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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 RRMI and ST/M1 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 STIML1 as a rheostat directing the effects of calcium signaling and
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controlling epigenetic cell fate determination. It further reveals the potential benefit of targeting
STIM1-controlled calcium signaling and its downstream effectors in PDAC.

Keywords
RRM1; STIM1; SOCE; ER stress; NFAT

Introduction

Pancreatic ductal adenocarcinoma (PDAC) patients display a dismal 7-9% 5-year survival
rate due to late diagnosis and therapeutic resistance (1). 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) (2,3).
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 (4-6). 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 (7-12), while also identifying differential expression of gemcitabine
metabolizing enzymes as predictive of treatment response (13,14). 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 (15). 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 (16).
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
(17,18). 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 alter cellular phenotype (19,20).
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 naive and
gemcitabine-treated patient-derived xenografts. We identified an amplification in
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chromosome 11 harboring genes involved in resistance and genes whose functions were
elusive in this context. Among them is S7/M1, 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.

Materials and Methods

Cell culture:

CFPAC-1 (RRID:CVCL_1119) were purchased from the American Tissue Culture
Collection (ATCC). L3.6pl (Par) (RRID:CVCL_0384), Pancl (RRID:CVCL_0480) and
BxPC-3 (RRID:CVCL_0186) cells were provided by Dr. Elisabeth Hessmann, (University
Medical Center Goéttingen, Germany), HCT116 (RRID:CVCL_0291), DLD-1
(RRID:CVCL_0248), SJSA (RRID:CVCL_1697), MG63 (RRID:CVCL_0426) and
HEK?293T (RRID:CVCL_0063) cells were kindly provided by Prof. Dr. Matthias
Dobbelstein (University Medical Center Goéttingen, Germany). All cells were obtained after
2014 at which time numerous parental cell stocks were cryopreserved. Cells were
maintained in culture for a maximum of 2-3 months on average before thawing new stock
and their identity was regularly confirmed. All cells tested negative for Mycoplasma using
the MycoAlert Mycoplasma Detection Kit (Lonza #L.T07-318). L3.6pl (Par) and GemR were
cultured in Minimum Essential Medium Eagle (Gibco, life technologies); Pancl, CFPAC-1,
SJSA, MG63 and HEK?293T in Dulbecco’s Modified Eagle’s Medium (Gibco, life
technologies); BXPC-3 and DLD-1 in Roswell Park Memorial Institute Medium (Gibco, life
technologies); and HCT116 in McCoy’s 5A Medium (Gibco, life technologies). All media
were supplemented with 10% FBS (Sigma-Aldrich) and 1% penicillin and streptomycin
(Sigma-Aldrich); Minimum Essential Medium Eagle was supplemented with 1% L-
glutamine (Sigma-Aldrich). Further cell culture experiments are described in Supplemental
Materials and Methods, including siRNA sequences (Table S1).

Protein harvesting and western blot:

Protein was harvested and western blot performed as described (21,22) using the following
antibodies: RRM1 (Cell Signaling #8637, RRID:AB_11217623), STIM1 (Sigma-Aldrich
$6197, RRID:AB_1079007), ATF4 (Cell Signaling #11815, RRID:AB_2616025), HA
(Roche #3F10, RRID:AB_2314622), GAPDH (Origene #TA802519, RRID:AB_2626378),
HSC70 (Santa Cruz #sc-7298, RRID:AB_627761), anti-rabbit 1gG (Jackson
ImmunoResearch Labs #211-032-171, RRID:AB_2339149) and anti-mouse 1gG (Jackson
ImmunoResearch Labs #115-035-174, RRID:AB_2338512). Further details are in
Supplemental Material and Methods.

RNA extraction and quantitative PCR:

RNA was extracted and gPCR run as described earlier (21,23). Gene expression levels were
normalized to the housekeeping gene GAPDH. Further details are in Supplemental Material
and Methods, including gene expression primer sequences (Table S2).
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Chromatin immunoprecipitation:

ChIP was performed as previously described (21,24). gPCR was used to probe IP and the
enrichment at each site was calculated by normalizing the IP values to their respective
inputs. The following antibodies were used: H3K27ac (Diagenode #C15410196,
RRID:AB_2637079) and ATF4 (Cell Signaling #11815, RRID:AB_2616025). Further
details are in Supplemental Material and Methods, including primer sequences (Table S3).

Next generation sequencing:

Sequencing libraries for ChlP-seq and RNA-seq were prepared using the KAPA HyperPrep
(Roche) or the Microplex Library Preparation V2 (Diagenode) and the TruSeq RNA Library
Prep V2 (Illumina) kits, respectively. Library quality was assessed using a Bioanalyzer 2100
(Agilent). The samples were sequenced on a HiSeq4000 (I1lumina) at the NGS Integrative
Genomics Core Unit (NIG) at the UMG or at the Genome Analysis Core at the Mayo Clinic.
CASAVA 1.8.2 was used to demultiplex the bcl files to fastq files. Further analyses are in
Supplemental Materials and Methods.

Transcript Profiling: The high throughput sequencing data in this publication has been
deposited in NCBI's Gene Expression Omnibus(25) and are accessible through GEO Series
accession number GSE152124 (https://www.nchi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE152124).

Patient-derived xenografts:

For patient-derived xenograft (PDX) model generation, pieces of bulk primary PDAC tissue
from patients who underwent tumor resection at the UMG were subcutaneously transplanted
in both flanks of NMRIWNU mice. Tumors grew until their volume exceeded 1cm3 (F1
generation). Upon harvesting of tumors, one portion of the tissue was embedded in paraffin
as described previously (26), while the other half was subcutaneously transplanted into both
flanks of another NMRI"W/NU mouse for further tumor expansion (F2 generation). For
gemcitabine/nab-paclitaxel co-treatment, F3-generation PDX-material from G6PDX13 was
transplanted into both flanks of four NMRI"/"U mice. When tumor volumes reached
200mms3, mice were randomized into vehicle (0.9% saline) and chemotherapy arms.
Gemcitabine (Sigma-Aldrich; 100mg/kg) was administered intraperitoneally 2x/week, nab-
paclitaxel (Abraxane, Celgene; 30mg/kg) was given weekly by tail vain injection. For
gemcitabine treatment alone, F4 generation G6PDX13 material was transplanted into seven
NMRI"MU mice, which were randomized into vehicle and gemcitabine (100mg/kg) arms.
Here, gemcitabine was administered 3x/week. Mice were sacrificed when endpoint criteria
(e.g. weight loss = 20%) were reached (evident upon 3x nab-paclitaxel injections for the
gemcitabine/nab-paclitaxel study and upon 6 injections in the gemcitabine solo arm) and
PDX tumors were paraffin-embedded for histological assessment. Animal procedures were
conducted in accordance with the protocols approved by the Institutional Animal Care and
Use Committee (33.9-42502-04-17/2407). The generation and utilization of PDX models
have been approved by the ethical review board of the UMG (70112108).
Immunohistochemistry details are in Supplemental Materials and Methods.
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GraphPad Prism v5.04 (RRID:SCR_002798) was used for statistical analyses. One-way
ANOVA followed by Newman-Keuls multiple comparison test was used for comparisons of
more than two conditions. A non-linear regression with a variable slope and a bottom
constrain between 0 and 2 was used to determine 1Csq values, which were analyzed using
unpaired two-tailed student’s t-test. Linear regressions were analyzed using Spearman’s
correlation. A<=0.05 were considered statistically significant. *P<0.05, **P<0.01,
***P<0.001, ns=not significant.

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. 1A). Cells were considered resistant once the half maximal inhibitory
concentration (ICsg) was 50-fold higher in GemR (1C5(:223.70 nM + 26.45 nM) compared
to Par (1C5¢:3.70 nM %= 0.11 nM) (Fig. 1B and Fig. S1A).

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 “Gemcitabine Resistance UP"
signature in GemR. Surprisingly, 11 out of 16 of the significantly enriched genes identified
were located on chromosome 11 (Fig. 1C and Table S4). Copy number variation analysis
revealed that a region of chromosome 11 (chrll: 3,810,838-10,012,224), encompassing
most of the genes contained within this signature, was amplified in GemR compared to Par.
RRMI was identified as highly amplified and upregulated in GemR along with other genes
whose association with gemcitabine resistance are unknown (Fig. 1D-E, Fig. S1B, and Table
S5). RRML1 is a ribonucleotide reductase subunit and one of the main targets of gemcitabine
(27). Its upregulation has also been tightly associated with this chemotherapeutic agent,
being reported to drive gemcitabine resistance /n vitroand /n vivo (8-12). Consistently, we
found that RRM1 levels correlate with gemcitabine resistance in vitro and that RRM1
depletion restores gemcitabine sensitivity in GemR (Fig. 1F and Fig. S1C-D). Interestingly,
the amplified region not only includes RRMJ, 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.

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 (ChlIP-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. 2A).
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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. 2B and Fig. S2A). 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. 2C). Accordingly, ATF4 target
genes displayed decreased H3K27ac occupancy near their transcriptional start site (TSS) in
GemR (Fig. 2D and Fig. S2B).

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. 2E
and Fig. S2C). Consistently, GemR failed to activate ATF4 target genes, such as TR/B3,
ERNIand DDI/T3 (encoding CHOP) (Fig. 2F). In conclusion, GemR are unable to activate
ATF4 translation and induce downstream ER stress responsive genes.

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 (ICsq: >819.2 nM) compared to Par
(ICsp: 5.09 nM + 0.20 nM) (Fig. 3A and Fig. S3A). Consistently, analysis of DepMap data
revealed that thapsigargin sensitivity highly correlated with gemcitabine sensitivity in
pancreatic cancer cell lines (Fig. S3B). ER stress is triggered by the accumulation of
unfolded proteins or changes in redox, calcium, or nutrient levels in the ER (16,28).
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, S7/M1, 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
chrll. Previous studies have also reported the upregulation of S7/M1 and RRMI upon
gemcitabine treatment and gemcitabine resistance in pancreatic cancer cells (8,29). Notably,
analysis of DepMap data revealed that RRMI and ST/M1 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. 3B). 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 Pancl and DLD1, respectively,
highly co-expressed RRM1 and STIML1, while the osteosarcoma cell line SISA only
expressed high levels of STIM1 (Fig. S3C).
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STIML1 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) (30,31). 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. 3C). While recent
studies have pointed at the effects of STIM1 on ER stress response (32,33), 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. 3D and Fig. S4A-B). 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.
3E and Fig. S4C). 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. 3F-G and Fig. S4D). 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. S4E-J).
Consistent with these effects, inhibition of SOCE with CM4620 (Fig. 3H and Fig. S5A-C) or
STIM1 depletion (Fig. 31 and Fig. S5D-H) restored the anti-proliferative effects of
thapsigargin in GemR. 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. S6A-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.

Since S7T/M1 and RRMJI 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. S5D-E, H). 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. S1C, Fig. S5H and Fig. S7A-B). Furthermore, SOCE inhibition did
not influence the effects of gemcitabine treatment on cell proliferation in either GemR or Par
cells (Fig. 1B, Fig. S1A and Fig. S7C-D). Together, these findings confirm that while
STIM1 and RRM!I1 are co-amplified in human tumors and cancer cell lines, they
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independently affect calcium-associated ER stress and gemcitabine responsiveness,
respectively.

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 “Unfolded Protein Response” in Par compared to GemR following
treatment with thapsigargin (Fig. 4A and Table S6). Hierarchical clustering revealed two
gene clusters whose expression was influenced by STIM1 (Fig. 4B). 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 thus
referred to as “down (DN-)reversed” 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 “UP-reversed”
genes (Table S7). Consistent with our observations, the DN-reversed cluster includes the
ER-stress responsive genes TR/IB3, ERN1 and DD/T3, whose induction by thapsigargin was
rescued upon STIM1 depletion in GemR (Fig. 4C). Moreover, STIM1-depletion restored
ATF4 accumulation in response to thapsigargin treatment in GemR (Fig. 4D and Fig. S8A).
To validate our findings in another pancreatic cancer cell line, we assessed the induction of
DN-reversed genes in ST/MI-amplified Pancl cells. Here we observed low levels of
induction of DN-reversed genes and ATF4 upon thapsigargin treatment, which were rescued
by STIM1 depletion (Fig. 4E-F and Fig. S8B).

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. 4G
and Fig. S8C-F). 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. 4H), 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. 41-J and Fig. S8G). 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.

NFAT is aberrantly activated in STIM1-amplified cells

After characterizing the effects of S7/M1 amplification on ER stress-induced gene
expression, we examined genes that were specifically induced by thapsigargin in the
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presence of S7/M1 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. 5A). Similarly, SOCE inhibition diminished
the induction of these genes by thapsigargin in GemR (Fig. S9A). These effects were not
limited to GemR since S7/M1-amplified Pancl cells also displayed an upregulation of
KDM7A and KLF4 upon thapsigargin treatment in a STIM1-dependent manner (Fig. 5B).
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. 5C and Fig. S9B). 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 “NFAT transcription factor pathway” in
thapsigargin-treated GemR cells (siCont vs siSTIM1) (Fig. 5D, Fig. S9C and Table S8).
Consistently, NFAT and NFAT-AP1 motifs were enriched in genomic regions displaying
increased H3K27ac in the same comparison (Fig. 5E).

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. 5F and Fig. S9D). To confirm the importance of
NFAT in driving the expression of UP-reversed genes, we treated GemR with the calcineurin
inhibitor cyclosporine A (CSA) to attenuate NFAT activation. We observed that the
induction of UP-reversed genes by thapsigargin was dampened upon CSA treatment (Fig.
5G). Among the various NFAT proteins, NFATc2 is more tightly linked to STIM1 and
SOCE (34,35). NFATcZis also the only NFAT family member contained in the UP-reversed
gene cluster. Consistent with a critical role in mediating the effects of altered calcium
signaling in STIM1-amplified cells, NFATc2 depletion significantly dampened the induction
of UP-reversed genes in thapsigargin-treated GemR (Fig. 5H and Fig. S9E). Overexpression
of STIML1 in Par, BXPC-3 and CFPAC-1 further confirmed that the upregulation of these
genes by thapsigargin was due to increased SOCE elicited by higher STIM1 (Fig. 51 and
Fig. S9F-G). Notably, the overexpression of NFATc2 in Par did not affect ATF4 levels and
the ER stress response (Fig. S9H). This suggests that heightened SOCE independently leads
to a dampened ER stress response and an aberrant NFATc2 activation. In conclusion, ST/M1
amplification facilitates and increased SOCE, thereby promoting the upregulation of
NFATc2 and calcium-mediated activation of NFATc2-dependent gene expression.

STIM1 levels correlate with ATF4 and NFAT activity in primary PDAC and patient-derived

xenografts

To examine the /n vivo relevance of our findings, we performed immunohistochemistry for
STIM1, KRT14, and ATF4 in naive primary tumor tissue derived from resected PDAC
patients and in corresponding PDX-models derived from these specimens (Fig. S10A).
Remarkably, in one patient tumor (G6Pat15: Fig. 6A) and its corresponding PDX
(G6PDX15; Fig. 6B-C), where STIM1 expression was low, we observed readily detectable
nuclear ATF4, but only low levels of KRT14 expression. In contrast, another patient tumor
(GoPat4; Fig. 6A) and its corresponding PDX sample (GOPDX4; Fig. 6B-C) displayed
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higher STIM1 and correspondingly high KRT14 levels, but only cytoplasmic ATF4
expression. Next, we tested the effects of chemotherapy by treating PDXs with gemcitabine
alone or in combination with nab-paclitaxel (Fig. S10A) and subsequently explored the
expression of the aforementioned proteins. Notably, treatment of GOPDX13 with
gemcitabine alone, or co-treatment with gemcitabine and nab-paclitaxel, resulted in
increased STIM1 and KRT14 expression and lower nuclear ATF4 levels compared to the
vehicle-treated GGPDX13 (Fig. 6C-E). Furthermore, mRNA-seq and GSEA analysis
revealed an enrichment for UP-reversed genes in GOPDX13 co-treated with gemcitabine and
nab-paclitaxel compared to untreated (Fig. 6F). Taken together, STIM1 is not only positively
and negatively correlated with KRT14 expression and ATF4 nuclear localization,
respectively, in naive patient tumors, but is also altered in response to treatment both /in vitro
and /n vivo. Thus, STIM1 levels could be exploited as a potential biomarker and/or
therapeutic target for naive and treated patients presenting a priori and acquired ER stress,
and possibly gemcitabine resistance.

Discussion

In this study, we examined molecular alterations resulting from prolonged gemcitabine
treatment of PDAC and identified the co-amplification of RRMI1and ST/M1 as responsible
for gemcitabine resistance and for altered calcium signaling, downstream transcriptomic and
epigenomic alterations, respectively. While S7/M1 amplification does not augment RRM1-
driven gemcitabine resistance, it shifts calcium signaling via increased SOCE, thereby
reciprocally dampening the ER stress response and increasing NFAT activity (Fig. 7A).

RRM1, one of the main targets of gemcitabine, was found to be amplified in GemR and to
drive gemcitabine resistance. To date, studies have failed to show that RRM1 levels are
prognostic since its expression in naive patients did not correlate with therapeutic response
to gemcitabine (14,36). We postulate that RRM1 levels and copy number might correlate
with gemcitabine response only in patient tumors after selective pressure caused by
treatment. Thus, examining patient samples after treatment would help address this.

Gene amplifications are common in tumors, and their overexpression is known to drive
cancer progression. Recently, studies have revealed the importance of co-amplified
neighboring genes in tumorigenesis. For example, in HER2-positive breast cancer, the
amplified region encompasses not only the oncogenic driver ERBBZ, but also GRB?,
MIEN1, PNMT, PGAP3, and TCAP (37). While HER2 overexpression drives HER2-
positive breast cancer, GRB7 and MIEN1 affect tumorigenesis downstream and independent
of HER-2, respectively (38-40). Similarly, the co-amplification of RRMI1and ST/IM1 elicits
independent effects, where RRM1 does not affect ER stress resistance and NFAT activation,
while STIM1 does not influence gemcitabine resistance. This suggests that the co-
amplification of these genes endows tumor cells with distinct molecular properties, thereby
potentially providing multiple survival advantages. Moreover, it is plausible that persistent
ER stress or perturbed SOCE stimulation may elicit a selective pressure to amplify ST/MA,
which could result in the co-amplification of RKRMI and elicit gemcitabine resistance. This
is supported by our finding that many treatment-naive tumors display a co-amplification of
STIM1and RRMLI. It is also possible that the upregulation of S7/M1 may help promote or
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facilitate the emergence gemcitabine resistance by promoting cell survival upon gemcitabine
treatment during resistance acquisition. In support of this, STIM1 depletion was shown to
promote the pro-apoptotic effects of gemcitabine in pancreatic cancer cells (29).
Furthermore, STIM1, and thereby SOCE, are known to regulate various metabolic processes
(41,42), and could thereby help tumor cells adapt to metabolic changes which could arise as
a consequence of RRM1 upregulation during the acquisition of resistance.

ER stress activates ATF4 and elicits an initial pro-survival and secondary pro-apoptotic
response, where the former is suggested to be hijacked by many tumors (43). One such
example is the hijacking of the pro-survival pathway upon hypoxia, where ATF4 promotes
the transcription of VEGF, while activating antioxidant genes (43-45). Thus, the prevailing
view is that rather than leading to apoptosis, ER stress is used by tumors to adapt to stressful
environments. Still, some PDAC tumors have been characterized to express higher levels of
factors controlling ER homeostasis and conferring ER stress resistance (46). Our data
supports this alternative mechanism whereby increased SOCE in S7T/MI-amplified tumors
leads to ER stress resistance and NFAT activation. Interestingly, NFAT promotes the
transcription of H/F1A in a STIM1-dependent manner in T cells (41), while STIM1 itself
has been associated with hypoxic-driven tumorigenesis in hepatocarcinoma (47). STIM1 and
thereby SOCE are important regulators of melanoma aggressive behavior, controlling
cellular oxidative stress through redox regulation of NFATc2 (20,48). Moreover, STIM and
ORAI are important regulators of the pathobiology of several cancers (49). In PDAC, NFATs
have been extensively characterized and shown to drive pancreatic cancer development and
growth. NFATS are central in inflammation-driven pancreatic cancer development (50,51)
and promote the silencing of CDKNZB in late-stage pancreatic intraepithelial neoplasia
lesions (52). Furthermore, NFATSs have been described to promote cell proliferation and
tumor growth by fostering MY C expression in pancreatic cancer (53-55). Taken together, we
suggest that rather than hijacking the pro-survival pathway of the ER stress response,
STIMI-overexpressing tumors profit from an alternative STIM1-dependent/ATF4-
independent pro-survival mechanism. In this case, STIM1 may act as a rheostat balancing
between ER stress and NFAT activation, making STIM1 an attractive potential therapeutic
target. Thus, STIM1 may also serve as a potential indicator of NFAT activation and ER
stress resistance.

While very little is known about calcium homeostasis in PDAC, calcium signaling is key in
the development of acute pancreatitis (56) where its therapeutic utility has been recently
studied. In fact, the ORAIL inhibitor CM4620 is currently being tested in a phase Il clinical
trial in acute pancreatitis patients (NCT04195347) (57-59). Notably, chronic pancreatitis is a
known risk factor for the development of pancreatic cancer and is characterized by increased
inflammation (60). While the role of ORAI and SOCE has been described specifically in
acute pancreatitis, it is worth noting that heightened NFAT activity promotes acinar to ductal
metaplasia and fosters the progression of chronic pancreatitis to pancreatic cancer in mouse
models (26,61). Consequently, SOCE inhibitors may prevent progression from chronic
pancreatitis to PDAC. Hence, it is possible that some PDACs display aberrant calcium
signaling obtained during previous chronic pancreatitis or due to other selective pressures.
Therefore, analyzing STIML1 levels in PDAC could potentially predict tumor sensitivity to
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stress, while tumors with high STIM1 expression might benefit from STIM and ORAI
inhibitors.

In conclusion, this study unravels novel independent molecular properties of gemcitabine-
resistant tumors in PDAC. Through the amplification of RRM1, tumors become resistant to
gemcitabine, while STIM1 acts as a rheostat balancing ER stress and NFAT activity in a
SOCE-dependent manner. Furthermore, the co-amplification can occur spontaneously in
treatment-naive cancer cells, making STIM1 a potential mediator of aberrant NFAT
activation and SOCE inhibitors potential novel therapeutic agents for PDAC patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of significance

Gemcitabine-resistant and some naive tumors co-amplify RRMI1 and ST/M1, which elicit
gemcitabine resistance and induce a calcium signaling shift, promoting ER stress
resistance and activation of NFAT signaling.
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Fig. 1.

Argnplification of a portion of chromosome 11 elicits gemcitabine resistance. (A) Scheme
depicting the establishment of GemR. Images of Par and GemR. Scale=1.36mm. (B)
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, 7=2. ICgg
values £SD, 7=2. (C) GSEA showing an enrichment of the gemcitabine resistance signature
in GemR. Significantly enriched genes are listed and classified into amplified genes on
chrll (in red). (D) Copy number variation analysis of GemR compared to Par in chrll and
highest amplified genes. (E) Volcano plot of differentially regulated, amplified and deleted
genes in GemR compared to Par. (F) 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, =2. IC5g values +SD, n=2.
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Fig. 2.

A'?F4 activity and ER stress response are dampened in GemR. (A) MA plot and pie chart of
differentially occupied H3K27ac regions in GemR and Par. (B) Top most significantly
enriched motifs in H3K27ac lost regions in GemR. (C) 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. (D) ATF4 and H3K27ac
profiles around the TSS of stress responsive genes. (E) Western blot of ATF4 in Par and
GemR treated with thapsigargin (Thap). (F) Expression of stress responsive genes upon
thapsigargin (Thap) treatment in Par and GemR. Mean +SD, n=3. *P<0.05, **P<0.01,
***P<0.001, ns=not significant.
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Fig. 3.

Amplification of ST/M1 leads to increased SOCE and ER stress resistance in GemR. (A)
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, 17=2. ICgg
values £SD, n=2. (B) Density scatter plot showing the Spearman correlation of the copy
number of RRMI1 and S7T/M1 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 percentage of
pancreatic cancer patients displaying a gain of S7/M1and RRMI from TCGA PanCancer
Atlas Studies data (cBioportal). (C) Fura-2 based cytosolic calcium imaging and
quantification of ASOCE,;x. Mean +SEM, =334 (Par siCont), 143 (Par siSTIM1), 347
(GemR siCont), 243 (GemR siSTIM1). (D) Western blot showing ATF4 levels upon SOCE
inhibition by CM4620 and thapsigargin (Thap) treatment in Par and GemR. (E) Expression
of stress responsive genes upon SOCE inhibition by CM4620 and thapsigargin (Thap)
treatment in Par and GemR. Mean +SD, /7=3. (F) Western blot of STIM1 and ATF4 levels
upon STIM1 overexpression and thapsigargin (Thap) treatment in Par. (G) Expression of
stress responsive genes upon STIM1 overexpression and thapsigargin (Thap) treatment in
Par. Mean +SD, n=3. (H) 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. ICs values £SD, rn=2. The profile of GemR
treated with thapsigargin (Thap) only was previously shown in Fig. 3A. (1) Proliferation
assay of GemR upon STIM1 knockdown and thapsigargin treatment (Thap). The absorbance
of solubilized crystal violet was normalized to the respective vehicle absorbance. Mean
+SD, r=2. ICgq values £SD, r=2. *P<0.05, **P<0.01, ***P<0.001, ns=not significant.
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Fig. 4.

S‘?IMl depletion sensitizes GemR to ER stress and partially rescues H3K27ac around
ATF4-occupied regions. (A) GSEA showing an enrichment for the unfolded protein
response upon thapsigargin (Thap) treatment in Par compared to GemR. (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, r=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 Pancl. Mean +SD, n=3. (F)
Western Blot of ATF4 and STIM1 levels upon a STIM1 knockdown and thapsigargin (Thap)
treatment in Pancl. (G) 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 gPCR. (H) 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
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in Par treated with thapsigargin (Thap) compared to vehicle-treated Par (bottom). (I) 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. (J) Heatmaps of H3K27ac and ATF4 on
ATF4 summits of overlapping regions from Fig. 41. *P<0.05, **P<0.01, ***P<0.001, ns=not
significant.
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Fig. 5.

STIM1 amplified cells aberrantly activate NFAT. (A) Gene expression of UP-reversed genes
upon thapsigargin (Thap) treatment and STIM1 depletion in Par and GemR. Mean £SD,
m=3. (B) Gene expression of UP-reversed genes upon thapsigargin (Thap) treatment and
STIM1 depletion in Pancl. Mean +SD, n=3. (C) H3K27ac profile around the TSS of
KDM7A in Par, GemR and STIM1-depleted GemR treated with thapsigargin (Thap). (D)
GSEA showing an enrichment for the NFAT TF pathway in GemR compared to STIM1-
depleted GemR both treated with thapsigargin (Thap). (E) Motif analysis showing a
significant enrichment for NFAT motifs on gained H3K27ac regions in GemR compared to
STIM1-depleted GemR both treated with thapsigargin (Thap). (F) NFATc2
immunofluorescence and average nuclear signal intensity in GemR. Scale=5um. Mean
+SEM, n=68 (GemR siCont Veh), 57 (GemR siCont Thap), 30 (GemR siSTIM1 \eh), 82
(GemR siSTIM1 Thap). (G) Expression of UP-reversed genes upon cyclosporine A (CSA)
and thapsigargin (Thap) treatments in GemR. Mean £SD, 7=3. (H) Expression of UP-
reversed genes upon NFATc2 knockdown and thapsigargin (Thap) treatment in GemR. Mean
+SD, n=2. (1) Expression of UP-reversed genes upon STIM1 overexpression and
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thapsigargin (Thap) treatment in Par. Mean +SD, n=3. *P<0.05, **P<0.01, ***P<0.001,
ns=not significant.

Cancer Res. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kutschat et al.

Page 25

A GoPat1s B GsPOx1s
STIM1 ATF4 KRT14 STIM1 __ ATF4 KRT14
f .,'.. vy dabh |

GoPatd  GAPDX4 GgPDXﬁ GG?“PIEXﬁ
) vE em vs  GemiPac vs
GoPatls GOPDX1S Veh Veh

—STIM1
— ATF4
== KRT14

[Ratio of area
éoo‘;grecbysignal]
Moo N e e

@ UP-reversed genes
E @ o0 oo e

g 030 )

o2 3

- HAN

£ 0.00 : i 4

k] [

T

5 Al |
GOPDX13 GoPDX13
GemiPac Veh

Fig. 6.

A'IgF4 and KRT14 expression correlate with STIM1 levels in PDAC patients and PDXs. (A
& B) Immunohistochemistry for STIM1, ATF4 and KRT14 in naive patient tumor material
(Pat) (B) and in the respective naive PDX. (C) Quantification of STIM1, ATF4 and KRT14
staining in naive patient samples, as well as in naive PDXs and gemcitabine and gemcitabine
and nab-paclitaxel co-treated PDXs. (D) STIM1, ATF4 and KRT14 staining in vehicle (\Veh)
as well as in gemcitabine (Gem) treated PDXs. (E) Immunohistochemistry for STIM1, ATF4
and KRT14 in vehicle (Veh) and gemcitabine and nab-paclitaxel (Gem/Pac) co-treated
PDXs. (F) GSEA showing an enrichment for the UP-reversed genes in GPDX13 co-treated
with gemcitabine and nab-paclitaxel (Gem/Pac) compared to vehicle-treated G6PDX13. For
all immunohistochemistry images: scale=20 pm (zoomed out) and 50 pm (zoomed in).
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Fig. 7.
STIM1 acts as rheostat balancing between ATF4 and NFAT-dependent transcriptional

programs. (A) Scheme depicting the amplification of RRMIand ST/M1 upon gemcitabine
resistance. While the upregulation of RRM1 drives gemcitabine resistance, increased STIM1
levels elicit a calcium signaling shift, leading to a dampened ER stress response and an
aberrant NFAT activation.
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