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Abstract

Ferroptosis is a form of regulated cell death driven by oxidative injury promoting lipid
peroxidation, although detailed molecular regulators are largely unknown. Here we show that heat
shock 70kDa protein 5 (HSPAS) negatively regulates ferroptosis in human pancreatic ductal
adenocarcinoma (PDAC) cells. Mechanistically, activating transcription factor 4 (ATF4) resulted
in the induction of HSPAS5, which in turn bound glutathione peroxidase 4 (GPX4) and protected
against GPX4 protein degradation and subsequent lipid peroxidation. Importantly, the HSPA5-
GPX4 pathway mediated ferroptosis resistance, limiting the anticancer activity of gemcitabine.
Genetic or pharmacological inhibition of the HSPA5-GPX4 pathway enhanced gemcitabine
sensitivity by disinhibiting ferroptosis in vitro and in both subcutaneous and orthotopic animal
models of PDAC. Collectively, these findings identify a novel role of HSPAS in ferroptosis and
suggest a potential therapeutic strategy for overcoming gemcitabine resistance.

Introduction

The therapeutic goal of all cancer treatment has been to trigger tumor-selective cell death
and spare normal tissues. Acquisition of various genetic or epigenetic alterations in cancer
cells may result in drug resistance by activating stress-adaptation responses such as the heat
shock response or the unfolded protein response. Understanding the molecular mechanisms
of these protective responses in the setting of cell injury and death may help overcome drug
resistance in cancer cells.

Ferroptosis is a form of regulated cell death identified by Dr. Brent Stockwell’s laboratory in
2012 (1). Different from apoptosis and necroptosis, activation of caspase and receptor-
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interacting protein kinase is not required for induction of ferroptosis (1). In contrast, lipid
peroxidation plays a key role in mediating ferroptosis (2). Recently, the discovery and
characterization of ferroptosis regulators has begun to unravel the molecular mechanisms of
ferroptosis (3). Among them, glutathione peroxidase 4 (GPX4, an antioxidant enzyme)
inhibits ferroptosis (4). Genetic or pharmacological inhibition of GPX4 increases lipid
peroxidation, which contributes to ferroptotic cancer death (4). Conditional knockout of
GPX4 in mice enhances ferroptosis /n vivo (5-7). In addition to inhibition of GPX4 activity,
increased GPX4 degradation also contributes to ferroptotic cancer cell death (8, 9).

The heat shock 70kDa protein 5 (HSPADS, also termed GRP78 or BIP) is a member of the
molecular chaperones expressed primarily in the endoplasmic reticulum (ER) (10). As an
important component of the unfolded protein response, HSPAS5 promotes cell survival under
conditions of ER stress (11). The role of HSPAS in ferroptosis has not been explored,
although ferroptosis itself is associated with ER stress (12).

Pancreatic ductal adenocarcinoma (PDAC) is an extremely lethal cancer with limited
treatment options. In this study, we provide the first evidence that increased HSPA5
expression suppresses ferroptosis by direct inhibition of GPX4 protein degradation in human
PDAC cells. Furthermore, we demonstrate that the HSPA5-GPX4 pathway mediates
ferroptosis resistance, limiting the anticancer activity of gemcitabine (the first-line drug used
alone or in combination for the treatment of patients with advanced PDAC). These findings
not only identify a novel role of HSPAS in ferroptosis, but also suggest a potential
therapeutic strategy for overcoming gemcitabine resistance in PDAC cells by triggering
ferroptosis.

Materials and Methods

Antibodies and reagents

Cell culture

The antibodies to HSPAS (#3177), CANX (#2679), EIF2AK3 (#3192), ACTB (#3700),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH, #5174), ATF4 (#11815), HSP90
(#4877), SLC7A11 (#12691), and Myc-tag (#2278) were obtained from Cell Signaling
Technology (Danvers, MA, USA). The antibody to GPX4 (#ab125066), p-EIF2AK3 at T982
(#ab192591), and p-ERN1 at S724 (#ab124945) were obtained from Abcam (Cambridge,
MA, USA). Z-VAD-FMK (#V116); staurosporine (#54400), rapamycin (#R0395), H,O»
(#216763), EGCG (#E4143), cycloheximide (#C7698), sulfasalazine (#50883), and
gemcitabine (#G6423) were obtained from Sigma (St. Louis, MO, USA). Necrosulfonamide
(#480073) was obtained from EMD Millipore Corporation (Darmstadt, Germany). TNFa.
(#210-TA-005) was obtained from R&D Systems (Minneapolis, MN, USA). Erastin
(#ET7781), ferrostatin-1 (#S7243), and liproxstatin-1 (#S7699) were obtained from Selleck
Chemicals (Houston, TX, USA).

PANC1, CFPAC1, MiaPaCa2, Panc2.03, and Panc02 cells were obtained from American
Type Culture Collection (ATCC, USA) or the National Cancer Institute (NCI, USA).
GPX47/~ cells were a gift from Dr. Marcus Conrad (Institute of Developmental Genetics;
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Helmholtz Zentrum Minchen; Minchen, Germany) (7). These cells were grown in
Dulbecco's Modified Eagle's Medium or RPMI-1640 Medium with 10% fetal bovine serum,
2 mM L-glutamine, and 100 U/ml of penicillin and streptomycin. All cells were
mycoplasma free and authenticated by Short Tandem Repeat DNA Profiling Analysis.

Cell viability assay

Cell viability was evaluated using the Cell Counting Kit-8 (CCK-8) (#96992, Sigma)
according to the manufacturer’s instructions. The assay is based on utilizing the highly
water-soluble tetrazolium salt WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium,monosodium salt] to produce a water-soluble formazan
dye upon reduction in the presence of an electron carrier. Absorbance at 450 nm is
proportional to the number of living cells in the culture.

Clonogenic cell survival assay

Long-term cell survival was monitored in a colony formation assay. In brief, 1,000 cells
were plated into 24-well plates after treatment with indicated drugs for 24 hours. The cells
were allowed to grow for the next 10 to 12 days to allow colony formation and the colonies
were visualized using crystal violet staining.

GPX4 activity assay

The activity of GPX4 was determined using I-a-phosphatidylcholine hydroperoxide
substrate and a coupled enzymatic assay as previously described (13, 14). It was based on
the oxidation of glutathione (GSH) to oxidized glutathione disulfide (GSSG) catalyzed by
GPX4, which was then coupled to the recycling of GSSG back to GSH utilizing glutathione
reductase and reduced B-nicotinamide adenine dinucleotide phosphate, reduced (NADPH).
The decrease in NADPH absorbance measured at 340 nm during the oxidation of NADPH to
NADP+ indicated GPX4 activity.

Malondialdehyde (MDA) assay

GSH assay

The relative MDA concentration in cell lysates was assessed using a Lipid Peroxidation
Assay Kit (#abh118970, Abcam) according to the manufacturer’s instructions. Briefly, the
MDA in the sample reacted with thiobarbituric acid (TBA) to generate a MDA-TBA adduct.
The MDA-TBA adduct were quantified colorimetrically (OD = 532 nm) or fluorometrically
(EX/Em =532/553 nm).

The relative GSH concentration in cell lysates was assessed using a kit from Sigma
(#CS0260) according to the manufacturer’s instructions. The measurement of GSH used a
kinetic assay in which catalytic amounts (nmoles) of GSH caused a continuous reduction of
5,5’-dithiobis (2-nitrobenzoic acid) to 5-thio-2-nitrobenzoic acid and the GSSG formed was
recycled by glutathione reductase and NADPH. The reaction rate was proportional to the
concentration of glutathione up to 2 mM. The yellow product (5-thio-2-nitrobenzoic acid)
was measured spectrophotometrically at 412 nm.
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GSSG assay

The relative GSSG concentration in cell lysates was assessed using a kit from Cayman
(#703002) according to the manufacturer’s instructions. The quantification of GSSG,
exclusive of GSH, was accomplished by first derivatizing GSH with 2-vinylpyridine. In
brief, 1 pl of 1 M 2-vinylpyridine in absolute ethanol were added to 99 pl of cell
homogenate. This suspension was incubated at room temperature for 60 minutes to block the
thiol group of the GSH already present. NADPH (95 pl of 2 mg/ml) in nanopure water and 5
ul of 2 units/ml glutathione reductase were added to reduce GSSG.

Western blot analysis

Proteins in the cell lysate or supernatants were resolved on 4%-12% Criterion XT Bis-Tris
gels (Bio-Rad, Hercules, CA, USA) and transferred to a nitrocellulose membrane. After
blocking with 5% milk, the membrane was incubated for two hours at 25? or overnight at 4?
with various primary antibodies. After incubation with peroxidase-conjugated secondary
antibodies for one hour at routine temperature, the signals were visualized via using
enhanced or super chemiluminescence (Pierce, Rockford, IL, USA) and by exposure to X-
ray films. The relative band intensity was quantified using the Gel-pro Analyzer® software
(Media Cybernetics, Bethesda, MD, USA).

Immunoprecipitation analysis

Cells were lysed at 4°C in ice-cold radioimmunoprecipitation assay buffer (Millipore, USA),
and cell lysates were cleared by a brief centrifugation (12,000 g, 10 min). Concentrations of
proteins in the supernatant were determined by BCA assay. Prior to immunoprecipitation,
samples containing equal amount of proteins were pre-cleared with protein A or protein G
agarose/sepharose (Millipore, USA) (4°C, 3 h), and subsequently incubated with various
irrelevant 1gG or specific antibodies (5 pg/mL) in the presence of protein A or G agarose/
sepharose beads for 2 h or overnight at 4°C with gentle shaking. Following incubation,
agarose/sepharose beads were washed extensively with phosphate buffered saline and
proteins were eluted by boiling in 2 x sodium dodecy! sulfate sample buffer before sodium
dodecyl sulfate polyacrylamide gel electrophoresis.

RNAI and gene transfection

The YY1-shRNA-1 (Sequence:
CCGGGCCTCTCCTTTGTATATTATTCTCGAGAATAATATACAAAGGAGAGGCTTTTT
); YY1-shRNA-2 (Sequence:
CCGGGACGACGACTACATTGAACAACTCGAGTTGTTCAATGTAGTCGTCGTCTTTT
T); GTF2I-shRNA-1 (Sequence:
CCGGTGCTGACAGGTCAATACTATCCTCGAGGATAGTATTGACCTGTCAGCATTTT
TG); GTF2I-shRNA-2 (Sequence:
CCGGATGGCAGCTGTGACAGTAAAGCTCGAGCTTTACTGTCACAGCTGCCATTTTT
TG); ATF4-shRNA-1 (Sequence:
CCGGGCCTAGGTCTCTTAGATGATTCTCGAGAATCATCTAAGAGACCTAGGCTTTT
T); ATF4-shRNA-2 (Sequence:
CCGGGCCAAGCACTTCAAACCTCATCTCGAGATGAGGTTTGAAGTGCTTGGCTTT
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TT); ATF6-shRNA-1 (Sequence:
CCGGGCAGCAACCAATTATCAGTTTCTCGAGAAACTGATAATTGGTTGCTGCTTTT
T); ATF6-shRNA-2 (Sequence:
CCGGCCCAGAAGTTATCAAGACTTTCTCGAGAAAGTCTTGATAACTTCTGGGTTTT
T); HSPA5-shRNA-1 (Sequence:
GTACCGGAGATTCAGCAACTGGTTAAAGCTCGAGCTTTAACCAGTTGCTGAATCTT
TTTTTG); HSPA5-shRNA-2 (Sequence:
CCGGGAAATCGAAAGGATGGTTAATCTCGAGATTAACCATCCTTTCGATTTCTTTT
TG); SLC7A11-shRNA (Sequence:
CCGGCCCTGGAGTTATGCAGCTAATCTCGAGATTAGCTGCATAACTCCAGGGTTTT
TG); and GPX4-shRNA (Sequence:
CCGGGTGGATGAAGATCCAACCCAACTCGAGTTGGGTTGGATCTTCATCCACTTT
TTG) were obtained from Sigma. pcDNA3.1-HSPA5 (#32701) and pCMV-Myc-HSPA5
(#27164) were obtained from Addgene (Cambridge, MA, USA). pPCMV6-GPX4
(#RC208065) was obtained from OriGene Technologies (Rockville, MD, USA). pDRIVE-
HA-GPX4-U46C and pDRIVE-HA-GPX4-U46S were developed as described previously
(15). Transfections were performed with Lipofectamine™ 3000 (#L.3000008, Invitrogen)
according to the manufacturer’s instructions.

Quantitative real time polymerase chain reaction (Q-PCR) analysis

First-strand cDNA synthesis was carried out by using a Reverse Transcription System Kit
according to the manufacturer’s instructions (#11801-025, OriGene Technologies). cDNA
from various cell samples was amplified with specific primers (HSPA5: 5’-
CTGTCCAGGCTGGTGTGCTCT-3" and 5’-CTTGGTAGGCACCACTGTGTTC-3;
CANX: 5’-GCTGGTTAGATGATGAGCCTGAG-3’ and 5’-
ACACCACATCCAGGAGCTGACT-3’; EIF2AK3: 5’-
GTCCCAAGGCTTTGGAATCTGTC-3’ and 5’-CCTACCAAGACAGGAGTTCTGG-3’;
YY1: 5-GGAGGAATACCTGGCATTGACC-3’ and 5’-
CCCTGAACATCTTTGTGCAGCC-3’; GTF2l: 5’-CGACTTTTGGCATTCCGAGGCT-3’
and 5’-GTGCTCTCCTTAATCGCCGTCT-3’; ATF4: 5’-
TTCTCCAGCGACAAGGCTAAGG-3’ and 5’-CTCCAACATCCAATCTGTCCCG-3’;
ATF6: 5’-CAGACAGTACCAACGCTTATGCC-3" and 5’-
GCAGAACTCCAGGTGCTTGAAG-3’; GPX4: 5’-
ACAAGAACGGCTGCGTGGTGAA-3 and 5’-GCCACACACTTGTGGAGCTAGA-3’)
and the data was normalized to actin RNA (5’-CACCATTGGCAATGAGCGGTTC-3’ and
5-AGGTCTTTGCGGATGTCCACGT-3").

Animal models

All animal experiments were approved by the Institutional Animal Care and Use
Committees and performed in accordance with the Association for Assessment and
Accreditation of Laboratory Animal Care guidelines (http://www.aaalac.org).

To generate murine subcutaneous tumors, 2x10% PANC1 cells were injected subcutaneously
to the right of the dorsal midline in nude mice. Once the tumors reached ~50 mm3 at day
seven, mice were randomly allocated into groups and treated with chemotherapy for two
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weeks (n=5 mice/group). Tumors were measured twice weekly and volumes were calculated
using the formula lengthxwidth?x/6.

To generate orthotopic tumors, B6 mice were surgically implanted with 1x 108 Panc02 into
the tail of the pancreas. Two weeks after implantation, mice were randomly allocated into
groups and treated with chemotherapy for three weeks (n=6 mice/group). Animal survival
was monitored every week for three months.

Statistical analysis

Results

Data are expressed as means + SD of three independent experiments. Unpaired Student’s t
tests were used to compare the means of two groups. One-way Analysis of Variance
(ANQOVA) was used for comparison among the different groups. When ANOVA was
significant, post hoc testing of differences between groups was performed using the Least
Significant Difference (LSD) test. The Kaplan-Meier method was used to compare
differences in mortality rates between groups. A p-value < 0.05 was considered statistically
significant.

ATF4 promotes HSPAS expression in ferroptosis

Erastin is a classical inducer of ferroptosis that was originally identified in a screening for
small molecules that are selectively lethal to oncogenic RAS mutant cells (16). Given that
PDAC is initiated almost exclusively by the expression of mutant K-RAS, we analyzed the
anticancer activity of erastin in several human PDAC cell lines (e.g., PANC1, CFPACL,
MiaPaCa2, and Panc2.03) harboring K-RAS mutation using CCK8 cell viability assay kit.
Erastin-dose dependently induced cell death in PDAC cells; this process was reversed by the
ferroptosis inhibitors ferrostatin-1 and liproxstatin-1 (Fig. 1A). In contrast, the apoptosis
inhibitor (e.g., ZVAD-FMK) and necroptosis inhibitor (e.g., necrosulfonamide) had no effect
on erastin-induced cell death (Fig. 1A). Clonogenic cell survival assay confirmed the results
from the CCKS8 cell viability assay in PANC1 and CFPACL1 cells (Fig. S1). As expected,
ZVAD-FMK limited apoptotic stimuli staurosporine-induced cell death and
necrosulfonamide blocked necroptotic stimuli (tumor necrosis factor a [TNFa]+ZVAD-
FMK)-induced cell death in PANC1 cells (Fig. 1B).These observations indicate that the
anticancer activity of erastin in PDAC cells depends on the induction of ferroptosis (1).

Erastin triggers the heat shock response and ER stress during ferroptosis in cancer cells (10,
17). HSPAG5 is not only a heat shock protein, but also an ER chaperone. We therefore
examined HSPAS expression in PDAC cells following erastin treatment. Erastin dose-
dependently induced HSPAS expression at the protein (Fig. 1C) and mRNA (Fig. 1D) levels
in human PDAC cells. In contrast, protein and mRNA expression of other ER stress-
associated proteins such as CANX (also termed calnexin) and eukaryotic translation
initiation factor 2 alpha kinase 3 (EIF2AK3, also termed PERK) were not significantly
affected by erastin (Fig. 1C and 1D). Western blot analysis also showed that phosphorylated
EIF2AK3 (p-EIF2AK3) was increased by erastin (Fig. 1C). In contrast, phosphorylation of
endoplasmic reticulum to nucleus signaling 1 (ERN1, also termed IRE1) was not
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significantly changed by erastin (Fig. 1C). Additionally, erastin-induced HSPA5 protein
upregulation was not observed in PANCL cells following induction of apoptosis with
staurosporine, initiation of autophagy with rapamycin, or enhancement of necrosis with
H,0, (Fig. 1E). These findings suggest that HSPAS is significantly upregulated during the
induction of ferroptosis in PDAC cells.

Several transactional factors including Yin Yang 1 (YY1) (18), general transcription factor
Ili (GTF2I, also termed TFII-1) (19), activating transcription factor (ATF)-4 (20), and ATF6
(21) have been reported to regulate HSPAS expression in individual cell lines in response to
ER stress. We examined the effects of knockdown of these transactional factors using two
individual shRNAs (Fig. 1F) on HSPAS expression in ferroptosis. Notably, suppression of
ATF4 (but not YY1, GTF2I, and ATF6) inhibited erastin-induced HSPA5 mRNA expression
in PANCI1 cells (Fig. 1G). Knockdown of ATF4 also inhibited erastin-induced HSPAS
protein expression in PANC1 and CFPAC1 cells (Fig. 1H). Collectively, these findings
indicate that ATF4 mediates HSPA5 expression in ferroptosis.

HSPAGS negatively regulates ferroptosis

To determine whether increased HSPAS expression affects ferroptosis, we knocked down
HSPADS using two specific ShRNAs in PDAC cell lines (e.g., PANC1 and CFPACL1), which
had relatively high expression of HSPAS at baseline (Fig. 1C). Suppression of HSPAS5
expression by RNAI (Fig. 2A) increased erastin-induced death in PANC1 and CFPAC1 by
CCKS8 cell viability assay (Fig. 2B) and clonogenic cell survival assay (Fig. S2). This
process can be reversed by ferrostatin-1 and liproxstatin-1 (but not ZVAD-FMK and
necrosulfonamide) (Fig. 2C and Fig. S3), suggesting that loss of HSPAS5 enhances erastin-
induced cell death in a ferroptosis-dependent manner. To further confirm the role of HSPA5
in ferroptosis, we overexpressed HSPAS by gene transfection in PDAC cell lines (e.g.,
MiaPaCa2), which had a relatively low expression of HSPAS at baseline (Fig. 1C).
Overexpressed HSPAS (Fig. 2D) inhibited erastin-induced ferroptotic cell death by CCK8
cell viability assay (Fig. 2E) and clonogenic cell survival assay (Fig. S4). These findings
suggest that HSPAS may be a negative regulator of ferroptosis. To test this notion further, we
determined whether ATF4-mediated HSPAS expression regulates ferroptosis. Knockdown of
HSPAS (Fig. 2B), as well as inhibition of ATF4 expression by RNAI, increased erastin-
induced cell death in PDAC cells by CCKS8 cell viability assay (Fig. 2F) and clonogenic cell
survival assay (Fig. S5). Forced overexpression of HSPA5 (Fig. 2G) or pharmacological
inhibition of ferroptosis using ferrostatin-1 and liproxstatin-1 reduced erastin-induced cell
death in ATF4-knockdown CFPACL1 cells by CCK8 cell viability assay (Fig. 2H) and
clonogenic cell survival assay (Fig. S6). These findings indicate that ATF4-regulated HSPA5
expression may facilitate ferroptosis resistance in PDAC cells.

Given that ferroptosis is characterized by lipid peroxidation (2), we next investigated
whether ATF4-mediated HSPAS expression affects malondialdehyde (MDA, an end product
of lipid peroxidation) production in erastin-induced ferroptosis. Knockdown of HSPAS or
ATF4 increased erastin-induced MDA production in PANC1 and CFPAC1 cells (Fig. 21),
whereas overexpression of HSPAS inhibited erastin-induced MDA production in MiaPaCa2
cells (Fig. 2J). Overexpression of HSPAS or treatment with ferrostatin-1 and liproxstatin-1
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also inhibited erastin-induced MDA production in ATF4-knockdown CFPACL cells (Fig.
2H). These findings suggest that ATF4-dependent HSPAS expression blocks ferroptosis
through inhibition of lipid peroxidation.

HSPAS inhibits GPX4 degradation in ferroptosis

GPX4 is the critical enzyme that can reduce lipid peroxidation in ferroptosis (4). We next
determined whether HSPAS regulates lipid peroxidation through affecting GPX4 expression
and activity. Erastin did not significantly affect GPX4 mRNA expression (Fig. 3A), whereas
it remarkably suppressed GPX4 protein expression and activity (Fig. 3B) in PANC1 and
CFPAC1 cells. These data suggest that erastin may result in GPX4 protein degradation
during ferroptosis. Knockdown of HSPAS or ATF4 expression had no influence on GPX4
mMRNA levels in CFPAC1 and PANCL cells with or without erastin treatment (Fig. 3C). In
contrast, knockdown of HSPAS or ATF4 promoted erastin-induced GPX4 protein
degradation in CFPACL or PANCL cells (Fig. 3D), whereas overexpression of HSPA5
inhibited erastin-induced GPX4 protein degradation in MiaPaCa2 cells (Fig. 3E). As
expected, GPX4 activity was inhibited after knockdown of HSPAS or ATF4 (Fig. 3D). In
contrast, GPX4 activity was increased after overexpression of HSPAS in erastin-induced
ferroptosis (Fig. 3E). These findings suggest a potential role of HSPAS in the regulation of
GPX4 protein levels and subsequent activity. To further test whether HSPAS5 affects GPX4
protein degradation, we analyzed the half-life of GPX4 protein using the cycloheximide
chase assay. We observed that knockdown of HSPA5 shortened, whereas overexpression of
HSPADS prolonged GPX4 protein stabilization in PANC1 cells following erastin treatment
(Fig. 3F), suggesting that HSPAS protects against erastin-induced GPX4 protein degradation
in ferroptosis.

We next addressed whether GPX4 degradation contributes to ferroptosis when the ATF4-
HSPAS pathway is deficient. Overexpression of GPX4 by gene transfection restored GPX4
expression (Fig. 3G), GPX4 activity (Fig. 3G), and erastin resistance (Fig. 3G and Fig. S7)
in HSPAS- or ATF4-knockdown PANCI cells. Collectively, these findings suggest that
HSPADS inhibits ferroptosis through protecting against GPX4 protein degradation.

Interaction between HSPA5 and GPX4 in ferroptosis

With respect to the molecular chaperone activity of HSPAS, we investigated whether HSPA5
directly binds to GPX4 to protect against GPX4 degradation in ferroptosis.
Immunoprecipitation analysis showed that the interaction between GPX4 and HSPA5 was
increased in PANCL1 and CFPAC1 cells following erastin treatment at six to 12 hours and
was then decreased at 24 hours (Fig. 4A). In contrast, there was no interaction between
GPX4 and other ER stress-associated proteins (e.g., HSP90 and CANX) (Fig. 4A).
Moreover, transfection with exogenous Myc-tagged HSPAS cDNA increased the interaction
between GPX4 and HSPA5 in PANCL1 cells (Fig. 4B). In contrast, transfection with an
empty vector did not increase the interaction between GPX4 and HSPAS in PANCL1 cells
(Fig. 4B). GPX4 is a selenocysteine (Sec)-containing protein. The anti-oxidative activity of
GPX4 depends on a selenocysteine residue at 46 (U46) (22). Previous studies have shown
that re-expression of Sec/Cys (U46C) mutant into GPX4~/~ cells inhibited cell death,
whereas re-expression of the Sec/Ser (U46S) mutant failed (7, 15). We found that re-
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expression of U46C mutant (but not U46S mutant) in GPX4 ™/~ cells restored the interaction
between GPX4 and HSPAS (Fig. 4C). These findings suggest that U46 is important for
regulation of the binding of GPX4 to HSPAS.

Epigallocatechine gallate (EGCG) is an inhibitor of HSPA5 function in cancer cells (23). We
further examined the influence of pharmacologic inhibition of HSPAS5 by EGCG in
ferroptosis. EGCG inhibited the interaction between HSPAS5 and GPX4 (Fig. 4D) and
promoted GPX4 protein degradation (Fig. 4E) and decreased GPX4 activity (Fig. 4E) in
PANC1 and CFPAC1 cells following erastin treatment. EGCG alone did not affect MDA
production (Fig. 4F) and cell viability (Fig. 4G). However, EGCG enhanced erastin-induced
MDA production (Fig. 4F) and cell death (Fig. 4G and Fig. S8) in these PDAC cells. In
contrast, overexpression of GPX4 by gene transfection with GPX4 cDNA restored GPX4
activity (Fig. 4H) and reduced the anticancer activity of erastin in combination with EGCG
in PANC1 cells by CCKS8 cell viability assay (Fig. 41) and clonogenic cell survival assay
(Fig. S9). Collectively, our findings suggest that pharmacologic inhibition of HSPAS5 by
EGCG increases GPX4 protein degradation and subsequent erastin-induced ferroptosis in
PDAC cells.

Inhibition of system X;~ is not required for HSPA5 expression and GPX4 degradation in

ferroptosis

System X~ is an amino acid antiporter that typically mediates the exchange of extracellular
cystine and intracellular glutamate across the cellular plasma. In addition to erastin,
sulfasalazine induces ferroptotic cancer death by inhibition of system X;~, which leads to
glutathione (GSH) depletion (1, 12). We therefore asked whether system X~ activity
regulates HSPAS5 expression and GPX4 degradation in ferroptosis. Unlike erastin-induced
HSPADS expression (Fig. 1C and 1D), sulfasalazine suppressed HSPAS expression with GSH
depletion in PDAC cells (Fig. 5A). Moreover, GPX4 expression and activity was inhibited,
whereas the oxidized form glutathione disulfide (GSSG) was increased by sulfasalazine
(Fig. 5A). Interestingly, knockdown of solute carrier family 7 member 11 (SLC7A11, a core
component of system X;~) by shRNA had no effect on erastin-induced HSPA5 expression
and GPX4 degradation in PANC1 cells (Fig. 5B). In contrast, sulfasalazine blocked erastin-
induced HSPAS upregulation and increased GPX4 degradation in PANCL cells (Fig. 5C).
These findings suggest that inhibition of system X;~ may be not required for erastin-induced
HSPAS upregulation and GPX4 degradation.

We next addressed whether sulfasalazine-mediated HSPAS degradation enhances the
anticancer activity of erastin. The synergistic anticancer effect of erastin combined with
sulfasalazine causes cell death in PANC1 and CFPAC1 cells by CCKa8 cell viability assay
(Fig. 5D) and clonogenic cell survival assay (Fig. S10). This process was blocked by
ferroptosis inhibitors (e.g., ferrostatin-1 and liproxstatin-1), but not the apoptosis inhibitor
(e.9., ZVAD-FMK) or necroptosis inhibitor (e.g., necrosulfonamide) (Fig. 5E). Furthermore,
overexpression of HSPA5 or GPX4 by gene transfection reduced the anticancer activity of
erastin in combination with sulfasalazine in PDAC1 cells by CCK8 cell viability assay (Fig.
5F) and clonogenic cell survival assay (Fig. S11). In contrast, knockdown of SLC7A11 did
not affect the anticancer activity of erastin in combination with sulfasalazine (Fig. 5G).
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These findings suggest that activation of the HSPA5-GPX4 pathway promotes ferroptosis
resistance and that this process is likely SLC7A11-independent.

Inhibition of the HSPA5-GPX4 pathway enhances gemcitabine sensitivity in vitro

We next investigated whether gemcitabine affects HSPAS and GPX4 expression in PDAC
cells. Gemcitabine time-dependently increased HSPAS5 and GPX4 protein expression, as
well as GPX4 activity, in PANC1 or CFPACL1 cells (Fig. 6A), suggesting a potential role of
the HSPA5-GPX4 pathway in the regulation of the anticancer activity of gemcitabine.
Indeed, knockdown of HSPAS5 and GPX4 increased gemcitabine-induced cell death (Fig. 6B
and Fig. S12) with increased MDA production (Fig. 6C) in PANC1 or CFPAC1 cells.
Ferroptosis inhibitors (e.g., ferrostatin-1 and liproxstatin-1), but not apoptosis inhibitor (e.g.,
ZVAD-FMK) or necroptosis inhibitor (e.g., necrosulfonamide), reversed gemcitabine-
induced cell death by CCKa8 cell viability assay (Fig. 6D) and clonogenic cell survival assay
(Fig. S13) in HSPA5- or GPX4-knockdown PANCL1 cells. Thus, genetic inhibition of the
HSPA5-GPX4 pathway enhances the anticancer activity of gemcitabine by induction of
ferroptosis.

We further addressed whether pharmacologic inhibition of HSPAS by EGCG or
sulfasalazine enhances the anticancer activity of gemcitabine. Indeed, EGCG or
sulfasalazine blocked gemcitabine-induced GPX4 upregulation and promoted GPX4
degradation and inhibited GPX4 activity in PANC1 and CFPACL1 cells (Fig. 6E), confirming
that HSPAS is an important regulator of GPX4 protein levels. As a result, EGCG or
sulfasalazine promoted gemcitabine-induced cell death (Fig. 6F and Fig. S14) with
increased MDA production (Fig. 6G) in PANC1 and CFPAC1 cells. This process was
reversed by ferrostatin-1 and liproxstatin-1 (but not ZVAD-FMK nor necrosulfonamide) in
PDAC cells by CCKS8 cell viability assay (Fig. 6H) and clonogenic cell survival assay (Fig.
S15). Of note, there was no significant difference between the anticancer effects of
gemcitabine/sulfasalazine and gemcitabine/sulfasalazine/EGCG (Fig. 61). Collectively, these
findings suggest that pharmacologic inhibition of the HSPA5-GPX4 pathway may enhance
the anticancer activity of gemcitabine by inducing effective ferroptosis in PDAC cells.

Inhibition of the HSPA5-GPX4 pathway enhances gemcitabine sensitivity in vivo

To determine whether suppression of the HSPA5-GPX4 pathway enhances the anticancer
activity of gemcitabine /n vivo, HSPA5- or GPX4-knockdown PANC1 cells were implanted
into the subcutaneous space of the right flank of nude mice. Beginning at day seven, these
mice were treated with gemcitabine. Compared with the control sShRNA group, gemcitabine
treatment effectively reduced the size of tumors formed (Fig. 7A) with increased MDA
levels (Fig. 7B) by HSPA5- or GPX4-knockdown cells (Fig. 7C) observed within the tumor.
Similarly, sulfasalazine also enhanced the anticancer activity of gemcitabine in subcutaneous
tumor models (Fig. 7D), which was associated with increased MDA levels (Fig. 7E) and
decreased HSPAS and GPX4 expression (Fig. 7F) within tumors. In contrast, the ferroptosis
inhibitor liproxstatin-1 suppressed MDA production in tumor (Fig. 7E) and the anticancer
activity of gemcitabine combined with sulfasalazine (Fig. 7D) and restored the expression of
HSPAS and GPX4 (Fig. 7F). These findings demonstrate that inhibition of the HSPA5-
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GPX4 pathway enhances the anticancer activity of gemcitabine by induction of ferroptosis
in a subcutaneous PDAC mouse model.

Orthotopic tumor models are considered more clinically relevant and more predictive of
drug efficacy than standard subcutaneous models. We next determined whether induction of
ferroptosis by sulfasalazine also enhances the anticancer activity of gemcitabine in
orthotopic tumor models with established mouse Panc02 cells in B6 mice. Indeed,
gemcitabine combined with sulfasalazine significantly prolonged animal survival (Fig. 7G)
with increased MDA levels (Fig. 7H) and decreased HSPAS5 and GPX4 expression (Fig. 71)
in tumor. In contrast, the ferroptosis inhibitor liproxstatin-1 inhibited MDA production in
tumor (Fig. 7H) and decreased the anticancer activity of gemcitabine combined with
sulfasalazine (Fig. 7G) and restored the expression of HSPA5 and GPX4 (Fig. 71). These
results support the idea that targeting ferroptotic repressor (e.g., HSPA5) improves the
anticancer activity of gemcitabine for PDAC /n vivo.

Discussion

Ferroptosis is a relatively recently identified means to induce non-apoptotic cell death in
cancer cells (1, 4). The current results establish that upregulation of HSPAS is a negative
regulator of ferroptosis in PDAC cells. Increased HSPAS expression inhibits lipid
peroxidation in ferroptosis by directly protecting against GPX4 degradation (Fig. 7J). These
findings also result in the significant improvement of anticancer activity of gemcitabine in
combined with HSPAS inhibitor in the treatment of PDAC by induction of ferroptosis.

Lipid peroxidation is a free radical chain reaction and generates a range of reactive carbonyl
species in both pathological and physiological conditions (24). Accumulation of lipid
peroxidation products is recognized as a central mediator of ferroptosis (2). We and others
previously identified several molecules, including GPX4 (4), cysteinyl-tRNA synthetase
(25), p53 (26), nuclear factor erythroid 2-related factor 2 (27, 28), and acyl-CoA synthetase
long-chain family member 4 (29, 30) that regulate ferroptotic cancer death by directly or
indirectly targeting lipid peroxidation in a transcription-independent or -dependent manner.
The work presented here identifies an additional pathway upstream of GPX4 by HSPAS to
limit lipid peroxidation and underscores the importance of molecular chaperones in
ferroptosis (12). Similar to previous studies conducted with endothelial (31) and glial cells
(32), the current study demonstrates that HSPAS plays a role in regulating lipid peroxidation
in PDAC cells. Inhibition of lipid peroxidation by antioxidants (e.g., ferrostatin-1 (4) and
liprostatin-1 (7)) diminishes erastin-induced ferroptosis in HSPA5-kncodown PDAC cells.

Our studies also provide the molecular mechanism that underlies the change between ER
stress and ferroptosis (12). Potent triggers for ER stress include redox imbalances and lipid
peroxidation (33). ER stress involves a wide range of enzymes and molecular chaperones
depending on the biological contexts. Upregulation of ER stress markers such as ATF4 and
phosphorylation of elF2a. have been observed in ferroptosis (12). The current study
demonstrated a marked increase of HSPAS protein expression by activation of ATF4 (but not
other transcriptional factors) in ferroptosis. Further functional analysis documents that
suppression of the ATF4-HSPAS pathway by RNAI enhances erastin-induced ferroptosis,
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suggesting that induction of HSPAS expression by ATF4 is a stress-adaptation response
against ferroptosis. These findings are consistent with previous observations that ATF4
serves to enhance the transcriptional expression of genes involved in amino acid metabolism
and resistance to oxidative stress (34, 35). In contrast, ATF4-mediated DNA damage
inducible transcript 3 expression contributes to ER stress-induced apoptosis (36). Further
studies will be required to elucidate the mechanism and context-dependent functions of
ATF4 in various forms of regulated cell death.

Despite structural and catalytic similarities, GPX4 is unique among GPX isoforms, as it is
the only enzyme capable of inhibiting lipid peroxidation by reducing phospholipid
hydroperoxide in mammalian cells (37). Previous work has shown that ferroptosis inducer
(e.g., erastin and FIN56) can cause GPX4 protein degradation in cancer cells (8, 9). We have
now established that the interaction between HSPAS5 and GPX4 protects against GPX4
protein degradation in ferroptosis. Thus, inhibition of HSPAS can increase GPX4 protein
degradation and subsequent lipid peroxidation. Like global knockout of HSPA5 (38), global
knockout of GPX4 also can cause early embryonic lethality in mice (39), suggesting that
ferroptosis plays an important role in early mouse embryonic development.

Pancreatic cancer is one of the most difficult malignancies to successfully treat, despite
advances in modern medicine. Gemcitabine-based treatment is currently a standard first line
therapy for patients with advanced PDAC; however overall survival remains poor and few
options are available for patients in whom gemcitabine-based therapies fail. Elevated HSPAS
expression is associated with poor prognosis in patients with PDAC (40). Our results
indicate that upregulation of the HSPA5-GPX4 pathway contributes to gemcitabine
resistance. In contrast, genetic and pharmacological inhibition of the HSPA5-GPX4 pathway
by RNAI, EGCG, or sulfasalazine enhances gemcitabine sensitivity in PDAC cells /n vitro
and in two animal tumor models.

EGCG, the most abundant catechin in tea, is a polyphenol under investigation for its ability
to affect human health and diseases, including cancer. A molecular and structural
pharmacology study established that EGCG is a direct inhibitor of HSPAS by binding to the
ATP-binding site of HSPA5 (23). Early studies indicate that EGCG prevents the formation of
the anti-apoptotic HSPA5-caspase-7 complex, which leads to an increased etoposide-
induced apoptosis in breast cancer cells (23). Our current study demonstrates that EGCG
prevents the formation of the antiferroptotic HSPA5-GPX4 complex, which results in an
increased erastin-induced ferroptosis in PDAC cells. Thus, EGCG has a great potential for
PDAC treatment.

Importantly, we demonstrated that sulfasalazine not only inhibits system X.~, but also
promotes GPX4 degradation in ferroptosis. Inhibition of system X, is not required for
sulfasalazine-mediated GPX4 degradation, although system X~ also plays a role in
pancreatic cancer growth and drug resistance (41). In contrast, sulfasalazine inhibits HSPAS
expression, which in turn promotes GPX4 degradation in ferroptosis. Sulfasalazine is an
FDA-approved drug to treat patients with ulcerative colitis or rheumatoid arthritis (42). Our
results highlight a potential PDAC treatment strategy by combining gemcitabine containing
regimens with sulfasalazine to induce ferroptosis.

Cancer Res. Author manuscript; available in PMC 2018 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 13

In summary, we provide the evidence of the involvement of HSPAS in mediating ferroptosis
resistance in PDAC cells. As a protein chaperone, HSPA5 forms complexes with GPX4 that
inhibit GPX4 degradation. Inhibition of GPX4 activity and promotion of GPX4 degradation
are responsible for lipid peroxidation in ferroptosis. Since human cancer cells are inherently
heterologous, different types of cancer cells can use diverse signaling and defense
mechanisms to acquire resistance to specific anticancer agents. In addition to mediating
tumor therapy, excessive ferroptosis has been implicated in injury- and inflammation-
associated diseases (7, 43). Further studies are needed to confirm whether increased HSPA5
expression contributes to ferroptosis resistance in other tumors and diseases.
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Figure 1. ATF4 regulates HSPAS expression in ferroptosis
(A) Indicated human PDAC cells were treated with erastin (2.5-40 uM) with or without a

cell death inhibitor (ferrostatin-1, 1 uM; liprostatin-1, 1 uM; ZVAD-FMK, 10 uM;
necrosulfonamide, 0.5 pM) for 24 hours. Cell death was assayed using a CCK8 kit (n=3, *p
< 0.05). (B) ZVAD-FMK (10 puM) limited apoptotic stimuli staurosporine (0.5 uM)-induced
cell death, whereas necrosulfonamide (0.5 uM) blocked necroptotic stimuli (ZVAD-FMK
[10 uM]/TNFa (10 ng/ml))-induced cell death at 24 hours in PANC1 cells. (C) Western blot
analysis indicated protein expression in PDAC cells following treatment with erastin (2.5-40
uM) for 24 hours (n=3, *p < 0.05 versus untreated group). (D) In parallel, the mRNA levels
of HSPA5, CANX, and EIF2AK3 were assayed using Q-PCR. (E) Western blot analysis
indicated protein expression in PANCL1 cells following treatment with erastin (20 pM),
staurosporine (0.5 uM), H,05 (1 mM), and rapamycin (1 uM) for 24 hours (n=3, *p < 0.05).
(F-H) Knockdown of ATF4 (but not YY1, GTF2I, or ATF6) by shRNA (F) inhibited erastin
(20 uM, 24 hours)-induced HSPA5 expression at mRNA (G) and protein levels (H) (n=3, *p
< 0.05 versus control shRNA group).
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Figure 2. HSPAS negatively regulates ferroptosis
(A, B) Knockdown of HSPAS5 by shRNA enhanced erastin-induced cell death in indicated

PDAC cells at 24 hours (n=3, *p < 0.05 versus control ShRNA group). (C) Indicated HSPA5
knockdown PDAC cells were treated with erastin (2.5-40 pM) with or without indicated
inhibitors (ferrostatin-1, 1 uM; liprostatin-1, 1 uM; ZVAD-FMK, 10 pM; necrosulfonamide,
0.5 uM) for 24 hours. Cell death was assayed using a CCKS8 kit (n=3, *p < 0.05). (D, E)
Overexpression of HSPAS by gene transfection of pcDNA3.1-HSPA5 cDNA inhibited
erastin-induced cell death in MiaPaCaz2 cells at 24 hours (n=3, *p < 0.05). (F) Knockdown
of ATF4 by shRNA enhanced erastin-induced cell death in indicated PDAC cells at 24 hours
(n=3, *p < 0.05). (G, H) Overexpression of HSPA5 (pcDNA3.1-HSPA5 cDNA) or treatment
with ferroptosis inhibitors (ferrostatin-1, 1 pM; liprostatin-1, 1 uM) reversed erastin (20 uM,
24 hours)-induced cell death and MDA production in ATF4 knockdown CFPACL cells (n=3,
*p < 0.05). (I, J) Knockdown of HSPAS or ATF4 increased erastin-induced MDA production
in PANC1 and CFPACL cells (1), whereas overexpression of HSPA5 (pcDNA3.1-HSPA5S
cDNA) limited erastin-induced MDA production at 24 hours in MiaPaCaz2 cells (J) (n=3, *p
<0.05).
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Figure 3. HSPAS inhibits GPX4 degradation in ferroptosis
(A, B) Indicated PDAC cells were treated with erastin (2.5-40uM) for 24 hours. The

expression of GPX4 at mRNA (A) and protein (B) levels, as well as GPX4 activity (B), were
assayed (n=3, *p < 0.05 versus untreated group). (C, D) The effects of knockdown of
HSPAS or ATF4 on the expression of GPX4 at mRNA (C) and protein (D) levels, as well as
GPX4 activity (D) in indicated PDAC cells following treatment with erastin (20 uM) for 24
hours (n=3, *p < 0.05). (E) The effects of overexpression of HSPAS by gene transfection of
pcDNA3.1-HSPA5 cDNA on the expression of GPX4 protein as well as GPX4 activity in
MiaPaCaz2 cells following treatment with erastin (20 uM) for 24 hours (n=3, *p < 0.05). (F)
HSPAS knockdown or overexpression PANC1 cells were treated with 20 uM erastin and 20
pg/ml cycloheximide (CHX) for indicated time points. Cell lysates were subjected to
western blot analysis with anti-GPX4 and anti-ACTB antibodies. (G) Overexpression of
GPX4 by gene transfection of pPCMV6-GPX4 cDNA restored GPX4 expression, GPX4
activity, and cell viability in HSPA5- or ATF4-knockdown PANC1 cells following treatment
with erastin (20 uM) for 24 hours (n=3, *p < 0.05).
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Figure 4. Interaction between HSPA5 and GPX4 is observed in ferroptosis
(A) Immunoprecipitation (IP) analysis of the interaction between HSPA5 and GPX4 in

indicated PDAC cells following treatment with erastin for six to 24 hours (n=3, *p < 0.05
versus untreated group). (B) IP analysis of the interaction between HSPA5 and GPX4 in
PANC1 cells after transfection with pCMV-Myc-HSPA5 cDNA (n=3, *p < 0.05). (C) IP
analysis of the interaction between HSPA5 and GPX4 in GPX4~/~ cells after transfection
with U46C mutant or U46S mutant (n=3, *p < 0.05). (D) IP analysis of the interaction
between HSPAS and GPX4 in indicated PDAC cells after treatment with erastin in the
absence or presence of EGCG for 12 hours. (E) Analysis of GPX4 expression and activity in
indicated PDAC cells after treatment with erastin in the absence or presence of EGCG for 12
hours (n=3, *p < 0.05). (F-G) Intracellular MDA levels and cell death were assayed in
indicated PDAC cells after treatment with erastin in the absence or presence of EGCG for 24
hours (n=3, *p < 0.05). (H-1) Overexpression of GPX4 by gene transfection with pCMV6-
GPX4 cDNA limited the anticancer activity of erastin (20 uM) in combination with EGCG
(20 uM) in PANCL cells (n=3, *p < 0.05).
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Figure 5. Inhibition of system X" is not required for HSPA5 expression or GPX4 degradation in
ferroptosis
(A) Indicated PDAC cells were treated with sulfasalazine (SAS) for six to 24 hours. The

levels of GSH, GSSG, indicated protein, and GPX4 activity were assayed (n=3, *p < 0.05
versus untreated group). (B) Knockdown of SLC7A11 by shRNA did not affect erastin
(20uM)-induced HSPAS expression and GPX4 degradation at 24 hours in PANC1 cells
(n=3, *p < 0.05). (C) SAS (400uM) inhibited erastin (20uM)-induced HSPA5 expression
and GPX4 degradation at 24 hours in PANC1 cells (n=3, *p < 0.05). (D) Indicated PDAC
cells were treated with erastin (20uM) with or without SAS (400uM) for three to 24 hours
and cell death was assayed (n=3, *p < 0.05). (E) Indicated PDAC cells were treated with
erastin (20 uM) /SAS (400 uM) with or without indicated inhibitors (ferrostatin-1, 1 uM;
liprostatin-1, 1 uM; ZVAD-FMK,10 uM; necrosulfonamide, 0.5 uM) for 24 hours. Cell
death was assayed using a CCK8 kit (n=3, *p < 0.05). (F, G) Indicated PANCL cells were
treated with erastin (20 pM) in combination with SAS (400 uM) for three to 24 hours. Cell
death was assayed with a CCK8 kit (n=3, *p < 0.05).
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Figure 6. Inhibition of the HSPA5-GPX4 pathway enhances gemcitabine sensitivity in vitro
(A) Indicated PDAC cells were treated with gemcitabine (GEM) for six to 24 hours and then

protein levels and GPX4 activity were assayed (n=3, *p < 0.05 versus untreated group). (B,
C) Knockdown of HSPAS or GPX4 by shRNA in PDAC cells increased GEM (100 uM)-
induced cell death and MDA production (n=3, *p < 0.05). (D) Indicated PANC1 cells were
treated with GEM (100 uM) with or without indicated inhibitors (ferrostatin-1, 1 uM;
liprostatin-1, 1 uM; ZVAD-FMK,10 uM; necrosulfonamide, 0.5 uM) for 24 hours. Cell
death was assayed with a CCK8 kit (n=3, *p < 0.05 versus GEM group). (E) Indicated
PDAC cells were treated with GEM (100 uM) in the absence or presence of SAS (400 uM)
or EGCG (20 pM) for 24 hours and then protein levels and GPX4 activity were assayed
(n=3, *p < 0.05). (F-G) In parallel, cell death and MDA levels were assayed. (H) Ferroptosis
inhibitors (e.g., ferrostatin-1 and liproxstatin-1), but not apoptosis inhibitor (e.g., ZVAD-
FMK) or necroptosis inhibitor (e.g., necrosulfonamide) reversed GEM/EGCG or GEM/SAS-
induced cell death in PANCL cells (n=3, *p < 0.05). (I) PANCL cells were treated with GEM
(100 uM)+SAS (400 pM) or GEM (100 pM)+SAS (400 UM)+EGCG (20 uM) for 24 hours;
cell death was then assayed.
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Figure 7. Inhibition of the HSPA5-GPX4 pathway enhances gemcitabine sensitivity in vivo
(A-C) Nude mice were injected subcutaneously with indicated PANC1 cells (2 x 10 cells/

mouse) and intraperitoneally (i.p.) treated with GEM (20 mg/kg once every other day) at day
seven for two weeks (n=5 mice/group). Tumor volume was calculated weekly (A) and the
MDA levels (B) and the protein levels of HSPA5 and GPX4 (C) in isolated tumor at day 28
were assayed (* p < 0.05). (D-F) Nude mice were injected subcutaneously with PANCL cells
(2 x 10 cells/mouse) and treated with GEM (20 mg/kg/i.p., once every other day), SAS
(100 mg/kg/i.p., once every other day), GEM+SAS, or GEM+SAS+liproxstatin-1 (10
mg/kg/i.p., once every other day) at day seven for two weeks (n=5 mice/group). Tumor
volume was calculated weekly (D) and MDA levels (E) and protein levels of HSPA5 and
GPX4 (F) in isolated tumor at day 28 were assayed (* p < 0.05). (G-1) B6 mice were
surgically implanted with 1x 108 Panc02 cells into the tail of the pancreas. Two weeks after
implantation, mice were randomized (six mice/group) to receive either: 1) GEM (20 mg/kg/
i.p., once every other day); 2) SAS (100 mg/kg/i.p., once every other day); 3) GEM+SAS; or
4) GEM+SAS+liproxstatin-1 (10 mg/kg/i.p., once every other day) for three weeks. Animal
survival was calculated weekly (G) and MDA levels (H) and the protein levels of HSPA5
and GPX4 (1) in isolated tumor at day 42 were assayed (* p < 0.05). (J) Schematic depicting
HSPA5-mediated ferroptosis resistance in the regulation of gemcitabine sensitivity in PDAC
cells.
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