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hepatocellular carcinoma, we hypothesized that chronic exposure to excess iron, either due
to genetic or environmental causes, predisposes an individual to cancer. Using pancreatic
cancer as our primary focus, we employed cell culture studies to interrogate the connection
between excess iron and cancer, and combined in vitro and in vivo studies to explore
the connection further. Ferric ammonium citrate was used as an exogenous iron source.
Chronic exposure to excess iron induced epithelial-mesenchymal transition (EMT) in
normal and cancer cell lines, loss of p53, and suppression of p53 transcriptional activity
evidenced from decreased expression of p53 target genes (p21, cyclin D1, Bax, SLC7A11).
To further extrapolate our cell culture data, we generated EL-Kras®!?P (EL-Kras) mouse
(pancreatic neoplastic mouse model) expressing Hfet/*and Hfe~/~ genetic background.
p53 target gene expression decreased in EL-Kras/Hfe~~ mouse pancreas compared to
EL-Kras/Hfet/+ mouse pancreas. Interestingly, the incidence of acinar-to-ductal metaplasia
and cystic pancreatic neoplasms (CPN) decreased in EL-Kras/Hfe~/~ mice, but the CPNs that
did develop were larger in these mice than in EL-Kras/Hfet/* mice. In conclusion, these
in vitro and in vivo studies support a potential role for chronic exposure to excess iron
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as a promoter of more aggressive disease via p53 loss and SLC7A11 upregulation within

pancreatic epithelial cells.

© 2020 Shenyang Pharmaceutical University. Published by Elsevier B.V.

This is an open access article under the CC BY-NC-ND license.
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1. Introduction

Iron and heme (Fe?*-Protoporphyrin-IX) are absolutely
essential for every cell, but when present in excess, these
molecules become toxic. Fe’* in free form is a potent
oxidant; it catalyzes the Fenton reaction to generate hydroxyl
radicals (Fe?* 4+ H,0, — Fe3* + OH~ 4+ OH®), a potent reactive
oxygen species [1,2]. Free heme is also toxic as it catalyzes
free radical reaction and induces oxidative damage [3,4].
Accumulation of iron and heme to toxic levels occurs in
genetic diseases (hemochromatosis, sickle cell disease),
pathological conditions (hemolytic anemia, ischemia
reperfusion), infections, and clinical/therapeutic conditions
(repeated blood transfusion). Excess intake of iron and heme
from dietary sources, specifically from red meat with its ~10-
fold higher heme content than white meat, could also lead to
iron/heme overload, particularly in the colon. Among these
conditions listed, however, hemochromatosis deserves special
mention. This is a common recessive disorder in Caucacians
and Hispanics, affecting ~1.5 million people in the United
States. The prevalence of homozygosity is ~1/250. The disease
is characterized by increased intestinal absorption of iron
and accumulation of iron to toxic levels in almost every organ
(e.g., liver, heart, pancreas, kidney, prostate, colon) [5-8]. The
disease is often under-diagnosed or misdiagnosed. In most
cases, the patients are treated for the symptoms without
being diagnosed as hemochromatosis. This disease is caused
by mutations in at least five different proteins, all involved
in iron regulation: HFE, hepcidin, hemojuvelin, transferrin
receptor 2, and ferroportin [5-8]. Mutations in HFE constitute
~85% of the patients, the remaining ~15% due to mutations
in the other four proteins.

The connection between hemochromatosis and liver
cancer is well known [5-8]; excessive iron/heme drives cancer
in this tissue. Excess iron in non-hepatic tissues can also
pose a cancer risk [9,10]. There is unequivocal evidence for
a positive connection between excessive intake of dietary
heme in the form of red meat and cancer, not only for colon
cancer [11-13] but also for cancers of pancreas, esophagus,
lung, prostate, and mammary gland [4]. These data provide
a strong evidence-based rationale for the idea that chronic
exposure to excess iron/heme promotes cancer in multiple
tissues.

The tumor suppressor protein p53 is a heme-binding
protein. When bound to heme, the p53-heme complex
becomes a substrate for the nuclear exporter Exportin and
is then translocated out of the nucleus for subsequent
proteasomal degradation [14]. This could provide the link
between chronic exposure to excessive iron/heme and
cancer with iron/heme-induced suppression of p53 as the
molecular mediator. In this study, we evaluated the influence
of chronic exposure to excess iron in vitro in a normal

pancreatic epithelial cell line and also in various pancreatic
cancer cell lines. We complemented these studies with
an in vivo system to interrogate the impact of the iron-
overload disease hemochromatosis on pancreatic cancer
using the EL-Kras mouse as a model system for Kras-
driven pancreatic neoplasia [15] and Hfe~/~ mouse as a
model for the genetic iron-overload disease hemochromatosis
[16]. In general, these in vitro and in vivo studies provide
evidence in support of the notion that chronic exposure
to excess iron is an important promoter of pancreatic
cancer.

2. Materials and methods
2.1. Cell culture

Human pancreatic cancer cell lines BxPC-3, Capan-2, and MIA
PaCa-2 were procured from American Type Culture Collection
(ATCC). HPDE, a human pancreatic ductal epithelial cell
line, was kindly provided by Dr. Ming Tsao, Ontario Cancer
Institute (Toronto, Canada). Normal epithelial cell lines of
prostate (RWPE-1), liver (THLE-2), and colon (CC8841) were
also procured from ATCC. The ATCC has done morphological,
cytogenetic and DNA profile analyses for characterization
of these cell lines. BxPC-3 and CCD841 cells were grown
in RPMI-1640 medium, supplemented with 10% FBS and
subcultured at a 1:5 ratio. HPDE and RWPE-1 cells were
cultured in Keratinocyte Serum Free Media supplemented
with epidermal growth factor and bovine pituitary extract
and subcultured at a 1:4 ratio. MIA PaCa-2 cells were cultured
in DMEM, supplemented with 10% FBS and 2.5% horse
serum, and subcultured at a 1:8 ratio. Capan-2 cells were
cultured in McCoy’s 5A Medium Modified supplemented
with 10% FBS and subcultured at a 1:4 ratio. THLE-2 was
cultured in BEGM medium supplemented with 5ng/ml
EGF, 70ng/ml Phosphoethanolamine and 10% FBS, and
subcultured at a 1:3 ratio. All media for the above cell
lines except HPDE (Fisher Scientific, Waltham, MA, USA)
and THLE-2 (Lonza/Clonetics Corporation, Walkersville, MD
21,793) were purchased from Mediatech (Manassas, VA,
USA) and were supplemented with 100 units/ml penicillin
and 2pg/ml streptomycin. All these cell lines have been
routinely tested for mycoplasma contamination using
the Universal Mycoplasma Detection Kit obtained from
ATCC. Mycoplasma-free cell lines were used in all our
experiments.

2.2. RNA isolation and real-time PCR

RNA isolation and real-time PCR were performed as described
[17]. The primers used for the real-time PCR are listed in
Table 1A and 1B.
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Table 1A - Human primer sequences used for real-time

quantitative RT-PCR.

Gene name Orientation Sequence

SLC7A11 Forward TGG ACG GTG TGT GGG GTC CT
SLC7A11 Reverse CAG CAG TAG CTG CAG GGC GTA
p53 Forward GGA GCA CTA AGC GAG CAC TG

p53 Reverse TCT CGG AAC ATC TCG AAG CG

p21 Forward TTT CCC TTC AGT ACC CTC TC

p21 Reverse CTT CTT CTT GTG TGT CCC TTC
BAX Forward CGG AAC TGA TCA GAA CCATC

BAX Reverse CTG GAG ACA GGG ACA TCA

Cyclin D1 Forward CAC TCC TAC GAT ACG CTA CTA
Cyclin D1 Reverse CAT CTC ATA AAC AGG TCA CTA CA
Vimentin Forward CCA GCT AAC CAACGA CAAA
Vimentin Reverse TCC TCT CTC TGA AGC ATC TC
E-cadherin  Forward CTC CCT TCA CAG CAGAACTAAC
E-cadherin  Reverse CCA CCT CTA AGG CCA TCT TTG
Zebl Forward AAG TGG CGG TAG ATG GTA ATG
Zebl Reverse AGG AAG ACT GAT GGC TGA AAT AA
Zeb2 Forward GAG AAA GTA CCA GCG GAA ACA
Zeb2 Reverse AGG AGT CGG AGT CTG TCA TAT C
Snail Forward CCA CGA GGT GTG ACT AAC TAT G
Snail Reverse ACC AAA CAG GAG GCT GAA ATA
Twist Forward CGG AGA CCT AGA TGT CAT TGT TT
Twist Reverse ACGCCCTGTTTCTTT GAATTT G
HPRT Forward GCG TCG TGA TTA GCG ATG ATG AAC
HPRT Reverse CCT CCC ATC TCC TTC ATG ACA TCT

Table 1B — Mouse primer sequences used for real-time

quantitative RT-PCR.

Gene name Orientation Sequence

p21 Forward TCT CCC AGT CTC CAA ACT TA

p21 Reverse GCC CTACCGTCCTACTAAT

BAX Forward GAG CTG CAG AGG ATG ATT G

BAX Reverse CCC AGT TGA AGT TGC CAT

Cyclin D1 Forward CTA AGA TGA AGG AGA CCATTCC

Cyclin D1 Reverse ACC AGA AGC AGT TCCATT T

HPRT Forward GCG TCG TGA TTA GCG ATG ATG AAC

HPRT Reverse CCT CCC ATC TCC TTC ATG ACA TCT
2.3. Immunofluorescence

Immunofluorescence studies were performed as described
[17]. Primary antibody used was obtained from Santa
Cruz Biotechnology, Inc. (p53 monoclonal antibody, DO-
1). Appropriate secondary antibody (goat anti-mouse IgG)
conjugated with Alexa Fluor 488 (Molecular Probes, Eugene,
OR, USA) was used. Alexa Fluor 594 Phalloidin was also used
for determining their morphology.

2.4. Western blotting

Western blotting was performed according to standard
procedures [17]. Primary antibodies were obtained from the
following sources: p53 (DO-1) from Santa Cruz Biotechnology,
Inc.; E-cadherin (24E10), N-cadherin (13A9), p21 (12D1),
xCT/SLC7A11, Snail (L70G2), Slug (C19G7), and Twist1 from Cell

Signaling; Vimentin/V6389 and B-actin from Sigma Aldrich.
HRP-conjugated secondary antibodies (Bethyl Laboratories
Inc.) were used as appropriate.

2.5.  Apoptosis assay

Apoptosis assay was performed using FITC Annexin V
Apoptosis Detection kit I (BD Biosciences), following
manufactures protocol. BxPC-3 and Capan-2 cell lines,
cultured in the presence and absence of FAC, were dissociated
and washed twice with ice-cold phosphate-buffered saline.
The cells were then resuspended in 1X binding buffer at
a concentration of 1x10° cells/ml. This was followed by
addition of 5 pl of FITC annexin V and 5 pl propidium iodide
to 100 pl of cells. The cells were gently mixed and incubated
for 15 min in dark following which 400 pl of 1X binding buffer
was added to each tube and the samples were then analyzed
using BD Accuri Flow cytometer.

2.6. Uptake measurements

Uptake experiments were carried out as described previously
[18]. Briefly, HPDE, Capan-2, BXxPC-3 and MIA PaCa-2 cells,
which were chronically exposed to excess iron in the form
of ferric ammonium citrate (FAC), were seeded in 24-well
culture plates at an initial density of 0.2 x 10° cells/assay and
the treatment continued until the uptake measurement. [3H]-
glutamate (0.5 pCi/assay) uptake was carried out in N-methyl-
D-glucamine (NMDG)-chloride to monitor the function of
xCT/SLC7A11.

2.7.  EL-Kras®?P/Hfe in vivo mouse tumor model

EL-KrasG'?P  (EL-Kras) transgenic mice were previously
generated by microinjection of FVB/N fertilized mouse
embryos and subsequent implantation into pseudo-pregnant
females (ref ID 12, 727, 811). In this mouse line, the oncogenic
Kras is constitutively active due to the G12D mutation and
driven by acinar cell-specific minimal promoter of the elastase
gene. Hfe~/~ mice were obtained from Jackson Laboratories
and have been used for several previously published studies
[19,20]. The two mouse lines, both of which are on C57BL/6
background, were crossed to generate mouse lines of the
following genotypes: EL-Kras/Hfet/+ and EL-Kras/Hfe /.

2.8.  Statistical analysis

Student’s unpaired t-tests were used to compare two
independent groups or before and after different treatments
as appropriate. P values less than 0.05 were considered to be
statistically significant.

3. Results and discussion

3.1. Chronic exposure to excess iron leads to profound
morphological changes in pancreatic cell lines

Our first aim was to study whether excessive iron
accumulation, due to genetic or environmental causes,
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impacts cellular features related to cancer in normal and
cancer cell lines of the pancreas. We first cultured HPDE, a
human pancreatic ductal epithelial cell line, in the presence
and absence of ferric ammonium citrate (FAC, 250 pg/ml)
for a month, thus chronically exposing the cells to excess
iron. The concentration of FAC was selected based on the
optimization experiments wherein we found 100pg/ml
of FAC to produce similar effects like 250pg/ml but less
pronounced; concentrations beyond 250pg/ml were found
to be toxic for the cells. FAC is an FDA-approved drug
for iron supplementation in children with anemia. It is a
physiological form of non-transferrin-bound iron and is ideal
as an exogenous iron source to induce iron overload in cell
culture since it leads to a time-dependent iron accumulation.
Normal iron absorption occurs in the proximal small intestine
at a rate of 1-2mg/d. In people with iron overload conditions
like hereditary hemochromatosis, this absorption rate can
increase to 4-5mg/d with progressive accumulation to 15-40
g of iron in the body. As the iron content in FAC is 10%,
the maximum iron concentration used in our studies was
25pg/ml, and morphological changes in cultured cells were
evident even at an iron concentration of 10 pg/ml. Hence, the
concentration of FAC selected for the current experiments is
clinically relevant. It was interesting to note that following
prolonged exposure to FAC, HPDE cells transformed into
an elongated, spindle-shaped mesenchymal morphology
as compared to control cells that appeared rounded with
epithelial morphology (Fig. 1). In order to see if a similar
phenomenon also occurs in pancreatic cancer cell lines, we
cultured Capan-2, BxPC-3, and MIA PaCa-2 in the presence
and absence of FAC. Similar results were seen in these cell
lines as well. However, the changes were not so pronounced
in Capan-2 and BxPC-3 (Fig. 1). Capan-2 and BxPC-3 grow in
clumps, therefore making it difficult to detect the epithelial-
to-mesenchymal transition (EMT), but we did see loss
of cell-to-cell compactness as well as a transition to an
elongated and spindle-shaped morphology in cells at the
periphery of the clumps. To further determine whether the
observed phenomenon of morphological transformation
following FAC treatment is only relevant to the pancreatic
cells or is a more universal phenomenon, we cultured normal
epithelial cell lines of the prostate (RWPE-1), liver (THLE-2),
and colon (CCD841) using a similar concentration of FAC. It
was interesting to note that these cell lines also exhibited a
significant transformation in their morphology, a transition
from an epithelial to a mesenchymal morphology (Fig. S1).
These results indicate that cell lines in culture undergo
significant morphological changes indicative of EMT in
response to chronic exposure to excessive iron, and that this
phenomenon is universal and occurs irrespective of their
tissue origin (pancreas or non-pancreas) or type (normal or
cancer).

3.2 Chronic exposure to excess iron does not induce
apoptosis

Iron is a potent oxidant and excess iron can lead to oxidative
damage and cell death. Ferroptosis has been established as a
novel form of cell death induced by acute exposure to iron.
Here we wanted to interrogate whether chronic exposure to
excess iron induces cell death via apoptosis. For this, BxPC-3
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MIA PaCa-2

Fig. 1 - Chronic exposure to excess iron leads to profound
morphological changes in pancreatic cell lines.
Phase-contrast microscopy demonstrating morphological
changes in pancreatic normal (HPDE) and cancer (Capan-2,
BxPC-3 and MIA PaCa-2) cells cultured chronically (8
passages) in the absence and presence of FAC (250 pg/ml).
Original magnification x20; Scale bars, 100 pm.

and Capan-2 cells cultured in the presence and absence of FAC
were subjected with annexin V-FITC/ propidium iodide (PI)
dual staining. In this technique, viable cells are FITC annexin
V and PI negative, early apoptotic cells are FITC annexin
V positive and PI negative, and cells that have undergone
apoptotic death versus those that have died as a result of
necrotic pathway will stain for both FITC annexin V and PL
It was interesting to note that chronic exposure to FAC did
not induce apoptosis in both the cell lines. However, both
FAC-treated BxPC-3 and Capan-2 cell lines showed about 15%
and 22% dead cell population (Fig. S2), respectively, but these
values were not significantly different from untreated control
cells.

3.3.  Molecular evidence for EMT in pancreatic cells in
response to chronic exposure to excessive iron

Our findings that chronic exposure to excessive iron induces
profound morphological changes in several pancreatic cell
lines suggest that excess iron promotes EMT. To confirm this
further at the molecular level, we checked the expression of
E-cadherin, vimentin, Zeb1, Zeb2, Snail and Twist in control
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and FAC-exposed HPDE and Capan-2 cell lines. The two
cell lines were selected as model cell lines to represent a
normal epithelial cell (HPDE) and a non-metastatic cancer
cell line (Capan-2). HPDE, when exposed chronically to FAC,
downregulated E-cadherin expression, both at the mRNA (Fig.
S3A) and protein level (Fig. S3C) as compared to the control.
The decrease in E-cadherin expression was accompanied
by an increase in the mRNA and protein expression of
vimentin and Snail. There was also an increase in the N-
cadherin and Slug protein expression. The expression of Twist
remained unchanged but the expression of Zebl and Zeb2
was downregulated at least at the mRNA level. In Capan-
2, exposure to FAC did not change the expression of E-
cadherin but led to a marked increase in vimentin expression
(~150-fold) at the mRNA level (Fig. S3B). The increase in the
vimentin mRNA level was accompanied with an increase in
vimentin protein level (Fig. S3C). Furthermore, the expression
of EMT-related transcription factors were also significantly
upregulated; Zeb2 (~100-fold), and Twist, Snail, and Zeb1 (> 3-
fold) in FAC-exposed Capan-2 cells compared to control cells
(Fig. S3B). Interestingly, the protein expression of some of the
transcription factors, such as Snail and Slug, also showed an
increasing trend following FAC treatment. We also checked
the protein expression of E-cadherin, N-cadherin, vimentin,
Snail, Slug, and Twist in control as well as FAC-treated BxPC-3
and MIA PaCa-2 cells. In BxPC-3, though there was no change
in E-cadherin and N-cadherin protein expression, it was
accompanied by a significant upregulation of vimentin (Fig.
S3C). The expressions of the transcription factors like Snail,
Slug and Twist either remained unchanged or was undetected.
MIA PaCa-2 is known to express very little E-cadherin and
following FAC exposure its expression was further attenuated.
The expressions of other transcription factors or N-cadherin
either remained unchanged or was not detected. Surprisingly,
the expression of Snail was significantly downregulated (Fig.
S3C). Additionally, we also checked the mRNA expression of
matrix metalloproteases (MMP1, MMP2, MM8, MMP9, MMP13,
MMP15, and MMP16) whose increase is indicative of EMT,
in all the cell lines. The expression of MMP1, MMP9, and
MMP16 significantly increased in FAC-treated Capan-2, BxPC-
3 and MIA PaCa-2 but not in HPDE (with the exception of
MMP9) (Fig. S4). The rest of the MMPs did not show any
significant change. Taken collectively, these data demonstrate
that normal epithelial cells, when exposed to excess iron for a
prolonged period, transition into a mesenchymal phenotype,
which might promote cancer and that cancer cells of epithelial
origin that have already undergone genetic and epigenetic
changes but are non-metastatic might be transformed into
a more invasive tumor phenotype in response to chronic
exposure to excessive iron. We speculate that some of the
discrepancies in the data among the different cell lines could
be due to the variable invasive properties as well as differences
in the p53 genotype between the cell lines.

3.4. p53 translocation and degradation following chronic
exposure to excess iron

It has been unequivocally established that the tumor
suppressor protein p53 regulates EMT [21-23]. Therefore, we

wondered if the observed promotion of EMT in response to
chronic exposure to excessive iron is related to p53. This idea
was prompted by a recent study that showed the binding of
heme to p53 with subsequent translocation out of the nucleus
followed by proteasomal degradation in the cytoplasm [14].
It is reasonable to think that cells when chronically exposed
to excess iron might accumulate heme, which might bind to
p53 and promote p53 degradation, thus providing a molecular
basis for the iron-induced EMT. In order to validate this idea,
immunocytochemical analysis was conducted to monitor the
localization of p53 protein in cells with and without chronic
exposure to excess iron. Additionally, rhodamine phalloidin
staining was also performed in these cells to document the
morphological changes following FAC exposure. HPDE, Capan-
2 and BxPC-3 were used as model cell lines in the study.
HPDE and Capan-2 express wild type p53 whereas BxPC-3
harbors mutant p53. The immunocytochemical data clearly
indicated that the p53 protein, which is normally localized
in the nucleus, gets translocated into the cytoplasm with
consequent decrease in nuclear content of p53 in each of
the cell lines when chronically exposed to excessive iron (Fig.
2). In many of the cell lines, the appearance of p53 in the
cytoplasm as well as an overall decrease in the cellular content
of p53, indicating degradation of the protein, were evident. It
was interesting to note that BxPC-3, which expresses mutant
P53, also responded in a similar way to excess iron exposure,
indicating that the mutation in p53 that occurs in this cell line
does not interfere with the binding of heme and subsequent
translocation out of the nucleus. Also, the phalloidin staining
provided the proof of transformation from an epithelial
morphology to a mesenchymal morphology at least in HPDE
and BxPC-3 cell lines (Fig. 2). Additionally, to validate our
hypothesis that the heme-p53 complex serves as a substrate
for XPO1, leading to its translocation out of the nucleus and its
subsequent degradation, a reverse experiment was performed
using KPT-330, an XPO1 inhibitor. If our hypothesis is right,
then inhibition of XPO1 should prevent p53 translocation out
of the nucleus and hence prevent its degradation. To test
this, we cultured BxPC-3 and Capan-2 cells in the presence
and absence of FAC and with and without 1pM KPT-330 for
24h. Following treatment, immunostaining for p53 protein
was performed. It was interesting to observe that the nuclear
p53 expression was conserved in the FAC-exposed BxPC-
3 and Capan-2 cells following KPT-330 treatment (Figs. 3
and 4), providing support to our hypothesis that excess
heme promotes nuclear export of p53 and its subsequent
cytoplasmic degradation.

3.5.  SLC7A11 upregulation following p53 degradation in
iron-exposed cells

Recent studies have shown that p53 represses the expression
of SLC7A11 [14]. SLC7A11l is a transporter for extracellular
cystine (Cys-S-S-Cys) coupled to the efflux of intracellular
glutamate [24]. This transporter is a Nat-independent
obligatory exchanger. There is increasing evidence that
this transporter is a tumor promoter because of its role
in maintenance of the cellular antioxidant machinery,
promotion of extracellular glutamate signaling, and
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Fig. 2 - Chronic exposure to excess iron promotes p53 translocation out of the nucleus with subsequent degradation in
pancreatic cell lines. Immunocytochemical detection of p53 (green) in pancreatic normal epithelial cells (HPDE), and in
pancreatic (Capan-2 and BxPC-3), cancer cell lines. Nuclei stained with DAPI are blue. Bar diagrams show p53 fluorescence
intensity between control and FAC-treated HPDE, Capan-2, and BxPC-3 cells. *, P < 0.05, **, P < 0.01 compared to
corresponding controls. A rhodamine phalloidin (red) demonstrates the morphological differences in control and FAC
treated HPDE, Capan-2 and BxPC-3 cells. Original magnification x100; Scale bar 10 pm (HPDE); Original magnification x 10,

Scale bar 100 pm (Capan-2 and BxPC-3).

protection against the cell death pathway ferroptosis
[25-28]. Keeping these facts in mind, we focused on
the expression and function of this transporter in
control and FAC-exposed cell lines representing the
normal pancreatic epithelium and pancreatic cancer. First,

we evaluated the levels of SLC7A11 mRNA in control and
FAC-exposed cell lines: HPDE, Capan-2, BxPC-3, and MIA
PaCa-2. SLC7A11 expression was upregulated in all cancer
cell lines when chronically exposed to FAC as compared to
the corresponding controls (Fig. 5A-5D). An upregulation was
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Fig. 3 - XPO1 inhibitor prevents p53 translocation and its subsequent degradation. Immunocytochemical detection of p53
(green) following KPT-330 treatment in BxPC-3 cells cultured in the presence and absence of FAC. Nuclei stained with DAPI
are blue. Bar diagrams show p53 fluorescence intensity of the control and FAC-treated BxPC-3 cells treated with and without
KPT-330. *, P < 0.05 compared to corresponding controls. A rhodamine phalloidin (red) demonstrates the morphological
differences in control and FAC-treated BxPC-3 cells. Original magnification x40; Scale bars, 50 pm.

also seen in HPDE, but the magnitude of upregulation was
relatively small. We then monitored the transport function of
SLC7A11. Even though the transporter mediates the influx of
cystine in exchange for glutamate, the transport function is
generally measured by the uptake of [*H]-glutamate in a Na*-
free uptake medium, which occurs in exchange for cellular
glutamate [29]. In all cancer cell lines examined, the transport
activity was increased in response to chronic exposure to
excess iron (Fig. SF-5H). Again, the increase in transport
activity was evident in HPDE (Fig. SE), but with a lower
magnitude. It was also interesting to note that BxPC-3 and
MIA PaCa-2 cells that express mutant p53 were also capable
of increasing SLC7A11 expression in response to chronic
exposure to excess iron, demonstrating that the mutant
p53 present in these two cell lines still retains its ability to
suppress the expression of the transporter. Additionally, to
further confirm that the increase in SLC7A11 expression and
function is regulated by p53, we conducted [*H]-glutamate
uptake in mouse embryonic fibroblast cell line, MEFs/p53-WT
and MEFs/p53-KO, cultured chronically in the presence and

absence of FAC. MEFs/p53-WT showed a significant increase
in [*H]-glutamate uptake following FAC exposure, while
MEFs/p53-KO exhibited no change in [3H]-glutamate uptake,
clearly indicating p53 regulation of SLC7A11 (Fig. S5A).

3.6.  Kinetic analysis of SLC7A11 in BxPC-3 and MIA
PaCa-2 cells exposed to FAC

The substrate-saturation kinetics of SLC7A11 was analyzed
in control and FAC-exposed BxPC-3 and MIA PaCa-2 cells
(Fig. S5B). The increase in the transport activity of SLC7A11
observed in FAC-exposed BxPC-3 and MIA PaCa-2 cells as
compared to control cells was associated primarily with
an increase in the maximal velocity of the transporter
with no significant change in the substrate affinity. The
maximal velocity (Vmax) of glutamate uptake was ~5-fold
greater in FAC-exposed BxPC-3 cells than in control cells
(5146+90vs 953+ 56 pmol/10° cells/15min). FAC-exposed
MIA PaCa-2 cells also exhibited a ~3-fold increase in Viax
compared to control cells (801+75vs. 274+72pmol/10°
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cells/15min). The Michaelis constant (K;) for glutamate in
control and FAC-exposed cells remained mostly unchanged:
56 417 vs 90 &+ 5 uM for control and FAC-exposed BxPC-3 cells;
72 £9vs 100 + 28 uM for control and FAC-exposed MIA PaCa-2
cells.

3.7.  Suppression of p53 transcriptional activity in cells in
response to chronic exposure to excess iron

p53 performs a myriad of functions. As a tumor suppressor,
the major p53 functions regulate growth arrest and apoptosis
[21-23]. Based on our findings of p53 degradation and loss
in normal and cancer cell lines following chronic exposure
to excess iron, we wanted to know if the decreased p53 in
FAC-exposed cells correlated with a concomitant decrease in
the expression of p53 target genes. We specifically checked
the expression of Bax, Cyclin D1 and p21. First, we checked
P53 expression in HPDE, Capan-2, BxPC-3, and MIA PaCa-

2 (control and FAC-exposed) cells. There was a small but
significant reduction in the levels of p53 mRNA in cancer
cell lines in response to FAC exposure compared to their
corresponding controls (Fig. 6A). This effect was however not
seen in the normal cell line. The decrease in p53 protein
level was however evident in the normal cell line as well
as in the cancer cell lines as monitored by western blot
(Fig. 6B). As expected, in HPDE cell line that harbors a
wildtype p53, a decrease in cellular levels of p53 protein in
FAC-exposed cells also led to a significant reduction in the
expression of Bax, Cyclin D1, and p21 (Fig. 6C). However,
we find that the cancer cell lines that harbor a mutant
P53 (eg., MIA PaCa-2) also shows a reduction in p53 protein
and a concomitant decrease in the expression of its target
genes (Fig. 6D). While this seems counterintuitive, studies
have shown that the mutant p53 in spite of losing its tumor
suppressor function, is endowed with a gain-of-function
abilities and hence, still retains the ability to bind heme/iron



ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 15 (2020) 237-251

245

>

-
[<2]

®HPDE B Capan-2

-—
1
-—
N
1

o
(2]
(Fold difference)
o
(=]

Relative SLC7A11 expression
(Fold difference)
o
»

Relative SLC7A11 expression

0 - 0 -

Control FAC Control
F

m
—%
o
J
N
H
J

S HPDE B Capan-2

-—
o
1
-—
N
1

o
L
©
o
1

Glutamate uptake

Glutamate uptake
(pmol/106 cells/15 min)
(pmol/10¢ cells/15 min)

Control FAC Control

FAC

FAC

C 4 A D 6 -
S ®BxPC-3 5 EMIA PaCa-2
2 I
g ~3 o __
Q@ oo
52 % 24 1
(] o O
-9 Tk
<E 2 A1 < =
o3 o
43 o
»S 52 -
2514 gt
k= k=
Q [
(2 (4
0 - 0 -
Control FAC Control FAC
G 30 H 10 -mmiA Paca-2
_ mBxPC-3 =
c —
QE g E i
3o Sw °
$% 20 - 58
20 80 61
© © © ©
§& £8
53 53 47
2 R 2 -
0 - 0 -
Control FAC Control FAC
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absence of FAC is taken as 1. (E)-(H) SLC7A11-mediated glutamate uptake in control and FAC-exposed cells. In all cases, the
difference between control and FAC-treated cells was significant (P < 0.05).

and bring about changes in gene expression like the
wildtype p53.

3.8.  Elevation of heme levels in FAC-exposed cells

p53 is a heme-binding protein, and heme facilitates the
export of this transcription factor out of the nucleus for
subsequent ubiquitination and proteasomal degradation [14].
We hypothesized that the decrease in the cellular levels of
p53 in FAC-exposed cells was due to increased cellular heme
content, which would facilitate p53 degradation. To test this
hypothesis, we measured the cellular levels of heme (as
hemin, an oxidized form of heme) in control and FAC-exposed
cells using the normal pancreatic epithelial cell line HPDE and
the pancreatic cancer cell line BxPC-3. The concentration of
hemin was increased by ~20% compared to controls in both
cell lines when chronically exposed to excessive iron (Fig. 6E
and 6F).

3.9. Impact of chronic iron overload in vivo on p53
protein and its target genes in pancreas in hemochromatosis
(Hfe~/~) mouse

Hfe/~ mouse is an animal model for hereditary
hemochromatosis [16]. The in vitro experiments described
thus far demonstrated that chronic exposure to excessive iron
results in decreased cellular levels of p53 protein and hence
suppression of p53 transcriptional activity. To determine if a
similar phenomenon occurs in vivo, we used Hfe™’~ mouse
as a model of chronic iron overload. While exposure to FAC
represents an non-genetic environmental model of iron
overload in cells, the Hfe™/~ mouse represents a genetic
model of iron overload. We used 12-month-old wild type
mice and age-matched Hfe~/~ mice for the present study.
The pancreatic tissues were collected from these mice and
used for isolation of protein lysates as well as RNA. We
found that the cellular levels of p53 protein were markedly
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reduced in pancreatic tissues from Hfe~/~ mice compared
to pancreatic tissues from control mice (Fig. 7A). This was
accompanied with a corresponding decrease in the cellular
levels of mRNA for three p53 target genes (Bax, Cyclin D1,
and p21) (Fig. 7B). These data show that chronic exposure
to excess iron suppresses p53 function both in vitro and
in vivo.

3.10. Effect of Hfe deletion on mutant Kras-driven
pancreatic neoplasia

EL-Kras mice carry the spontaneously active mutant KRAS
(KRASG'?P) under the control of the promoter of the
elastase gene [15]. This allows tissue-specific expression
of active Kras, specifically in pancreatic acinar cells. These
mice develop preinvasive pancreatic neoplasia of ductal
phenotype at >4 months of age. The results of in vitro
and in vivo studies presented here thus far have shown
that chronic iron overload suppresses p53 function in
cells representing various tissues including the pancreas.
Therefore, we hypothesized that deletion of Hfe and
consequent development of hemochromatosis in EL-Kras
mice would promote pancreatic neoplasia because of the
decreased p53 signaling caused by iron overload. As the
KrasG'?P transgene is integrated into Y-chromosome in the

EL-Kras mice, only male mice were used in this study. To
evaluate the differences in the pancreatic neoplastic
phenotype between EL-Kras mice in two different Hfe
genotypes (+/+ and —/-), a group of 5 EL-Kras/Hfet/+ (10
month-old) was compared with 4 age-matched EL-Kras/Hfe™/~
mice for the incidence of acinar-to-ductal metaplasia (ADM)
and cystic pancreatic neoplasms (CPN) and for the size of
CPNs (Fig. 7C). Histological examination revealed that deletion
of Hfe in EL-Kras mice decreased the frequency of ADMs and
CPNs; however, CPNs that did develop were significantly
larger in EL-Kras/Hfe~/~ mice than in EL-Kras/Hfe™’* mice as
evident from increased surface area (Fig. 7D). Furthermore,
we also checked the expressions of the p53 target genes and
also the EMT proteins in the pancreas of the EL-Kras/Hfet/+
vs. the EL-Kras/Hfe/~ mice. Interestingly, the expressions
of Bax, cyclin D1, and p21 mRNA expressions were low in
the knockout mice (Fig. S6A). Our western blot data also
showed a significant reduction in p21 expression in the
knockouts compared to the wildtypes. At least, 2 out of the 4
knockout mice showed a significant reduction in E-cadherin
expression and an increase in the expressions of vimentin,
Snail, Slug, Twist, and SLC7A11 (Fig. S6B). These data, despite
some inter-animal variations, support the general conclusion
that deletion of Hfe in the EL-Kras mice does lead to iron
accumulation, which affects p53 and as a result leads to
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role in the transport and storage of oxygen, in oxidative
metabolism and in cellular growth and proliferation. On
the flip side, excess iron accumulation is implicated in a
wide range of diseases, including cardiovascular disease,
diabetes, neurological disorders, and most importantly,

EMT-like changes and eventually promotes cancer in these
mice.

3.11. Discussion

Iron is an essential nutrient required by every cell. Its atomic
structure gives rise to a number of biochemically important
properties, including the useful capacity to both donate
and accept electrons, and to reversibly bind to ligands such
as oxygen. As such, iron in the form of heme plays a vital

cancer. Literature evidence has also shown that dietary
intake of red meat, which is rich in heme, is associated
with a significant increase in cancer risk (4, 11-13). The
role of excess iron leading to hepatocellular carcinoma is
already well documented (5-8), but little is known on the
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impact of excess iron on cancers of non-hepatic tissues.
Hemochromatosis is not the only genetic disease that
affects iron storage. Wilson’s disease, also a genetic disease,
is associated with excessive copper accumulation and
decreased levels of ceruloplasmin in circulation; this is a rare
autosomal recessive metabolic disorder caused by mutation
in P-type ATPase (ATP7B) [30]. The classical presentations of
this disease include hepatic, neurologic, and ophthalmologic
manifestations. The relevance of Wilson’s disease to iron
lies the biologic activity of ceruloplasmin as a ferroxidase.
Ferroportin is a transporter that exports iron out of the cells,
but this transporter recognizes only the reduced form of iron
(Fe?*) as the substrate, and the effluxed iron is immediately
oxidized into Fe3* by ceruloplamin (and also by hephaestin)
that is closely associated with the transporter. As a result,
decreased levels of ceruloplasmin seen in Wilson’s disease
lead to increased tissue accumulation of iron even though
circulating levels of iron fall. It is of interest to note that even
though it was believed until recently that Wilson’s disease had
a protective effect on liver cancer, recent evidence suggests
the opposite. This is not surprising because copper itself is a
pro-oxidant and excess iron accumulation in liver that results
from ceruloplasmin deficiency also adds to this oxidative
process in Wilson'’s disease. As a result, the risk of liver
cancer increases in hemochromatosis as well as in Wilson’s
disease.

Here we show that chronic exposure to excess iron/heme
transforms normal epithelial cell lines into a tumor cell-
like phenotype, and also changes the non-metastatic cancer
cell line towards EMT that may implicate enhanced ability
to metastasize; some, but not all, aspects of in vivo data,
including enlarged CPNs, using the EL-Kras mouse model of
pancreatic neoplasia show that hemochromatosis resulting
from Hfe deletion promotes pancreatic cancer growth and that
the phenomenon is associated with loss of p53.

The basic underlying mechanism for the observed
phenomenon appears to be loss of p53 initiated by chronic
exposure to excessive iron. Of course, iron has many biological
functions in addition to its role in the biosynthesis of heme.
Free iron is a potent pro-oxidant and facilitates generation of
reactive oxygen species; as highly reactive free radicals such
as hydroxyl radical have potential to damage lipids, proteins
and DNA/RNA, the possibility of iron-induced oxidative stress
in the potentiation of tumorigenesis by chronic exposure
to excessive iron cannot be discounted. The experiments
reported in the present study uncover another aspect of the
tumor-promoting role of excess iron. Chronic exposure to
excess iron leads to loss of the tumor-suppressor protein
p53 and this process is mediated by heme. Even though the
relevance of excessive iron to the promotion of pancreatic
cancer growth has been specifically highlighted in the
present study, the data do implicate a tumor-promoting role
for excessive iron in other tissues of epithelial origin such as
prostate, liver, and colon.

The present findings have clinical significance in multiple
areas of cancer biology. First, we focus on the well-known
role of p53 as a tumor suppressor with a regulatory role
in cell cycle, cell senescence, apoptosis, metabolism, stem

cell maintenance, and EMT [21-23]. The loss of this tumor
suppressor in normal cells when exposed chronically to
excess iron is important as a potential cause of tumorigenesis.
According to the Knudson’s two-hit hypothesis, cancer
develops in most cases when two cancer-causing cellular
events co-exist; this could be an activation of an oncogene
or inactivation of a tumor suppressor gene. As the loss of the
tumor suppressor p53 could represent one such event, chronic
exposure to excessive iron could cause cancer in the presence
of genetic alterations (mutations or change in copy number)
that lead to loss of function of tumor suppressors such as
PTEN and BRCA1 or gain-of-function in oncogenes such as
RAS or growth factor receptors (e.g., EGFR, HER2). Our findings
could also be considered significant with regard to incidence
and progression of cancer in Li-Fraumeni syndrome, which is
caused by heterozygous germline mutations in p53 leading
to 50% loss of p53 protein [31]. Chronic exposure to excess
iron in patients with this syndrome could synergize with the
heterozygous loss of p53 to render more complete loss of
P53 protein to promote cancer despite the presence of an
intact wild type p53 allele. Second, we emphasize the role p53
plays in cancer metastasis due to the function of the protein
as a suppressor of EMT [21-23]. The loss of p53, induced by
chronic exposure to excess iron, could be a trigger for the
conversion of cancer cells toward EMT which may implicate
enhanced ability to metastasize. The unequivocal evidence
from present studies for the promotion of EMT in normal
epithelial cell lines as well as non-metastatic cancer cell lines
in response to excess iron provides strong support for this
notion.

Third, the upregulation of the transporter SLC7A11 in
response to iron-induced p53 loss in cancer cell lines and,
to a smaller extent, also in normal cell lines has significant
relevance to cancer. This transporter is obligatory for the
maintenance of antioxidant machinery in cells due to its
role as a supplier of cysteine for the synthesis of glutathione
[25]. While robust antioxidant mechanisms could deter
tumorigenesis in cells via protection against DNA damage
by pro-oxidants, the same mechanisms could also promote
tumor growth by protecting cancer cells against oxidant-
induced cell death. Recent studies have identified a novel form
of cell death, known as ferroptosis, which is dependent on free
iron as a producer of reactive oxygen species necessary for the
induction of this particular cell death process [28|. Ferroptosis
is also dependent on p53 as a repressor of SLC7A11, thereby
leading to defective antioxidant machinery in cells and hence
facilitating the cell death process promoted by iron-induced
reactive oxygen species [28]. Even though ferroptosis is an
iron-induced cell death process, chronic exposure to excess
iron is likely to protect against ferroptosis because of the
loss of p53 and consequent increase in the expression of
SLC7A11. There is strong evidence that tumor cells modify
various components of iron homeostasis in such a way to
increase iron levels as a means to promote their survival
and growth [9,10]. We postulate that protection against
iron-induced ferroptosis is at least one of the underlying
mechanisms associated with the tumor-promoting role of
chronic exposure to excess iron. This is supported by the
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recent findings that the expression of SLC7A11 is upregulated
in multiple cancers, including breast cancer, prostate cancer,
and pancreatic cancer [25,32]. The upregulation of SLC7A11
in response to chronic exposure to excessive iron also has
another connotation with regard to tumor growth. As this
transporter is an obligatory exchanger that functions under
physiological conditions to mediate the influx of cystine
coupled to the efflux of glutamate, the enhanced expression
of the transporter in tumor cells results in an increase in
extracellular levels of glutamate. This phenomenon is equally
important to cancer growth.

Our studies are in line with the previous finding that
wild type p53 gets translocated out of the nucleus and
subsequently gets degraded in the cytoplasm when bound to
heme [14]. But the question is why the p53 mRNA expression
changed following FAC exposure. That being said, though
there is extensive information about the role of p53 protein,
very little is known about the transcriptional regulation of
p53. Itis said that the p53 gene expression is tightly regulated
through a variety of transcription factors, miRNAs, anti-sense
RNA Wrap53, the insulator protein CTCF and most likely
by other genetic and epigenetic mechanisms. It is possible
that excess iron might interact with any of these factors
and cause a change in the mRNA expression of p53. Also,
what is intriguing in the present study is that BxPC-3 and
MIA PaCa-2 cancer cells, which harbor mutant p53, also
undergo p53 loss in response to chronic exposure to excessive
iron and consequent increase in cellular levels of heme.
This demonstrates that at least the mutations that occur
in these cell lines do not interfere with the ability of p53
to bind heme and undergo subsequent translocation out of
the nucleus and proteasomal degradation. As p53 is a tumor
suppressor, it makes sense as to how mutations that lead to
loss of function of this protein could promote cancer. However,
recent studies have suggested that at least in some cases,
cancer-causing mutations in p53 may actually lead to gain
of some novel functions that are not inherent to wild type
p53 [33]. Also, literature evidence has shown that the mutant
p53 still retains the ability to bind heme/iron. Our studies
suggest that chronic exposure to excess iron could also
interfere with tumor-promoting ability of such gain-of-
function mutations in p53 because of the iron/heme-induced
depletion of mutant p53. This speculation however warrants
further study.

Interestingly, the in vivo studies with Hfe-associated
hemochromatosis model of iron overload supported the
tumor-promoting role of excess iron in pancreatic neoplasia
only in certain aspects; in contrast, in vitro studies with
cell lines provided strong evidence in support of the role of
excess iron in p53 loss and EMT, suggesting a robust cause-
effect relationship between excess iron and tumor promotion.
There could be several reasons for this apparent discrepancy.
Studies have shown that in Hfe~/~ mice, pancreatic g-cells
are primarily affected with iron overload and acinar cells are
mostly spared [34]. The EL-Kras mouse model of pancreatic
neoplasia expresses the oncogenic mutant Kras specifically

in acinar cells. The lack of robust iron accumulation in
acinar cells in Hfe-associated hemochromatosis could be
a contributing factor as to why promotion of neoplasia
was evident only in increased lesion size but not lesion
frequency in EL-Kras/Hfe~/~ mouse pancreas. Another caveat
to consider is that global loss of Hfe (Hfe~/~) might impact
another cell type that prevents, or targets lesion development
as observed in EL-Kras/Tgfbr1*/~ mice [35], where Tgfbrl
haploinsufficiency led to a robust cytotoxic immune response
[34]. This however does not undermine the importance of
chronic iron overload as a promoter of pancreatic cancer. Hfe-
associated hemochromatosis represents only one of many
clinical conditions of iron overload. It is likely that acinar cells
and ductal cells are subject to chronic exposure to excess
iron in other conditions associated with iron overload. In fact,
published reports have shown that mice with the deletion
of other iron-regulatory proteins (hepcidin, ferroportin, and
hemojuvelin) do indeed lead to excessive iron accumulation
in acinar cells with consequent pancreatitis [36,37]. Similarly,
iron overload resulting from frequent blood transfusion or
hemoglobin disorders such as thalassemia and sickle cell
disease might also lead to chronic exposure of pancreatic
acinar cells and ductal cells to excessive iron. Therefore, our
data that chronic exposure of pancreatic epithelial cells to
excess iron induces p53 loss and EMT has significant relevance
to tumor promotion in various clinical conditions associated
with iron overload.

4, Conclusion

In summary, the studies presented here demonstrate that
chronic exposure to excess iron leads to heme-mediated
export of the tumor suppressor p53 out of the nucleus with
subsequent proteasomal degradation, thereby leading to loss
of p53 protein and its transcriptional activity. This results
in the upregulation of the antioxidant transporter SLC7A11
and in the promotion of EMT. As a consequence, chronic
exposure to excessive iron impacts cancer progression and
also changes the cancer cells toward EMT-like phenotype,
hence also potentially promoting metastasis.
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