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ARTICLE INFO ABSTRACT

Keywords: Epithelial-to-mesenchymal transition (EMT) is an essential mechanism for development and wound healing, but
Epithelial-to-mesenchymal transition (EMT) in cancer it also mediates the progression and spread of aggressive tumors while increasing therapeutic resis-
Iron

tance. Adoption of a mesenchymal state is also associated with increased iron uptake, but the relationship be-
tween EMT and the key regulators of cellular iron metabolism remains undefined. In this regard, the human
adrenal cortical carcinoma SW13 cell line represents an invaluable research model as HDAC inhibitor treatment
can convert them from an epithelial-like (SW13-) cell type to a mesenchymal-like (SW13+) subtype. In this study
we establish SW13 cells as a model for exploring the link between iron and EMT. Increased iron accumulation
following HDAC inhibitor mediated EMT is associated with decreased expression of the iron export protein
ferroportin, enhanced ROS production, and reduced expression of antioxidant response genes. As availability of
redox active iron and loss of lipid peroxide repair capacity are hallmarks of ferroptosis, a form of iron-mediated
cell death, we next examined whether HDAC inhibitor treatment could augment ferroptosis sensitivity. Indeed,
HDAC inhibitor treatment synergistically increased cell death following induction of ferroptosis. The exact
mechanisms by which HDAC inhibition facilitates cell death following ferroptosis induction requires further
study. As several HDAC inhibitors are already in use clinically for the treatment of certain cancer types, the
findings from these studies have immediate implications for improving iron-targeted chemotherapeutic

Ferroptosis
Histone deacetylase (HDAC) inhibitors

strategies.
the iron-dependent accumulation of lipid reactive oxygen species (ROS)
1. Introduction [7]. Yet, the mechanisms promoting mesenchymal cell iron acquisition
and utilization are not understood.
The epithelial-to-mesenchymal-transition (EMT) is a fundamental In this regard, the human adrenal cortical carcinoma SW13 cell line
transcriptional program that is critical for proper embryogenesis and may serve as an ideal research model for investigating the changing iron
wound healing, but EMT can become aberrantly activated during requirements of epithelial cells as they transition to a mesenchymal

phenotype. Under standard growth conditions, the majority of SW13

pathologic conditions such as cancer, ischemia, and chronic inflamma-
cells exist as a rapidly growing, highly tumorigenic, epithelial-like

tion [1-3]. During EMT, epithelial cells undergo changes in gene
expression resulting in the reorganization of the cytoskeleton, loss of subtype, that lacks the expression of the tumor suppressor protein
cell-cell adhesion, and the acquisition of migratory and invasive prop- SWI/SNF Related, Matrix Associated, Actin Dependent Regulator of
erties as they transition to a mesenchymal state. Recent studies in the Chromatin 2 (SMARCA2), and are termed SW13-. However, ~2% of the

cancer biology field have identified iron as an important regulator of the cells in culture exist as a slow growing, highly invasive, mesenchymal-
EMT process by demonstrating that mesenchymal-like cancer stem cells like subtype that expresses SMARCA2 and the mesenchymal markers
have an increased dependence on intracellular iron [4-6]. Moreover, vimentin and CD44 and are referred to as SW13+ cells [8]. Intriguingly,
adoption of a mesenchymal state is associated with increased sensitivity =~ HDAC inhibition can induce a phenotype transition from the tumori-
to ferroptosis, a form non-apoptotic programmed cell death mediated by genic SW13- to the metastatic SW13+, and the conversion can be
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Abbreviations:

BAX BCL2 associated X, apoptosis regulator

BCL2 BCL2 apoptosis inhibitor

CHAC1 ChaC glutathione specific gamma-
glutamylcyclotransferase 1

DFO desferrioxamine

EMT epithelial-to-mesenchymal transition

FER1 ferrostatin 1

GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase
GPX4 glutathione peroxidase 4
HDAC  histone deacetylase

IRP iron regulatory protein

MMP2  matrix metallopeptidase 2

MMP9  matrix metallopeptidase 9

PPIB peptidylprolyl isomerase B

ROS reactive oxygen species

SLC7A11 solute carrier family 7 member 11

SMARCA2 SWI/SNF Related, Matrix Associated, Actin
Dependent Regulator of Chromatin 2

SNAI1  snail family transcriptional repressor 1
SOD2 superoxide dismutase 2
TGF-p1  transforming growth factor-p 1

TP53 tumor suppressor p53

confirmed by morphological changes and induction of SMARCA2
expression [8,9].

In this study, we establish the epigenetically plastic SW13 cell line as
a model to temporally control EMT initiation and explore the relation-
ship between iron and EMT. Using this model, we found that neither iron
chelation nor iron supplementation alters the progression of HDAC in-
hibitor mediated EMT in SW13 cells. However, increased iron accu-
mulation and reduced antioxidative capacity in mesenchymal-like
SW13+ cells do increase their sensitivity to alterations in iron avail-
ability and augments their cell death following induction of ferroptosis.

2. Materials and methods
2.1. Cell culture and treatment conditions

The SW13 cell line (ATCC CCL-105) is a primary small cell adrenal
gland/cortex carcinoma cell line derived from a 55-year-old Caucasian
human. For all experiments, cells were cultured in DMEM 1640 1X with
L-glutamine (Corning #17-207-CV Manassas, VA) supplemented with
10% fetal bovine serum and 100 IU penicillin and 100 pg/ml strepto-
mycin (Corning #30-002-Cl Manassas, VA) in a temperature and
humidity-controlled incubator (37 °C, 95% humidity, 5% CO2).

For EMT induction, SW13 cells were treated with 2 nM Romidepsin
(FK228, Selleckchem, Houston, TX, USA) for 48 h. To examine the in-
fluence of iron availability on EMT progression, SW13 cells were treated
with 2 nM FK228 for 24 h and then co-treated with 50 uM desferriox-
amine (DFO), an iron chelator, or 40 pM hemin, an iron-containing
porphyrin, for another 24 h. To induce ferroptosis, cells were treated
with either 1 pM or 5 pM erastin for 24 or 48 h. All experiments followed
the described treatment dose and length unless mentioned otherwise in
the methods session.

2.2. Morphologic and immunofluorescence analysis

To examine the effects of iron availability on the morphologic
changes that occur with HDAC inhibitor-induced EMT, SW13 cells were
seeded at 4000 cells/well into pre-collagen coated 8-well chamber slides
(Ibidi, Fitchburg, WI, USA) and treated as described above. Following
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their respective treatments, cells were fixed with 4% paraformaldehyde,
permeabilized with 0.2% Triton-X, and blocked with 1% BSA before
incubation with phalloidin conjugated to Alexafluor 488 (A12379,
Invitrogen, Waltham, MA, USA) at 1:1000 or Vimentin (Cell Signaling,
#5741) at 1:100 in 1% BSA for 1 h. Cells were washed three times with
PBS and slides were mounted ProLong™ Gold Antifade Mountant with
DAPI (Invitrogen, Waltham, MA, USA). Images were obtained using a
BZ-X700 Fluorescent Microscope (Keyence, Osaka, Japan) at 495
NMeycitation/518 NMemission and 360 NMeycitation/460 NMemission for actin
filaments and DAPI, respectively, with uniform exposure.

2.3. Intracellular iron assay

Total intracellular iron was measured from at least 1 x 10° control
SW13 cells and SW13 cells that had been converted to a mesenchymal
like subtype by treatment with 2 nM FK228 for 48 h using an Iron Assay
kit (MilliporeSigma, Burlington, MA, USA). Following cell lysis, released
iron was reduced and reacted with a chromagen to produce a colori-
metric (593 nm) product proportional to the total iron present. Colori-
metric changes were measured using a Biotek Synergy H1 (Biotek,
Winooski, VT, USA) plate reader. Calculated total iron levels were then
normalized to total cell number to account for the influence of HDAC
inhibitor treatment effects on cell growth.

2.4. mRNA expression analysis

To assess changes in relative mRNA abundance following HDAC
inhibitor-mediated conversion to a mesenchymal subtype, total RNA
was extracted from treated cells using Trizol reagent (Invitrogen, Wal-
tham, MA, USA) according to the manufacturer’s instructions. Following
confirmation of RNA integrity by agarose gel electrophoresis, cDNA was
synthesized using Superscript II (ThermoFisher, Waltham, MA, USA).
Differences in mRNA expression levels were determined by real-time
qPCR using SYBR green chemistry on a Bio-Rad CFX Opus 384 Real-
Time PCR system (Bio-Rad, Hercules, CA, USA) and normalized rela-
tive to peptidylprolyl isomerase B (PPIB) abundance using the 244t
method [10]. Primer sequences for each mRNA of interest are listed in
Supplementary Table 1.

2.5. Cell viability and proliferations assays

To examine the effects of iron availability on cell viability following
HDAC inhibitor-induced EMT, SW13 cells were seeded at 4000 cells per
well in a 96-well plate and cultured for 24 h before treatment with
DMSO (control) or the previously described doses of FK228 and DFO or
Hemin. Following a 30 min incubation with Prestoblue reagent (Ther-
moFisher, Waltham, MA, USA) differences in fluorescence intensity
were read at 560 NMexcitation/570 NMemission USing a Biotek Synergy H1
(Biotek, Winooski, VT, USA) plate reader. Differences in cell viability
were normalized relative to the vehicle control group for each cell line.

To assess the impact of iron availability on proliferation following
HDAC inhibitor induced EMT, SW13 cells were seeded into pre-collagen
coated 8-well chamber slides (Ibidi, Fitchburg, WI, USA) at 4000 cells/
well. Cells were treated with FK228 and DFO or hemin as described
above and incubated with 10 pM Click-iT EAU reagent (ThermoFisher,
Waltham, MA, USA). Prior to imaging, nuclei were stained with
Hoeschst 33,342 stain diluted at 1:1000 for 10 min. Cells were then
imaged live on a 4X objective using a BZ-x700 Fluorescent Microscope
(Keyence, Okaka, Japan) at 361 nMexcitation/497 NMemission and 495
NMecitation/519 NMemission Wavelengths for Hoechst 33,342 and EdU,
respectively. Low photobleach settings and exposure were held consis-
tent throughout the imaging process. ImageJ software [11] was used to
count numbers of green (EdU) and blue (Hoechst 33,342) nucleus, and
percent proliferation was determined by the ratio between number of
newly synthesized DNA (EdU) by the total nuclei (Hoechst 33,342).
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2.6. Electrophoretic mobility shift assay (EMSA)

Cells were plated in a 6-well plate at 1 x 10° cells per well and
cultured for 24 h before treatment with DMSO (control) or 2 nM FK228
for another 24 h. Cells were washed with 1X PBS and pelleted at 1000xg
for 5 min at 4 °C. Cytosolic protein was collected by incubating cells in 2-
vol cytosol buffer (1 mM HEPES, 10 mM KCl, 0.1 mM EGTA, 0.1 mM
EDTA, 1 mM DTT, 0.1 M PMSF, 10 pM MG132, 100 X Halt protease
inhibitor cocktail (ThermoFisher, Waltham, MA, USA) on ice for 15 min.
Cell lysis was completed by adding 0.1 volume of 10% NP40 to the cell
suspension followed by 10 s of vigorous vortexing and centrifugation at
12,000 x g for 10 min at 4 °C. The supernatant (cytosol) was removed to a
fresh microfuge tube and protein concentration was determined based
on the bicinchoninic acid assay. Spontaneous IRP1 and IRP2 RNA
binding activities was assessed by incubating 5 pg total protein with
saturating levels (1 nM) of gyP-labeled RNA from the L-ferritin IRE as
previously described [12]. Total IRP1 mRNA binding activity was
measured by incubating 1 pg of cytosolic protein to saturating levels of
3oP-labeled RNA in the presence of 4% f-mercaptoethanol. Absolute
quantitation of mRNA binding activity was determined using Optiquant
Acquisition and Analysis software (Packard Bioscience, Meriden, CT,
USA).

2.7. Protein expression analysis

Following their respective treatments, total protein was collected
from SW13 cells by lysing cells in radioimmunoprecipitation buffer (50
mM Tris-HCl, pH 8.0, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS, 2
mM EDTA, 150 mM NacCl) supplemented with 1X Halt Protease inhibitor
cocktail (ThermoFisher Waltham, MA, USA), 1 mM DTT, 1 mM Citrate,
1 mM phenylmethylsulphonyl fluoride (PMSF), 10 pM Mg132. Samples
were vortexed every 5 min for 20 min followed by centrifugation at
14,000xg for 15 min at 4 °C. The protein containing supernatant was
collected and total protein concentration was determined based on the
bicinchoninic acid assay.

To assay for differences in IRP target protein expression, 30 ug total
protein was solubilized in 2 X Laemmli sample buffer (0.01% Bromo-
phenol blue, 4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.125 M
Tris-HCI pH 6.8) and heated at 95 °C for 5 min before being separated by
electrophoresis at 150 V on a Mini-PROTEAN TGX Stain-Free precast
4-20% polyacrylamide gel (Bio-Rad, Hercules, CA, USA). Separated
proteins were then transferred to a PVDF membrane at 300 mA for 75
min. Following confirmation of equal transfer by Ponceau-S staining,
membranes were blocked for 1 h in 5% nonfat milk in 1X TBS-0.01%
Tween-20 at room temperature. Blots were then incubated in primary
CD71/TFRC (Cell signaling, #D7S5Z), SLC40Al (ferroportin) (Invi-
trogen, #PA5-22993), or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Santa Cruz, #0411) antibodies overnight at 4 °C at 1:1000
dilution in 5% non-fat dry milk in 1X Tris-buffered saline with 0.01%
Tween-20 before incubation with appropriate HRP-linked secondary
antibodies, either anti-rabbit IgG #7074P2 or anti-mouse IgG #7076P2
(Cell Signaling Technology, Danvers, MA, USA) at room temperature for
1 h at 1:10,000 dilution. Membranes were then immersed in Super-
Signal™ West Pico PLUS Chemiluminescent Substrate (ThermoFisher,
Waltham, MA, USA) and visualized using a FluorChem R ProteinSimple
fluorescence imaging system (R&D Systems, Minneapolis, MN, USA).

2.8. Oxidative stress detection assay

To assess the influence of HDAC inhibitor induced EMT on ROS
production, SW13 cells were seeded into pre-collagen coated 8-well
chamber slides (Ibidi, Fitchburg, WI, USA) at 4000 cells/well and
treated with 2 nM FK228 for 48 h. Cells were washed once with Hank’s
Balanced Salt Solution (HBSS) (Cellgro, Lincoln, NE, USA) prior to in-
cubation with 5 pM CellRox™ Deep Red Reagent (ThermoFisher, Wal-
tham, MA, USA) for 30 min at 37 °C. Cells were then washed twice with
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HBSS, fixed with 4% paraformaldehyde, and slides were mounted Pro-
Long™ Gold Antifade Mountant with DAPI (Invitrogen, Waltham, MA,
USA). Oxidized probe was visualized at 40X using a BZ-X700 Fluores-
cent Microscope (Keyence, Osaka, Japan) with fluorescence 640 nmey-
citation/665 NMemission- LOW photobleach settings and exposure were held
consistent through imaging process.

2.9. Lipid peroxidation assay

To determine how HDAC inhibitor treatment influences lipid per-
oxidation with and without co-treatment with erastin, a potent ferrop-
tosis inducer, SW13 cells were plated at 4000 cells/well into a black-
walled 96-well plate and treated with 2 nM FK228, 5 uM erastin, or a
combination of 2 nM FK228 and 5 pM erastin for 24 and 48 h. Following
a single wash with HBSS, levels of peroxidized lipids were assayed by
incubating treated cells with 5 pM BODIPY 581/591 C11 for 20 min at
37 °C before washing once again with HBSS and measuring differences
in fluorescence intensity at 488 nmexcitation/510 NMemission and 581
NMexcitation/591 NMemission Wavelengths using Biotek Synergy H1 (Bio-
tek, Winooski, VT, USA) plate reader. The fluorescence ratio, 591
NM[reduction]/D10 NM[oxidation], Was calculated and normalized to cell
viability, which was assessed in parallel plates using PrestoBlue reagent
(ThermoFisher, Waltham, MA, USA) as described above.

2.10. Statistical analyses

Student’s t-test was used to analyzed differences in total iron, IRP
mRNA binding activity, and relative mRNA expression between control
and HDAC inhibitor-converted mesenchymal-like SW13 cells. Differ-
ences in cell growth, proliferation, viability, and lipid peroxidation
following HDAC inhibitor treatment and iron treatments were analyzed
using one-way ANOVA. When statistically significant effects were
identified by ANOVA, post hoc analyses were performed to make pair-
wise comparisons using the Tukey HSD method. All tests were per-
formed using SPSS v23.0 software (IBM-SPSS; Chicago, IL, USA).
Descriptive statistics were calculated for all variables and include mean
=+ SEM. Differences will be considered statistically significant at the 95%
confidence level (alpha = 0.05). All experiments were repeated 3 times,
with n = 3 per group.

3. Results

3.1. HDAC inhibitor treatment induces EMT and promotes iron
accumulation in SW13 cells

To confirm that the HDAC inhibitor induced SW13 phenotype con-
version models canonical EMT signaling pathways, cellular morphology
and EMT markers were assessed after treatment with the potent HDAC
inhibitor, FK228, for 48 h. Under control conditions, the majority of
SW13 cells display an epithelial-like cortical actin cytoskeleton (Fig. 1A,
left panel). FK228 treatment results in cytoskeleton reorganization
consistent with EMT, including fiber-like actin organization, and loss of
cell-cell tight junctions (Fig. 1A), as well as increased expression of
vimentin (Fig. 1B). A small amount of vimentin was detectable in the
control cells (Fig. 1B left panel). However, this is consistent with the
epigenetically plastic nature of SW13 cells and previous observation that
~2-3% of the SW13 cell population will spontaneously transition to a
mesenchymal phenotype under standard culture conditions [8].
Notably, not all cells treated with FK228 for 48 h expressed vimentin,
but we have previously shown that it takes 72 h to achieve 100% con-
version of the entire SW13 cell population to the SW13+ phenotype [9].

SW13+ phenotype conversion was further confirmed by the strong
induction of SMARCA2 mRNA expression upon FK228 treatment
(Fig. 1C), whereas SMARCA2 mRNA expression in untreated SW13 cells
is nearly undetectable. To support our hypothesis that the SW13
mesenchymal phenotype shift was occurring via an EMT-like process,
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Fig. 1. HDAC inhibitor mediated EMT in SW13 cells is not influenced by changes in cellular iron availability. (A) EMT-like changes in actin (green) morphology
induced by treatment with 2 nM FK228 are not altered by iron chelation (FK228 + DFO) or iron supplementation (FK228 + Hemin). (B) Increased expression of the
mesenchymal marker, vimentin by FK228 treatment is not influenced by co-treatment with DFO or hemin. (C) Increased mRNA expression of the mesenchymal
markers SMARCA2, TGFp1, and SNAI1 following HDAC inhibitor treatment were not influence by iron chelation. (D) The mRNA expression of matrix metal-
loproteinase enzymes MMP2 and MMP9 was also increased by HDAC inhibitor treatment and unaffected by iron chelation. (E) Increased intracellular iron accu-
mulation following HDAC inhibitor mediated EMT (FK228) were consistent with levels observed following iron supplementation (Hemin). Images were taken using a
40X objective lens. Data are presented as mean + SEM. * Denotes significant difference compared to control, p < 0.05. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

we analyzed EMT gene expression markers by qPCR. Indeed, the relative
mRNA expression of both transforming growth factor-p 1 (TGF-f1),
which is critical for EMT induction, and the EMT related transcription
factor, snail family transcriptional repressor 1 (SNAI1), were signifi-
cantly increased 1.5-fold and 2.4-fold, respectively (Fig. 1C). Moreover,
the expression of matrix metallopeptidase 2 (MMP2) and MMP9 were
also significantly increased by FK228 treatment, which supports our
previous findings that the more mesenchymal-like SW13+ cell have
increased invasive capacity (Fig. 1D) [9].

Recent studies in the cancer biology field have identified iron as an
important component of EMT by demonstrating that mesenchymal-like
cancer stem cells have an increased dependence on intracellular iron [1,
4]. Therefore, we investigated the influence of SW13 phenotype con-
version on total intracellular iron. HDAC inhibitor treatment signifi-
cantly increased total intracellular iron levels by 29.5% in SW13 cells
(Fig. 1E). Intriguingly, the increase in intracellular iron following 48 h of
HDAC inhibitor treatment was equivalent to the increase in intracellular
iron observed following 24 h of treatment with 40 pM of the iron sup-
plement, hemin, indicating that SW13+ cells are indeed accumulating
excess iron (Fig. 1E). These findings also indicate that SW13 cells can
serve as a model for exploring the link between iron and EMT.

3.2. Altering iron availability does not interfere with HDAC inhibitor
mediated SW13+ cell type conversion

Iron chelation has previously been shown to attenuate TGFp1-
induced EMT [13]. Thus, we examined how alterations in iron avail-
ability would influence HDAC inhibitor induced EMT in SW13 cells. To
do so, SW13 cells were treated with 2 nM FK228 for 24 h before the

addition of either an iron chelator (DFO) or supplemental iron (hemin).
Then co-treatment continued for another 24 h before assessing changes
in morphology and the expression of EMT markers. Following
co-treatment with FK228 and DFO, while some more fiber-like cortical
actin structures consistent with an SW13+ phenotype were observed,
more cell-cell tight junctions appeared to remain intact (Fig. 1A).
Conversely, the heme iron supplemented FK228 treated cells appeared
indistinguishable from cells treated with FK228 alone. Similarly, in-
duction of vimentin expression by FK228 was not significantly impacted
by DFO or hemin treatment (Fig. 1B).

As iron chelation appeared to have a more significant impact on
HDAC inhibitor mediated EMT morphology in SW13 cells, we investi-
gated the influence of DFO treatment on the expression of EMT markers.
Cells were co-treated with FK228 and DFO as described above and the
expression of SMARCA2, TGFf1, and SNAIL1 mRNA was measured by
gPCR. Iron chelation did not impact the HDAC inhibitor mediated in-
duction of any of the EMT markers examined (Fig. 1C). In fact, DFO
treatment alone was sufficient to significantly increase the mRNA
expression of SNAI1 above that of control levels (Fig. 1C). Similarly,
DFO co-treatment did not influence the HDAC inhibitor mediated in-
duction of the invasive marker MMP2, and actually amplified the
increased expression of MMP9 (Fig. 1D). These findings suggest that in
SW13 cells, once EMT is initiated, limiting cellular iron availability is
not sufficient to block the EMT process.

3.3. Iron regulatory proteins contribute to iron accumulation during
HDAC inhibitor mediated SW13 cell EMT

Intracellular iron homeostasis is regulated by iron regulatory
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proteins (IRP1 and IRP2). These proteins bind mRNA in an iron-
dependent fashion, thereby “sensing” intracellular iron status and,
accordingly, coordinating the uptake, storage, and utilization of iron
[14]. Thus, to investigate the mechanisms contributing to increased
intracellular iron following SW13 cell EMT, we analyzed the activity of
IRPs following HDAC inhibitor treatment. In SW13 cells, spontaneous
IRP mRNA binding activity significantly increased by 14%, from 57 + 2
to 74 + 3 fmol RNA/mg protein following 2 nM FK228 treatment for 24
h (Fig. 2A).

The addition of the reductant f-mercaptoethanol (f-ME) results in
disassembly of the Fe-S cluster in IRP1 and slight increase in the binding
of the latent IRP2 thus allowing for the measurement of the total IRP1/2
protein present [15]. Following the addition of f-ME to the same cyto-
plasmic extracts used above, we observed a significant increase in total
IRP mRNA binding capacity ~14%, from 415 + 20 to 525 + 22 fmol/mg
(Fig. 2B). These findings suggest that the observed increase is likely due
to an increase in the total abundance of IRPs rather than a spontaneous
increase in mRNA binding. Regardless of mechanism, increased IRP
mRNA binding is expected to increase the expression of the iron uptake
protein, TFRC, and decrease the expression of the iron export protein,
ferroportin. While we did not observe the expected corresponding in-
crease in the expression of TFRC, ferroportin protein expression was
significantly decreased in SW13 cells following HDAC inhibitor treat-
ment (Fig. 2C). These finding suggests that the accumulation of iron in
SW13 cells during EMT is not due to increased iron uptake, but rather a
reduced ability to export intracellular iron.

3.4. Both iron chelation and iron supplementation reduce proliferation
and promote cell death in HDAC inhibitor treated SW13 cells

HDAC inhibitors have been extensively studied for their anti-cancer
properties (reviewed in Ref. [16]. However, while HDAC inhibitors
induce toxicity and slow cell growth in some cell types, they can also
increase metastatic properties and chemotherapy resistance in others
[17,18]. As iron is also critical for tumor cell growth, we examined
whether manipulation of intracellular iron availability could improve
HDAC inhibitor treatment outcomes. SW13 cell proliferation and
viability were assessed following treatment with 2 nM FK228 for 24 h
followed by co-treatment with 50 pM DFO or 40 pM hemin as described
above. As expected, proliferation was significantly reduced following
FK228 treatment alone (Fig. 3A-B). However, co-treatment with either
DFO or hemin did not further decrease proliferation rates (Fig. 3A-B).

To understand whether the observed decrease in proliferation was
due to decreased cell division, or instead the result of increased cell
death because of iron chelation or iron toxicity, we next assessed cell
viability. Viability was unaffected by FK228 treatment alone, but
notably both iron chelation and iron supplementation in combination
with FK228 treatment significantly decreased cell viability as indicated
by a reduced number of metabolically active cells (Fig. 3C). Collectively,
these results indicate that HDAC inhibitor-induced mesenchymal-like
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SW13+ cells are more sensitive to alterations in iron availability and
suggest that manipulation of iron-dependent pathways could be used to
enhance the therapeutic efficacy of HDAC inhibitors.

3.5. SW13 cells exhibit increased oxidative stress during HDAC inhibitor
mediated EMT

Iron is an essential but potentially toxic nutrient due to its propensity
to form free radicals. To investigate mechanisms that could contribute to
increased sensitivity to alterations in iron availability following HDAC
inhibitor induced EMT in SW13 cells we used a fluorescent probe to
measure cellular oxidative stress and found that SW13 cells have
significantly higher levels of reactive oxygen species (ROS) following 48
h of FK228 treatment (Fig. 4A). HDAC inhibition has previously been
shown to reduce the expression of solute carrier family 7 member 11
(SLC7A11), a crucial component of the cystine import system, system
X. , which is essential for glutathione biosynthesis, and subsequently
the production of essential antioxidants such as glutathione peroxidase 4
(GPX4) [19,20]. Consistent with these findings, we found that HDAC
inhibitor converted SW13+ cells had significantly reduced mRNA
expression of SLC7A11 and GPX4 (Fig. 4B), suggesting that SW13+ cells
may have a reduced capacity for lipid peroxide repair [21]. Intriguingly,
HDAC inhibitor converted SW13+ cells also had reduced mRNA
expression of the mitochondrial ROS detoxifier superoxide dismutase 2
(SOD2), and the tumor suppressor p53 (TP53) (Fig. 4B), which can
further contribute to higher cellular oxidative stress levels [22]. Alto-
gether, the weakened antioxidant defenses and increased iron accumu-
lation suggests that mesenchymal-like SW13+ cells may be more
susceptible to ferroptosis, a form of cell death driven by the
iron-dependent accumulation of lipid ROS.

3.6. HDAC inhibition enhances erastin-induced cell death in
mesenchymal-like SW13 cells

To test the hypothesis that SW13+ cells would have increased sus-
ceptibility to ferroptotic cell death, differences in lipid peroxidation and
cell viability were measured in SW13 cells were treated with either
FK228, 1 pM or 5 pM erastin, or a combination of FK228 and 1 yM
erastin. Erastin functions by inhibiting system x. -mediated cystine
import, thereby abolishing glutathione biosynthesis, and crippling
cellular antioxidant defense systems, which ultimately leads to an
accumulation of peroxidized lipids and ferroptotic cell death [23].
Intriguingly, after 48 h, lipid peroxidation was increased only in those
cells treated with 5 pM erastin (Fig. 5A) despite the fact that cell viability
was dramatically reduced in the cells co-treated with FK228 and the low
dose of erastin (Fig. 5B). Indeed, there was significantly more cell death
in SW13 cells that were co-treated with FK228 and the low dose of
erastin than when they were treated with erastin alone at an equivalent
dose (Fig. 5B). To demonstrate that these cells were succumbing to
ferroptosis, we performed rescue experiments by co-treating the high

Control FK228 Control FK228
IRE-binding IRE-binding il u UUU h
A spontaneous IRP mRNA Binding Activity B Total IRP mRNA Binding Activity C IRP Target Protein Expression
- 100 c 600 *
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FK228 for 24 h were measured by gel-shift assay and Western blot, respectively. GAPDH was used as a loading control. Data are presented as mean + SEM. * Denotes

significant difference compared to control, p < 0.05.
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dose erastin treated cells and FK228 + low dose erastin treated cells with Ferl indicates that indeed, the majority of cell death in the erastin
ferrostatin-1 (Ferl), a potent inhibitor of ferroptosis [23]. The increase treated cells can be attributed to ferroptosis alone (Fig. 5B). However,
in cell viability to near control levels in the cells treated with erastin and the addition of Ferl to the FK228 + erastin treated cells elicited only a
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modest effect on cell viability.

These findings led us to question whether cells co-treated with FK228
and erastin were succumbing to ferroptotic cell death at all. Thus, we
sought to further characterize the type of cell death which is occurring
by investigating the relative roles of ferroptosis and apoptosis. Gene
expression analysis revealed that mRNA expression of ChaC glutathione
specific gamma-glutamylcyclotransferase 1 (CHAC1), a marker of fer-
roptosis, was elevated in SW13 cells treated with 5 pM erastin, but not in
SW13 cells treated with FK228 alone, or co-treated with FK228 + 1 uM
erastin (Fig. 6A). These findings suggest that ferroptosis may not be the
only cause of reduced cell viability in the cells treated with both FK228
and erastin. As HDAC inhibitor treatment has also been shown to pro-
mote apoptosis in cancer cell lines, we examine the expression of the
pro-apoptotic and anti-apoptotic genes, BCL2 associated X, apoptosis
regulator (BAX) and BCL2 apoptosis inhibitor (BCL2), respectively.
Interestingly, BAX mRNA expression was modestly, but significantly
decreased, in cells treated with FK228 alone (Fig. 6B), while BCL2
mRNA expression was increased nearly 5-fold in cells treated with
FK228 alone and the FK228 + erastin combination (Fig. 6C). These
findings are consistent with previous research demonstrating that BCL2
is overexpressed during EMT [24,25], and provides insight into previ-
ously observed chemotherapeutic resistance in SW13+ cells [18].

4. Discussion

In this study, we demonstrate that HDAC inhibition induces EMT in
SW13 cell through the activation of canonical EMT-driving transcription
factors, TGFp1 and SNAIL. In agreement with previous findings [6], we
show that the more mesenchymal-like SW13+ cells have higher levels of
intracellular iron than their epithelial SW13- counterparts. Thus, SW13
cells can serve as a model system for exploring the relationship between
iron and EMT.

Using this model, we show that increased intracellular iron levels
following EMT may be attributed to increased IRP mRNA binding ac-
tivity and the subsequent downregulation of the iron export protein,
ferroportin. Interestingly, both spontaneous and total IRP mRNA bind-
ing increased about 14% each following HDAC inhibitor treatment. As
human IRP1 and IRP2 do not separate during standard gel shift analyses
we cannot determine the individual contributions to the increase in
spontaneous and total IRP mRNA binding. However, as IRP1 is regulated
by insertion and removal of an Fe-S cluster, whereas IRP2 is regulated at
the level of protein stability [14], it is tempting to speculate that the
equivalent increase in spontaneous IRP binding and total IRP protein
levels are due to increased IRP2 stability alone. Future research should
interrogate mechanisms that could promote IRP2 stability during HDAC
inhibitor induced EMT.

Increased levels of intracellular iron, such as those observed in the
mesenchymal-like SW13+ cells, can contribute to the formation of ROS
that can both drive EMT [13], but also damage the DNA of cells, ulti-
mately leading to cell death [26]. Herein, we show that reduced anti-
oxidant gene expression in SW13+ cells also limits their capacity to
repair ROS-mediated damage, which increases their susceptibility to
death following ferroptosis induction. These results are in agreement

Redox Biology 47 (2021) 102149

with previous work demonstrating that mesenchymal cells have
increased ferroptosis sensitivity [7] and that HDAC inhibitor treatment
could be used synergistically to augment ferroptotic cell death [27].
However, the question remains as to whether the increased intracellular
iron levels proceed ROS accumulation during EMT, or if high levels of
ROS are disrupting Fe-S cluster synthesis to increase IRP mRNA binding
to ultimately promote mesenchymal cell iron accumulation. Moreover,
because both HDAC inhibitor treatment and alterations in cellular iron
availability can promote apoptosis, which in turn can elicit ROS gen-
eration in mitochondria [26,28,29], future studies should seek to
mechanistically determine how HDAC inhibitor treatment augments cell
death following ferroptosis induction.

In this regard, consideration of the TP53 status of the SW13 cell line
is essential to place these results into a wider context. Activation of wild-
type P53 is a well characterized inducer of ferroptosis (reviewed in
Ref. [30]). A key feature of this ferroptosis is the downregulation of
SLC7A11 independently from P53-mediated apoptosis and senescence
[19]. Intriguingly, our data show a decrease in TP53 and SLC7A1l1
mRNA levels suggesting that the P53 level is not a key determinant of
ferroptosis in this system. However, it should be noted that SW13 cells
are homozygous for an H193Y gain-of-function (GOF) TP53 mutation
and accumulate large amounts of mutant P53 protein [31]. So, it is
possible that the reduced level of GOF p53 in SW13 cells after treatment
may be sufficient to mediate ferroptosis.

The expression of a GOF p53 mutation in SW13 is relevant to this
work in two ways. First, EMT is a complex process which is altered by
many inputs but mutant p53 proteins clearly promote EMT [32,33].
Second, it should be noted that GOF p53 hotspot mutations show
increased sensitivity to ferroptosis and some do not appear to act by
canonical iron regulatory protein pathways [34]. Thus, the expression of
the unusual H193Y GOF p53 mutation in the SW13 cell line may have an
alteration in the normal p53 mediated ferroptosis pathway. In this
context, it is important to note that the ability of p53 to mediate fer-
roptosis appears to be in the N-terminal trans-activation domain and not
associated with the DNA binding domain where mutations endowing
p53 with GOF occur [35].

Lastly, the complex role of HDAC inhibitor treatment in cancer
biology also needs to be considered. As epigenetic regulators which alter
the expression of a substantial portion (5-20%) of the genome [36], the
majority of reports suggest that they promote EMT [17,37-40] although
some suggest the opposite [41,42]. This complexity may, in part, be due
to the fact that HDAC inhibitor treatment will increase the levels of
lysine acetylation in signaling proteins regulated by this
post-translational modification. Thus, there are likely to be many factors
which are involved in the ability of HDAC inhibitor treatment to pro-
mote EMT and influence iron metabolism.

5. Conclusions

The importance of these studies is underscored by the fact that iron is
an essential, yet potentially toxic nutrient. Thus, the capacity to
manipulate iron availability in specific cell types, without compromising
systemic iron homeostasis is an essential component to the development
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Fig. 6. HDAC inhibitor treatment promotes anti-apoptotic mRNA expression in SW13 cells. The relative abundance of (A) ferroptotic, (B) pro-apoptotic, and (C) anti-
apoptotic mRNAs were measured by qPCR following treatment with DMSO (Control), 2 nM FK228, 5 pM erastin, or a combination of 2 nM FK228 and 1 pM erastin
for 48 h. Data are presented as mean + SEM. *Denotes significance compared to control, p < 0.05.
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of iron-targeted therapeutic strategies. Herein, we show that HDAC in-
hibitor treatment can augment ferroptosis sensitivity in SW13 cells by
inducing EMT and altering intracellular iron levels. The implications of
these findings are significant as many other cell types have also been
shown to adopt a mesenchymal phenotype following HDAC inhibitor
treatment [17,38,43]. Moreover, as several HDAC inhibitors are already
used clinically to treat a wide variety of diseases, the findings from these
studies could be used to develop iron-target therapeutic strategies that
could improve clinical outcomes for multiple disorders.
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