pancreatic progenitor subtype. The ADEX subtype comprised genes involved in 

exocrine and endocrine differentiation and the immunogenic subtype upregulated 

genes involved in immune suppression. When compared to the Collisson et al. 

classification, the squamous signature correlated with the QM subtype, while the 

classical signature comprised the ADEX and pancreatic progenitor subtypes. The 

immunogenic signature did not correlate with any previously reported subtype 

(Bailey et al., 2016).  

In an attempt to validate the several subtype classifications, Raphael et al. 

molecularly characterized and classified 146 resected tumors as low or high purity 

samples. Low purity tumors comprised the exocrine-like, QM, ADEX and 

immunogenic subtypes, suggesting that these arise mainly due to impurities, such 

as high stroma content, present in the microdissection samples. High purity samples 

comprised the squamous/basal-like and the classical/pancreatic progenitor 

subtypes, further validating these classifications (The Cancer Genome Atlas 

Research Network et al., 2017). 

Chan-Seng-Yue et al. further stratified the basal-like and classical signatures into 5 

subtypes: basal-like A and B, classical A and B and hybrid. The signatures of basal-

like A and B overlapped with the previously defined basal-like signature from Moffit 

et al. The same is true for the classical A and B signatures and the published 

classical subtype by Moffitt et al. The hybrid subtype comprised several distinct 

expression profiles and was most likely a mixture of basal-like and classical tumor 

cells. Generally, classical A and B signatures were found in early stage PDAC, and 

late stage PDAC was mainly composed of basal-like A tumors. Basal-like B and 

hybrid carcinomas were predominantly resectable, while basal-like A was not. 
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Interestingly, several independent studies have observed that even though 

intratumor heterogeneity may be high, such that one tumor may be comprised of 

several subtypes, metastatic tumors were mainly comprised of one specific subtype 

and that chemotherapy response was also highly subtype dependent. There is a 

consensus that most liver metastases are basal-like even if originating from a tumor, 

which is of a different subtype (Chan-Seng-Yue et al., 2020; Ligorio et al., 2019; 

Makohon-Moore et al., 2017; Moffitt et al., 2015). This suggests that metastatic cells 

face a higher selective pressure imposed by extrinsic factors than primary tumors. 

Very limited data is available on the subtype of metastases after chemotherapy. 

Chan-Seng-Yun were the first to report the switch of a basal-like B metastasis to the 

classical A subtype after adjuvant treatment (Chan-Seng-Yue et al., 2020). 

Regarding chemotherapy response, Collisson et al. reported that QM cell lines were 

more sensitive to gemcitabine, while erlotinib was more effective in classical 

carcinomas in vitro (Collisson et al., 2011). Moffitt et al. further showed that patients 

with basal-like tumors presented a better response to adjuvant therapy, while Chan-

Seng-Yun found that basal-like A tumors were more chemoresistant and basal-like 

B, classical A and B and hybrid carcinomas more sensitive to chemotherapy (Chan-

Seng-Yue et al., 2020; Moffitt et al., 2015). In accordance with that, Aung et al. 

reported that patients with classical PDAC responded better to FOLFIRINOX (Aung 

et al., 2018) and Kloesch et al. showed that a loss of the classical driver GATA6 

confers tumor resistance to 5-FU and gemcitabine (Kloesch et al., 2020). Taken 

together, PDAC tumors are composed of several subtypes, which can be selected 

for during disease progression as well as by chemotherapy treatment. Still, currently, 

the same chemotherapeutic agent is applied to all subtypes, regardless of their 

specific vulnerabilities. 

1.1.3. Standard PDAC treatment 

PDAC treatment includes tumor resection, radiation and chemotherapy. While 40% 

of the patients present a locally advanced tumor without metastases, less than 20% 

classify for tumor resection and 30-40% of the patients display metastatic tumors 

(American Cancer Society, 2020; Ryan and Mamon, 2020a). Patients qualifying for 

resection present relatively small tumors, without metastases and distant major 

peripancreatic vessels (Ryan, 2020a; Ryan and Mamon, 2020a, 2020b). In case the 
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tumor is local, but does not entirely fulfill all of these requirements or is too big, it is 

classified as borderline resectable. Recently, more and more patients with locally 

advanced and borderline resectable tumors are administered neodjuvant therapy 

with or without chemoradiotherapy prior to surgical reevaluation (Ryan and Mamon, 

2020b). 

Neodjuvant treatment consists of combination treatments including gemcitabine with 

nab-paclitaxel and FOLFIRINOX (5-FU, leucovin, irinotecan and oxaliplatin). The 

treatment lasts for six months and can be followed by an additional round of 

radiochemotherapy. Afterwards, the patientôs health condition and tumor are re-

evaluated and tumors may be resected. After surgery, patients receive another six 

months of adjuvant therapy. In this case, patients displaying good health conditions 

are administered FOLFIRINOX, while secondary treatment options include 

gemcitabine with capecitabine, gemcitabine alone or S-1 (tegafur, gimeracil and 

oteracil) alone. Following, patients who previously received gemcitabine-based 

therapies are recommended to undergo an additional six months of 

chemoradiotherapy. This is not recommended in the case of adjuvant FOLFIRINOX 

treatment, as it is unknown, whether the patients can handle chemoradiotherapy 

following FOLFIRINOX treatment (Ryan and Mamon, 2020b). If, after neoadjuvant 

treatment, locally advanced and borderline resectable tumors do not qualify for 

surgical removal, patients may continue chemotherapy, receive alternative 

chemotherapeutic agents or enter clinical trials (Ryan and Mamon, 2020a). 

For patients facing a relapse and/or a metastatic tumor and an Eastern Cooperative 

Oncology Group (ECOG) Performance Status (PS) of 0-1, first-line therapy options 

include FOLFIRINOX, FOLFOX (5-FU, leucovin and oxaliplatin) or gemcitabine in 

combination with nab-paclitaxel (Conroy et al., 2011). In fact, FOLFIRINOX and 

FOLFOX are preferred over gemcitabine and nab-paclitaxel as gemcitabine is 

metabolized in the liver and thus presents higher hepatic toxicity. Still, patients 

presenting an ECOG PS of 2 qualify for second-line therapy options such as S-1 

alone, gemcitabine alone, gemcitabine with S-1 or gemcitabine with capecitabine. 

Even though the response rate to gemcitabine treatment is low and the hepatic 

toxicity high, gemcitabine-based therapies are preferred in this case, due to the 

clinical benefit to patients (Rothenberg et al., 1996). Furthermore, although 

combination treatments of gemcitabine with capecitabine and gemcitabine with S-1 
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have shown worse side effects and no changes in overall survival, the response rate 

was significantly increased when compared to gemcitabine treatment alone 

(Cunningham et al., 2009; Herrmann et al., 2007; Nakai et al., 2012; Ueno et al., 

2013). S-1 treatment alone is currently emerging as an alternative to gemcitabine-

based therapies. It is particularly attractive due to lower hematologic toxicity, better 

objective response rate and similar overall survival when compared to gemcitabine 

(Ueno et al., 2013). Still, availability to S-1 is limited to Japan and Europe, as it 

remains unavailable in the US (Ryan, 2020a). Thus, as PDAC progresses, patients 

are likely administered gemcitabine-based therapies, which present low response 

and overall survival rates, but offer clinical benefits to patients.   

 

 

 

 

 

 

 

 

 

 

1.1.4. Gemcitabine metabolism and mechanism of action 

As described previously, most PDAC patients receive a gemcitabine-based therapy 

during cancer treatment. Gemcitabine is a deoxycytidine analog (2ô,2ô-

difluorodeoxycytidine, dFdC), which is transported into the cell and metabolized 

analogously to deoxycytidine. Its metabolic intermediates affect DNA replication by 

stalling DNA Polymerase and interfere with de novo deoxynucleotide synthesis (Fig. 

3) (De Sousa Cavalcante and Monteiro, 2014; Wong et al., 2009).  

First gemcitabine is actively transported into the cell, as it is highly hydrophilic and, 

for this reason, cannot diffuse through the plasma membrane. Two different types 

Fig. 2 PDAC treatment options. Scheme depicting standard PDAC treatments. Tumors 
qualifying for resection are removed and adjuvant therapy is employed. For locally 
advanced and borderline resectable tumors, patients undergo neoadjuvant and adjuvant 
therapy prior and after resection, respectively. Metastatic and recurrent tumors are treated 
with a wide range of chemotherapeutic agents.  
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of transporters, the concentrative and equilibrative nucleoside transporters (NT) 

import gemcitabine. While the concentrative NT (CNT) depends on transporting the 

nucleoside against the concentration gradient at the exchange of sodium ions, the 

equilibrative NT (ENT) is bidirectional and transports nucleosides following the intra- 

and extracellular nucleoside concentrations (Mackey et al., 1998a). Most of 

gemcitabine is taken up by the human equilibrative nucleoside transporter 1 

(hENT1) and to a lesser extent by the human equilibrative nucleoside transporter 2 

(hENT2) and the human concentrative nucleoside transporters 1 and 3 (hCNT1 and 

hCNT3) (García-Manteiga et al., 2003; Mackey et al., 1998b, 1999; Ritzel et al., 

2001). 

Once inside the cell, gemcitabine is mono- (dFdCMP), di- (dFdCDP) and 

triphosphorylated (dFdCTP) by deoxycytidine kinase (dCK), pyrimidine nucleoside 

monophosphate kinase (CMPK) and possibly by nucleoside diphosphate kinase 

(NDPK), respectively. The monophosphorylation of gemcitabine by dCK being the 

rate-limiting step in gemcitabine anabolism (Bouffard et al., 1993; Hatzis et al., 1998; 

Heinemann et al., 1988; Van Rompay et al., 1999; Wong et al., 2009). This opens a 

window of opportunity for the cell to mitigate the effects of gemcitabine, by 

employing cytosolic 5ô-nucleotidase 1A (NT5C1A) to dephosphorylate 

monophosphorylated gemcitabine. As the dephosphorylation is much faster than the 

monophosphorylation step by dCK, the amount of metabolized and cytotoxic 

gemcitabine products is reduced (Hunsucker et al., 2001, 2005). Furthermore, 

gemcitabine can be deaminated by cytidine deaminase (CDA) into 2ô,2ô-

difluorodeoxyuridine (dFdU) becoming inactivated in the cell (Heinemann et al., 

1992; Xu and Plunkett, 1992). 

Regarding targets, gemcitabine affects nucleotide metabolism as well as DNA 

replication. Monophosphorylated gemcitabine can be deaminated by 

deoxycytidylate deaminase (DCTD) being converted into 2ô,2ô-difluorodeoxyuridine 

monophosphate (dFdUMP). This compound inhibits thymidylate synthase (TS) 

affecting deoxynucleotide triphosphate (dNTP) pools (Bergman et al., 2000; 

Heinemann et al., 1992; Xu and Plunkett, 1992). Diphosphorylated gemcitabine 

further affects deoxynucleotide metabolism by inhibiting ribonucleotide reductase 

(RNR) and preventing the enzyme from reducing ribonucleotide diphosphates 

(NDP) to deoxyribonucleotide diphosphates (dNDP). Ribonucleotide reductase is a 
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key enzyme in dNTP synthesis and is composed by two homodimeric subunits. The 

dimer formed by ribonucleotide reductase catalytic subunit M1 (RRM1) contains the 

catalytic subunits and binds a second smaller dimer formed by either ribonucleotide 

reductase regulatory subunits M2 (RRM2) or ribonucleotide reductase regulatory 

TP53 inducible subunit M2B (RRM2B) subunits. RRM2 and RRM2B contain an iron-

sulfur cluster, which stores the reducing equivalents used during catalysis by RRM1. 

They are also highly allosterically regulated by ATP and all dNTPs (Reichard, 1997; 

Stubbe, 2003; Uhlin and Eklund, 1994). The inhibition of RNR by diphosphorylated 

gemcitabine has severe consequences for the cell, as dNTP pools are drastically 

reduced, while, in a compensatory mechanism, available deoxynucleosides and 

gemcitabine are increasingly triphosphorylated (Heinemann et al., 1990). This then 

intensifies the cytotoxic effects of gemcitabine in the cell increasing the pools of 

triphosphorylated gemcitabine and thus its chances of being incorporated into DNA. 

Upon incorporation of triphosphorylated gemcitabine into DNA, DNA Polymerase is 

able to incorporate one additional dNTP before stalling. DNA repair mechanisms are 

unable to remove triphosphorylated gemcitabine at the internal as well as at the 3ô 

end position, triggering cell cycle arrest and finally apoptosis (Huang et al., 1991). 

This way, gemcitabine not only impairs DNA replication, but also inhibits key 

processes in nucleotide metabolism. 
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1.1.5. Gemcitabine resistance in PDAC 

Even though chemotherapy, specially gemcitabine, is widely administered to PDAC 

patients, a very small fraction of these patients responds to treatment. When first 

undergoing clinical trials, gemcitabine was extremely attractive compared to 5-FU 

as 24% of gemcitabine-treated PDAC patients profited from clinical benefits 

compared to 5% of 5-FU-treated patients. The median survival rate for gemcitabine-

treated patients also slightly increased to 5.65 months compared to 4.41 months for 

5-FU-treated patients (Burris et al., 1997). Unfortunately, response rates to 

gemcitabine were low, with 89% of the patients not responding to gemcitabine 

treatment and facing chemotherapy resistance (Casper et al., 1994). Gemcitabine 

resistance is suggested to arise due to extrinsic and intrinsic factors, these being 

the tumor stroma and the rewiring of gemcitabine metabolism in cancer cells, 

respectively (Amrutkar and Gladhaug, 2017; De Sousa Cavalcante and Monteiro, 

2014).  

Regarding extrinsic factors, the exact role of the tumor stroma in chemotherapy 

resistance is still under investigation. The stroma of pancreatic cancer is known to 

account for up to 90% of the tumor volume and is suggested to hamper drug delivery 

and/or scavenge chemotherapy. It is composed of an extracellular matrix rich in 

hyaluronic acid, fibronectin, secreted protein acidic and rich in cysteine (SPARC) 

and collagens, cancer-associated fibroblasts (CAFs), inflammatory cells and blood 

vessels. Key signaling pathways, such as TGFɓ and Hedgehog, foster tumor as well 

as stromal growth and tumor differentiation (Ligorio et al., 2019; Neesse et al., 

2011).  

In fact, combinatory targeting of the Hedgehog pathway with gemcitabine 

administration has shown very promising results. In a mouse model, Olive et al. 

Fig. 3 Gemcitabine metabolism and targets. Gemcitabine is mainly imported by hENT1, 
but also by hENT2, hCNT1 and hCNT3. It is later monophosphorylated (dFdCMP) by dCK, 
diphosphorylated (dFdCDP) by CMPK and finally triphosphorylated (dFdCTP) possibly by 
nucleoside diphosphate kinase. Gemcitabine is deaminated by CDA being inactivated in 
the cell in the form of dFdU. dFdCMP is also deaminated by CDTD and its product inhibits 
thymidylate synthase (TS). dFdCDP inhibits ribonucleotide reductase, significantly lowering 
the dNTP pool in the cell. dFdCTP stalls DNA Polymerase shortly after being incorporated 
into the daughter strand. The figure was based on the publication by de Sousa Cavalcante 
et al. 
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showed that by inhibiting the Hedgehog pathway and co-treating with gemcitabine, 

the stroma was reduced, while the tumor showed a higher vascularization. This 

allowed for a better drug delivery and chemotherapy response. Unfortunately, the 

stroma quickly became resistant to Hedgehog inhibition, growing back and impeding 

gemcitabine delivery after 2 weeks of co-treatment (Olive et al., 2009). Reduced 

fibrosis upon Vitamin-D receptor activation and depletion of hyaluronic acid and 

collagen have also led to increased drug delivery and response in mouse models 

(Chauhan et al., 2013; Jacobetz et al., 2013; Provenzano et al., 2012; Sherman et 

al., 2014). Still, in a different study, SPARC levels did not correlate with overall 

survival and response to gemcitabine or gemcitabine and nab-Paclitaxel treatment 

in patients (Hidalgo et al., 2015). Furthermore, the stroma volume was only 

indicative of chemotherapy response rates in patients after accounting for the 

expression of gemcitabine transporters, such as hENT1, in tumors (Koay et al., 

2014a, 2014b). Thus, whether the tumor stroma provides an effective physical 

barrier to gemcitabine is still under debate. Still, another role has been accredited to 

the stroma, this being that of scavenging gemcitabine. Higher levels of active, 

triphosphorylated gemcitabine (dFdCTP) were found in CAFs compared to tumor 

cells, while the opposite was true for levels of inactive, deaminated gemcitabine 

(dFdU). Stromal cells also expressed lower levels of gemcitabine inactivating 

enzymes, suggesting that they, rather than tumor cells, are more affected by 

gemcitabine treatment (Hessmann et al., 2018). 

Even though the role of the stroma in chemotherapy resistance is still under debate, 

it is clear that the expression levels of gemcitabine targets and metabolic enzymes 

are key in gemcitabine resistance. Levels of the nucleotide transporter proteins, 

hENT1 and hCNT1, in naïve as well as gemcitabine treated patients and cell lines 

correlated with gemcitabine response (Bhutia et al., 2011; Farrell et al., 2009; Mori 

et al., 2007; Spratlin et al., 2004). High dCK levels have also been associated with 

better overall survival and gemcitabine responsiveness in patients (Kroep et al., 

2002; Maréchal et al., 2010; Sebastiani et al., 2006). This indicates that the rate-

limiting steps of gemcitabine uptake and metabolism are key for patientsô response 

to gemcitabine-based therapy. Taken together, dCK and hENT1 have been 

suggested as prognostic markers (Maréchal et al., 2012). 
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Gemcitabine inactivating enzymes, such as CDA and NT5C1A, have also been 

shown to play an important role in gemcitabine resistance. In neuroblastoma, CDA 

levels have been shown to negatively correlate with gemcitabine response, while in 

ovarian cancer, this observation did not hold (Ferrandina et al., 2010; Ogawa et al., 

2005). Furthermore, CDA levels varied greatly in human tumor xenografts of 

pancreatic, lung, colorectal, ovarian and head and neck tumors upon gemcitabine 

treatment (Kroep et al., 2002). More recently, a study has shown that tumor 

associated macrophages induce the upregulation of CDA in PDAC cells, conferring 

gemcitabine resistance to the tumor (Weizman et al., 2014). NT5C1A is also robustly 

expressed by PDAC patients and its overexpression in PDAC mouse models as well 

as HEK293T cells resulted in increased gemcitabine resistance (Hunsucker et al., 

2001; Patzak et al., 2019). 

Ribonucleotide reductase levels have also been associated with gemcitabine 

resistance, although its prognostic value is still under debate. In gemcitabine 

resistant cell lines, an overexpression of RRM1 has been reported to drive 

gemcitabine resistance (Nakahira et al., 2007; Nakano et al., 2007; Wang et al., 

2015; Zhou et al., 2019). In vivo studies confirmed this finding, identifying RRM1 as 

the most highly overexpressed gene in gemcitabine resistant tumors, being 

upregulated by 25-fold (Bergman et al., 2005). Still, the prognostic value of RRM1 

remains under debate, as one study reported a negative correlation between RRM1 

levels and gemcitabine responsiveness in patients, another study described  a 

positive correlation and a third patient study did not corroborate any of these findings 

(Akita et al., 2009; Aoyama et al., 2017; Maréchal et al., 2012). Taken together, 

gemcitabine resistance in PDAC is primarily driven by the up- and downregulation 

of target and metabolic genes, while also being modulated by the stromaôs 

scavenging ability and physical barrier. 

1.2. The Integrated Stress Response (ISR) 

Many chemotherapeutic drugs are known to not only act on their specific targets, 

but to also trigger a more general cellular stress response. Furthermore, due to the 

hypoxic and nutrient deprived environment of tumors, cancer cells experience 

chronic stress (Avril et al., 2017). The integrated stress response (ISR) is activated 

in response to stress cues such as amino acid deprivation, viral infection, heme 
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deprivation and the accumulation of unfolded proteins in the endoplasmic reticulum 

(ER) signaling ER stress. It converges at the halt of global cap-dependent 

translation, achieved by the phosphorylation of the eukaryotic translation initiation 

factor 2 alpha subunit (eIF2Ŭ). This leads to the cap-independent translation of the 

activating transcription factor 4 (ATF4), which can then fine-tune the stress 

response, triggering the transcription of pro-survival genes and, if the cell fails to 

respond, of apoptotic genes (Fig. 4) (PakosȤZebrucka et al., 2016).  

 

1.2.1. ISR in pancreatic diseases 

The ISR is of great importance in the pancreas, playing a role in insulin-secreting 

pancreatic ɓ cells, acute and chronic pancreatitis and possibly in pancreatic cancer. 

It is the main trigger of type I diabetes, where the pancreas produces little or no pro-

insulin. Because glucose levels are constantly fluctuating in pancreatic ɓ cells, pro-

insulin production in the ER is accordingly highly variable. This can cause an acute 

accumulation of unfolded pro-insulin in the ER, triggering ER stress. Furthermore, 

Fig. 4 An overview of the integrated stress response. Different sources of stress activate 
their respective stress kinase, which phosphorylates eIF2Ŭ, shutting down cap-dependent 
translation and activating ATF4. ATF4 promotes the transcription of stress responsive pro-
survival and apoptotic genes. Figure based on Pakos-Zebrucka et al. 
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mutations in the insulin coding region can prevent proper protein folding in the ER, 

also leading to the accumulation of unfolded pro-insulin and ER stress. For these 

reasons, it is crucial that pancreatic ɓ cells express robust amounts of ISR sensors 

and mediators to properly cope with such stresses; activating the pro-survival 

branch of the ISR and, only if needed, undergoing apoptosis. Several studies have 

shown that mutations in ISR components can lead to a failure in the stress response, 

increased apoptosis of pancreatic ɓ cells and, consequently, to type I diabetes 

(Harding et al., 2001; Ladiges et al., 2005; Wang et al., 1999).  

A very similar phenomenon is found in pancreatic acinar cells that produce and 

secrete digestive enzymes, such as trypsinogen and chymotrypsinogen, and, when 

malfunctioning, can trigger acute and chronic pancreatitis. In pancreatitis, acinar 

cells fail to properly fold, post-translationally modify, package and/or secrete 

digestive enzymes. This leads to an early intrapancreatic activation of these 

enzymes and consequently to the digestion of the pancreas followed by 

inflammation (Gukovskaya et al., 2019; Habtezion, 2015; Pandol et al., 2007). 

Several studies have shown that in the early stages of pancreatitis development, 

mice presented an increase in the stress response, more specifically in ER stress 

response (Kubisch et al., 2006; Logsdon and Ji, 2013; Lugea et al., 2012; Sah et 

al., 2014; Waldron et al., 2018) . Thus, again, the correct folding of digestive 

enzymes is crucial for proper functioning of acinar cells and a robust and functional 

ER stress response is critical to resolve this. Mutations in trypsinogen and 

trypsinogen inhibitor proteins have been shown to lead to an accumulation of 

unfolded proteins in the ER, triggering ER stress and predisposing people to 

pancreatitis (Hegyi and Sahin-Tóth, 2019; Teich et al., 2006).  

The role of the ISR in pancreatic cancer is not as well characterized as in pancreatitis 

and diabetes, but the ISR is commonly hijacked in several cancer types and there 

are some suggestions that ER stress may contribute to gemcitabine resistance. In 

general, the tumor microenvironment is highly deprived of nutrients and oxygen, 

thus it is common that cancer cells activate the ISR. In fact, during nutrient 

starvation, tumors activate the ISR and are able to, this way, maintain amino acid 

homeostasis. Furthermore, nutrient starvation promotes a metabolic plasticity 

triggered by the ISR, which is crucial for cancer cells to quickly adapt to changing 

environments (Sun et al., 2015; Ye et al., 2010). Hypoxia is also common in tumors, 



 

15 
 

 Introduction 

triggering ER stress and inhibiting cap-dependent translation with the aim of 

reducing energy consuming processes (Blais et al., 2004; Koritzinsky et al., 2006). 

Interestingly, it was shown that some solid tumors even rely on hypoxia and ER 

stress to activate LAMP3, a gene tightly associated with metastasis (Mujcic et al., 

2013). Thus, even though some cancer cells undergo apoptosis due to ISR 

activation, tumors usually adapt and use the pro-survival branch of the ISR to thrive 

in stressful environments. Furthermore, although these studies were conducted 

mainly in solid tumors other than pancreatic cancer, it is very plausible that the ISR 

has similar effects in PDAC, as the latter also presents high levels of hypoxia and 

nutrient deprivation.  

Regarding ISR in pancreatic cancer specifically, very recently a study described that 

ER stress activation results in quiescent and immune evading pancreatic cancer 

cells. Furthermore, these cells were shown to constitute the bulk of 

macrometastases found in the liver, linking ER stress to metastasis (Pommier et al., 

2018). ER stress has also been implicated in gemcitabine resistance, in two 

opposite ways. In one study, gemcitabine resistant tumors were sensitized by ER 

stress inducers, such as Orlistat and Thapsigargin, while in another study ER stress 

promoted gemcitabine resistance in PDAC (Palam et al., 2015; Tadros et al., 2017). 

In conclusion, many processes in pancreatic cancer and in the pancreas in general 

are highly dependent on the ISR and more specifically on ER stress and on the fine-

tuning between its pro-survival and pro-apoptotic branches. 

1.2.2. The ISR balance ï pro-survival or apoptotic? 

As seen in the previous section, the ISR helps many systems cope with stresses 

and survive them. Still, when failing to resolve the stress, the ISR may lead to 

apoptosis and cell death. The exact mechanisms behind this switch between pro-

survival and apoptotic pathways remains under investigation. It is believed that the 

ISR signal duration and the levels of phosphorylated eIF2Ŭ (peIF2Ŭ) and translated 

ATF4 highly influence the cellôs decision to survive the stress or not (Fig. 5).   

The pro-survival branch is mainly characterized by an initial alleviation of translation, 

a highly energy consuming process, and by the upregulation of autophagy and anti-

apoptotic genes. By phosphorylating eIF2Ŭ and, consequently, shutting down cap-
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dependent translation, viral mRNA and globin translation is reduced, thus instantly 

counteracting viral infections and adjusting globin to heme levels, while preventing 

the accumulation of globin aggregates (Balachandran et al., 2000; Han et al., 2001). 

Less translation also leads to a diminished consumption of amino acids helping the 

cells cope with nutrient deprivation (Vazquez de Aldana et al., 1994). The ER is also 

less overwhelmed with proteins to be folded, thereby, alleviating ER stress (Guan 

et al., 2017; Ron, 2002). This immediate response is followed by the translation and 

activation of ATF4. Several studies have shown that upon different kinds of stresses, 

ATF4 can upregulate the expression of several autophagy genes, such as 

MAP1LC3, ATG5 and SQSTM1 (BôChir et al., 2013; Rouschop et al., 2010). 

Autophagy is, thus, initially activated in the cells, as it helps catabolize proteins, 

replenishing the pool of amino acids, while also lowering the amount of unfolded 

and viral proteins, therefore further alleviating stress (Kroemer et al., 2010; Ye et al., 

2010). Interestingly, a study has shown that the early activation of autophagy does 

not necessarily mean that all cells undergo autophagy to survive stress. In fact, what 

Suraweera et al. noticed is that upon proteasome inhibition, a depleted amino acid, 

such as cysteine, triggers the ISR and consequently autophagy. But, once this 

critical amino acid is replenished by the cell, peIF2Ŭ is dephosphorylated and 

autophagy is suppressed (Suraweera et al., 2012). Another mechanism employed 

by the cell to overcome stress is the upregulation of anti-apoptotic genes, such as 

MCL-1 and cIAP1 and cIAP2 by ATF4 (Hamanaka et al., 2009; Hu et al., 2012, 

2004).  

It is important to note that the termination of the ISR is crucial for cell survival, as 

the synthesis of essential proteins has to resume. This is achieved by the 

dephosphorylation of peIF2Ŭ by the phosphatase GADD34, an ATF4 target, thereby 

restoring cap-dependent translation (Ma and Hendershot, 2003; Novoa et al., 2001). 

Thus, a timely termination of the ISR can also influence the cellôs ability to survive 

or not in response to stress (Tabas and Ron, 2011). In fact, upon prolonged stress, 

ATF4 upregulates DNA damage inducible transcript 3 (DDIT3), which encodes for 

the transcription factor CHOP. In response to ER stress, ATF4 and CHOP have 

been shown to promote the transcription of several pro-apoptotic genes, such as 

the BCL2 family members, PUMA and BIM (Galehdar et al., 2010; Puthalakath et 

al., 2007). Furthermore, CHOP upregulates the oxidase ERO1Ŭ turning the oxidizing 
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environment in the ER into a hyperoxidizing environment. This has severe 

consequences as reactive oxygen species accumulate in the ER and proteins 

cannot be properly folded, aggravating ER stress and promoting apoptosis 

(Marciniak et al., 2004). Another important target gene of ATF4 and CHOP is tribbles 

pseudokinase 3 (TRIB3), which was shown to repress tumorigenesis and promote 

apoptosis by inhibiting AKT activation (Ohoka et al., 2005; Salazar et al., 2015). 

TRIB3 was also shown to negatively regulate ATF4, dampening the stress response 

and its own expression (Jousse et al., 2007; Liew et al., 2010). Furthermore, Liew 

et al. showed that pancreatic ɓ cells that have the TRIB3 Q43R polymorphism have 

a greater stabilization of TRIB3 and thus are much more prone to stress-induced 

apoptosis. As a consequence, these cells fail to cope with the normal ER stress 

associated with pro-insulin production undergoing cell death at a higher frequency, 

failing to secrete insulin and leading to type I diabetes (Liew et al., 2010). In 

conclusion, peIF2Ŭ and ATF4 are key mediators of the stress response, instantly 

relieving the cells from the energy consuming process of translation, while activating 

autophagy, anti-apoptotic and pro-apoptotic genes. The activation intensity and 

duration of peIF2Ŭ and ATF4 are key determinants of the cellular ability to thrive 

under stress or to undergo programmed cell death. 
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1.2.3. ER stress 

ER stress response, as shown in the previous sections, is essential for the proper 

functioning of the pancreas, while its role in pancreatic cancer and chemotherapy 

response is still being studied. The accumulation of unfolded proteins signals ER 

stress, triggering the unfolded protein response (UPR). In this process, different ER 

protein chaperones act as sensors, which, upon disturbances, activate ER stress 

mediators. These relay the signal activating several transcription factors and 

responsive genes, while also stimulating the ISR by phosphorylating eIF2Ŭ (Urra et 

al., 2016; Walter and Ron, 2011). As the ER is a central organelle for several cellular 

processes, the UPR is tightly coupled to and can be further activated by changes in 

the oxidizing environment and perturbations in calcium levels in the ER as well as 

by variations in ATP and glucose levels in the cell (Rutkowski and Hegde, 2010).  

1.2.3.1. ER stress mediators 

ER stress mediators are the bridge between ER homeostasis and the stress 

response, phosphorylating eIF2Ŭ and activating b-ZIP transcription factors: 

activating transcription factor 6 (ATF6), X-box binding protein 1 (XBP1) and ATF4. 

The ER stress mediators are comprised of three transmembrane ER proteins: ATF6, 

inositol requiring enzyme 1 (IRE1), and PKR-like ER kinase (PERK). While ATF6 

activates UPR-responsive genes including mainly protein chaperone genes, IRE1 

leads to the upregulation of protein chaperone, lipid synthesis and ER-associated 

protein degradation (ERAD) genes (Hetz, 2012; Hillary and Fitzgerald, 2018; Vekich 

et al., 2012). PERK leads to the activation of the transcription factor nuclear factor 

erythroid 2-related factor 2 (NRF2) and of the ISR by phosphorylating eIF2Ŭ and 

triggering ATF4 accumulation. Consequently PERK stimulates the transcription of 

CHOP, GADD34, pro-survival, apoptotic and antioxidant genes (Fig. 6) (Maas and 

Diehl, 2015; PakosȤZebrucka et al., 2016).  

Fig. 5 Activation of pro-survival and apoptotic pathways by the ISR. The 
phosphorylation of eIF2Ŭ by stress kinases inhibits cap-dependent translation, which 
relieves the cell from consuming amino acids and from accumulating unfolded proteins in 
the ER. Still, if translation is not resumed, vital proteins become scarce potentiating stress 
and triggering apoptosis. The activation of ATF4 leads to the upregulation of autophagy, 
anti-apoptotic and apoptotic genes. GADD34 provides a feedback mechanism by 
dephosphorylating peIF2Ŭ, while CHOP dimerizes with ATF4 to regulate apoptotic genes. 
In green and red are pro-survival and apoptotic target genes and processes, respectively. 
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ATF6 is an ER-transmembrane protein, which upon ER stress, is vesicle transported 

by COPII to the Golgi apparatus. There, site-1 protease (S1P) cleaves off the luminal 

domain of ATF6 and site-2 protease (S2P) removes the transmembrane anchor of 

ATF6. The N-terminus of ATF6 is then released in the cytosol translocating into the 

nucleus and activating several ER protein chaperone genes, such as heat shock 

protein family A (Hsp70) member 5 (GRP78) and protein disulfide isomerase family 

A member 6 (PDIA6) (Haze et al., 1999; Schindler and Schekman, 2009; Vekich et 

al., 2012; Ye et al., 2000). Furthermore, ATF6 can upregulate XBP1, the substrate 

of another ER stress mediator, IRE1 (Yoshida et al., 2001). Thus, ATF6 not only 

senses ER stress, but also activates responsive genes to cope with stress and 

potentiates ER stress response by upregulating ER stress mediator targets.  

IRE1 is a kinase, but also has RNase activity, splicing the XBP1 mRNA. Upon ER 

stress, IRE1 autophosphorylates in trans, oligomerizing and stabilizing its RNase 

active site. Oligomerized IRE1 binds TRAF2, fostering the mitogen-activated protein 

kinase (MAPK) signaling pathway. This leads to the activation of JNK, which, in turn, 

stimulates the pro-apoptotic protein BIM and inhibits the anti-apoptotic protein 

BCL2, promoting apoptosis (Urano et al., 2000; Xu et al., 2005). Still, IRE1 also 

fosters pro-survival pathways, by promoting the accumulation of XBP1. IRE1 splices 

out an intron of the XBP1 mRNA by using its RNase activity to cut the XBP1 

transcript at two different positions. This leads to the shifting of the open reading 

frame, such that the mRNA can be properly translated (Ali et al., 2011; Shamu and 

Walter, 1996; Yoshida et al., 2001). XBP1 then translocates into the nucleus 

activating mainly pro-survival genes, such as protein chaperones, ERAD subunits 

and lipid synthesis protein coding genes. Thus, XBP1 promotes the proper folding 

of newly synthesized proteins and the degradation of unfolded proteins, while also 

stimulating the production of phospholipids for ER membrane expansion (Hetz, 

2012; Lee et al., 2003). The negative regulation of XBP1 involves the destabilization 

of IRE1 oligomers due to an accumulation of phosphates and charge repulsion or 

by the action of receptor of activated C kinase 1 (RACK1) and protein phosphatase 

2A (PP2A), which dephosphorylate IRE1 oligomers. As a consequence, less XBP1 

mRNA is spliced and translated, dampening the stress response (Qiu et al., 2010; 

Walter and Ron, 2011).  
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The third ER stress mediator is PERK, which senses unfolded proteins in the ER 

and undergoes oligomerization and autophosphorylation. PERK does not only 

phosphorylate itself, but also has NRF2 and eIF2Ŭ as substrates (Carrara et al., 

2015; Cullinan et al., 2003; Harding et al., 2009; Mukaigasa et al., 2018; Wang et 

al., 2018). NRF2 is a transcription factor, which upon phosphorylation by PERK, 

translocates into the nucleus and activates metabolic enzymes and antioxidant 

protein coding genes (Cullinan et al., 2003; Hayes and Dinkova-Kostova, 2014; 

Mukaigasa et al., 2018). Thus, upon ER stress, PERK and consequently NRF2 

activation lead to an antioxidant response, protecting the cell and the ER from 

reactive oxygen species.  

PERK also phosphorylates eIF2Ŭ leading to an inhibition of global cap-dependent 

translation and a cap-independent translation of ATF4, triggering the transcription 

of the aforementioned pro-survival and apoptotic genes. Furthermore, ATF4 

together with CHOP promote the transcription of GADD34, a phosphatase whose 

main substrate is peIF2Ŭ and which negatively regulates PERK-dependent ER 

stress response (Harding et al., 2009; Marciniak et al., 2004). Interestingly, ATF4 

was also shown to upregulate endoplasmic reticulum to nucleus signaling 1 (ERN1), 

the gene coding for IRE1, thus fostering the splicing of XBP1 and positively 

regulating the stress response (Tsuru et al., 2016). XBP1, in turn, was proven to 

upregulate DnaJ homolog subfamily C member 3 (DBAJC3), which binds to the 

kinase domain of PERK inhibiting it and lowering pNRF2 and peIF2Ŭ levels (Lee et 

al., 2003; Yan et al., 2002). Thus, PERK directly links ER stress to the ISR and is 

tightly regulated by its downstream targets as well as the targets of other ER stress 

mediators.  
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1.2.3.2. ER stress sensors 

ER stress is a result from protein chaperones in the ER responding to the 

accumulation of unfolded proteins triggered by environmental changes. These 

changes encompass disturbances in the oxidizing environment and calcium levels 

in the ER as well as overall cellular ATP levels and culminate in the accumulation of 

unfolded proteins. Proteins being folded in the ER contain several disulfide bonds, 

Fig. 6 The ER stress mediators ATF6, IRE1 and PERK trigger the ER stress response. 
Upon ER stress, ATF6 is transported to the Golgi apparatus, where it is cut by S1P and S2P 
and released in the cytoplasm. Active ATF6 then translocates into the nucleus upregulating 
protein chaperone genes and XBP1. Following ER stress, IRE1 autophosphorylates, 
activating JNK and promoting apoptosis. It also splices the mRNA of XBP1, which then 
translocates into the nucleus activating protein chaperones, ERAD subunit and lipid 
synthesis protein coding genes. It also upregulates DBAJC3. IRE1 is negatively regulated 
by the destabilization of its oligomers through charge repulsion or by the phosphatase 
complex RACK-1-PP2A. PERK is the third ER stress mediator, which dimerizes and 
autophosphorylates upon stress. PERK phosphorylates NRF2, which becomes active 
upregulating antioxidant genes. The ISR is also triggered by PERK, which phosphorylates 
eIF2Ŭ leading to a global shut down of translation and ATF4 activation. As ATF4 translocates 
into the nucleus, GADD34, ERN1, pro-survival and apoptotic genes are upregulated. The 
figure was based and modified from Walter et al. and Carreras-Sureda et al. 
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requiring an oxidizing environment. Thus, failure to recycle protein disulfide 

isomerases upon oxidative stress, leads to an accumulation of misfolded proteins, 

which lack disulfide bonds. Furthermore, protein chaperones need ATP to bind and 

release proteins, coupling protein folding to overall energy levels in the cell. Calcium 

is a second messenger, which is stored in the ER and released upon distinct signals, 

including ER stress. It is buffered and used as a co-factor by protein chaperones, 

linking the UPR to several cellular processes such as apoptosis, oxidative 

phosphorylation and transcriptional activation (Fig. 7) (Carreras-Sureda et al., 2018; 

Ma and Hendershot, 2004; Zhang et al., 2019b).  

The general protein chaperone, GRP78, is the main sensor of unfolded proteins and 

direct regulator of ER stress mediators. Under unstressed conditions, GRP78 

inhibits the ER stress mediators by directly interacting with their luminal domains, 

which in turn hinder the ATPase activity of GRP78. Upon stress, GRP78 binds 

unfolded proteins and hydrolyzes ATP to ADP trapping the unfolded protein and 

dissociating from ER stress mediators triggering ER stress. Only after successfully 

folding of the protein and exchanging ADP for ATP is GRP78 able to inhibit ER 

stress mediators again (Bertolotti et al., 2000; Kopp et al., 2019). Thus, GRP78 is 

the major sensor of accumulated unfolded proteins in the ER and of cellular ATP 

levels, while being the main activator of the stress response.  

Further protein chaperones, such as protein disulfide isomerases, which catalyze 

the formation of disulfide bonds and are thus direct readouts of the ER redox state, 

have also been shown to regulate specific ER stress mediators. Upon 

oligomerization of IRE1 under stress, two intermolecular disulfide bonds form, 

stabilizing the complex (Liu et al., 2003). The protein disulfide isomerase, PDIA6, 

can in turn break these disulfide bonds, destabilizing the complex and dampening 

the ER stress response (Eletto et al., 2014). ATF6 also presents inter- and 

intramolecular disulfide bonds, which can be resolved by the protein disulfide 

isomerase PDIA5 upon stress. This facilitates the trafficking of ATF6 to the Golgi 

apparatus, but is not sufficient to promote ATF6 activation (Higa et al., 2014; 

Nadanaka et al., 2007). Taken together, protein disulfide isomerases regulate ER 

stress mediators, while providing a direct link between the redox state in the ER and 

the UPR. 
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Calcium has also been tightly associated with protein chaperones, modulating the 

ER stress response by affecting chaperoning activity, while also providing a link 

between ER protein chaperones and other processes in the cell (Carreras-Sureda 

et al., 2018; Gutiérrez and Simmen, 2018). ER protein chaperones buffer almost all 

calcium in the ER, while also using it as a co-factor. One such example is GRP78, 

which alone buffers about 25% of ER calcium (Lièvremont et al., 1997). 

Furthermore, the glycoprotein chaperones, calnexin (CNX) and calreticulin (CRT), 

also bind calcium and, in fact, the structure of the C-terminal domain of CRT is highly 

dependent on how many calcium ions it binds and overall calcium levels in the ER 

(Giraldo et al., 2010). Calcium buffering in the ER and in the cell is essential, as it 

controls the amount of calcium which can be released upon a stimulus, fine tuning 

the cellular response to stimuli (Smith and Eisner, 2019). Furthermore, the 

chaperoning activity of GRP78, CNX and CRT depends on calcium and is reduced 

upon low calcium levels in the ER. Thus, calcium levels directly influence protein 

chaperoning, the UPR and ER stress activation (Ivessa et al., 1995; Prins and 

Michalak, 2011; Vassilakos et al., 1998).  

Recent studies have shown that ER protein chaperones can also directly regulate 

ER calcium levels by controlling ER calcium influx and efflux. The protein disulfide 

isomerase PDIA19 has been shown to activate the sarco/endoplasmic reticulum 

ATPase (SERCA) pump under stress, promoting an influx of calcium in the ER 

(Ushioda et al., 2016). GRP78 has also been implicated in promoting the efflux of 

calcium from the ER by inhibiting endoplasmic reticulum protein 44 (ERp44) under 

normal, but not stressed conditions. ERp44, in turn, inhibits calcium efflux through 

the inositol 1,4,5-triphosphate receptor (IP3R). Thus, under normal conditions 

GRP78 prevents ERp44 from inhibiting IP3R leading to calcium efflux. Upon stress, 

ERp44 can successfully obstruct IP3R, hindering further calcium release from the 

ER (Higo et al., 2010). Thus, several protein chaperones try to restore calcium levels 

in the ER in order to facilitate protein folding. Furthermore, by regulating ATP 

dependent calcium pumps and calcium efflux, protein chaperones affect oxidative 

phosphorylation and calcium dependent apoptosis in the mitochondria (Carreras-

Sureda et al., 2018; Gutiérrez and Simmen, 2018). This way, calcium allows protein 

chaperones to not only fine tune their activity and trigger the ISR, but also to 

modulate the mitochondrial response to ER stress. 



 

24 
 

 Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3  Calcium signaling 

As seen in the previous section, calcium is one of the major players during ER 

stress, modulating protein chaperone activity, while also integrating the ER stress 

response with other cellular processes. Calcium homeostasis is achieved by several 

channels, exchangers and pumps in the ER, mitochondrial and cytoplasmic 

membrane. Ion gradients and ATP are consumed in order to maintain low cytosolic 

and high ER calcium levels. Upon stimuli, calcium is released from storage 

organelles, such as the ER, activating transcription factors in the cytoplasm, while 

also affecting mitochondrial activity. 

Fig. 7 ER stress is triggered by the dissociation of protein chaperones from ER stress 
mediators upon accumulation of unfolded proteins. During resting conditions, GRP78 
inhibits the activation of ER stress mediators, which in turn hinder the ATPase activity of 
GRP78. Furthermore, GRP78 buffers 25% of ER calcium and regulates Calcium efflux by 
inhibiting ERp44. ATF6 is further stabilized by disulfide bonds sensing the redox state in the 
ER. Upon stress, GRP78 dissociates from ER stress mediators as it hydrolyzes ATP and 
starts folding proteins. Calcium levels highly modulate the protein folding activity of GRP78 
and other protein chaperones. Thus, in an attempt to restore calcium levels and increase its 
folding activity, GRP78 no longer inhibits ERp44 allowing it to obstruct IP3R and hinder 
calcium efflux. At the same time calcium influx is stimulated by further activation of SERCA. 
Furthermore, IRE1 oligomers are stabilized by disulfide bonds, which are only resolved once 
the oxidizing environment in the ER is restored. Thus, once protein disulfide isomerases are 
functioning normally again, IRE1 oligomers are reduced and destabilized, dampening the 
ER stress response. The figure was based on and adapted from Carreras-Sureda et al. and 
Gutiérrez et al. 
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1.2.4. Calcium homeostasis 

Under resting conditions, the cytoplasmic free calcium concentration is 100nM, 

being 10,000 times lower than the extracellular calcium concentration (1mM) 

(Monteith et al., 2017). The free calcium levels in the ER are, in turn, higher and 

range between 100-800µM, while total ER calcium concentrations range between 

1-3mM (Carreras-Sureda et al., 2018). Calcium pumps and calcium ion exchangers 

create these gradients, allowing calcium to flow through channels flooding the 

cytoplasm upon stimuli (Fig. 8A, B). 

In the cytoplasmic membrane, plasma membrane Ca2+-transporting ATPase 

(PMCA) pumps calcium from the cytoplasm into the extracellular matrix at the cost 

of ATP hydrolysis (Strehler and Zacharias, 2001). The plasmalemmal sodium 

Na+/Ca2+ exchangers (NCXs) also export calcium from the cytoplasm by allowing 

sodium ions go down the concentration gradient (Blaustein et al., 2008). Calcium 

influx is facilitated by calcium channels, which open in response to different stimuli. 

Voltage-gated calcium channels respond to electric stimuli, promoting an influx of 

calcium mainly in neurons, endocrine, smooth muscle and cardiac cells (Catterall, 

2011). The transient receptor potential (TRP) family of calcium channels are 

responsible for responding to other environmental stimuli such as light, temperature, 

chemicals and mechanical stress. Only two TRP channels are known to be 

constitutively active, that being TRPV5 and TRPV6, which are expressed in the 

kidney and gastrointestinal tract and are responsible for absorbing calcium (den 

Dekker et al., 2003). It has been shown that stimuli can also promote the opening of 

both voltage-gated and TRP channels at the same time. One such example is that 

of insulin secretion by pancreatic ɓ cells, which relies on voltage gated as well as 

TRP proteins. The hormone glucagon-like peptide 1 (GLP-1), promotes the opening 

of voltage-gated channels, TRPM4 and TRPM5 leading to a depolarization of the 

cytoplasmic membrane and thus stimulating the secretion of insulin in pancreatic ɓ 

cells (Shigeto et al., 2015; Uchida et al., 2011). 

Another calcium channel family in the cytoplasmic membrane is the calcium release-

activated calcium channel (ORAI) family, which comprises ORAI calcium release-

activated calcium modulators 1, 2 and 3 (ORAI1, ORAI2 and ORAI3), ORAI1 being 

the best characterized one. ORAI is activated upon ER calcium store depletion 
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promoting the increase of cytoplasmic calcium levels in a process called store 

operated calcium entry (SOCE) (Prakriya and Lewis, 2015a). Thus, ORAI has a 

unique function, by which it can promote calcium influx in a depolarized cell as well 

as in response to internal signals and changes in cellular microdomains (Berridge 

et al., 2000; Parekh, 2011). Stromal interaction molecules (STIMs) are ER 

transmembrane proteins, which sense the drop in ER calcium levels, undergoing 

conformational changes, oligomerizing and activating ORAI at ER-cytoplasmic 

membrane junctions (Jing et al., 2015; Prakriya and Lewis, 2015a). ORAI channel 

activity is further modulated by the number of STIM it interacts with, being highest 

in a ratio of 2-8 STIM per ORAI. Thus, the stoichiometric ratio of STIM to ORAI 

determines the rate of calcium influx and the total calcium levels imported by the cell 

(Hoover and Lewis, 2011; Li et al., 2011). The STIM protein family is comprised by 

stromal interaction molecule 1 (STIM1) and stromal interaction molecule 2 (STIM2). 

STIM1 has a high affinity for calcium ions, thus, sensing big changes in ER calcium 

levels due to stimuli and rapidly activating SOCE (Luik et al., 2008). STIM2, on the 

other hand, has a lower affinity for calcium, being more susceptible to small calcium 

changes and activating SOCE to control resting calcium levels (Brandman et al., 

2007). SOCE is further regulated by phosphorylation and redox modulation of STIM, 

pH and temperature (Bogeski et al., 2010; Lopez et al., 2012; Prakriya and Lewis, 

2015a; Saul et al., 2016). Furthermore, the ER transmembrane protein SOCE-

associated regulatory factor (SARAF) senses ER calcium levels and upon 

replenishing of the stores, promotes the dissociation of STIM1 and STIM2 from 

ORAI (Jha et al., 2013; Palty et al., 2012). Calcium has also been proven to regulate 

SOCE, but the exact mechanism is still under investigation (Prakriya and Lewis, 

2015a). Thus, ORAI and STIM bridge changes in ER calcium levels and calcium 

influx in the cytoplasm (Fig. 8B). 

ER calcium levels are further monitored and maintained by the IP3R, which releases 

ER calcium into the cytosol upon inositol 1,4,5-triphosphate (IP3) binding. G-protein 

coupled receptors (GPCRs) and receptor tyrosine kinases (RTK) lead to the 

production of IP3 , which activates IP3R triggering ER calcium efflux upon several 

external signals (Berridge et al., 2000). In turn, ER calcium levels are restored by 

SERCA, which hydrolyze ATP in order to transport calcium ions against the 

concentration gradient back into the ER (Vandecaetsbeek et al., 2011). Still, even 
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in the absence of stimuli, calcium leaks from the ER counteracting SERCA by means 

which are still being elucidated (Lomax et al., 2002; Mogami et al., 1998). Recently, 

transmembrane and coiled-coil domains 1 (TMCO1) has been described to 

homotetramerize, forming a calcium channel and allowing ER leakage upon calcium 

overload in the ER by SERCA (Wang et al., 2016).   

Calcium levels are further controlled in the mitochondria. Calcium is imported into 

the mitochondria by the mitochondrial calcium uniporter (MCU), at the cost of 

protons and the electrochemical gradient (Perocchi et al., 2010; De Stefani et al., 

2016). Whereas sodium ions are exchanged during the  efflux of calcium from the 

mitochondria by the Na+/Ca2+ Li+-permeable exchanger (NCLX), a protein highly 

homologous to NCX in the plasma membrane (Palty et al., 2010). Calcium regulation 

in the mitochondria is tightly coupled to ER calcium levels and changes in 

mitochondrial calcium levels can rewire metabolism or trigger apoptosis (Carreras-

Sureda et al., 2018; Gutiérrez and Simmen, 2018). Taken together, calcium 

homeostasis is achieved by calcium pumps, channels and exchangers, which 

communicate across organelles ensuring appropriate calcium levels in all cellular 

compartments.  
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Fig. 8 Pumps, channels and exchangers ensure Calcium homeostasis in the cell. A. 
ATP- driven pumps, sodium exchangers and inducible channels are responsible for calcium 
homeostasis in the cell. B. Under resting conditions, STIM binds and buffers calcium and 
does not interact with ORAI. When ER calcium levels drop, STIM oligomerizes, activating 
ORAI and promoting an influx of calcium into the cytoplasm. In blue, yellow, orange and 
green are calcium channels, pumps, exchangers and SOCE members, respectively. Even 
though MCU is not an exchanger, its activity is directly influenced by the proton gradient in 
the mitochondria. The figures were based on Monteith et al. and Jing et al. 
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1.2.5. Calcium-dependent signaling  

The importance of calcium in mediating cellular responses to environmental stimuli 

has been first reported in 1883, where electrolytes were described to be essential 

for muscle contraction (Ringer, 1883). Since then, great advances in calcium 

signaling have been made and its importance in the most distinct cellular processes 

recognized. The intensity of calcium uptake by the cell and its organelles together 

with the amount of calcium released by cellular stores determine the kinetics and 

intensity of the response to a stimulus. Furthermore, changes in calcium levels in 

different cellular compartments can have drastic consequences. Increases in 

mitochondrial calcium levels upon stimuli can lead to metabolic changes or 

apoptosis. Meanwhile, higher cytoplasmic calcium levels can trigger the activation 

of several calmodulin-dependent proteins culminating in the activation of a diverse 

range of transcription factors (Fig. 9) (Berridge et al., 2000, 2003; Carreras-Sureda 

et al., 2018; Giorgi et al., 2018). 

In non-excitable cell systems, G-protein coupled receptors (GPCRs) and receptor 

tyrosine kinases (RTKs) relay external events to the cell often by activating calcium-

dependent signaling cascades in the cell. Upon substrate binding, GPCRs and 

RTKs are activated, phosphorylating phospholipase C (PLC). Once activate, PLC 

hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-

triphosphate (IP3) and diacylglycerol (DAG) (Hanlon and Andrew, 2015; Lemmon 

and Schlessinger, 2010). IP3 then interacts with the IP3R in the ER, promoting the 

release of calcium from the ER into the cytoplasm. As cytoplasmic calcium 

increases, protein kinase C (PKC) binds calcium and DAG, thereby, being activated. 

PKC then phosphorylates several targets, such as components of the MAPK 

pathway, amplifying the stimulus sensed by GPCRs and RTKs (Lipp and Reither, 

2011; VanRenterghem et al., 1994). This way, PKC activity and the overall signaling 

intensity are directly modulated by cytoplasmic calcium levels. Consequently, 

several calcium channels, pumps and exchangers modulate PKC activity. STIM1 

and ORAI1 positively regulate PKC, by sensing the calcium depletion from the ER 

and promoting SOCE, leading to a further increase in cytosolic calcium levels. Still, 

PKC activity itself and SOCE are negatively regulated by PMCA, NCX and SERCA, 

which pump calcium out of the cytoplasm into the extracellular matrix and ER 
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restoring resting calcium levels (Lipp and Reither, 2011). Mitochondrial pumps and 

exchangers can also affect signal intensity and SOCE, as they can significantly 

buffer cytoplasmic calcium. Depending on MCU levels, more or less calcium is 

pumped from the cytoplasm into the mitochondria. This leads to a fast depletion of 

calcium from the cytoplasm and a slow replenishment of the ER with calcium, 

modulating PKC and SOCE, respectively (Giorgi et al., 2018). Thus, GPCRs and 

RTKs rely on an increase in cytosolic calcium levels to activate PKC and the MAPK 

pathway. Consequently, the kinetics of the response are highly regulated by calcium 

pumps, channels and exchangers in all cellular compartments, as these are closely 

interconnected. 

In fact, there is a tight coupling between ER and mitochondrial calcium levels. Upon 

several stimuli, such as ER stress, calcium is released through the IP3R channel 

and taken up by the mitochondrial MCU. A significant, but relatively low, increase in 

mitochondrial calcium boosts oxidative phosphorylation and thus ATP production. 

Still, an overflow of calcium in the mitochondria can trigger apoptosis (Giorgi et al., 

2018; Monteith et al., 2017). Thus, by regulating IP3R and SERCA, as discussed  in 

the previous section, ER protein chaperones are not only regulating their 

chaperoning activity, but are also modulating the mitochondrial response to ER 

stress (Carreras-Sureda et al., 2018; Gutiérrez and Simmen, 2018). Taken together, 

calcium allows the ER to easily communicate with the mitochondria, influencing 

energy production and cell death initiation based on external and internal cues.  

Moreover, increased cytoplasmic calcium levels due to stress or any other signal 

also lead to the activation of calmodulin-dependent proteins, such as kinases and 

phosphatases. These, in turn, promote the activation and/or de-repression of 

several other transcription factors (Dewenter et al., 2017; Feske, 2007). 

Calcium/calmodulin-dependent protein kinase II (CAMKII) is activated upon 

calmodulin binding and autophosphorylation, being able to then translocate to the 

nucleus and phosphorylate Calcium/calmodulin-dependent protein kinase IV 

(CAMKIV). CAMKII and CAMKIV further phosphorylate and activate several 

transcription factors in the cytoplasm and in the nucleus (Ma et al., 2014). Still in the 

cytoplasm, CAMKII releases NFəB from an inhibitory complex by activating inhibitor 

of nuclear factor kappa B kinase subunit beta (IKK2) (Gray et al., 2017; Kashiwase 

et al., 2005; Ling et al., 2013).  Once in the nucleus, cAMP response element binding 
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protein (CREB) is activated upon Ser133 phosphorylation by CAMKIV, while 

CAMKII phosphorylates CREB at Ser133 or at Ser142 activating or inhibiting it, 

respectively (Cruzalegui and Means, 1993; Sun et al., 1994). Another common 

target of CAMKII and CAMKIV is the serum response factor (SRF), which is 

activated upon phosphorylation by both enzymes (Flück et al., 2000; Miranti et al., 

1995). CAMKII, in turn, is also linked to stress, as it phosphorylates and activates 

the stress responsive transcription factor heat shock factor 1 (HSF1) at Ser230 

(Holmberg et al., 2001; Peng et al., 2010). Protein C-ets-1 (ETS1) is also 

phosphorylated by CAMKII, but in this case leading to an inhibition of ETS-1 (Cowley 

and Graves, 2000; Pognonec et al., 1988). Interestingly, CAMKII and CAMKIV can 

also phosphorylate histone deacetylase 4 (HDAC4) promoting its nuclear export. 

HDAC4 is known to not only deacetylate histones, but also to repress SRF and 

myocyte enhancer factor 2 (MEF2). This way, CAMKII and CAMKIV indirectly further 

activate SRF, while also promoting MEF2 activity (Backs et al., 2006, 2011; Davis 

et al., 2003). 

The phosphatase calcineurin (CaN) also becomes active upon calmodulin binding, 

dephosphorylating transcription factors, which are usually kept inactive by 

phosphorylation in the cytoplasm. The main substrate of CaN is the family of nuclear 

factor of activated T cells (NFATs), which is crucial for T cell activation, 

differentiation and development, while also promoting cancer development (Macian, 

2005; Monteith et al., 2017). Upon dephosphorylation of NFATs by CaN, the nuclear 

import signal is unmasked, allowing NFATs to translocate into the nucleus and 

activate target genes (Macian, 2005). Additionally, CaN is suggested to activate 

MEF2, although the exact mechanism is still under investigation (Van Oort et al., 

2006). Furthermore, CaN can be inhibited upon phosphorylation by CAMKII, 

decreasing NFAT translocation (Kreusser et al., 2014; MacDonnell et al., 2009).  

Transcriptional changes are further fine-tuned by the activity of their activators, 

which is modulated by their affinity for calmodulin and calcium levels. CAMKII has a 

much lower affinity for calmodulin than CaN, thus CaN activation is more robust and 

faster compared to CAMKII activation (Dewenter et al., 2017). Thus, local calcium 

levels directly influence the amount of calcium-bound calmodulin and consequently 

the intensity of CaN and CAMKII activation. Local calcium levels have also been 

shown to play a role in the activation of individual members of the NFAT family. 
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Upon SOCE, a local increase in calcium levels is sufficient to activate nuclear factor 

of activated T cells 2 (NFATc2), while nuclear factor of activated T cells 3 (NFATc3) 

requires higher levels of nuclear calcium to be activated (Kar and Parekh, 2015). 

Taken together, disturbances in calcium levels upon stimuli can lead to the activation 

of several signaling cascades and calmodulin-dependent kinases, culminating in the 

activation, de-repression and inhibition of a diverse range of transcription factors. 

These effects on transcription factor activity are further directly modulated by 

calcium levels in different cellular compartments, the kinetics by which these levels 

change and the affinity of several proteins for calcium. 
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1.3. Epigenetics and transcriptional regulation 

As shown in the last section, calcium can trigger the activation of several different 

families of transcription factors. This induces changes in the transcriptome and 

proteome of the cell, ultimately creating a response to the original stimulus. The 

changes in transcriptome are extremely fast, starting to be detected already minutes 

after the original signal. This is only possible, because epigenetic proteins allow for 

a very plastic and adaptive gene regulation by quickly de-repressing and repressing 

genes. Upon binding of a transcription factor to DNA, epigenetic readers, writers 

and erasers are recruited, leading to chromatin re-arrangements and ultimately to 

the activation or inhibition of transcription. 

1.3.1. Transcription factors and gene regulation 

Transcriptional regulation is crucial for a proper stimulus response and for the 

maintenance of the cell and its identity. Cancer cells very often hijack pathways or 

reprogram their identity by aberrantly activating transcription factors and thus 

changing their overall transcriptome. Examples of such activities are the activation 

of ATF4 and ISR in many cancers and of ȹNp63 and NFAT in pancreatic cancer. 

By dimerizing with various transcription factors, acting on promoter regions as well 

as distal regulatory elements and recruiting different epigenetic regulators, ATF4, 

ȹNp63 and NFAT activate pro-survival and apoptotic genes, drive the basal subtype 

of pancreatic cancer and regulate tumor growth in PDAC, respectively (Baumgart et 

al., 2013; Hamdan and Johnsen, 2018; PakosȤZebrucka et al., 2016) (Fig. 10A, B). 

Fig. 9 Calcium signaling scheme. Upon a stimulus, GPCRs or RTKs are activated, 
phosphorylating PLC and promoting the breakdown of PIP2 to DAG and IP3. The latter 
promotes the opening of the channel IP3R, raising cytosolic calcium levels. While calcium 
pumps and MCU1 try to restore cytosolic calcium levels, SOCE further promotes the influx 
of calcium into the cytoplasm. DAG and calcium activate PKC and consequently the MAPK 
pathway. Calmodulin (CaM) binds calcium, activating CaN and CAMKII. CaN 
dephoshorylates NFATs promoting its translocation into the nucleus and activity. In the 
cytosol, CAMKII activates NFəB by activating IKK. CAMKII further activates HSF1, while 
repressing ETS1. CREB1 can be phosphorylated by CAMKII at two sites, one repressive 
(Ser142) and one activating (Ser133). Upon the inhibition of HDAC4 by CAMKII, MEF2 and 
SRF are de-repressed and activated. In yellow are calcium pumps, in orange MCU1, in blue 
calcium channels and in green the components of SOCE, STIM and ORAI. Concerning 
signaling components, receptors are in purple and their downstream effectors in pink/red. 
Factors activated by CaN in green and factors activated and/or repressed by CAMKII in 
blue. The figure was based on and adapted from Dewenter et al. and Feske et al. 
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Transcription factors (TFs) are proteins which regulate transcription upon DNA 

binding in a sequence-specific manner and recruiting co-factors for gene activation 

or repression (Reiter et al., 2017). DNA sequences recognized by TFs range 

between 6-12bp and are spread across the genome. Thus, there are millions of gene 

regulatory regions for TFs to bind and the likelihood of it binding one site over 

another is influenced by their interaction partners and the environment (Wunderlich 

and Mirny, 2009). TFs can bind DNA as homo- and heterodimers or as trimers 

having their binding affinity altered according to their binding partners (Jolma et al., 

2013, 2015). As TFs bind in a complex, their sequence specificity may change due 

to stereochemical requirements (Slattery et al., 2011). Furthermore, TFs, as many 

other proteins, are more stable in a complex, thus, binding to DNA is stronger and 

lasts longer (Chen et al., 2014; Gebhardt et al., 2013). Taken together, cooperativity 

between TFs can highly affect their activity and targets (Fig. 10A).  

A great example of this is ATF4 and its binding partners. As discussed previously, 

ATF4 is the major transcription factor activated by the ISR and can modulate the 

cellular response to stress regulating pro-survival and apoptotic genes. ATF4 

heterodimerizes with a wide range of TFs, activating a different set of genes, 

depending on its binding partner. It is proposed that heterodimers of ATF4 and 

CHOP rather activate apoptotic genes, such as PUMA and BIM, while also 

regulating the negative feedback loop of the ISR by upregulating GADD34 (PakosȤ

Zebrucka et al., 2016). Interestingly, ATF4 can also dimerize with the CAAT 

box/enhancer-binding proteins (C/EBPs), binding CCAAT-enhancer binding protein-

activating transcription factor (C/EBP-ATF) response elements (CAREs). CAREs 

comprise half of the ATF binding sequence and half of the C/EBP binding sequence, 

thus being only recognized by ATF-C/EBP dimers. Genes regulated by ATF4-

C/EBP dimers encompass amino acid deprivation responsive genes and other 

stress-dependent transcription factors, such as ATF3 and CHOP (Kilberg et al., 

2009; Vallejo et al., 1993). Other dimerization partners of ATF4 include the activator 

protein 1 (AP1), FOS and JUN, even though their effects in activating pro-survival 

and apoptotic genes are not well defined (Chevray and Nathans, 1992; Hai and 

Curran, 1991). 

The calcium-dependent family of TFs, NFAT, also heterodimerizes with different 

TFs, including ELK1 and STAT3 in pancreatic cancer (Baumgart et al., 2013; König 
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et al., 2010a). Interestingly, NFATc1 and NFATc2 can displace SMAD3 repressors 

complexes from c-MYC regulatory regions upon TGFɓ signaling, while also binding 

to the c-MYC promoter as NFATc1/NFATc2-ELK1 dimers in response to serum in 

PDAC (König et al., 2010b; Singh et al., 2010). More generally, NFATc1/NFATc2-

STAT3 dimers promote inflammation-driven pancreatic cancer development and 

proliferation (Baumgart et al., 2014, 2016). NFATc2-STAT3 dimers are further 

stabilized by glycogen synthase kinase 3ɓ (GSK-3ɓ), which is implicated in the 

inflammatory response of tumors (Baumgart et al., 2016). Taken together, upon 

dimerization with different factors, NFATs promote the development and growth of 

PDAC by activating growth promoting protein coding genes. 

Furthermore, TFs can regulate gene expression by binding regulatory elements, 

which are proximal or distal to the target geneôs transcriptional start site (TSS). Distal 

regulatory elements, enhancers, can be further classified into typical enhancers and 

super-enhancers (SE), the latter being characterized by a much higher density of 

TFs and co-factors than the former (Lovén et al., 2013). While typical enhancers 

modulate the expression of a wide range of genes, SEs are mainly associated with 

the regulation of lineage-specific programs (Whyte et al., 2013). Interestingly, 

NFATc1-STAT3 dimers have been shown to rather bind typical enhancer elements, 

while ȹNp63 has been associated with SE regions to regulate and drive the basal 

subtype in PDAC (Baumgart et al., 2014; Hamdan and Johnsen, 2018) (Fig. 10B). 

The bridging between typical enhancers and SEs and promoters is mediated by co-

factors. In fact, TFs regulate gene expression by binding to very specific regulatory 

elements and recruiting different co-factors to these regions. Co-factors modify 

chromatin by post-translationally modifying histone tails and DNA itself and, thus, 

creating new binding sites for further proteins (discussed in the next section). 

Ultimately, the co-factors recruit or block recruitment of RNA Polymerase to the 

promoter region, activating or repressing gene expression, respectively (Reiter et 

al., 2017). Taken together, TFs bind typical enhancers, SEs and promoter regions, 

recruiting co-factors and regulating target gene expression. The binding of TFs to a 

regulatory element is highly dependent on sequence specific binding and their 

dimerization partners. This way, TFs ensure a fast and specific response to stimuli, 

while also maintaining cellular identity. 
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1.3.2. Active and repressive histone marks 

As seen previously, TFs can regulate genes by recruiting co-factors that add, 

remove and recognize post-translational modifications on histone tails and 

ultimately promote or block RNA Polymerase recruitment to the promoter region. 

DNA is wrapped around nucleosomes, which are composed of histone octamers 

consisting of four homodimers of histones 2A, 2B, 3 and 4 (H2A, H2B, H3 and H4, 

respectively). Each histone has a tail, which can be, among others, acetylated, 

methylated and ubiquitinated by different epigenetic writers. The type and position 

of the histone modification is crucial as it can signal gene activation or silencing upon 

recognition by different epigenetic readers. Furthermore, epigenetic erasers can 

remove histone modifications further affecting transcription by preventing epigenetic 

readers to bind to these modifications and promote the activation or repression of 

genes (Allis and Jenuwein, 2016). Thus, epigenetic writers, erasers and readers 

Fig. 10 Transcription factor cooperative binding and localization at TSS proximal and 
distal regulatory elements. A. Transcription factor binding to DNA depends on its 
recognition sequence and binding partner. As TFs heterodimerize, they activate a different 
set of genes. For example, while CHOP-ATF4 dimers activate mainly apoptotic genes, 
ATF4-C/EBP dimers promote the transcription of amino acid (aa) deprivation responsive 
genes. Furthermore, ATF4-C/EBP dimers bind CAREs rather than the normal ATF4 or 
C/EBP recognition sequences, thus activating a very specific set of genes. NFATc1 and 
NFATc2 dimerize with ELK1 or STAT3 upon different stimuli to promote cell proliferation in 
both cases. B. TFs bind promoter as well as typical enhancer and super-enhancer regions, 
interacting with several co-factors (COF) and promoting or also blocking transcription. The 
figure was based on and adapted from Reiter et al. 
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confer plasticity to gene regulation by quickly adding, removing and recognizing 

active and repressive histone modifications, respectively (Fig. 11).  

Histone marks associated with transcriptional repression include trimethylated Lys9 

and Lys27 on H3 (H3K9me3 and H3K27me3, respectively), together with 

monoubiquitinated Lys119 on H2A (H2AK119ub). Interestingly, regions marked by 

H3K27me3 in the genome are still accessible for TFs and RNA Polymerase to bind, 

even though RNA Polymerase cannot progress into the gene, whereas areas with 

H3K9me3 are so densely packed with nucleosomes that binding of any TF is 

impaired (Breiling et al., 2001; Dellino et al., 2004; Soufi et al., 2012). Furthermore, 

H2AK119ub has been proposed to block transcription initiation, most likely by 

preventing the deposition of active histone marks, while also affecting transcription 

elongation (Weake and Workman, 2008; Zhou et al., 2008).  

The writers, polycomb repressor complex 1 and 2 (PRC1 and PRC2, respectively), 

catalyze the ubiquitination of H2AK119 and methylation of H3K27, respectively, 

while PRC1 can also function as a reader, recognizing H3K27me3 and then 

catalyzing the ubiquitination of H2AK119 (Laugesen et al., 2016; Weake and 

Workman, 2008). Interestingly, PRC2 has also been reported to recognize 

H3K27me3, further promoting the spread and maintenance of this histone mark 

(Hansen et al., 2008; Margueron et al., 2009). The mono-, di- and trimethylation of 

H3K9 is catalyzed by histone lysine methyltransferases (KMT) including suppressor 

of variegation 3-9 homolog 1 and 2 (SUV39H1 and SUV39H2, respectively) (Becker 

et al., 2016). The reader of methylated H3K9 is heterochromatin protein 1 (HP1), 

which upon recognizing H3K9me2 and H3K9me3, recruits SUV39H1 to these sites, 

further promoting the spread of H3K9me3 (Lachner et al., 2001; Schotta et al., 

2002). Interestingly, NFATc2 has been shown to promote the silencing of the tumor 

suppressor CDKN2B by recruiting SUV39H1 and promoting a first local H3K9me3. 

The mark is then extended as HP1 recognizes H3K9me3 and further recruits H3K9-

specific methyltransferases (Baumgart et al., 2012).  

Thus, the removal of these modifications by histone deubiquitinases (DUBs) and 

lysine demethylases (KDMs) is essential to restore transcription. Interestingly, ATF4 

has been shown to recruit lysine demethylase 4C (KDM4C) to ISR responsive 

genes, promoting the demethylation of H3K9me3 and consequently the de-
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repression of pro-survival genes (Zhao et al., 2016). Furthermore, PRC2 has been 

proven to silence NFATc1 in pancreatic acinar cells, but not pancreatic cancer. Upon 

the activation of K-RAS in pancreatic cancer, PRC2ôs activity has been shown to be 

reversed, de-repressing NFATc1 (Chen et al., 2017). 

Concerning active histone marks, the best characterized ones are acetylated Lys27 

on H3 (H3K27ac), acetylated Lys5, Lys8, Lys12 and Lys16 on H4 (H4K5ac, 

H4K8ac, H4K12ac and H4K16ac, respectively), monomethylated Lys4 on H3 

(H3K4me1), trimethylated Lys4 on H3 (H3K4me3) and monoubiquitinated Lys120 

on H2B (H2BK120ub). All marks have been correlated with active transcription, but 

their location suggests that each mark affects a different step of transcription. 

H3K27ac, H4K5ac, H4K8ac, H4K12ac and H4K16ac are found in enhancer, as well 

as promoter, regions, while H3K4me1 mainly occupies enhancer regions and 

H3K4me3 is largely found at promoters (Li et al., 2019; Nagarajan et al., 2015; 

Taylor et al., 2013; Zhao and Garcia, 2015). H2BK120ub mainly occupies the gene 

body correlating with active transcriptional elongation (Weake and Workman, 2008).  

E1A binding protein p300 and cAMP-response element-binding CREB-binding 

protein (p300/CBP) recognize transcription factors on chromatin, being recruited to 

such sites and acetylating neighboring nucleosomes on H3K27 (Chan and La 

Thangue, 2001). In fact, NFATs have been proven to recruit p300/CBP to the c-

MYC promoter, leading  to a hyperacetylation of the promoter region and, thus, 

further activating c-MYC (König et al., 2010b). p300/CBP together with lysine 

acetyltransferase (KAT) also acetylate H4 giving rise to H4K5ac, H4K8ac, H4K12ac 

and H4K16ac (Nicholson et al., 2015). Furthermore, H3K4me1 has been shown to 

be linked to H3K27ac. The mono-, di- and trimethylations of H3K4 are catalyzed by 

the mixed lineage leukemia complexes (MLLs) and by the SET domain containing 

1A and 1B, histone lysine methyltransferases (SETD1A and SETD1B, respectively) 

(Nicholson et al., 2015). MLL3 and MLL4 have been suggested to be recruited to 

determined sites by recognizing H3K27ac and methylating neighboring H3K4 

(Wang et al., 2017). Furthermore, H2BK120ub stimulates SETD1A and SETD1B 

activity, promoting the deposition of H3K4me3 (Holt et al., 2015). Consequently, the 

ubiquitination of H2BK120 by Ring finger protein 20 and 40 (RNF20 and RNF40, 

respectively) has been shown to be a pre-requisite for the trimethylation of H3K4 

(Sun and Allis, 2002). Thus, a series of histone modifications decorate promoters 
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and enhancers laying the ground for readers to facilitate transcription. Bromo- and 

extraterminal domain proteins (BETs) are key in mediating this, as they recognize 

H4K5ac, H4K8ac, H4K12ac and H4K16ac, while BET bromodomain containing 4 

(BRD4) recruits cyclin-dependent kinase 9 (CDK9) to these sites, fostering the 

release of promoter proximally paused RNA Polymerase II, and thereby promoting 

transcriptional elongation (Filippakopoulos et al., 2012; Moon et al., 2005). This way 

the removal of these modifications by DUBs, histone deacetylases (HDACs) and 

KDMs also affects transcription. In fact, during amino acid deprivation, ATF4 knock-

out cells are only able to activate some ISR responsive genes upon HDAC inhibition. 

This suggests that the recruitment of histone acetyltransferases (HATs) by ATF4 is 

crucial for transcription and its removal can de-activate genes (Shan et al., 2012). 

In conclusion, epigenetic writers, readers and erasers mediate gene activation and 

repression by adding or removing and by recognizing active and repressive histone 

marks. This process is mediated by transcription factors, which recruit different 

epigenetic writers and erasers to regulatory elements of their target genes.  

 

1.3.3. Chromatin and genome organization 

The recruitment of co-factors by TFs and histone modifications leads to major 

chromatin rearrangements in the cell. Repression of transcription is often 

Fig. 11 Active and repressive histone marks. The scheme depicts the active histone 
marks (H3K27ac, H3K4me1, H3K4me3, H4K5ac, H4K8ac, H4K12ac, H4K16ac and 
H2B120ub) and the repressive histone marks (H3K27me3, H3K9me3 and H2AK119ub). 
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accompanied by chromatin condensation, while transcriptional activity is associated 

with a more accessible chromatin. Condensed and silenced regions are typically 

located close to the nuclear lamina, whereas more accessible and active regions 

are brought together by a multitude of co-factors and are centrally located in the 

nucleus. Furthermore, bridging between enhancers and promoters takes place as 

chromatin regions are brought together and co-factors from both regions cooperate, 

potentiating gene regulation (Fig. 12) (Plank and Dean, 2014; Pombo and Dillon, 

2015).  

Two chromatin regions are brought together through looping, where CCCTC-binding 

factor (CTCF) and cohesin form a ring extruding a chromatin loop, consequently 

bringing two regions of chromatin in close proximity. This allows for distal regulatory 

elements, typical enhancers and SEs, to interact with promoter regions (Dixon et al., 

2012; Lupiáñez et al., 2015). This interaction is supposed to be very dynamic and 

further facilitated by co-factors, such as the mediator and BRD4. The mediator is a 

complex known to bridge enhancers to promoters by interacting with TFs and other 

co-activators on enhancers and recruiting the pre-initiation complex of RNA 

Polymerase II to promoter regions. Transcription initiation is also triggered by the 

mediator, as it phosphorylates the C-terminal domain (CTD) of RNA Polymerase II 

on Ser5 (Soutourina, 2018). The mediator can also bind cohesin further promoting 

the contact between two chromatin regions through looping, bridging enhancers to 

promoters (Kagey et al., 2010). Furthermore, upon promoter-enhancer looping, the 

local concentration of co-activators, such as BRD4, the mediator complex, and RNA 

Polymerase II increases, favoring and augmenting transcription (Reiter et al., 2017; 

Sabari et al., 2018). Taken together, TFs are recruited to promoters, typical 

enhancers and SEs upon stimuli or for cellular homeostasis, leading to a change in 

histone modifications and consequently chromatin structure. Chromatin looping and 

TFs together with co-activators favor an interaction between promoters, typical 

enhancers and SEs, thus facilitating and triggering the transcription of target genes. 
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1.4  Objectives of this study 

PDAC patients face a 5-7% 5-year survival rate, mainly due to late diagnosis and 

chemotherapy resistance, where 77% of the patients do not respond to the 

commonly used therapy agent, gemcitabine (American Cancer Society, 2020; Burris 

et al., 1997). Thus, it is of utmost importance to understand the traits acquired upon 

and the mechanisms driving gemcitabine resistance in order to monitor resistance 

development and to give a more suitable treatment to patients, improving their 

response to chemotherapy and increasing their lifespan.  

Many correlative studies have pointed at several gemcitabine metabolizing proteins 

as being indicative of the responsiveness of patients to gemcitabine (Farrell et al., 

2009; Kroep et al., 2002; Maréchal et al., 2012; Spratlin et al., 2004). Furthermore, 

the prognostic value of the gemcitabine target, ribonucleotide reductase, in 

gemcitabine resistance has been of debate. While several cell line studies and one 

in vivo study have shown that resistant cells and tumors rely on an upregulation of 

Fig. 12 Enhancers and promoters interact promoting transcription. Transcription 
factors bind promoters and enhancers, recruiting several histone modifiers. Epigenetic 
readers recognize histone marks and interact with co-activators. The mediator complex 
bridges enhancers to promoters and phosphorylates the CTD of RNA Polymerase II 
promoting transcription initiation. CTCF and cohesin bring distal chromatin regions in close 
proximity, further facilitating the interactions between factors on enhancers and promoters. 
The figure was based on and adapted from Soutourina et al. and Reiter et al. 
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RRM1 to overcome gemcitabine toxicity, studies on patient biopsies have not been 

as straightforward (Nakahira et al., 2007; Nakano et al., 2007; Wang et al., 2015; 

Zhou et al., 2019). Three patient studies came to different conclusions as to whether 

RRM1 levels are of prognostic value for gemcitabine responsiveness in PDAC (Akita 

et al., 2009; Aoyama et al., 2017; Maréchal et al., 2012). A hurdle of these studies 

is that they have analyzed the expression levels of putative markers in naïve patient 

biopsies, as biopsies from treated patients are rare. Therefore, these studies did not 

consider that the expression of many of these markers may change during the 

establishment of resistance. Furthermore, even though the cell line and in vivo 

studies are more consistent, they mainly focused on transcriptomic changes, not 

tracing an entire profile of gemcitabine resistance.  

Gemcitabine, as any chemotherapeutic drug, apart from inhibiting ribonucleotide 

reductase and DNA Polymerase, induces cellular stress, such that resistant cells, 

most likely, have to adapt to a highly stressful environment (Avril et al., 2017). The 

ISR is a major mechanism for the cell to cope with different kinds of stresses 

activating pro-survival and apoptotic genes (PakosȤZebrucka et al., 2016). In fact, 

various cancers hijack the pro-survival branch of the ISR to cope with their stressful 

environment (Avril et al., 2017; Mujcic et al., 2013; Rouschop et al., 2010; Sun et 

al., 2015; Ye et al., 2010). Thus, it is plausible that gemcitabine resistant cells adapt 

and perceive stress differently, possibly heavily relying on the ISR to survive the 

stress induced by gemcitabine. This would further imply that resistant cells would be 

selected for not only overcoming gemcitabineôs toxicity, but for also thriving under 

general stress. 

The fact that cancer cells are highly susceptible to the accumulation of genetic 

mutations, amplifications and deletions would be a form to adapt to gemcitabine and 

stress. It is possible that upon the selective pressure of continuous gemcitabine 

treatments, tumors with certain genetic backgrounds thrive better and are selected 

for. Epigenetics also poses a highly plastic system, which can be modulated by 

tumors in response to gemcitabine and stress. In fact, the ISR relies on the 

epigenetic plasticity of the cell, being highly dependent on the activity of transcription 

factors, such as ATF4 (PakosȤZebrucka et al., 2016; Wortel et al., 2017). Branches 

of the ISR are also tightly linked to calcium signaling in the cell, which can 

additionally activate several transcription factors, modulating transcription and gene 
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regulation (Carreras-Sureda et al., 2018; Dewenter et al., 2017; Gutiérrez and 

Simmen, 2018). Thus, in order to survive gemcitabine and general stress, resistant 

cells may adopt a different genetic and epigenetic landscape and respond differently 

to stress and other stimuli compared to naïve cells. In this case, not only would the 

activation of certain transcription factors be affected, but also the histone marks and 

target genes be different before and after the establishment of gemcitabine 

resistance.  

Taken together, we hypothesize that gemcitabine resistance leads to genetic, 

epigenetic and transcriptomic changes, which allow gemcitabine resistant tumors to 

not only thrive under gemcitabine, but also under general stress stimuli. We, 

therefore, aim to compare treatment-naïve with gemcitabine resistant tumors on a 

transcriptional, epigenetic and genetic level. With these approaches, we plan to 

further characterize cellular traits acquired upon gemcitabine resistance. Finally, we 

intend to propose novel targets for precision oncology and alternative treatment 

options for patients facing gemcitabine resistance.  
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2.1 Abstract 

Pancreatic Ductal Adenocarcinoma (PDAC) displays a dismal prognosis due to late 

diagnosis and high chemoresistance incidence. For advanced disease stages or 

patients with comorbidities, treatment options are limited to gemcitabine alone or in 

combination with other drugs. While gemcitabine resistance has been widely 

attributed to the levels of one of its targets, RRM1, the molecular consequences of 

gemcitabine resistance in PDAC remain largely elusive. Here we sought to identify 

genomic, epigenomic, and transcriptomic events associated with gemcitabine 

resistance in PDAC and their potential clinical relevance. We found that 

gemcitabine-resistant cells displayed a co-amplification of the adjacent RRM1 and 

STIM1 genes. Interestingly, RRM1, but not STIM1, was required for gemcitabine 

resistance, while high STIM1 levels caused an increase in cytosolic calcium 

concentration. Higher STIM1-dependent calcium influx led to an impaired ER stress 

response and a heightened NFAT activity. Importantly, these findings were 

confirmed in patient and patient-derived xenograft samples. Taken together, our 

study uncovers previously unknown biologically relevant molecular properties of 

gemcitabine-resistant tumors, revealing an undescribed function of STIM1 as a 

rheostat directing the effects of calcium signaling and controlling epigenetic cell fate 

determination. It further reveals the potential benefit of targeting STIM1-controlled 

calcium signaling and its downstream effectors in PDAC. 

2.2 Statement of significance 

Gemcitabine-resistant and some naïve tumors co-amplify RRM1 and STIM1, which 

elicit gemcitabine resistance and induce a calcium signaling shift, promoting ER 

stress resistance and activation of NFAT signaling. 

  



 

47 
 

 Publication 

2.3 Introduction 

Pancreatic ductal adenocarcinoma (PDAC) patients display a dismal 7-9% 5-year 

survival rate due to late diagnosis and therapeutic resistance (American Cancer 

Society, 2020). The current first-line treatment includes FOLFIRINOX (5-

fluorouracil-oxaliplatin-irinotecan) with the combination of gemcitabine and nab-

paclitaxel as an alternative. Still, patients displaying a more advanced disease or 

comorbidities that preclude intensive therapy generally receive either gemcitabine 

alone or in combination with either capecitabine or S-1 (tegafur-gimeracil-oteracil) 

(Ryan, 2020b; Sohal et al., 2018). Thus, inevitably, with disease progression, 

gemcitabine-based treatment is administered to most patients. Unfortunately, the 

response to such therapy is low and variable, establishing gemcitabine resistance 

as a major hurdle in PDAC treatment (Cunningham et al., 2009; Hamada et al., 

2017; Scheithauer et al., 2003). Therefore, it is of utmost importance to understand 

the effects of gemcitabine treatment on PDAC. 

Many studies attribute gemcitabine resistance to the upregulation of one of its main 

targets, ribonucleotide reductase (Akita et al., 2009; Bergman et al., 2005; Nakahira 

et al., 2007; Nakano et al., 2007; Wang et al., 2015; Zhou et al., 2019), while also 

identifying differential expression of gemcitabine metabolizing enzymes as 

predictive of treatment response (Farrell et al., 2009; Maréchal et al., 2012). Still, 

the broader effects of gemcitabine on tumors remain elusive. Previous studies 

suggested that gemcitabine sensitivity highly depends on genetic changes in the 

tumor and the cellular response to chemotherapeutic-induced stress (Tiriac et al., 

2018). In addition to or as a result from acting on its primary target, many 

chemotherapies induce apoptosis through cell stress. The integrated stress 

response pathway is activated upon ER stress, amino acid deprivation, heme 

deprivation or viral infection and elicits two responses. First, cells attempt to resolve 

the stress source by inducing pro-survival genes and, if failing to do so, activating 

apoptotic genes (PakosȤZebrucka et al., 2016). Consequently, cells heavily rely on 

the transcription factor ATF4, which is translated and translocates to the nucleus 

upon stress mediating the activation of stress-induced genes (Harding et al., 2000; 

Lu et al., 2004). Furthermore, stress conditions, such as ER or oxidative stress, are 

tightly coupled to calcium signaling. This stress-calcium interplay controls the 

transcription of apoptotic, invasive, or proliferative genes and can thus dramatically 
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alter cellular phenotype (Monteith et al., 2017; Zhang et al., 2019a). The cellular 

stress response is highly variable and depends on the molecular and epigenetic 

context of the cell. Therefore, chemotherapy-resistant cells may present an altered 

dependency on the integrated stress response, rendering the targeting of the latter 

potentially useful in certain contexts. Thus, a better understanding of the molecular 

mechanisms affected by gemcitabine resistance and their response to cellular 

stress is of great importance.  

Here we investigated gemcitabine resistance in PDAC by characterizing 

gemcitabine-resistant cells and validated our results in patient samples as well as in 

naïve and gemcitabine-treated patient-derived xenografts. We identified an 

amplification in chromosome 11 harboring genes involved in resistance and genes 

whose functions were elusive in this context. Among them is STIM1, whose 

overexpression provokes an aberrant calcium signaling program, eliciting ER stress-

resistance, a rewiring of several transcription factors and widespread epigenetic 

reprogramming in resistant cells. Taken together, our data provide new insights into 

mechanisms accompanying gemcitabine-resistance in PDAC and reveal a novel 

alteration of calcium signaling which may influence tumor progression.  
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2.4 Results 

2.4.1 Amplification in chromosome 11 confers gemcitabine resistance 

To study chemoresistance in PDAC, a gemcitabine-resistant human cell line 

(GemR) was established by treating parental L3.6pl (Par) cells with increasing 

gemcitabine concentrations (Fig. 13A). Cells were considered resistant once the half 

maximal inhibitory concentration (IC50) was 50-fold higher in GemR (IC50:223.70 nM 

± 26.45 nM) compared to Par (IC50:3.70 nM ± 0.11 nM) (Fig. 13B-C). 

 

Fig. 13 Establishment of gemcitabine resistant L3.6pl (GemR). (A) Scheme depicting 
the establishment of GemR. Images of Par and GemR. Scale=1.36mm. (B) Crystal violet 
staining of a 7 days proliferation assay of Par and GemR treated with gemcitabine (Gem). 
(C) Proliferation assay of Par and GemR treated with gemcitabine for 7 days. The 
absorbance of cell titer blue was normalized to the respective vehicle absorbance. Mean 
±SD, n=2. IC50 values ±SD, n=2. 

Transcriptome-wide mRNA sequencing and low coverage whole genome 

sequencing was performed on GemR and Par to identify acquired traits upon 

resistance. Gene Set Enrichment Analysis (GSEA) showed an enrichment for the 

ñGemcitabine Resistance UP" signature in GemR. Surprisingly, 11 out of 16 of the 

significantly enriched genes identified were located on chromosome 11 (Fig. 14A 

and Table S1). Copy number variation analysis revealed that a region of 

chromosome 11 (chr11: 3,810,838-10,012,224), encompassing most of the genes 

contained within this signature, was amplified in GemR compared to Par. RRM1 was 

identified as highly amplified and upregulated in GemR along with other genes 
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whose association with gemcitabine resistance are unknown (Fig. 14B-D and Table 

S2).  

 

Fig. 14 GemR amplify a portion of chromosome 11. (A) GSEA showing an enrichment 
of the gemcitabine resistance signature in GemR. Significantly enriched genes are listed 
and classified into amplified genes on chr11 (in red). (B) Genome-wide copy number 
variation analysis of GemR compared to Par. Highlighted in a red box is the identified 
amplification in chr11. (C) Copy number variation analysis of GemR compared to Par in 
chr11 and highest amplified genes. (D) Volcano plot of differentially regulated, amplified and 
deleted genes in GemR compared to Par. 

RRM1 is a ribonucleotide reductase subunit and one of the main targets of 

gemcitabine (De Sousa Cavalcante and Monteiro, 2014). Its upregulation has also 

been tightly associated with this chemotherapeutic agent, being reported to drive 

gemcitabine resistance in vitro and in vivo (Bergman et al., 2005; Nakahira et al., 

2007; Nakano et al., 2007; Wang et al., 2015; Zhou et al., 2019). Consistently, we 

found that RRM1 levels correlate with gemcitabine resistance in vitro and that RRM1 

depletion restores gemcitabine sensitivity in GemR (Fig. 15A-C). Interestingly, the 

amplified region not only includes RRM1, but extends for over 6 Mb. While the role 

of RRM1 in gemcitabine resistance has been established, the effects of the co-

amplification of the various other genes remain elusive. It is therefore plausible that 

co-amplified genes confer additional advantageous molecular properties to tumor 

cells. 
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Fig. 15 RRM1 amplification drives gemcitabine resistance. (A) Crystal violet staining of 
a 7 days proliferation assay upon RRM1 knockdown and treatment with gemcitabine (Gem) 
in Par and GemR. (B) GemR proliferation assay upon RRM1 knockdown and treatment with 
gemcitabine for 7 days. The absorbance of solubilized crystal violet was normalized to the 
respective vehicle absorbance. Mean ±SD, n=2. IC50 values ±SD, n=2. (C) Western blot 
validation of RRM1 knockdown in Par and GemR. 

2.4.2 GemR display attenuated ATF4 activity and diminished ER-stress 

response 

We hypothesized that additional genes co-amplified on chromosome 11 may 

influence the cellular phenotype. As the epigenetic landscape can shape the cellular 

response to external stimuli and provides an excellent readout for transcription factor 

and upstream signaling activity, we compared the epigenomic profiles of Par and 

GemR. For this, we performed chromatin immunoprecipitation followed by next-

generation sequencing (ChIP-seq) for the active transcription mark H3K27ac. 

Despite the identified amplification, about an equal number of acetylated regions 

were lost and gained in GemR compared to Par (Fig. 16A). Bioinformatic 

characterization of these regions revealed that sequence motifs for AP1 

transcription factors were enriched in both gained and lost regions. Motifs for the 

transcription factor ATF3 were also enriched in the gained regions, likely due to the 

sequence similarity to AP1 motifs. Interestingly, regions displaying decreased 

H3K27ac levels showed an enrichment for the motifs of the stress-responsive 

transcription factor ATF4 and its downstream target CHOP (Fig. 16B-C).  
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Given the reported importance of ATF4 in mediating stress response, we performed 

ChIP-seq for ATF4 in Par following induction of ER stress by thapsigargin. 

Interestingly, 24% of the lost H3K27ac regions in GemR overlapped with ATF4 

peaks. Consistently, lower H3K27ac signal intensity was observed at those sites in 

GemR compared to Par (Fig. 17A). Accordingly, ATF4 target genes displayed 

decreased H3K27ac occupancy near their transcriptional start site (TSS) in GemR 

(Fig. 17B). 

To investigate whether ATF4 activity and the stress response were affected in 

GemR compared to Par, we induced ER stress in Par and GemR. Strikingly, upon 

ER stress, ATF4 protein levels, which dramatically increased in Par, were not 

detectable in GemR (Fig. 17C). Consistently, GemR failed to activate ATF4 target 

genes, such as TRIB3, ERN1 and DDIT3 (encoding CHOP) (Fig. 17D). In 

conclusion, GemR are unable to activate ATF4 translation and induce downstream 

ER stress responsive genes. 

Fig. 16 Motifs of stress responsive transcription factors are enriched in H3K27ac lost 
regions in GemR. (A) MA plot and pie chart of differentially occupied H3K27ac regions in 
GemR and Par. (B) Top three hits of motif analysis in H3K27ac gained regions in GemR 
compared to Par. (C) Top most significantly enriched motifs in H3K27ac lost regions in 
GemR. 
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Fig. 17 ATF4 activity and ER stress response are dampened in GemR. (A) Venn 
diagram of ATF4 peaks in Par after thapsigargin (Thap) treatment and H3K27ac lost regions 
in GemR. Aggregate plot and heatmaps of H3K27ac on ATF4 summits of overlapping 
regions. (B) ATF4 and H3K27ac profiles around the TSS of stress responsive genes. (C) 
Western blot of ATF4 in Par and GemR treated with thapsigargin (Thap). (D) Expression of 
stress responsive genes upon thapsigargin (Thap) treatment in Par and GemR. Mean ±SD, 
n=3. *PÒ0.05, **PÒ0.01, ***PÒ0.001, ns=not significant. 

2.4.3 STIM1 amplification elicits a higher store-operated calcium entry 

driving ER stress resistance 

Long-term thapsigargin treatment inhibits cell proliferation via induction of the ER 

stress response pathway. Therefore, we examined whether GemR displayed 

differential responsiveness to thapsigargin compared to Par. Indeed, GemR were 

significantly more resistant to the anti-proliferative effects of thapsigargin (IC50: 

>819.2 nM) compared to Par (IC50: 5.09 nM ± 0.20 nM) (Fig. 18A-B). Consistently, 

analysis of DepMap data revealed that thapsigargin sensitivity highly correlated with 

gemcitabine sensitivity in pancreatic cancer cell lines (Fig. 18C). ER stress is 



 

54 
 

 Publication 

triggered by the accumulation of unfolded proteins or changes in redox, calcium, or 

nutrient levels in the ER (Carreras-Sureda et al., 2018; PakosȤZebrucka et al., 

2016). Furthermore, thapsigargin is a SERCA-pump inhibitor, which affects ER 

calcium storage. Therefore, we examined whether protein-coding genes involved in 

these processes were aberrantly regulated and amplified in GemR. Interestingly, 

STIM1, an ER calcium sensor coding gene, was among the most amplified and 

highly upregulated genes in GemR, being co-amplified with RRM1 in a focal 

amplification within the larger amplified region on chr11. Previous studies have also 

reported the upregulation of STIM1 and RRM1 upon gemcitabine treatment and 

gemcitabine resistance in pancreatic cancer cells (Kondratska et al., 2014; Zhou et 

al., 2019). Notably, analysis of DepMap data revealed that RRM1 and STIM1 

amplifications are highly correlated in cancer cell lines, including pancreatic cancer. 

Additionally, analysis of TCGA data revealed that 5% of pancreatic cancer patients 

display a gain of both genes irrespective of treatment modality (Fig. 18D). 

Consistently, we were able to identify several established cell lines that displayed 

an amplification and an increased expression of STIM1. For example, the pancreatic 

and colorectal cancer cell lines Panc1 and DLD1, respectively, highly co-expressed 

RRM1 and STIM1, while the osteosarcoma cell line SJSA only expressed high levels 

of STIM1 (Fig. 18E). 
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Fig. 18 Amplification of STIM1 leads to increased SOCE. (A) Crystal violet staining of a 
7 days proliferation assay of Par and GemR treated with thapsigargin (Thap). (B) 
Proliferation assay of Par and GemR treated with thapsigargin for 7 days. The absorbance 
of cell titer blue was normalized to the respective vehicle absorbance. Mean ±SD, n=2. IC50 
values ±SD, n=2. (C) Scatter plot showing the Spearman correlation of gemcitabine and 
thapsigargin sensitivity in pancreatic cancer cell lines obtained from DepMap. r=0.644, 
P=5.45e-5. (D) Density scatter plot showing the Spearman correlation of the copy number 
of RRM1 and STIM1 in pancreatic and other cancer cell lines obtained from DepMap. 
rpancreas=0.994, P=1.83e-39; rother=0.992, P=0.00. Oncoprint and co-occurence probability of 
a gain of STIM1 and RRM1 in pancreatic cancer patients from TCGA PanCancer Atlas 
Studies data (cBioportal). (E) Western blot of STIM1 and RRM1 levels in pancreatic, 
colorectal and osteosarcoma cell lines. 

STIM1 is an ER calcium sensor that interacts with and activates ORAI calcium 

channels in the plasma membrane following ER calcium store depletion. This leads 

to ORAI channel opening, allowing extracellular calcium to enter the cytosol in a 

process termed store-operated calcium entry (SOCE) (Prakriya and Lewis, 2015b; 

Soboloff et al., 2012). Fluorescence calcium measurements revealed comparable 

calcium levels at resting conditions and upon thapsigargin-induced ER calcium store 

depletion in Par and GemR. However, GemR displayed a highly increased SOCE 

compared to Par, which could be reversed by STIM1 depletion (Fig. 19A). While 
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recent studies have pointed at the effects of STIM1 on ER stress response 

(Conceicao et al., 2020; Gilon et al., 2018), no such correlation has been reported 

in cancer. Moreover, the possible effects elicited by increased SOCE on ER stress 

response remain elusive. Thus, we investigated whether higher STIM1 levels, and 

consequently increased SOCE, could lead to ER stress resistance in GemR. To 

address this, SOCE was prevented by either treating with the SOCE inhibitor, 

CM4620, or by chelating extracellular calcium from the media with EGTA before the 

induction of ER stress by thapsigargin. Notably, as assessed via ATF4 

accumulation, treatment with either CM4620 or EGTA restored the stress response 

to thapsigargin in GemR to levels comparable to thapsigargin treatment alone in Par 

(Fig. 19B and D). This confirms that ER stress resistance in GemR is conferred by 

elevated SOCE elicited by STIM1. This conclusion was further supported by the 

ability of combined CM4620 or EGTA and thapsigargin treatment to rescue the 

expression of ER stress responsive genes in GemR (Fig. 19C and E). 
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Moreover, overexpression of STIM1 in Par cells was sufficient to lower ATF4 levels 

and impair the induction of stress responsive genes upon thapsigargin treatment 

(Fig. 20A-B). Similarly, STIM1 overexpression in other pancreatic cancer cell lines, 

namely BxPC-3 and CFPAC-1, decreased ATF4 accumulation and dampened the 

induction of stress-responsive genes following thapsigargin treatment (Fig. 20C-H).  

Fig. 20 STIM1 overexpression leads to a dampened ER stress response in PDAC. (A) 
Western blot of STIM1 and ATF4 levels upon STIM1 overexpression and thapsigargin 
(Thap) treatment in Par. (B) Expression of stress responsive genes upon STIM1 
overexpression and thapsigargin (Thap) treatment in Par. Mean ±SD, n=3. (C) Western blot 
of STIM1 and ATF4 levels upon STIM1 overexpression and thapsigargin (Thap) treatment 
in BxPC-3. (D) Validation of STIM1 overexpression in BxPC-3. Mean ±SD, n=3. (E) 
Expression of stress responsive genes upon STIM1 overexpression and thapsigargin 
(Thap) treatment in BxPC-3. Mean ±SD, n=3. (F) Western blot of STIM1 and ATF4 levels 
upon STIM1 overexpression and thapsigargin (Thap) treatment in CFPAC-1. (G) Validation 
of STIM1 overexpression in CFPAC-1. Mean ±SD, n=3.  (H) Expression of stress responsive 
genes upon STIM1 overexpression and thapsigargin (Thap) treatment in CFPAC-1. Mean 
ÑSD, n=3. *PÒ0.05, **PÒ0.01, ***PÒ0.001, ns=not significant. 

Fig. 19 Increased SOCE elicits ER stress resistance in GemR. (A) Fura-2 based cytosolic 
calcium imaging and quantification of ȹSOCEmax. Mean ±SEM, n=334 (Par siCont), 143 (Par 
siSTIM1), 347 (GemR siCont), 243 (GemR siSTIM1). (B) Western blot showing ATF4 levels 
upon SOCE inhibition by CM4620 and thapsigargin (Thap) treatment in Par and GemR. (C) 
Expression of stress responsive genes upon SOCE inhibition by CM4620 and thapsigargin 
(Thap) treatment in Par and GemR. Mean ±SD, n=3. (D) Western blot depicting ATF4 levels 
upon EGTA and thapsigargin (Thap) treatments in Par and GemR. (E) Expression of stress 
responsive genes upon EGTA and thapsigargin (Thap) treatment in Par and GemR. Mean 
ÑSD, n=3. *PÒ0.05, **PÒ0.01, ***PÒ0.001, ns=not significant. 
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Consistent with these effects, inhibition of SOCE with CM4620 (Fig. 21A-D) or 

STIM1 depletion (Fig. 21E-I) restored the anti-proliferative effects of thapsigargin in 

GemR.  
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This was further validated in the colorectal cancer cell line DLD1, which expressed 

higher levels of both STIM1 and RRM1 and was more resistant to the anti-

proliferative effects of thapsigargin compared to HCT116. Consistently, SOCE 

inhibition restored the sensitivity of DLD1 to thapsigargin to levels similar to HCT116 

(Fig. 22A-D). Thus, higher levels of STIM1, and thereby SOCE, in GemR as well as 

other tumor cell lines provide a survival advantage under ER stress conditions. 

Fig. 21 SOCE impairment sensitizes GemR to ER stress. (A) Crystal violet staining of a 
7 days proliferation assay in Par upon CM4620 and thapsigargin (Thap) treatments. In a red 
box are the thapsigargin (Thap) only treated Par, also shown in Fig. 6A. (B) Proliferation 
assay of Par treated with CM4620 and thapsigargin (Thap) for 7 days. The absorbance of 
cell titer blue was normalized to the respective vehicle absorbance. Mean ±SD, n=2. IC50 
values ±SD, n=2. The profile of Par treated with thapsigargin (Thap) only was previously 
depicted in Fig. 6B. (C) Crystal violet staining of a 7 days proliferation assay in GemR upon 
SOCE inhibition by CM4620 and thapsigargin (Thap) treatment. In a red box are the 
thapsigargin (Thap) only treated GemR, also shown in Fig. 6A. (D) Proliferation assay of 
GemR treated with thapsigargin and the SOCE inhibitor CM4620 for 7 days. The 
absorbance of cell titer blue was normalized to the respective vehicle absorbance. Mean 
±SD, n=2. IC50 values ±SD, n=2. The profile of GemR treated with thapsigargin (Thap) only 
was previously shown in Fig. 6B. (E) Crystal violet staining of a 7 days proliferation assay 
in Par upon STIM1 depletion and treatment with thapsigargin (Thap). Highlighted in a red 
box is the control, vehicle-treated Par, which was previously shown in Fig. 3A. (F) 
Proliferation assay of Par depleted from STIM1 and treated with thapsigargin (Thap) for 7 
days. The absorbance of solubilized crystal violet was normalized to the respective vehicle 
absorbance. Mean ±SD, n=2. IC50 values ±SD, n=2. (G) Crystal violet staining of a 7 days 
proliferation assay in GemR upon STIM1 and/or RRM1 knockdown and treatment with 
thapsigargin (Thap). Highlighted in a red box are the control, vehicle-treated GemR and 
vehicle-treated RRM1-depleted GemR, which were previously shown in Fig. 3A. (H) 
Proliferation assay of GemR depleted from STIM1 and/or RRM1 and treated with 
thapsigargin (Thap) for 7 days. The absorbance of solubilized crystal violet was normalized 
to the respective vehicle absorbance. Mean ±SD, n=2. IC50 values ±SD, n=2. (I) Western 
blot validation of STIM1 and RRM1 knockdown in Par and GemR. 
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Fig. 22 STIM1 levels correlate with ER stress resistance in colorectal cancer. (A) 
Crystal violet staining of a 7 days proliferation assay in DLD1 upon SOCE inhibition by 
CM4620 and thapsigargin (Thap) treatment. (B) Proliferation assay of DLD1 treated with 
CM4620 and thapsigargin (Thap) for 7 days. The absorbance of cell titer blue was 
normalized to the respective vehicle absorbance. Mean ±SD, n=2. IC50 values ±SD, n=2. 
(C) Crystal violet staining of a 7 days proliferation assay in HCT116 upon SOCE inhibition 
by CM4620 and thapsigargin (Thap) treatment. (D) Proliferation assay of HCT116 treated 
with CM4620 and thapsigargin (Thap) for 7 days. The absorbance of cell titer blue was 
normalized to the respective vehicle absorbance. Mean ±SD, n=2. IC50 values ±SD, n=2. 

Since STIM1 and RRM1 are commonly co-amplified and have important 

physiological functions, we tested whether they act synergistically. For this, we 

monitored cell proliferation upon STIM1 and/or RRM1 depletion and thapsigargin or 

gemcitabine treatment. RRM1 levels did not influence cell growth upon thapsigargin 

treatment and the depletion of both RRM1 and STIM1 was not synergistic (Fig. 21G-

I). Similarly, while RRM1 depletion restored gemcitabine responsiveness, STIM1 

knockdown did not appreciably influence GemR growth upon gemcitabine treatment 

nor did it synergize with RRM1 depletion (Fig. 13A, Fig. 21I and Fig. 23A-B). 

Furthermore, SOCE inhibition did not influence the effects of gemcitabine treatment 

on cell proliferation in either GemR or Par cells (Fig. 1A-B and Fig. 23C-D). 

Together, these findings confirm that while STIM1 and RRM1 are co-amplified in 

human tumors and cancer cell lines, they independently affect calcium-associated 

ER stress and gemcitabine responsiveness, respectively. 
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Fig. 23 STIM1 amplification does not affect gemcitabine resistance in GemR. (A) 
Crystal violet staining of a 7 days proliferation assay of STIM1 and/or RRM1 depleted GemR 
treated with gemcitabine (Gem). In red boxes are the vehicle-treated and STIM1 or STIM1 
and RRM1 depleted GemR, also shown in Fig. 9G. (B) Proliferation assay of GemR 
depleted from STIM1 and/or RRM1 and treated with gemcitabine (Gem) for 7 days. The 
absorbance of solubilized crystal violet was normalized to the respective vehicle 
absorbance. Mean ±SD, n=2. IC50 values ±SD, n=2. The profiles of GemR siCont and GemR 
siRRM1 were previously depicted in Fig. 1C. (C) Crystal violet staining of a 7 days 
proliferation assay in Par and GemR upon CM4620 and gemcitabine (Gem) treatments. The 
crystal violet staining of a 7 days proliferation of Par and GemR treated with gemcitabine 
(Gem) only can be found in Fig. 1B. (D) Proliferation assay of Par and GemR treated with 
CM4620 and gemcitabine (Gem) for 7 days. The absorbance of cell titer blue was 
normalized to the respective vehicle absorbance. Mean ±SD, n=2. IC50 values ±SD, n=2. 
The profiles of Par and GemR treated with gemcitabine (Gem) only can be found in Fig. 1C. 

2.4.4 STIM1 depletion restores ER stress-induced transcriptomic and 
epigenomic changes 

To further characterize the role of STIM1 in ER stress resistance, we performed 

mRNA sequencing in Par, GemR, and STIM1-depleted GemR treated with 

thapsigargin. Consistent with GemR being resistant to ER stress, gene set 

enrichment analysis (GSEA) displayed an enrichment of the ñUnfolded Protein 

Responseò in Par compared to GemR following treatment with thapsigargin (Fig. 

24A and Table S3). Hierarchical clustering revealed two gene clusters whose 

expression was influenced by STIM1 (Fig. 24B). Genes within cluster 1 were 

upregulated in thapsigargin-treated Par, but failed to be activated in GemR. 

Importantly, their induction was rescued by STIM1 depletion in GemR, and were 
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thus referred to as ñdown (DN-)reversedò genes. Cluster 2 genes were not induced 

in Par, but upregulated in GemR in response to thapsigargin. Notably, STIM1 

depletion in GemR reversed their induction by thapsigargin and were therefore 

referred to as ñUP-reversedò genes (Table S4). Consistent with our observations, 

the DN-reversed cluster includes the ER-stress responsive genes TRIB3, ERN1 and 

DDIT3, whose induction by thapsigargin was rescued upon STIM1 depletion in 

GemR (Fig. 24C). Moreover, STIM1-depletion restored ATF4 accumulation in 

response to thapsigargin treatment in GemR (Fig. 24D). To validate our findings in 

another pancreatic cancer cell line, we assessed the induction of DN-reversed 

genes in STIM1-amplified Panc1 cells. Here we observed low levels of induction of 

DN-reversed genes and ATF4 upon thapsigargin treatment, which were rescued by 

STIM1 depletion (Fig. 24E-F). 

 

Fig. 24 STIM1 depletion sensitizes GemR to ER stress. (A) GSEA showing an 
enrichment for the unfolded protein response upon thapsigargin (Thap) treatment in Par. 
(B) Heatmap showing the Z-score of each gene ordered into 4 clusters identified by 
hierarchical clustering highlighting gene clusters: DN-reversed and UP-reversed. (C) 
Expression of DN-reversed genes upon thapsigargin (Thap) treatment in Par, GemR and 
STIM1-depleted GemR. Mean ±SD, n=3. (D) Western Blot of ATF4 and STIM1 levels upon 
a STIM1 knockdown and thapsigargin (Thap) treatment in Par and GemR. (E) Expression 
of DN-reversed genes upon thapsigargin (Thap) treatment in Panc1 and STIM1-depleted 
Panc1. Mean ±SD, n=3. (F) Western Blot of ATF4 and STIM1 levels upon a STIM1 
knockdown and thapsigargin (Thap) treatment in Panc1. *PÒ0.05, **PÒ0.01, ***PÒ0.001, 
ns=not significant. 
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We next sought to uncover the molecular and transcriptional mechanisms 

responsible for the differential gene regulation observed in GemR. Based on our 

initial epigenome mapping studies, we rationalized that ER stress-induced gene 

expression changes may be coupled to epigenetic reprogramming. Indeed, in 

accordance with the gene expression data, H3K27ac occupancy increased near the 

TSS of DN-reversed genes in Par, but not in GemR upon thapsigargin treatment. 

STIM1 depletion as well as SOCE inhibition by CM4620 in GemR partially rescued 

the H3K27ac gain on the TSS of these genes with thapsigargin (Fig. 25A-C).  
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Fig. 25 SOCE impairment partially rescues H3K27ac profile around ER stress 
responsive genes in GemR. (A) ATF4 profile in Par treated with thapsigargin (Thap) and 
H3K27ac profile in Par and GemR upon thapsigargin (Thap) treatment and STIM1 
depletion. Black boxes indicate the regions used for ChIP qPCR. (B) ChIP qPCR of positive 
and negative H3K27ac sites around the TSS of TRIB3, ERN1 and DDIT3 in Par and GemR 
upon SOCE inhibition by CM4620 and thapsigargin (Thap) treatment. Each condition is 
depicted as a percentage of its corresponding input. Mean ±SD, n=3. (C) ChIP qPCR of 
positive ATF4 sites around the TSS of TRIB3, ERN1 and DDIT3 in Par treated with 
thapsigargin (Thap). The average ATF4 signal on the negative sites around TRIB3, ERN1 
and DDIT3 is shown as a light green, dark green and black dotted line, respectively. Each 
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condition is depicted as a percentage of its corresponding input. Mean ÑSD, n=2. *PÒ0.05, 
**PÒ0.01, ***PÒ0.001, ns=not significant. 

Consistent with our earlier findings, STIM1-depletion in GemR restored an 

enrichment of ATF4 and CHOP motifs in H3K27ac gained regions upon thapsigargin 

treatment in a manner similar to what we observed following thapsigargin treatment 

in Par cells (Fig. 26A), where 53% of ATF4 peaks overlapped with H3K27ac gained 

regions in Par (thapsigargin vs vehicle). On these regions, a significant increase in 

H3K27ac was only observed in Par and STIM1-depleted GemR, but not in GemR 

upon thapsigargin treatment (Fig. 26B-D). This confirms that GemR cells fail to 

recruit epigenetic factors to DN-reversed genes in a STIM1-dependent manner, 

indicating that STIM1-dependent SOCE rewires the cellular epigenome and 

transcriptome, attenuating the activation of stress-specific genes. 
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2.4.5 NFAT is aberrantly activated in STIM1-amplified cells 

After characterizing the effects of STIM1 amplification on ER stress-induced gene 

expression, we examined genes that were specifically induced by thapsigargin in 

the presence of STIM1 amplification (UP-reversed cluster), which included KDM7A, 

KRT14 and KLF4. These genes were upregulated upon thapsigargin treatment in 

GemR, but less induced in Par and STIM1-depleted GemR (Fig. 27A). Similarly, 

SOCE inhibition diminished the induction of these genes by thapsigargin in GemR 

(Fig. 27B). These effects were not limited to GemR since STIM1-amplified Panc1 

cells also displayed an upregulation of KDM7A and KLF4 upon thapsigargin 

treatment in a STIM1-dependent manner (Fig. 27C). Moreover, H3K27ac signal 

intensity on the TSS of UP-reversed genes displayed a significant increase in GemR 

compared to Par and STIM1-depleted GemR upon thapsigargin treatment (Fig. 

27D).  

Fig. 26 STIM1 knockdown rescues H3K27ac profile around ATF4-occupied regions in 
GemR. (A) Top most significantly enriched motifs on gained H3K27ac regions in 
thapsigargin-treated (Thap) STIM1-depleted GemR compared to vehicle-treated STIM1-
depleted GemR (top) and on gained H3K27ac regions in Par treated with thapsigargin 
(Thap) compared to vehicle-treated Par (bottom). (B) Venn diagram of ATF4 peaks in Par 
treated with thapsigargin (Thap) and gained H3K27ac regions in Par treated with 
thapsigargin (Thap) compared to vehicle-treated Par. Aggregate plot of H3K27ac on ATF4 
summits of overlapping regions. (C) Heatmaps of H3K27ac and ATF4 on ATF4 summits of 
overlapping regions from Fig. 14B. (D) Bigwig compare of Par (left) and STIM1-depleted 
GemR (right) upon thapsigargin (Thap) treatment both compared to GemR treated with 
thapsigargin (Thap) on ATF4 summits of the overlapping regions identified in Fig. 14B. 



 

67 
 

 Publication 

 

Fig. 27 Upon ER stress, STIM1-amplified cells upregulate and gain H3K27ac around 
the TSS of UP-reversed genes. (A) Gene expression of UP-reversed genes upon 
thapsigargin (Thap) treatment and STIM1 depletion in Par and GemR. Mean ±SD, n=3. (B) 
Gene expression of UP-reversed genes upon thapsigargin (Thap) treatment and SOCE 
inhibition by CM4620 in GemR. Mean ±SD, n=3. (C) Gene expression of UP-reversed 
genes upon thapsigargin (Thap) treatment and STIM1 depletion in Panc1. Mean ±SD, n=3. 
(D) H3K27ac profile around the TSS of UP-reversed genes in Par, GemR and STIM1-
depleted GemR treated with thapsigargin (Thap). *PÒ0.05, **PÒ0.01, ***PÒ0.001, ns=not 
significant. 
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To uncover the underlying mechanisms by which this subset of genes was 

specifically induced in response to ER stress in GemR cells, we employed EnrichR 

and GSEA. NFAT-related pathways were identified by EnrichR, while GSEA 

displayed an enrichment for the ñNFAT transcription factor pathwayò in thapsigargin-

treated GemR cells (siCont vs siSTIM1) (Fig. 28A-B and Table S5). Consistently, 

NFAT and NFAT-AP1 motifs were enriched in genomic regions displaying increased 

H3K27ac in the same comparison (Fig. 28C). NFAT activation by calcium signaling 

promotes its translocation to the nucleus, thereby enabling target gene activation. 

Consistent with our findings that GemR cells display pronounced SOCE, NFAT 

nuclear translocation was increased in thapsigargin-treated GemR and decreased 

by STIM1 depletion (Fig. 28D-E).  

 

 

 


















































































































































































































































































































