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Abstract. Pancreatic cancer is a highly metastatic and 
therapy‑resistant disease. In the present study, the prospects 
of a novel approach to kill pancreatic cancer cells were 
examined: Starvation combined with ferroptosis induction. 
Established pancreatic cancer cell lines (Miapaca2, Panc‑1, 
Su.86.86 and T3M4), as well as a unique cell line, Capan‑26, 
which was originally derived in the authors' laboratory, were 
used. Cells were deprived from growth factors, amino acids 
and pseudo‑starved using treatment with mTOR inhibitors; 
erastin was used to induce ferroptosis. Cell viability and lipid 
peroxidation measurements using flow cytometry revealed 
that the starved pancreatic cancer cells reacted differently 
to ferroptosis induction: The Panc‑1, Su.86.86 and T3M4 
cells gained sensitivity, while the Miapaca2 cells acquired 
resistance. Fluorescence microscopy revealed that ERK1/2 
translocated to the nucleus of the starved pancreatic cancer 
cells. Moreover, ERK1/2 pharmacological inhibition with 
SCH772984 prevented erastin‑induced ferroptosis in the 
starved Panc‑1, Su.86.86 and T3M4 cells. Confocal micros‑
copy also indicated JNK activation. However, the inhibition 
of this kinase revealed its unexpected role in oxidative stress 
management: Treatment with the JNK inhibitor, SP600125, 
increased the viability of pseudo‑starved cells following 
erastin treatment. In addition, the FBS‑starved Miapaca2 and 
Capan‑26 cells transitioned between epithelial and mesen‑
chymal cell states. The results were further confirmed using 
wound healing assays, western blot analysis and microscopic 
analysis of epithelial‑to‑mesenchymal transition (EMT) 

markers. Mesenchymal properties were associated with a 
higher sensitivity to erastin, whereas epithelial‑like cells were 
more resistant. Finally, it was demonstrated that compounds 
targeting EMT‑related signaling pathways increased cell 
sensitivity to erastin. On the whole, these results confirm 
that in starved pancreatic cancer cells, ERK1/2 and JNK 
signaling, as well as switching between epithelial and mesen‑
chymal states mediates sensitivity to erastin and reveal novel 
therapeutic prospects of the combination of starvation with 
ferroptosis induction.

Introduction

Pancreatic cancer is the seventh most common type of cancer 
worldwide. However, with only 6% successfully treated cases, 
it places fourth according to mortality rates  (1). Delayed 
diagnosis and resistance to chemotherapy are the main causes 
of such a poor outcome. Early pancreatic cancer detection is 
limited by an asymptomatic disease and the lack of reliable 
diagnostic biomarkers. Locally advanced pancreatic tumors 
(30‑40% of cases) can be surgically resected, and the proce‑
dure is often combined with chemo‑ or radiotherapy. However, 
it rarely leads to full tumor eradication (2). Metastatic pancre‑
atic cancer has the worst prognosis, as it cannot be surgically 
removed and is highly resistant to traditional pancreatic cancer 
chemotherapeutic drugs, such as gemcitabine. Although several 
novel combination therapies (gemcitabine + nab‑paclitaxel, 
gemcitabine + FOLFIRINOX) have been proposed in recent 
years (3,4), advanced pancreatic cancer still remains highly 
lethal. It is estimated that by the year 2025, pancreatic cancer 
may even reach the top three of the most lethal cancer types 
in Europe (5).

In 2012, a novel iron‑dependent cell death form, ferrop‑
tosis, was identified (6). Cells that undergo ferroptosis die 
from excessive membrane lipid peroxidation. Fenton reactions 
and enzymes that use iron as a cofactor, such as lipoxygen‑
ases constantly generate lipid peroxides as a part of a normal 
cellular homeostasis. To prevent membrane damage, cells 
activate antioxidant enzyme glutathione peroxidase 4 (GPX4). 
The majority of ferroptosis inducers inhibit the activity or 
expression of GPX4, which leads to an oxidative membrane 
damage and eventual cell death. In recent years, ferroptosis 
has been researched in the context of cardiovascular and 
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neurodegenerative diseases, as well as tissue injury and 
cancer (7). Of note, as cancer cells have more soluble iron in 
their cytosol than their normal counterparts, they require a 
milder oxidative stimulus to induce ferroptosis. Thus, ferrop‑
tosis can be specifically targeted to malignant cells, particularly 
in iron‑addicted cancers (8). Apart from an upregulated iron 
metabolism, other factors can also predetermine sensitivity to 
ferroptosis. For example, in pancreatic cancer, susceptibility to 
ferroptosis is associated with constitutive KRAS activation (9). 
Indeed, the first known ferroptosis inducers, erastin and RSL3, 
were originally discovered as compounds selectively lethal to 
RAS‑mutated cancer cells. Moreover, it has been shown that 
therapy‑resistant and metastatic cancer cells are particularly 
sensitive to ferroptosis induction (10,11). The vulnerability 
of metastatic cancer to ferroptosis may be attributed to an 
increased polyunsaturated fatty acid content in cell membranes, 
which renders them an easy target of oxidation and elicits 
dependency on GPX4 (12,13). In addition, resistance to ferrop‑
tosis inducers is coupled with metabolic reprograming and 
glutamine/glucose dependency (14). Pancreatic cancer also 
falls into a broad category of glutamine‑dependent cancer (15).

The question why tumors metastasize has not yet been fully 
answered. Metastasis does not appear to be predetermined 
genetically, and although certain genetic mutations promote 
metastasis, environmental factors play a major role (16). From 
an evolutionary perspective, it can be hypothesized that cells 
increase their motility in order to migrate towards a more favor‑
able growth environment (for example, more nutrient‑rich). 
Such behavior is common for bacteria and certain primitive 
eukaryotes (17,18). However, the atavistic point of view does 
not necessarily fit complex systems, as tumors can develop 
adaptive mechanisms. When starved, cancer cells use alterna‑
tive energy sources, micropinocytosis, metabolic symbiosis, 
autophagy, increase nutrient supply via angiogenesis and vessel 
co‑option (19‑25). Nevertheless, several studies suggest that a 
dysregulated microenvironment, such as extensive cell death, 
pH changes due to the Warburg effect, signals from stromal 
and immune cells can induce and enhance metastasis (26‑30). 
From this point of view, nutrient and growth factor deprivation 
are also metastatic triggers. Moreover, metastasis itself can be 
viewed as a form of adaptation. In recent years, efforts have 
been put forth into developing therapies that collectively exploit 
metabolic vulnerabilities of metastatic cancer. However, care 
should be taken to avoid an adaptive response, which would 
elicit an opposing, cancer‑promoting result.

The present study unveils novel (to the best of our 
knowledge) molecular mechanisms through which starvation 
mediates resistance to ferroptosis in pancreatic cancer cells 
and proposes ferroptosis modulation strategies with which to 
improve pancreatic cancer treatment.

Materials and methods

Cell culture and treatments. In the present study, five human 
ductal adenocarcinoma cell lines were used: Miapaca2, Panc‑1, 
Su.86.86, T3M4 and Capan‑26. The Miapaca2 cell line was a 
kind gift from Dr Vitalijus Karabanovas (Biomedical Physics 
Laboratory, National Cancer Institute, Vilnius, Lithuania). The 
Panc‑1, Su.86.86 and T3M4 cells were gifts from Dr Arvydas 
Kanopka (Department of Immunology and Cell Biology, 

Institute of Biotechnology, Life Sciences Center, Vilnius, 
Lithuania). The Capan‑26 cell line was previously established 
in the authors' laboratory using an explant method and char‑
acterized by assessing the doubling time, tumor and stem cell 
marker expression, colony forming efficiency, mutations of 
the KRAS and TP53 genes, karyotype and sensitivity to drug 
treatment (31). To summarize the main findings, Capan‑26 
expresses the pancreatic cancer markers, CEA cell adhesion 
molecule 6 and carbohydrate antigen  19‑9, the epithelial 
marker, E‑cadherin, as well as the stem cell markers, CD44, 
octamer‑binding transcription factor 4 and zinc finger E‑box 
binding homeobox 1. The cells successfully form colonies in 
soft agar. Additionally, Capan‑26 bears a deletion of KRAS 
exon 3 and a Val172Phe point mutation V172F in TP53 exon 5. 
It is a mixed aneuploid/polyploid population. All cell lines 
tested negative for mycoplasma.

The Miapaca2, Panc‑1, Su.86.86 and T3M4 cells were 
cultured in DMEM (Gibco; Thermo Fisher Scientific, 
Inc.), supplemented with 10% FBS (Gibco; Thermo Fisher 
Scientific, Inc.) and 1% penicillin/streptomycin (Gibco; 
Thermo Fisher Scientific, Inc.). The Capan‑26 cells were 
cultured in Iscove's modified Dulbecco's medium (Gibco 
Thermo Fisher Scientific, Inc.) with 10% FBS and 1% peni‑
cillin/streptomycin. Cells were grown at 37˚C in a humidified 
atmosphere with 5% CO2. For all experiments, cells were 
seeded at the following densities: Miapaca2, 8x104 cells/ml; 
Panc‑1 and Su.86.86, 7x104 cells/ml; T3M4, 9x104 cells/ml. 
The Capan‑26 cells were split 3‑4 times.

EGFR inhibitor, afatinib (Afa, 1 µM), FGFR inhibitor, 
BGJ398 (BG, 1  µM), ferroptosis inducer, erastin (Era, 
0.4‑20 µM), the ferroptosis inhibitor, ferrostatin‑1 (Ferr‑1, 
1 µM), the dual mTORC1/mTORC2 inhibitor, INK128 (INK, 
0.125 nM), the ERK1/2 inhibitor, SCH772984 (SCH, 1 µM), 
the FAK inhibitor, PF573228 (PF, 2 µM), the Src inhibitor, 
saracatinib (Sar, 2 µM), the YAP antagonist, super‑TDU (TDU, 
0.2 µM), the mammalian sterile 20‑like kinase (MST)1/2 
inhibitor, XMU‑MP‑1 (XMU, 5 µM), the glycogen synthase 
kinase (GSK)‑3 inhibitor, tideglusib (TDG, 5 µM), and the 
IKK inhibitor, TPCA (5 µM), were purchased from Selleck 
Chemicals. The tankyrase inhibitor, XAV939 (XAV, 5 µM), 
the JNK inhibitor, SP600125 (SP6, 5 µM), and the Unc‑51 like 
autophagy activating kinase 1 (ULK‑1) inhibitor, SBI‑0206965 
(SBI, 1  µM), were purchased from MilliporeSigma. The 
mTORC1 inhibitor, rapamycin (Rap, 0.25 nM), was obtained 
from Santa Cruz Biotechnology, Inc. The caspase inhibitor, 
Z‑VAD‑FMK (ZVAD, 1  µM), was purchased from R&D 
Systems, Inc. The RIPK1 inhibitor, necrostatin‑1 (Nec‑1, 
1 µM), was purchased from Alfa Aesar. All compounds were 
dissolved in dimethyl sulfoxide (DMSO), stored at ‑20˚C and 
diluted in growth medium to their final concentrations imme‑
diately prior to use. An appropriate volume of DMSO was 
used as a vehicle in control cells.

The EGF and bFGF (100 ng/ml) recombinant proteins 
were purchased from Invitrogen and stored according to 
manufacturer's instructions.

Cell viability assessment. Cell viability was evaluated using 
propidium iodide (PI) staining. The day before treatment, the 
cells were seeded into 48‑well plates (SigmaAldrich; Merck 
KGaA). Combined treatments were administered sequentially: 
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First, the cells were treated with inhibitors for 1 h, and erastin 
was then added to the culture medium. Overall, the cells were 
exposed to the treatments for 48 h. The substratum‑bound and 
detached cells were then collected, centrifuged at 600 x g for 
3 min at room temperature, suspended in PBS and stained 
with 0.5 µg/ml PI for 5‑10 min. The proportion of cells with 
a permeabilized membrane was determined using the Guava 
easyCyte 8HT flow cytometer (MilliporeSigma). If the 
proportion of apoptotic (caspase‑3/7‑positive) cells was to be 
evaluated simultaneously, the cells were also stained with 
Caspase‑3/7 Green detection reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.; 0.5 µM; 37˚C for 30 min). The data were 
analyzed using Flowing Software 2.5.1 (University of Turku, 
Turku, Finland). 

Detection of membrane lipid oxidation using C11‑BODIPY 
581/591 staining. To detect cells with oxidized membrane 
lipids, the cells were starved by culturing without FBS, without 
amino acids L‑glutamine, L‑lysine and L‑arginine or treated 
with Rap and simultaneously exposed to erastin and/or Ferr‑1, 
then stained with 0.5 µM C11 BODIPY 581/591 fluorescent 
probe (Invitrogen; Thermo Fisher Scientific, Inc.) for 30 min at 
room temperature. The cells were then collected, centrifuged 
at 600 x g for 3 min at room temperature, resuspended in PBS 
and analyzed on the Guava easyCyte 8HT flow cytometer 
(MilliporeSigma). Data analysis was performed using Flowing 
Software 2.5.1 (University of Turku). 

Oxidized membrane lipids in Capan‑26 cells were visual‑
ized using confocal microscopy. Briefly, the cells were seeded 
on glass coverslips, stained with 10 µM C11 BODIPY 581/591 
for 30 min at 37˚C, washed with PBS, mounted in Prolong 
Gold Antifade reagent (Molecular Probes; Invitrogen; Thermo 
Fisher Scientific, Inc.) and observed immediately using a 
confocal laser scanning microscope (Eclipse TE2000‑S; 
Nikon Corporation).

Fluorescence/confocal microscopy. For immunofluorescence 
experiments, the cells were seeded on glass coverslips in 
24‑well plates (MilliporeSigma). After 24 h, the cells were 
treated with the corresponding compounds, washed twice 
with PBS and fixed with 4% paraformaldehyde (15 min at 
room temperature). The cells were then washed three times 
with 1% BSA (MilliporeSigma) in PBS and permeabilized 
with 0.2% of Triton X‑100 (MilliporeSigma) in PBS (15 min 
at room temperature). After washing, the non‑specific binding 
sites were blocked by incubating with 1% BSA in PBS at 
room temperature for 30  min. The coverslips were then 
stained with the following primary antibodies for 1 h at 37˚C: 
Rabbit anti‑ERK1/2 (1:100; produced in the authors' labora‑
tory by rabbit immunization with a recombinant protein), 
rabbit anti‑phospho‑JNK (1:400; cat. no. V7931; Promega 
Corporation), rat anti‑E‑cadherin (1:400; cat. no. 13‑1900; 
Thermo Fisher Scientific, Inc.), followed by washing with 1% 
BSA in PBS five times and 30 min of incubation at 37˚C with 
Alexa Fluor™ 594‑conjugated anti‑rabbit (H+L) or Alexa 
Fluor™ 594‑conjugated anti‑rat (H+L) secondary antibodies 
(both 1:250; cat.  nos.  A32740 and A‑11007, respectively; 
Thermo Fisher Scientific, Inc.). Cell nuclei were stained 
with 300 nM 4',6‑diamidino‑2‑phenylindole dihydrochloride 
(DAPI) dye (Thermo Fisher Scientific, Inc.) for 10 min at room 

temperature. After washing, the coverslips were mounted in 
Prolong Gold antifade (Molecular Probes; Invitrogen) and 
observed using a confocal laser scanning microscope (Eclipse 
TE2000‑S; Nikon Corporation). Fluorescence intensity in 
the cell nuclei was quantified using ImageJ 1.52v software 
(National Institutes of Health).

Western blot analysis. The cells were washed with PBS and 
lysed on ice in EB++ lysis buffer (extraction buffer; 10 mM 
Tris‑HCl, pH 7.4, 1 mM Tris base, 50 mM NaCl, 50 mM 
NaF, 1% Triton X‑100, 5  mM EDTA, 2  mM Na3VO4 and 
1 mM PMSF; pH 7,2‑7,4). The cell lysates were centrifuged 
20,000 x g for 15 min at 4˚C. The protein concentration was 
quantified as previously described (32). Protein samples were 
subjected to 12% SDS‑PAGE, transferred to polyvinylidene 
difluoride membranes (Bio‑Rad Laboratories, Inc.) by wet 
transfer and blocked in blocking buffer containing 1% milk 
powder (45 min, room temperature). The membranes were 
then incubated with primary mouse anti‑vimentin (1:2,000; 
cat. no. 550513; BD Pharmingen™) and mouse anti‑YAP1 
(1:500; cat. no. sc‑101199; Santa Cruz Biotechnology, Inc.) 
antibodies for 2 h at room temperature. In addition, the blots 
were probed with mouse anti‑GAPDH antibody (1:1,000; 
cat. no. AM4300; Thermo Fisher Scientific, Inc.) for the detec‑
tion of GAPDH as a loading control. After washing four times 
for 5 min at room temperature with 0.1% Tween‑20 (Carl Roth 
Gmbh & Co. Kg) in PBS (PBS‑T), membrane‑bound primary 
antibodies were probed with IRDye® 800CW Infrared dye 
conjugated secondary goat anti‑mouse antibody (1:10,000; 
cat. no. 926‑32210; LI‑COR Biosciences) for 30 min at room 
temperature. After washing again for four times with PBS‑T 
and once with PBS, the membranes were scanned on an 
Odyssey® Infrared Imaging System (LI‑COR Biosciences). 
Densitometric analysis was performed using ImageJ 1.52v 
software (National Institutes of Health).

Wound healing assay. The cells were seeded in 24‑well plates 
(MilliporeSigma) and cultured until they reached confluency. 
In one group, a scratch was made using a sterile 10 µl pipette 
tip, and the cells were washed with PBS and supplemented 
with fresh medium without FBS. In the other group, cells 
were FBS‑starved for an additional 4 days, and a scratch 
was then made. In both cases, images of the same three 
fields were captured using an Eclipse TE2000‑S microscope 
(Nikon Corporation; magnification, x10) at 0 and 48 h after 
scratching. The width of the healed wound was calculated 
using the ImageJ 1.52v plugin MRI Wound Healing Tool 
(National Institutes of Health).

Glutathione (GSH) assay. GSH levels were determined in the 
cells using Ellman's reagent (5,5‑dithio‑bis‑(2‑nitrobenzoic 
acid) (DTNB; MilliporeSigma). The cells were collected, 
centrifuged at 400 x g for 4 min at room temperature and 
resuspended in PBS. Subsequently, one‑tenth of the cell 
suspension was used for cell counting using a Guava easy‑
Cyte 8HT flow cytometer (MilliporeSigma). The remaining 
cells were centrifuged again at the same conditions as in 
the previous step and resuspended in 20 µl working buffer 
(100 mM Tris‑HCl; 1 mM EDTA). To precipitate proteins, 
20 µl 5% trichloroacetic acid were added, and the samples 
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were incubated on ice at 4˚C for 15 min. Acid was neutralized 
with 5 µl 2 M Tris base. The samples were then centrifuged 
at 12,000 x g for 5 min at room temperature, and 1.5 mM 
of DTNB was added to the supernatant. The absorbance was 
measured at 412 nm with Varioskan Flash Multimode Reader 
(Thermo Fisher Scientific, Inc.). The GSH level was calcu‑
lated according to the calibration curve prepared with pure 
GSH (Carl Roth Gmbh & Co. Kg) and normalized to the cell 
number in each sample.

Statistical analysis. Microsoft Office Excel (v16.0) software 
was used for statistical analysis. The data are presented as the 
mean ± standard deviation from at least three independent 
assays, each one at least in duplicate. The unpaired Student's 
t‑test was used to compare two groups. Multiple comparisons 
were performed using Tukey post‑hoc test, following one‑way 
ANOVA. P<0.05 was considered to indicate a statistically 
significant difference. 

Results

Starved pancreatic cancer cells react differently to ferrop‑
tosis induction. In eukaryotic cells, the main sensor of 
environmental conditions is mTOR (33). As mTOR signaling 
mediates both adaptation to nutrient/growth factor deprivation 
and oxidative stress, the interplay between pharmacological 
mTOR inhibition and sensitivity to erastin‑induced ferroptosis 
was first analyzed. Cell viability following erastin treatment 
was examined in a panel of pancreatic cancer cell lines cultured 
in standard medium in the absence of FBS, L‑glutamine, 
L‑lysine and L‑arginine (33) and pseudo‑starved by exposing 
them to the mTOR inhibitors, Rap and INK (Fig. 1A‑D). 
Starvation elicited contrasting responses in different cell 
lines. In the mesenchymal‑like Miapaca2 cells, FBS, amino 
acid starvation and rapamycin treatment prevented cell death. 
By contrast, in the epithelial‑like Panc‑1 and Su.86.86 cells, 
ferroptosis was strongly induced. Pseudo‑starvation induced 
by rapamycin exerted the most prominent effect, whereas 
amino acid starvation slightly decreased the viability of 
the control cells, although this was not due to ferroptosis. 
The dual mTORC1/mTORC2 inhibitor, INK, on the other 
hand, did not affect sensitivity to ferroptosis, apart from the 
Panc‑1 cells. Lipid peroxidation detection by C11 BODIPY 
staining was also performed. Unless otherwise stated, for the 
Miapaca2 and Panc‑1 cell lines, the proportion of the oxidized 
population was quantified (Fig. S1). For the Su.86.86 and 
T3M4 cells, the medium fluorescence intensity was analyzed. 
C11 BODIPY staining supported the cell viability results 
(Fig. 1E‑H). In the T3M4 cells, FBS withdrawal increased 
the proportion of oxidized membrane lipids, as well as cell 
death following erastin treatment. However, Ferr‑1 did not 
prevent erastin‑induced T3M4 cell death and neither did the 
inhibitors of apoptosis, necroptosis or autophagy (Fig. S2A). 
Erastin also failed to elevate the proportion of apoptotic 
(caspase‑3/7+) cells (Fig. S2B). Such results indicate a partial 
change in the cell death type following erastin treatment and 
overall stronger ROS‑adaptive mechanisms in T3M4 cells. 
Taken together, these data suggest the differential regulation 
of the erastin‑induced ferroptosis of starved pancreatic cancer 
cells.

Starvation regulates ferroptosis via ERK1/2. The inability 
of the selective mTORC1/mTORC2 inhibitor, INK, to induce 
changes in pancreatic cancer cell viability in contrast to the 
mTORC1 inhibitor, rapamycin, strongly suggests the involve‑
ment of mTORC2‑mediated feedback loops. One of the possible 
mTORC2 targets is ERK1/2. Although Soares  et  al  (34) 
demonstrated that prolonged incubation with rapamycin did 
not activate ERK1/2 in pancreatic cancer cells, ERK1/2 trans‑
located to the nucleus in cells starved for a short period of 
time and/or treated with erastin (Figs. 2 and S3). Rapamycin 
and erastin synergistically promoted ERK1/2 translocation to 
the nucleus in the Miapaca2, Panc‑1, Su.86.86 and T3M4 cells. 
ERK1/2 also translocated to the nucleus of FBS and amino 
acid‑deprived control Panc‑1 cells (not treated with erastin); 
however, as erastin itself enhanced ERK1/2 translocation, 
there was no significant difference in the fluorescence intensity 
in the nucleus of the erastin‑treated control and starved cells. 
In the control Miapaca2 cells, FBS and amino acid starvation 
also resulted in ERK1/2 translocation; however, erastin did not 
enhance this effect. To further elucidate the role of ERK1/2 
in ferroptosis, this kinase was inhibited with its inhibitor, 
SCH, and it was then examined whether sensitivity to erastin 
was affected in starved pancreatic cancer cells (Fig. 3A‑D). 
The results suggested that ERK1/2 inhibition increased the 
viability of rapamycin‑treated and FBS‑deprived Panc‑1 and 
Su.86.86 cells. Moreover, SCH failed to rescue the starved 
cells from lipid oxidation following exposure to a higher 
erastin concentration (Figs. 3E‑H and S4). In the Miapaca2 
cells, SCH treatment did not reverse starvation‑induced 
erastin resistance either. Collectively, these data indicate that 
ERK1/2 primes starved Panc‑1, Su.86.86 and T3M4 cells for 
erastin‑induced ferroptosis.

Starvation regulates ferroptosis via JNK. The c‑Jun tran‑
scription factor is another regulator of anti‑oxidative stress 
responses and is activated by JNK. In the present study, 
phospho‑JNK immunofluorescence revealed that erastin 
treatment activated JNK only in Miapaca2 cells (Fig. 4A). 
However, starvation alone induced JNK phosphorylation in all 
four cell lines. JNK activation was prominent following FBS 
and amino acid starvation and with rapamycin treatment in 
the Miapaca2 and Su.86.86 cells, following FBS withdrawal 
and rapamycin treatment in Panc‑1 cells and following FBS 
and amino acid starvation in T3M4 cells. Of note, treatment 
with the JNK inhibitor, SP6, prevented the ferroptosis of cells 
exposed to rapamycin (Fig. 4B‑E). JNK inhibition reduced 
cell viability under standard conditions only in Panc‑1 cells, 
although its activation was not observed in immunofluores‑
cence experiments, which suggests delayed JNK activation 
in these cells. These data highlight a novel role for JNK in 
oxidative stress responses: In starved pancreatic cancer cells, 
JNK activation elevates erastin‑induced ferroptosis.

Pancreatic cancer cells transition between different mesen‑
chymal states during FBS starvation. The results of the 
present study indicated that starvation elicited opposing 
effects in Miapaca2 cells and in the other tested cell lines, 
Panc‑1, Su.86.86 and T3M4. When starved, the Miapaca2 
cells acquired resistance to erastin, rather than sensitivity. 
Notably, starvation provoked changes in the Miapaca2 cell 
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growth pattern and morphology: After growing without FBS 
for 2 days, the originally mesenchymal‑like Miapaca2 cells 
formed islands, characteristic of epithelial cells; however, 
after a 5‑day starvation period, they become spindle‑shaped 

(Fig. 5A). Therefore, it was hypothesized that these morpho‑
logical changes may indicate transitioning between epithelial 
and mesenchymal cell states. Indeed, wound healing assays 
revealed that during the first 2 days of starvation, the cells were 

Figure 1. Starved pancreatic cancer cells react differently to ferroptosis induction. (A‑D) Viability assessment of (A) Miapaca2, (B) Panc‑1, (C) Su.86.86 
and (D) T3M4 cells cultured without FBS, without the amino acids L‑glutamine, L‑lysine and L‑arginine or pseudo‑starved using treatment with the mTOR 
inhibitors rapamycin (0.25 nM) and INK (0.125 nM). (E‑H) Measurement of lipid peroxidation of (E) Miapaca2, (F) Panc‑1, (G) Su.86.86 and (H) T3M4 cells 
cultured without FBS, L‑glutamine, L‑lysine and L‑arginine and pseudo‑starved using treatment with rapamycin (0.25 nM). Ferroptosis was induced by erastin 
and inhibited by Ferr‑1. The data are presented as the mean ± SD; n=3. Cells cultured under standard conditions were used as the control. *P<0.05, **P<0.01 and 
***P<0.001, vs. control. ‑AA, cells, cultured without L‑glutamine, L‑lysine and L‑arginine; Rap, rapamycin; INK, INK128; Ferr‑1, ferrostatin‑1.
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about as twice less motile as during days 4‑6 of starvation 
(Fig. 5B and C). Western blot analysis was used to examine 
the expression of the mesenchymal markers, vimentin and 
YAP1, which confirmed that the expression of vimentin 
and YAP1 was the lowest on day 2 of FBS starvation, and 
the highest on day  5 (Figs. 5D and E, and S5A and B). No 
similar changes in plasticity were observed in the Panc‑1, 
Su.86.86 and T3M4 cell lines, which are originally more 
epithelial‑like in nature (Fig. S6). However, the Capan‑26 cell 
line, which was established and characterized as an epithe‑
lial pancreatic cancer cell line in the authors' laboratory, 
exhibited similarities to the Miapaca2 cells. Indeed, after 
3 days of FBS starvation, the cells at the edge of the islands 
acquired a mesenchymal shape (Fig. 5F) and lost membrane 
E‑cadherin expression (Fig. 5G). However, vimentin expres‑
sion did not increase during starvation, possibly because 
only a small population of cells was affected (Fig. S5C). 
With respect to ferroptosis, the Miapaca2 cells on day 2 of 
FBS starvation (most epithelial‑like) were about twice less 
sensitive to erastin than on day 5 (most mesenchymal‑like) 
(Fig. 6A). The Capan‑26 cells were overall very resistant 
to erastin, although erastin treatment following a 3‑day 
starvation period induced lipid oxidation (Fig. 6B and C). 
However, Ferr‑1 failed to reduce membrane oxidation. C11 
BODIPY microscopy clearly identified oxidized lipids in 
the membranes of mesenchymal‑shaped cells at the edges 
of starved cell islands, compared with a non‑starved control 
(Fig. 6D). Together, these data indicate that in Miapaca‑2 and 
Capan‑26 cells, starvation promotes transitioning between 
mesenchymal and epithelial states, with the mesenchymal 

state being more sensitive to ferroptosis induction than the 
epithelial state.

Modulation of epithelial‑to‑mesenchymal transition (EMT) 
can be used to increase pancreatic cancer cell sensitivity 
to ferroptosis. The aforementioned results encouraged 
the exploration of the possibilities of ferroptosis modula‑
tion in EMT‑prone mesenchymal‑like pancreatic cancer 
cells. A combinatorial cell viability analysis of erastin and 
EMT‑targeting compounds in FBS‑starved and non‑starved 
cells was performed. Firstly, the EMT‑inducing growth 
factors, EGF and bFGF, sensitized the Miapaca2 cells to 
erastin under standard conditions, and had no significant 
effect on cells cultured in the absence of FBS for 2 days 
(most epithelial‑like state) (Fig. 7A). The sensitivity‑inducing 
effect was completely abolished by treating the cells with the 
EGFR and FGFR inhibitors, afatinib and BGJ398, respec‑
tively. Secondly, two anti‑EMT agents, the Src inhibitor, 
Sar, and the functionally similar FAK inhibitor, PF, were 
tested for their effects on ferroptosis. Sar completely rescued 
the Miapaca2 cells from erastin‑induced cell death, alone 
or in combination with PF, although PF did not affect cell 
viability (Fig. 7B). Finally, other compounds, which are not 
conventional EMT‑targeted drugs, but modulate EMT‑related 
signaling pathways, were also tested in the Miapaca2, Panc‑1, 
Su.86.86 and T3M4 cells: NF‑κB (IKK inhibitor, TPCA), Wnt 
(tankyrase inhibitor, XAV, and GSK‑3 inhibitor, TDG) and 
Hippo (MST 1/2 inhibitor, XMU) (Fig. 7C). Wnt and Hippo 
signaling inhibition increased cell sensitivity to erastin, in 
most cases at a high erastin concentration. The combination 

Figure 2. ERK1/2 is translocated to the nucleus in starved pancreatic cancer cells. (A) Representative fluorescence microscopy images of (pseudo)starved 
(rapamycin‑treated) Panc‑1 cells, with or without erastin treatment. Magnification, x20. (B) Quantification of the fluorescence intensity in cell nucleus of 
(pseudo)starved (Rap‑treated) Miapaca2, Panc‑1, Su.86.86 and T3M4 cells. The data are presented as the mean ± SD; n=3. Cells cultured under standard 
conditions were used as the control. *P<0.05 and **P<0.01 vs. control. ‑AA, cells, cultured without L‑glutamine, L‑lysine and L‑arginine; Rap, rapamycin.
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of erastin and TDG exerted the most prominent cytotoxic 
effect under standard conditions in all cell lines tested, even 
in T3M4 cells, which are overall resistant to erastin. These 

data indicate that pancreatic cancer cell sensitivity to ferrop‑
tosis can be modulated and promoted using EMT‑targeting 
compounds.

Figure 3. Starvation regulates ferroptosis via ERK1/2. (A‑D) Cell viability assessment of (A) Miapaca2, (B) Panc‑1, (C) Su.86.86 and (D) T3M4 cells cultured 
without FBS, without amino acids L‑glutamine, L‑lysine and L‑arginine, pseudo‑starved by treating with Rap and treated with the ERK1/2 inhibitor, SCH 
(1 µM). (E‑H) Measurement of lipid peroxidation of pseudo‑starved (E) Miapaca2, (F) Panc‑1, (G) Su.86.86 and (H) T3M4 cells. Ferroptosis was induced 
by erastin and inhibited by Ferr‑1. The data are presented as the mean ± SD; n=3. Cells cultured under standard conditions were used as the control. *P<0.05, 
**P<0.01 and ***P<0.001, vs. control. ‑AA, cells, cultured without L‑glutamine, L‑lysine and L‑arginine; Rap, rapamycin; SCH, SCH772984; Ferr‑1, ferrostatin‑1.
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Discussion

Oxidative stress lies in the nature of pancreatic cancer, as 
known triggers of pancreatic carcinogenesis, such as alcohol 

consumption and inflammation, generate ROS and promote 
malignant lesions in the pancreas (35,36). Generally, there are 
two main strategies to kill cells which thrive on accumulating 
ROS: To deplete ROS or to elevate oxidative stress above the 

Figure 4. Starvation regulates ferroptosis via JNK. (A) Confocal microscopy images of phospho‑JNK staining in (pseudo)starved Miapaca2, Panc‑1, Su.86.86 
and T3M4 cells, with or without erastin treatment. Arrowheads indicate phospho‑JNK accumulation in the cell membrane. Scale bar, 20 μm. (B‑E) Cell viability 
assessment of (B) Miapaca2, (C) Panc‑1, (D) Su.86.86 and (E) T3M4 cells, cultured without FBS, without amino acids L‑glutamine, L‑lysine and L‑arginine, 
pseudo‑starved by treating with rapamycin and treated with the JNK inhibitor, SP6 (5 µM). Ferroptosis was induced by erastin and inhibited by Ferr‑1. The 
data are presented as the mean ± SD; n=3. Cells cultured under standard conditions were used as the control. *P<0.05, **P<0.01 and ***P<0.001, vs. control. ‑AA, 
cells, cultured without L‑glutamine, L‑lysine and L‑arginine; Rap, rapamycin; SP6, SP600125; Ferr‑1, ferrostatin‑1.
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bearable threshold, i.e., anti‑oxidant or pro‑oxidant cancer 
therapies. Although both have been tested for pancreatic 
cancer, the present study focused on the latter. In the present 
study, new strategies with which to improve pancreatic cancer 
treatment were identified by modulating ferroptosis, a unique 
cell death type based on membrane lipid oxidation due to iron 
overload. Ferroptosis is morphologically and biochemically 
distinct from apoptosis, necroptosis or autophagy, and has 
gained considerable attention since it was first identified. One 
of the most notable recent findings is that ferroptosis induction 
inhibits pancreatic cancer resistance to gemcitabine, a first‑line 
pancreatic cancer drug (37).

Sensitivity to ferroptosis is dependent on metabolic 
rewiring, a common trait of pancreatic cancer, which can 
be exemplified by glucose and glutamine dependence. The 
cystine‑glutamate antiporter system xc‑ mediates cellular 
cystine import by exchanging one molecule of cystine for 
glutamate. In the cell, cystine is rapidly reduced to cysteine 
and used for glutathione biosynthesis. Cystine reduction 
involves nicotinamide‑adenine dinucleotide phosphate 
(NADPH), which is generated from glucose via the pentose 
phosphate pathway. NADPH is also used to reduce oxidized 
glutathione. Cells overexpressing solute carrier family 7 

member 11, a transporter component of the xc‑ system, tend 
to be more resistant to ferroptosis inducers due to elevated 
levels of reduced glutathione and GPX4 activity. However, to 
meet energy demands and supply sufficient amounts of gluta‑
mate for the tricarboxylic acid cycle, cells need to enhance 
glutamate import, commonly in the form of glutamine. In this 
manner, ferroptosis resistance is coupled to glutamine and 
glucose dependency (14). Pancreatic cancer falls into a broad 
category of glutamine‑dependent cancers, although cells use 
different enzymes to metabolize glutamine due to KRAS medi‑
ated reprogramming (15). Thus, depleting cells from nutrients, 
not exclusively glucose or glutamine, may have a therapeutic 
benefit in pancreatic cancer, which is sensitive to ferroptosis 
induction. This hypothesis led to the present study.

The findings of the present study indicate that treatments 
that induce or mimic starvation (growth factor and amino 
acid withdrawal, together with exposure to rapamycin) elicit 
contrasting effects in different pancreatic cancer cell lines. 
Generally, Miapaca2 cells acquired resistance to ferroptosis, 
while Panc‑1, Su.86.86 and T3M4 cells became more sensi‑
tive. Some previous findings shed light on oxidative stress 
resistance in cells, encountering starvation. For example, it 
has previously been reported that growth factor starvation 

Figure 5. Pancreatic cancer cells transition between different mesenchymal states during FBS starvation. (A) Representative images of Miapaca2 cells, 
starved for 2 and 5 days without FBS. Scale bar, 50 µm. (B) Wound healing assay of non‑starved and 4 days starved Miapaca‑2 cells. Scale bar, 200 µm. 
(C) Quantification of the results of wound healing assay in panel B. (D) Western blot analysis of vimentin in Miapaca2 cells, starved for 1‑7 days. 
(E) Quantification of western blots in panel D. (F) Representative images of Capan‑26 cells, starved for 3 days without FBS. Scale bar, 50 µm. (G) E‑cadherin 
immunofluorescence of starved and non‑starved Capan‑26 cells. Scale bar, 50 µm. The data are presented as the mean ± SD; n=3. Cells cultured under 
standard conditions were used as the control. *P<0.05, **P<0.01 and ***P<0.001, vs. 0 days of starvation.
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induces a quiescent phenotype and NF‑κB activation in pros‑
tate cancer cells and protects them from ROS‑induced cell 
death, but not specifically ferroptosis  (38). Additionally, 
recently, Lee et al (39) demonstrated that energy stress inhibits 
ferroptosis in cancer cells through AMPK activation and the 
acceleration of fatty acid biosynthesis. However, in some 
cells encountering growth factor deprivation, AMPK activa‑
tion requires gradual ROS accumulation (40). In contrast to 
the Panc‑1 and Su.86.86 cells, the same time course of FBS 
and amino acid starvation increased the amount of reduced 
glutathione in Miapaca2 cells, indicating slower antioxidant 
responses (Fig. S7), which explains, at least in part, the differ‑
ences in sensitivity. It has also been observed that amino acid 
starvation exerted an anti‑ferroptotic effect on Miapaca2 cells. 
Sato et al  (41) demonstrated that the deprivation of lysine, 
arginine and other amino acids increased cystine import 
and the expression of the components of cystine‑glutamate 
antiporter xc‑, which could protect cells against ferroptosis. 

Even more pronounced effects to erastin sensitivity were 
observed in the present study following pseudo‑starvation 
induced by treating cells with rapamycin, but not with the dual 
mTORC1/mTORC2 inhibitor INK128. This demonstrates 
the involvement of mTORC2‑mediated feedback loops, as 
prolonged incubation with rapamycin inhibits S6K and thus, 
indirectly activates its downstream target Rictor and conse‑
quently mTORC2. Gu et al (42) indicated that active mTORC2 
diminished cystine import, while the knockout or pharmaco‑
logical inhibition of this protein exerted an opposite effect. 
This mechanism supports the current observations in Panc‑1, 
Su.86.86 and T3M4 cells, in which rapamycin enhances 
erastin cytotoxicity. ERK1/2 is an established downstream 
target of rapamycin‑induced mTORC2 feedback signaling. 
The results confirmed ERK1/2 translocation to the cell 
nucleus after rapamycin and erastin combined treatment in 
Miapaca2, Panc‑1, Su.86.86 and T3M4 cells. Pharmacological 
ERK1/2 inhibition protected pancreatic cancer cells from 

Figure 6. Transitioning between different mesenchymal states during FBS starvation alters sensitivity to ferroptosis induction. (A) Miapaca2 cell viability after 
reprogramming of the cells by FBS starvation for 2 and 5 days and erastin treatment. *P<0.05 vs. ‑FBS for 2 days. (B) Capan‑26 cell viability after reprogram‑
ming of the cells by FBS starvation for 3 days and erastin treatment. (C) Measurement of lipid peroxidation of erastin treated Capan‑26 cells cultured without 
FBS. *P<0.05 vs. control. (D) Confocal microscopy images of FBS starved and non‑starved Capan‑26 cells, stained with C11 BODIPY. Scale bar, 40 μm. The 
data are presented as the mean ± SD; n=3. Cells cultured under standard conditions were used as the control. Ferr‑1, ferrostatin‑1.
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erastin‑induced ferroptosis. In addition, starvation‑induced 
resistance to erastin in pancreatic cancer cells was mediated 
by another kinase, JNK. Indeed, JNK was also activated in 
pseudo‑starved and erastin‑treated pancreatic cancer cells. Of 
note, the findings of the present study highlight a dual role 
of JNK in oxidative stress response regulation. In Panc‑1 
cells under standard conditions, JNK inhibition enhanced 
ROS‑induced cell death; however, starvation combined with 
JNK inhibition protected these cells from erastin cytotoxicity. 
The antioxidant properties of the JNK inhibitor, SP6, were also 
observed in Miapaca2 cells even at nutrient‑rich conditions. 
Although these results appear paradoxical, some insights on 
a pro‑oxidant JNK role have been proposed; however, mainly 

in the context of the regulation of mitochondria function in 
normal cell apoptosis (43‑45). With respect to ferroptosis, it 
has been shown that the activation of JNK and p38 elevates the 
expression of NADPH oxidase 4 and enhances the ferroptosis 
of pancreatic islet cells (46). Moreover, Yang et al (47) recently 
reported that JNK downregulated GPX4 and promoted the 
ferroptosis of colorectal cancer cells  (46). However, none 
of these mechanisms is directly linked to cell metabolism. 
To our knowledge, the present study is the first to report the 
starvation‑induced anti‑ferroptotic role of JNK.

Nutrient withdrawal mimics conditions that cancer cells 
face in larger tumors before neovascularization. Poor perfu‑
sion is a common trait of pancreatic cancer tumors and it 

Figure 7. EMT modulation increases pancreatic cancer cell sensitivity to ferroptosis. (A) Miapaca2 cell viability following combined treatment with erastin 
and EMT‑inducing growth factors, EGF and FGF (100 ng/ml). Afa and BG inhibited EGFR and FGFR, respectively. (B) Miapaca2 cell viability following 
simultaneous exposure to erastin and the EMT inhibitors, Sar and PF. (C) Combinatorial cell viability analysis of other EMT‑targeting compounds and 
erastin in different pancreatic cancer cell lines. Cells cultured under standard conditions were used as the control. *P<0.05, **P<0.01 and ***P<0.001 vs. control 
(untreated) cells. EMT, epithelial‑to‑mesenchymal transition; Era, erastin; FGF/bFGF; basic fibroblast growth factor; Afa, afatinib; Ferr‑1, ferrostatin‑1; BG, 
BGJ398; Sar, saracatinib; PF, PF573228; TPCA, TPCA‑1; XAV, XAV939; XMU, XMU‑MP‑1; TDG, tideglusib.
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impairs nutrient access to the deeper tumor layers (48). It is 
known that serum starvation enhances metastatic proper‑
ties of cancer cells  (49). The results of the present study 
demonstrated that FBS starvation induced changes in cell 
morphology and epithelial and mesenchymal marker expres‑
sion and/or increased motility of two pancreatic cancer cell 
lines, Miapaca2 and Capan‑26. These changes were not 
observed in the pancreatic cancer cell lines, Panc‑1, Su.86 86 
and T3M4. While starved, the Miapaca2 cells transitioned 
between mesenchymal‑like (original) to epithelial‑like to 
mesenchymal states. The epithelial‑like state proved to be 
the most resistant to erastin. One possible explanation may 
be that, in this case, mesenchymal properties and possibly 
cell sensitivity are mediated by an autocrine stimulation of 
unknown growth factors, which elicit their effect only when 
their concentration is below the threshold; i.e., the concept of 
dependence receptors (50). From an evolutionary perspective, 
it may be hypothesized that gaining more epithelial properties 
and enhancing cell‑cell junctions could help stromal cells to 
form a shield and protect epithelial cancer (stem) cells from 
oxidative damage in pancreatic tumors.

Increased mesenchymal properties under FBS starvation 
conditions sensitized the Miapaca2 cells to erastin‑induced 
ferroptosis and was associated with an increased proportion 
of oxidized membrane lipids in Capan‑26 cells. With this in 
mind, several EMT‑targeting compounds were evaluated for 
their effects on cell sensitivity to erastin. As was expected, 
the EMT‑promoting growth factors, EGF and FGF, enhanced 
Miapaca2 cell sensitivity to erastin, whereas blocking their 
receptors diminished this effect. Furthermore, the classical 
anti‑EMT drug Src inhibitor, Sar, but not functionally related 
FAK inhibitor, PF, prevented erastin‑induced cell death. 
Lastly, the inhibitors of the Wnt and Hippo signaling pathways 
(XAV and XMU, respectively) enhanced erastin cytotoxicity. 
In some cases, a biphasic inhibitory effect was observed: In 
Panc‑1, Su.86.86 and T3M4 cells, the tankyrase inhibitor, 
XAV, prevented cell death at a low erastin concentration, 
but enhanced its cytotoxic effect at higher erastin concentra‑
tions. The GSK‑3 inhibitor, tideglusib, combined with erastin, 
exerted the most prominent cytotoxic effect in all cell lines 
tested, even in T3M4 cells, which are overall resistant to 
erastin. From a mechanistic perspective, by inhibiting GSK‑3, 
tideglusib indirectly activates β‑catenin, which can promote 
EMT by blocking cell‑cell junctions (51).

In recent years, cancer starvation therapies have gained 
considerable levels of attention. Common strategies with 
which to starve tumors include treatment with antiangiogenic 
compounds, vascular blood supply disruption, direct decompo‑
sition of intratumoral nutrients and treatment with agents that 
induce pseudo‑starvation, such as inhibitors of growth factor 
receptors and the mTOR pathway (52‑55). The combination of 
starvation and pro‑oxidant therapies has proven to be effective 
both in vitro and in vivo (56). The present study demonstrated 
that in pancreatic cancer cells, starvation mediated sensi‑
tivity to ferroptosis via the ERK1/2 and JNK kinases and by 
inducing the transition between epithelial and mesenchymal 
states. Therefore, there may be some new avenues for further 
research, both in the basic and the clinical sciences, regarding 
therapies that combine kinase inhibitors, ferroptosis‑inducing 
agents and common anti‑proliferative drugs.
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