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Abstract

Aims: Ferroportin (FPN) is an iron exporter that plays an important role in cellular and systemic iron me-
tabolism. Our previous work has demonstrated that FPN is decreased in prostate tumors. We sought to identify
the molecular pathways regulated by FPN in prostate cancer cells.
Results: We show that overexpression of FPN induces profound effects in cells representative of multiple histological
subtypes of prostate cancer by activating different but converging pathways. Induction of FPN induces autophagy and
activates the transcription factors tumor protein 53 (p53) and Kruppel-like factor 6 (KLF6) and their common
downstream target, cyclin-dependent kinase inhibitor 1A (p21). FPN also induces cell cycle arrest and stress-induced
DNA-damage genes. Effects of FPN are attributable to its effects on intracellular iron and can be reproduced with iron
chelators. Importantly, expression of FPN not only inhibits proliferation of all prostate cancer cells studied but also
reduces growth of tumors derived from castrate-resistant adenocarcinoma C4-2 cells in vivo.
Innovation: We use a novel model of FPN expression to interrogate molecular pathways triggered by iron
depletion in prostate cancer cells. Since prostate cancer encompasses different subtypes with a highly variable
clinical course, we further explore how histopathological subtype influences the response to iron depletion. We
demonstrate that prostate cancer cells that derive from different histopathological subtypes activate converging
pathways in response to FPN-mediated iron depletion. Activation of these pathways is sufficient to significantly
reduce the growth of treatment-refractory C4-2 prostate tumors in vivo.
Conclusions: Our results may explain why FPN is dramatically suppressed in cancer cells, and they suggest that
FPN agonists may be beneficial in the treatment of prostate cancer. Antioxid. Redox Signal. 30, 1043–1061.
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Introduction

Ferroportin (FPN) is a cellular iron efflux pump that
is critical to maintenance of systemic iron homeostasis (23,

75). When expressed on the apical surface of enterocytes,
FPN mediates efflux of dietary iron into the circulation. FPN
is also expressed on the surface of macrophages and hepa-
tocytes, where it participates in recycling of iron from cel-
lular stores and senescent red blood cells. Since FPN is the
only known protein with an iron export function in verte-
brates, loss of its activity is not compensated for by func-

tionally redundant proteins. Germline FPN mutations result
in the iron overload disease hemochromatosis (52, 66).

Apart from its expression in tissues that regulate systemic
iron balance, FPN is also expressed in peripheral tissues and
is markedly reduced in a number of tumors (70). Our labo-
ratory and others have reported that FPN is decreased in
prostate cancer transcriptionally, post-transcriptionally by
hepcidin, a negative regulator of FPN (69), and epigenetically
through methylation of CpG islands in the prostate promoter
(69, 77). Induction of hepcidin, a negative regulator of FPN,
also contributes to the decrease in FPN in prostate cancer. The
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consequence of decreased FPN is increased retention of labile
iron in tumors, which facilitates tumor growth (70).

Prostate cancer is the most common malignancy and the
second most frequent cause of cancer death in men (64). The
vast majority of prostate cancers are adenocarcinomas, with
varying degrees of luminal organization, glandular forma-
tion, and expression of the androgen receptor (AR) (11, 13).
Targeting of the AR is a successful therapy for prostatic
adenocarcinoma; however, most patients become resistant to
such therapies (castrate-resistant disease), which leads to
disease progression (35). A smaller fraction of prostatic ep-
ithelial malignancies are of other histological types, includ-
ing small cell (neuroendocrine) carcinoma (SCNC), which
occurs in approximately 0.5–2% of men with prostate cancer
(28). SCNC do not express AR, are clinically more aggres-
sive than adenocarcinoma, and are treated with different
therapeutic regimens (28).

Cell culture models of these various types of prostate
cancer have been developed. LNCaP cells, which express AR
and prostate-specific antigen, are among the most widely
used cell line to model androgen-responsive prostate ade-
nocarcinoma (65). Derivatives of LNCaP cells that are an-
drogen independent, such as C4-2 cells, have been created to
model castrate-resistant adenocarcinoma (65). The PC3 cell
line, historically used to model aggressive castrate-resistant
adenocarcinoma, is now believed to derive from a neuroen-
docrine subtype of prostate cancer (67).

Here, we use LNCaP, C4-2, and PC3 cells to probe the
mechanisms by which modulation of FPN expression affects
prostate cancer. We show that enhanced iron efflux mediated
by overexpression of FPN is sufficient to trigger substantial
iron depletion and induce profound effects in prostate cancer
cells by activating different but convergent pathways.

Results

FPN is a key regulator of iron metabolism
in prostate cancer

FPN is a cell surface iron efflux pump that is expressed in a
variety of tissues (23, 75). It is downregulated in several

tumor types, including prostate cancer (69, 77). To determine
whether FPN affects iron homeostasis and whether its effects
are similar in prostate adeonocarcinoma and SCNC prostate
cancer, we constructed a lentiviral vector carrying a CMV
promoter-driven FPN expression cassette. This virus was
used to infect LNCaP prostate adenocarcinoma and PC3
SCNC prostate cancer cells to generate cells with over-
expression of FPN (referred to as FPN OE cells) (Fig. 1A and
Supplementary Fig. S1).

To determine the consequences of FPN expression on
cellular iron metabolism, we measured levels of iron regu-
latory protein 2 (IRP2) and its downstream targets transferrin
receptor 1 (TfR1) and ferritin (45). IRP2 is a master regulator
of cellular iron that post-transcriptionally controls levels of
ferritin, an intracellular iron storage protein, and transferrin
receptor, the primary protein responsible for iron uptake (56).
When levels of intracellular iron are low, IRP activity in-
creases, which represses ferritin and stabilizes transferrin
receptor, resulting in the accumulation of labile iron in cells
and the restoration of levels of intracellular iron.

Since FPN drives iron efflux, FPN overexpression should
lower intracellular iron, resulting in increased IRP2, increased
TfR1, and decreased ferritin. Consistent with these predictions,
overexpression of FPN increased IRP2 (but not iron regulatory
protein 1 [IRP1]) in both LNCaP and PC3 cells (Fig. 1A and
Supplementary Fig. S1). As anticipated, TfR1 and ferritin H
(FTH), downstream targets of IRP2, were increased and re-
duced in the FPN-overexpressing cells, respectively.

To substantiate these findings, we generated prostate
cancer cells that conditionally expressed FPN driven by a
tetracycline-inducible promoter [hereafter referred to as (Tet-
FPN)]. Consistent with data from FPN OE cells (Fig. 1A and
Supplementary Fig. S1), LNCaP (Tet-FPN) cells exhibited
increased IRP2 and TfR1 after Tet-mediated induction of
FPN (Supplementary Fig. S2). To determine whether C4-2
cells, the androgen-insensitive derivative of LNCaP cells,
had a similar response to FPN, we generated stable C4-2 (Tet-
FPN) cells and examined IRP2, TfR1, and FTH. Simi-
larly, FPN induction increased IRP2 and TfR1 and reduced
FTH in C4-2 (Tet-FPN) cells (Fig. 1B and Supplementary
Fig. S1).

Next, we directly measured the intracellular labile iron
pool (LIP) in control and FPN-expressing cells. Induction of
FPN significantly reduced LIP levels in both LNCaP (Tet-
FPN) and PC3 (Tet-FPN) cells (Fig. 1C). Collectively, these
results indicate that overexpression of FPN reduces intra-
cellular iron in both adenocarcinoma and SCNC prostate
cancer cells.

FPN induces autophagy in prostate cancer cells

Having determined that levels of FPN, an iron-specific
efflux pump, could markedly alter iron homeostasis in pros-
tate cancer cells, we next sought to understand the down-
stream consequences of iron depletion.

Autophagy is a physiological process that is upregulated
by numerous stimuli, including nutrient deprivation, and can
function to preserve cell viability under unfavorable envi-
ronmental conditions (46). Increasing evidence indicates that
autophagy contributes to maintenance of iron balance by
promoting the turnover of iron storage proteins (19, 43).
Supporting this concept, iron chelators have been shown to

Innovation

Pathways triggered by iron depletion have been tradi-
tionally explored by using iron chelators. Here, we use
expression of ferroportin (FPN), an endogenous iron efflux
pump markedly downregulated in prostate cancer, as a
novel approach to interrogate molecular responses to iron
depletion. Focusing on cells representative of three differ-
ent, clinically important, histolopathological subtypes of
prostate cancer, we observe that iron depletion induces
DNA damage, autophagy, cell cycle arrest, and a stress
response in all subtypes of prostate cancer by activating
different but converging molecular pathways. Using mi-
croarray analysis, we further show that FPN-mediated iron
depletion induces additional pathways that are both over-
lapping and cell-type specific. We demonstrate that FPN-
mediated iron depletion is sufficient to significantly reduce
the growth of treatment-refractory C4-2 prostate tumors
in vivo. These results may provide a molecular explanation
for why FPN is suppressed in prostate cancer tissue.
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induce autophagy in malignant plasma cells and breast cancer
cells (25, 54). Whether upregulation of iron efflux is suffi-
cient to trigger autophagy, and whether histopathological
subtypes of prostate cancer cells differ in their response to
enhanced iron efflux, is not known.

To test whether iron depletion induced by FPN triggered
autophagy, we first examined the effect of FPN on conversion of
the microtubule-associated protein light chain 3 beta (LC3B-I),
a marker of autophagosomes, to its phosphatidylethanolamine-
conjugated form (LC3B-II), a widely used indicator of autop-
hagy (34, 54). We found a substantive accumulation of LC3B-II
and a slight increase of LC3B-I in FPN-overexpressing LNCaP
cells (Fig. 2A and Supplementary Fig. S3), consistent with an
induction of autophagosome synthesis. LC3B-I and LC3B-II
were likewise upregulated in cells with tet-inducible FPN in the
presence of doxycycline (Fig. 2B and Supplementary Fig. S3).
As a positive control, we treated cells with the iron chelator
desferoxamine (DFO), and observed a similar effect on LC3B-I
and LC3B-II in both LNCaP and PC3 cells (Fig. 2C and Sup-
plementary Fig. S3).

To confirm that the increase in LC3B-I and LC3B-II re-
flected an increase in autophagy (rather than a blockade in
autophagosome degradation), we measured autophagic flux,
the fusion of autophagosomes with lysosomes, and the
degradation of autophagic substrates, using the mCherry-
enhanced green fluorescent protein (EGFP)-LC3B reporter
(33), which measures autophagic flux as the ratio between
mCherry and EGFP fluorescence (24, 46). The reporter was
introduced into tet-inducible LNCaP FPN cells, and fluo-
rescence was monitored before and after induction of FPN
expression with doxycycline. FPN induction with doxycy-
cline addition notably increased the ratio of mCherry/EGFP
in LNCaP cells (Fig. 2D). FPN induction similarly induced
autophagy in C4-2 (Tet-FPN) cells as well as in PC3 (Tet-FPN)

cells (Fig. 2E, F and Supplementary Fig. S3). Collectively,
these data indicate that FPN-mediated iron depletion induces
autophagy in multiple prostate cancer cell types.

FPN inhibits prostate cancer cell proliferation
through its effect on iron efflux

Another survival strategy that cells utilize at times of nu-
trient deprivation is to limit cellular proliferation (9, 26). We
tested whether iron depletion affected cell proliferation in
LNCaP, PC3, and C4-2 cells. Vector and FPN-OE cells were
seeded at the same density, and cell proliferation was evalu-
ated by counting cells after 6–7 days. As illustrated in
Figure 3A and B, FPN overexpression reduced cell number
compared with vector control cells in both LNCaP and PC3
cells. Similar results were observed by using a tet-inducible
system (Fig. 3C). Doxycycline treatment did not affect control
tet-inducible luciferase (Luc) cells (Fig. 3D).

We confirmed these results by using an independent (water-
soluble tetrazolium salt-1 [WST-1]) assay, which also dem-
onstrated an inhibition of proliferation by FPN in LNCaP cells
(Fig. 3E). Similarly, FPN overexpression significantly reduced
the proliferation of PC3 cells as measured by both a clonogenic
and metabolic (WST-1) assay (Fig. 3F, G), as well as C4-2
cells (Fig. 3H). We tested whether FPN-mediated growth ar-
rest was permanent or transient by measuring the rate of cell
proliferation after doxycycline withdrawal in LNCaP (Tet-
FPN) versus control cells. As shown in Figure 3I, doxycycline-
treated LNCaP (Tet-FPN) cells proliferated at a rate indistin-
guishable from control cells after doxycycline removal, indi-
cating that FPN-mediated proliferative arrest is transient.

We asked whether the iron efflux function of FPN was di-
rectly related to its observed ability to inhibit proliferation.
To accomplish this, we used FPN-A77D (cells constitutively

FIG. 1. FPN affects iron homeostasis in prostate cancer cells. (A) Western blot of FPN, IRP2, TFRC1, IRP1, FTH, and
b-actin (loading control) in LNCaP and PC3 cells expressing a control vector (Vec) or FPN OE. (B) Western blot of proteins
in C4-2 cells expressing doxycycline-inducible FPN (Tet-FPN). Cells were untreated or treated with 1 lg/mL doxycycline
for 12, 24, or 48 h. GAPDH was used as a loading control. (C) LIP in LNCaP (Tet-FPN) and PC-3 (Tet-FPN) cells –1 lg/mL
doxycycline for 48 h. Experiments were repeated at least three times. Uncropped blots are shown in Supplementary
Figure S1. *p < 0.05; **p < 0.01. FPN, ferroportin; FPN OE, ferroportin overexpression vector; FTH, ferritin H; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; IRP1, iron regulatory protein 1; IRP2, iron regulatory protein 2; LIP, labile
iron pool; (Tet-FPN), cells infected with a tetracycline-inducible FPN; TFRC1, transferrin receptor 1.
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overexpressing a functionally impaired mutant FPN driven
by the cytomegalovirus promoter), a well-characterized FPN
mutant with impaired iron efflux function (40, 62). The A77D
mutation, present in the predicted transmembrane domain 2 of
FPN, results in mislocalization of FPN and reduced display on
the cell surface, and thus attenuates FPN’s iron transport
function (40, 62). To confirm the preservation of this pheno-
type in LNCaP cells, we created the FPN A77D mutant by
using site-directed mutagenesis, and we generated stable
LNCaP cell lines expressing either constitutive or tet-inducible
FPN (A77D) (Fig. 4A, B and Supplementary Fig. S4).

We then used flow cytometry to compare the level of cell
surface FPN in cells expressing wildtype or mutant FPN.
Consistent with previous results (40), display of FPN (A77D)
on the cell surface was substantially reduced when compared
with wildtype FPN (Fig. 4C), despite higher overall expres-
sion of the FPN mutant (Fig. 4A, B and Supplementary

Fig. S4). We then tested the effect of the FPN A77D mutant
on proliferation by expressing both mutant and wildtype in
LNCaP cells and assessing effects on cell number. As shown
in Figure 4D, FPN A77D was less effective in reducing
proliferation than wildtype. Thus, the ability of FPN to inhibit
proliferation is directly related to its iron efflux capacity, and
does not represent off-target effects of this protein.

FPN decreases prostate cancer cell proliferation
by affecting cell cycle regulators

To determine the mechanism by which FPN affects prostate
cancer cell proliferation, we first used flow cytometry to ask
whether expression of FPN affects a particular phase of the cell
cycle. As shown in Figure 5A and B, FPN expression increased
the number of LNCaP and C4-2 cells in G0/G1 but reduced
the number in S phase. A similar trend of decrease in S phase

FIG. 2. FPN overexpression induces autophagy. (A) Western blot of LC3B-I and LC3B-II in three independent
infections (a–c) of LNCaP cells containing a control vector (Vec) or FPN OE. (B) Western blot of LC3B-I and LC3B-II in
LNCaP cells expressing doxycycline-inducible FPN (Tet-FPN). Cells were untreated or treated with 1 lg/mL doxycycline for 12,
24, 48, or 72 h. (C) Western blot of LC3B-I and LC3B-II in LNCaP and PC3 cells untreated or treated with 100lM DFO for 12, 24, or
48 h. (D, E) Ratio of mCherry/EGFP fluorescence intensity in cells expressing an mCherry-EGFP-LC3B reporter as determined by
flow cytometry in (D) LNCaP (Tet-FPN) and (E) PC3 (Tet-FPN) cells treated – 1lg/mL doxycycline for 3 days (D top and E) or 4
days (Panel D bottom). Data were analyzed with the FlowJo software (TreeStar, Inc.). (F) Western blot of LC3B-I and LC3B-II in
C4-2 (Tet-FPN) cells untreated or treated with 1 lg/mL doxycycline for 6, 12, 24, or 48 h. (A–C, F) GAPDH was used as a loading
control. Experiments were repeated at least three times. Uncropped blots are shown in Supplementary Figure S3. DFO, desferox-
amine, an iron chelator; EGFP, enhanced green fluorescent protein; LC3B-I, microtubule-associated protein light chain 3 beta;
LC3B-II, phosphatidylethanolamine-conjugated microtubule-associated protein light chain 3 beta.
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and increase in G1 phase was observed in PC3 cells, although
the magnitude of the effect was modest (Fig. 5C). Consistent
with the ability of FPN to attenuate DNA replication, a
pronounced decrease in the fraction of 5-bromo-2¢-deoxy
(BrdU) positive cells was observed in a BrdU incorporation
assay (Fig. 5D). Collectively, these findings demonstrate that
FPN is a potent suppressor of proliferation that acts, at least in
part, by inhibiting cell cycle progression, most dramatically in
LNCaP and C4-2 prostate adenocarcinoma cells.

We next evaluated the mechanisms responsible for
FPN-mediated inhibition of proliferation. A major G1/S

checkpoint pathway involves tumor protein 53 (p53)-
mediated activation of cyclin-dependent kinase inhibitor
1A (p21) (29). Since LNCaP cells express functional
p53, we hypothesized that p21 might be involved in
FPN-mediated inhibition of proliferation. As shown in
Figure 6A (Supplementary Fig. S5), FPN overexpression
did, indeed, activate p53 and its downstream target p21
(Fig. 6A and Supplementary Figs. S5 and S6B and S6C) in
LNCaP cells. Elevated levels of p21 protein were associ-
ated with increased levels of p21 messenger RNA (mRNA)
(Fig. 6B).

FIG. 3. FPN overexpression inhibits prostate cancer cell proliferation and colony formation. (A, B) Cell count by
hemocytometer of (A) LNCaP and (B) PC3 cells expressing a control vector (Vec) or FPN OE. Cells were plated in six
well-plates at a density of 20,000 cells/well and counted 6 or 7 days after seeding. (C, D) Cell count by hemocytometer of
LNCaP cells expressing (C) doxycycline-inducible FPN (Tet-FPN) or (D) doxycycline-inducible luciferase (Tet-Luc). Cells
were plated in six well-plates at a density of 10,000 cells/well and treated with –1 lg/mL doxycycline for 3, 5, or 7 [LNCaP
(Tet-FPN) only] days. (E) WST-1 assay of cell proliferation of LNCaP cells expressing a control vector (Vec) or FPN OE.
(F) Representative plate and quantification of clonogenic assays for PC3 (Tet-FPN) and vector control (Tet-Vec) cells.
Three hundred cells were plated in six-well plates for 12 days with –1 lg/mL doxycycline. (G) WST-1 assay for cell
proliferation of PC3 cells expressing a control vector (Vec) or FPN OE. (H) Cell count by hemocytometer of C4-2 (Tet-
FPN) cells plated in six-well plates at a density of 10,000 cells/well and treated with –1 lg/mL doxycycline for 3, 5, or
7 days. (I) Cell count by hemocytometer of LNCaP (Tet-FPN) cells untreated or pre-treated with 1 lg/mL doxycycline for
2 days before doxycycline withdrawal for 6 days. Cells were counted 0, 3, 5, and 7 days post-doxycycline withdrawal.
Means and standard deviations are shown. Western blot demonstrates FPN protein levels relative to GAPDH at indicated
times. Uncropped blot is shown in Supplementary Figure S4. Experiments were repeated at least three times with the
exception of (I) (n = 2). *p £ 0.05; **p £ 0.01; ***p £ 0.001. Luc, luciferase; (Tet-Vec), cells infected with a tetracycline-
inducible vector control; WST-1, water-soluble tetrazolium salt-1. Color images are available online.
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Analysis of LNCaP and C4-2 (Tet-FPN) cells similarly
showed p21 induction after doxycycline-mediated induction
of FPN (Fig. 6C and Supplementary Figs. S5 and S7). We
also assessed the effects of FPN on levels of cyclins. FPN
overexpression decreased mRNA levels of Cyclin A1, Cyclin
B1, and Cyclin D1 in LNCaP and C4-2 (Tet-FPN) cells,
demonstrating a profound impact of FPN on drivers of the
cell cycle in these cells (Fig. 6D, E).

We tested whether the more modest G0/G1 cell cycle arrest
seen in PC3 cells could be traced to a lack of induction of p21,
since PC3 cells lack functional p53, a major upstream inducer of
p21 (Supplementary Fig. S6A) (12). Surprisingly, similar to
LNCaP cells, FPN overexpression in PC3 cells induced p21 and
downregulated expression of cyclin A1 and B1 (Fig. 7A).

To explore mechanisms of FPN-mediated induction of p21
in PC3 p53 null cells, we analyzed known transcriptional
regulators of p21 (1). We observed that Kruppel-like factor 6
(KLF6), a zinc finger transcription factor, tumor suppressor,
and regulator of p21 in prostate cancer cells (49), was induced
in PC3 cells after overexpression of FPN (Fig. 7B and Sup-
plementary Fig. S8). Transcript levels of other known tran-
scriptional regulators of p21, including cAMP response
element-binding protein binding protein, E2F transcription
factor 1, AP4, SP1, SP3, cMyc, and Kruppel-like factor 4,
were unaffected by FPN overexpression (not shown).
Knockdown of KLF6 attenuated FPN-mediated induction of
p21, confirming the involvement of KLF6 in p21 induction in
PC3 cells (Fig. 7C and Supplementary S9).

In addition to p21, p53 induces other proteins that inhibit
the cell cycle. In particular, members of the DNA damage-
induced (GADD) gene family are upregulated by p53 (74)
and are induced by DNA damage (22), nutrition deprivation
(21), or iron chelation (14, 61). Further, members of the
GADD gene family, GADD34 and GADD153, promote au-
tophagy (71). As seen in Figure 8, FPN overexpression in-
duced GADD genes GADD45A, GADD45B, GADD45G,
GADD34, and GADD153 in all three prostate cancer cell
lines, including p53 null PC3 cells (Fig. 8A–E).

These data suggest that induction of GADD genes is a
widespread response to FPN-mediated iron depletion, inde-
pendent of p53 status. Considering that both p53 (31) and
GADD genes (22) are induced by DNA damage, we asked
whether FPN overexpression led to the accumulation of DNA
damage. Indeed, FPN overexpression significantly increased
cH2AX staining (36), a marker of DNA double-stranded
breaks, in C4-2 (Tet-FPN) prostate cancer cells (Fig. 8F).

FPN overexpression induces cell-specific gene
changes as well as changes that converge
on similar pathways

Our observations to this point suggested that the three
prostate cancer cell lines we tested activated converging
pathways in response to FPN-mediated iron depletion, despite
their derivation from different histopathological subtypes of
prostate cancer. To more fully explore the similarities and

FIG. 4. A77D mutation compromises the inhibitory function of FPN in cell proliferation. (A) Western blot of FPN in
LNCaP cells expressing a control vector (Vec), FPN OE, or a vector overexpressing a functionally impaired FPN mutant
(A77D). b-actin was used as a loading control. (B) Western blot of FPN in LNCaP cells expressing doxycycline-inducible
FPN (Tet-FPN) or doxycycline-inducible A77D mutant FPN (Tet-A77D). Cells were treated with –1 lg/mL doxycycline
for 24 h. GAPDH was used as a loading control. (C) Detection of cell surface expression of FPN, or mutated FPN, in LNCaP
(Tet-FPN) and LNCaP (Tet-A77D) cells induced with 1 lg/mL doxycycline. (D) Cell count by hemocytometer of LNCaP
(Vec), LNCaP (FPN OE), and LNCaP (A77D OE) cells at 7 days. Experiments were repeated at least three times.
Uncropped blots are shown in Supplementary Figure S4. *p £ 0.05; **p £ 0.01. (Tet-A77D), cells infected with a tetracy-
cline inducible, functionally impaired mutant FPN. Color images are available online.
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differences in the response of these cells to FPN-mediated
iron depletion, we performed a microarray analysis of LNCaP
(Tet-FPN), C4-2 (Tet-FPN), and PC3 (Tet-FPN) cells as well
as a vector control [LNCaP (Tet-VEC)] in the presence and
absence of doxycycline, and we identified genes that were
significantly differentially expressed after overexpression of
FPN (false discovery rate [FDR] <0.05). The number of FPN-
regulated genes varied among these cell lines from 113 in
LNCaP cells, 486 in PC-3 cells, to 2916 in C4-2 Tet-FPN cells
(Supplementary Table S1).

To map these genes to pathways, we first removed genes
that were differentially expressed in the doxycycline control
from the analysis (n = 30), and then mapped the remaining
differentially expressed genes to Reactome pathways using
ReactomePA (79). As expected, pathways perturbed in all
three prostate cell lines converged on the cell cycle and DNA
repair (Fig. 9). FPN-mediated changes were also observed in
unanticipated pathways, notably the senescence-associated
secretory phenotype (SASP). In addition to alterations in

these shared pathways, numerous pathways were perturbed
in only two of the three cell lines (e.g., chromatin modifi-
cation, regulation of ribosomal RNA (rRNA) expression,
HOX genes, sumolyation) or were cell-type specific, such as
glycolysis, Wnt signaling, and mitochondrial translation
(Supplementary Table S2). Thus, FPN-mediated iron deple-
tion induces divergent as well as convergent changes in gene
expression in prostate cancer cells.

FPN inhibits the growth of prostate
tumor xenografts in vivo

Given the ability of FPN overexpression to induce cell
cycle arrest and inhibit proliferation of prostate cancer cells
in vitro, we used mouse xenografts to assess the effect of FPN
on growth of prostate tumors in vivo. For these experiments
we utilized C4-2 adenocarcinoma cells, since they represent a
clinically relevant model of hormone refractory disease. To
facilitate tracking of tumor cells in vivo, we created a stable

FIG. 5. FPN overexpression inhibits cell cycle progression. (A) LNCaP, (B) C4-2, and (C) PC3 cells expressing
doxycycline-inducible FPN (Tet-FPN) were treated –1 lg/mL doxycycline for 48 h and stained with propidium iodide.
DNA content was assessed by flow cytometry, and cell cycle distribution was analyzed by ModFit LT software. (D) BrdU
incorporation assay for LNCaP (Tet-FPN) cells treated –1 lg/mL doxycycline. Experiments were repeated at least three
times. *p < 0.05; **p £ 0.01. BrdU, 5-bromo-2¢-deoxy. Color images are available online.
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FIG. 6. FPN induces p21
and inhibits expression of
cyclin genes. (A) Western
blot of p53 and p21 in LNCaP
cells expressing a control
vector (Vec) or FPN OE.
GAPDH was used as a loading
control. (B) RT-qPCR of p21
mRNA transcripts in LNCaP
(Vec and FPN OE) cells. (C)
Western blot of p21 in C4-2
cells expressing doxycycline-
inducible FPN (Tet-FPN) cells
untreated or treated with 1 lg/
mL doxycycline for 6, 12, 24,
or 48 h. (D, E) RT-qPCR of
cyclin genes in (D) LNCaP
(Vec and FPN OE) cells 3 days
after infection and (E) C4-2
(Tet-FPN) cells treated with
–1lg/mL doxycycline for 48 h.
Experiments were repeated at
least three times. Uncropped
blots are shown in Supple-
mentary Figure S5. *p < 0.05;
**p £ 0.01. mRNA, messenger
RNA; p21, cyclin-dependent
kinase inhibitor 1A; p53, tu-
mor protein 53; RT-qPCR,
quantitative reverse transcrip-
tion polymerase chain reaction.

FIG. 7. KLF6-dependent
induction of p21 and down-
regulation of cyclin genes by
FPN in PC3 cells. (A) RT-
qPCR of p21, cyclin A1, and
cyclin B1 in PC3 cells ex-
pressing a control vector (Vec)
or FPN OE. (B) RT-qPCR and
Western blots of KLF6 in PC3
(Vec and FPN OE) cells as
well as PC3 cells expressing
doxycycline-inducible FPN
(Tet-FPN). (C) RT-qPCR of
p21 in PC3 (Vec and FPN OE)
cells in the presence of either
KLF6 knockdown or scram-
bled shRNA control. (A–C)
Cells were analyzed 3 days
after infection. Experiments
were repeated at least three
times. Uncropped blots are
shown in Supplementary Fig-
ure S8. **p £ 0.01; ***p £
0.001. KLF6, Kruppel-like
factor 6; shRNA, short hairpin
RNA.
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C4-2/Luc (Tet-FPN) cell line containing a luciferase reporter.
Two days after implantation of C4-2/Luc (Tet-FPN) cells in
mice, we measured luciferase activity and divided mice into
experimental and control groups with comparable average
luciferase activity (Fig. 10A). Doxycycline was added to the
drinking water to induce FPN in the experimental group,
whereas the control group was provided with drinking water
without doxycycline. Tumor growth was monitored over time.

In vivo measures of luciferase demonstrated significantly
lower activity in the doxycycline-treated mice (Fig. 10B).
Consistent with these results, direct measures of tumor volume
revealed a substantial inhibition of tumor growth after doxy-
cycline treatment at a series of time points (Fig. 10C). Im-
portantly, FPN remained overexpressed and FTH was decreased
in these tumors (Supplementary Fig. S10), consistent with a
reduced iron phenotype in tumors harvested from doxycycline-
treated mice. As anticipated, doxycycline had no effect on tu-
mor growth in mice implanted with control C4-2/Luc cells
(Supplementary Fig. S11). These data indicate that FPN sup-
presses growth of prostate adenocarcinoma cells in vivo.

Discussion

A large body of evidence suggests that iron is critical to
malignant growth, and that cancer cells acquire and retain more
iron than their non-malignant counterparts (70). Repression of
FPN, an iron efflux pump, is a mechanism of enhanced iron
retention that has been observed in prostate cancer cells and
tumors (69, 77). The use of iron chelators to deprive cancer cells
of this essential nutrient has, therefore, become the subject of
clinical interest and has engendered a number of ongoing clin-
ical trials (30). However, fundamental questions remain re-
garding the pathways triggered by iron depletion, whether
similar pathways are activated in different types of cancer cells,
and the mechanisms that trigger these pathways.

In this study, we focused on mechanisms triggered by iron
depletion in prostate cancer, a major cause of suffering and
death in older men. We used cell lines to compare three im-
portant histological and biological subtypes of this disease:
LNCaP cells, representative of AR positive adenocarcinoma;
C4-2 cells, representative of castrate-resistant adenocarcinoma;

FIG. 8. FPN induces GADD genes and DNA damage. (A–E) RT-qPCR of (A) GADD45A, (B) GADD45B, (C)
GADD45G, (D) GADD34, and (E) GADD153 in LNCaP, C4-2, and PC3 cells expressing doxycycline-inducible FPN (Tet-
FPN) treated with –1 lg/mL doxycycline for 72 h. (F) C4-2 (Tet-FPN) cells were treated with –1 lg/mL doxycycline for
72 h or treated with 10 lM cisplatin for 24 h as a positive control. Cells were stained with antibody to cH2AX and DAPI.
Left: representative images are shown. Scale bar = 10 lm. Right: Nuclei with greater than five cH2AX foci were counted.
Experiments were repeated at least three times. **p £ 0.01; ***p £ 0.001. GADD, growth arrest DNA damage proteins.
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and PC3 cells, representative of a neuroendocrine carcinoma of
the prostate, a rare but highly aggressive malignancy (67). We
used overexpression of FPN, an endogenous iron efflux pump,
to identify and compare pathways triggered by iron depletion in
these cell types.

Manipulation of FPN exerted a substantial effect on iron
metabolism in all three prostate cancer cell types. Iron is an
essential element required for cellular viability, and iron
metabolism is characterized by a delicate feedback system
that preserves iron homeostasis. When cells are depleted of
iron, IRP activity increases, which, in turn, simultaneously
increases levels of the iron import protein TFR1 and de-
creases levels of the iron storage protein ferritin to restore
iron homeostasis (20).

We observed this physiologic feedback response in pros-
tate cancer cells with overexpression of FPN: As seen in
Figure 1, expression of FPN activated IRP2, induced TFR1,
repressed ferritin, and decreased the LIP. However, the re-

sponse was insufficient to prevent the antiproliferative effects
of FPN overexpression (Fig. 3). Thus, sustained expression of
the iron exporter FPN is able to override the controls put in
place by the iron regulatory system, and therefore results in
cellular iron depletion and growth inhibition. These findings
establish FPN as a key lever in regulating iron balance and
proliferation in multiple prostate cancer cell types.

We studied downstream pathways affected by FPN-
mediated iron depletion. We observed a profound effect on
three stress-response pathways: autophagy, cell cycle arrest,
and environmental stress (Fig. 11).

We first tested the effect of FPN overexpression on autop-
hagy. Overexpression of FPN induced autophagy in LNCaP,
C4-2, and PC3 cells, eliciting a response similar to that induced
by DFO, a potent iron chelator (Fig. 2). Supporting earlier
studies (4, 32), recent work has identified a specific cargo
receptor for degradation of the iron storage protein ferritin in
the autophagolysosome, and suggested that autophagy is

FIG. 10. FPN inhibits growth of C4-2 tumor xenografts in vivo. (A) Bioluminescence of tumor xenografts formed from
C4-2 cells expressing luciferase and doxycycline-inducible FPN (C4-2/luc Tet-FPN) before treatment (measured 2 days
after cell inoculation). (B) Bioluminescence of C4-2/luc (Tet-FPN) xenografts in mice treated with and without doxycycline
for 13 and 20 days. (C) Tumor volume calculated from caliper measurements in mice treated with and without doxycycline
for up to 27 days. Data are presented as mean – standard error of mean (n = 12), and significant differences are indicated.
The experiment was conducted once. NS, p > 0.05; *p < 0.05; **p £ 0.01.

FIG. 9. FPN overexpression
regulates both diverse and
converging pathways. Venn
diagram depicting the number
of differentially expressed Re-
actome pathways in LNCaP
(Tet-FPN), C4-2 (Tet-FPN),
and PC3 (Tet-FPN) cells
after 48 h of FPN over-
expression (1 lg/mL doxy-
cycline). Common pathways
differentially expressed in all
three cells are shown. See
Supplementary Table S2 for
details of other differentially
expressed pathways. Color
images are available online.
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important for recycling of intracellular iron (19, 43). Our ob-
servation that FPN induces autophagy in all prostate cancer
cells tested is consistent with this model, and it further suggests
that degradation of subcellular components is a general sur-
vival mechanism by which prostate cancer cells attempt to re-
allocate iron in response to iron deprivation.

We next investigated the effect of FPN-mediated iron
depletion on proliferation and cell cycle progression. In all
three prostate cancer cell types, FPN significantly decreased
proliferation (Fig. 3). Cell cycle analyses revealed that FPN
expression caused an accumulation of cells in G0/G1 (Fig. 5),
particularly in the prostate adenocarcinoma cells LNCaP and
C4-2. This was associated with an induction of the tumor
suppressor p53 and its downstream target p21CIP/WAF1, a key
cyclin-dependent kinase inhibitor (1) (Fig. 6 and Supple-
mentary Fig. S6).

Intriguingly, PC3 cells, which do not express functional
p53 [(12); Supplementary Fig. S6A], also exhibited an in-
crease in p21 mRNA (Fig. 7), suggesting the existence of an
alternative mechanism through which iron depletion induces
p21. We observed that in PC3 cells, FPN induced KLF6
(Fig. 7), a tumor suppressor that has been specifically asso-
ciated with prostate cancer (49). Knockdown of KLF6 pre-
vented FPN-mediated p21 induction, directly implicating
KLF6 in p21 induction in PC3 cells (Fig. 7). KLF6 has not
previously been linked to iron depletion. Other targets of
KLF6 include genes involved in motility, invasion, growth
factor signaling, and angiogenesis (17), and it will be of in-
terest to determine to what extent these pathways are acti-
vated in iron-depleted cells.

We also examined the effect of FPN overexpression on ex-
pression of GADD genes, since these are induced by, and play a
role in the response to, nutrient and environmental stress (39).

GADD34, GADD45A, GADD45B, GADD45G, and GADD153
were induced in all prostate cancer cells that overexpressed FPN
(Fig. 8). Although the GADD genes were named based on their
similar routes of discovery (21), subsequent work has revealed
that they play very different roles (39).

GADD45 genes are induced by p53, trigger cell cycle ar-
rest, and have a tumor suppressive function, in part through
interaction with p21 (8). Induction of GADD45A and
GADD45B may, therefore, functionally augment the anti-
proliferative activity of p21 in cells expressing FPN. Inter-
estingly, induction of GADD45A was also observed in PC3
cells that do not express functional p53, indicating that iron
depletion can induce GADD45A through a mechanism that
is p53 independent (Fig. 11). We speculate that an increase
in DNA damage (Fig. 8F) may underpin the upregulation of
GADD45A and GADD45B gene expression in these cells.
Further, since DNA damage induces p53 (44, 63) as well as
KLF6 (5), DNA damage may also underlie the induction of
p53 (Fig. 6A) and KLF6 (Supplementary Fig. S9) after in-
duction of FPN.

In contrast to the GADD45 genes, GADD34 and GADD153
are upregulated by agents that trigger endoplasmic reticulum
(ER) stress, such as nutrient deprivation and protein misfold-
ing, and play a role in rectifying ER stress (24). ER stress can
be induced by iron chelation (37) and can trigger autophagy
(24, 55), which we observed in all prostate cancer cells we
studied (Fig. 2). We, therefore, speculate that FPN-mediated
iron depletion may induce an ER stress response, and that this
may contribute to the induction of autophagy in prostate cancer
cells. Indeed, two markers of ER stress (50), spliced X-box
binding protein 1, sXBP1, and activating transcription factor 4
(ATF4), were transcriptionally upregulated after FPN over-
expression (Supplementary Fig. S12). ATF4 is a known

FIG. 11. Mechanistic model of FPN-mediated induction of cell cycle arrest and autophagy. FPN was overexpressed
in biologically diverse prostate cancer cell lines. Cells with functional p53 activate different mechanisms (shown in
dotted lines) than cells lacking functional p53 (shown in dashed lines). Despite differing mechanisms, the effects of FPN
overexpression in these cells converge (shown in solid lines), resulting in autophagy and cell cycle arrest. FPN over-
expression in prostate cancer cells causes intracellular iron depletion. Subsequently, iron depletion results in DNA
damage and cell cycle arrest, in part, by repression of cyclin genes (Cyclin A1, Cyclin B1; Cyclin D1 is also repressed in
C4-2 and LNCaP cells) and activation of GADD genes (GADD45A, GADD45B, and GADD45G). FPN overexpression
also causes cell cycle arrest through induction of p21 by p53, or KLF6 in cells lacking functional p53. FPN-mediated iron
depletion induces autophagy and upregulation of ATF4, GADD34, and GADD153, possibly by causing ER stress. ATF4,
activating transcription factor 4; ER, endoplasmic reticulum. Color images are available online.
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activator of GADD34 and GADD153 (CHOP) genes (42) and
is likely involved in upregulation of these genes after FPN
overexpression. This model is presented in Figure 11.

Pathways induced by FPN overexpression are similar to
those activated by iron chelators. In addition to their use as
medicinal agents, iron chelators have been used to elucidate
mechanisms of iron trafficking and regulation. However, like
any drug, iron chelators have the potential to exhibit off-
target effects, and their ability to abstract intracellular iron in
a manner that truly mimics physiological iron depletion has
occasionally been questioned (51, 56).

Although we did not directly address this issue, we ob-
served that pathways activated by overexpression of FPN, an
endogenous iron efflux pump, show remarkable similarity to
pathways triggered in cells treated with iron chelators (41).
This includes induction of p53 (41), induction of p21 (41),
induction of GADD genes (61), induction of autophagy (54),
and inhibition of proliferation (38), all of which have been
observed in cells treated with iron chelators. Since FPN is
presumably unable to liberate iron from non-physiological
targets, our findings not only confirm that upregulation of this
efflux pump has far-reaching physiological consequences but
also reinforce the notion that iron chelators can be used as
effective probes of intracellular iron pathways.

FPN-mediated iron depletion activated different mo-
lecular pathways in prostate cancer cells representative of
different histopathological subtypes of prostate cancer. For
example, in LNCaP cells, FPN overexpression induced
p21 via a p53-mediated pathway; whereas in p53 null PC3
cells, KLF6 subsumed this role (Figs. 6 and 7). KLF6 is a
tumor suppressor that exhibits both p53-dependent and
p53-independent activities. KLF6 suppresses proliferation
through p53-independent p21 transactivation (49) and
cyclin D1 sequestration (7), but it also stabilizes p53
through repression of mdm2 (68). p53 and KLF6 can also
interact directly to control transcription of genes that are
important in prostate cancer such as IGFI (59). Thus, the
role(s) played by each of these multifaceted tumor sup-
pressors in the response to iron depletion is likely to be
multifactorial, and modulated by the extent to which each
is expressed in a given tumor.

Although the details of the molecular interaction between
KLF6 and p53 in response to iron depletion remain to be
elucidated, in our experiments we observed that pathways
modulated by these proteins converged on a similar pheno-
type characterized by G1 arrest, inhibition of DNA synthesis,
induction of autophagy, and induction of GADD genes in-
volved in cell cycle arrest (GADD45A, GADD45B, and
GADD45G) and ER stress (GADD34 and GADD153).

We performed a microarray analysis to gain additional
insight into pathways perturbed by FPN in prostate cancer
cells (Fig. 9 and Supplementary Tables S1 and S2). This
analysis revealed five pathways that were significantly per-
turbed by FPN overexpression in all three prostate cancer cell
lines tested (Fig. 9). Of these five pathways, four mapped to
alterations in the cell cycle or DNA damage (Fig. 9), con-
sistent with other data presented here. However, our micro-
array analysis also uncovered a new pathway perturbed by
FPN overexpression: the SASP, a pathway that has not been
previously linked to iron depletion (Fig. 9).

SASP refers to the altered secretome exhibited by senes-
cent cells. It includes survival factors, cytokines, and growth

factors (3, 72, 76, 78). SASP is induced by several senescent
triggers, including DNA damage (57), consistent with our
finding of DNA damage after FPN overexpression. Further,
p53 and p21, which are increased after FPN overexpression
(Figs. 6 and 7 and Supplementary Fig. S5), play a role in
coordinating DNA damage-mediated SASP (2). Interest-
ingly, SASP is known to induce autophagy, which we ob-
served after FPN overexpression (Fig. 2), as well as ER stress
(18, 60). Thus, SASP may represent a bridge between in-
duction of DNA damage, autophagy, and ER stress in cells
that overexpress FPN. Further work will be required to test
this hypothesis.

In addition to the induction of common pathways by FPN
overexpression, microarray analysis also revealed cell-type
specific responses to FPN, perhaps reflecting the different
histopathological origin of the cell types studied. These
pathways included glycolysis in LNCaP cells, mitochondrial
translation in C4-2 cells, Wnt signaling in PC3 cells, and
several others (Supplementary Table S2). The extent to
which these reinforce or amplify FPN-mediated effects on
cell proliferation will require further investigation. Never-
theless, the profound effects of FPN-mediated iron depletion
on a variety of key intracellular targets suggests that iron may
be a broadly useful target in the treatment of prostate cancer,
despite the wide variability in pathology and clinical course
exhibited by prostate cancer subtypes.

FPN-mediated effects on iron metabolism were sufficient
to inhibit growth of castrate-resistant prostate tumors in vivo
(Fig. 10). This finding underscores the critical contribution of
iron metabolism to tumor growth, and in particular demon-
strates that manipulation of a single nutrient—iron—is suf-
ficient to dramatically affect tumor growth. It is also notable
that therapeutic options for castrate-resistant prostate cancer
are limited (28). The ability of iron depletion to effectively
retard growth of this prevalent and treatment-refractory tu-
mor type suggests that deeper exploration of anti-tumor
strategies targeting iron may prove clinically useful in the
treatment of prostate cancer.

Our results also support the further study of iron depletion
as an anti-tumor strategy. Synthetic iron chelators represent
one strategy for inducing iron depletion that has shown
considerable promise (27), and remains an area of active
investigation (6). Our work suggests that other approaches to
targeting tumor iron dependence, such as FPN agonists, may
also merit exploration. For example, pharmacological agents
that inhibit hepcidin, a negative regulator of FPN, might be
modified and repurposed for use in cancer therapy. The recent
interest in the development of multiple hepcidin inhibitors
may accelerate this process (10).

Materials and Methods

Cells and cell culture

The prostate cancer cell lines LNCaP and PC3 were ob-
tained from American Type Culture Collection (ATCC).
Cells were grown in RPMI medium (GIBCO Life Technol-
ogies, Gaithersburg, MD) supplemented with 10% fetal bo-
vine serum (FBS; Gemini) and incubated at 37�C in a
humidified atmosphere with 5% CO2. The C4-2 cell line was
a gift of Dr. Robert Sikes at the University of Delaware. The
cell lines were authenticated by ATCC.
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DNA vectors, viral package, and infection

A human FPN complementary DNA clone was obtained
from Open Biosystems (Biosystems/GE Dharmacon, Lafay-
ette, CO), and it was used as a polymerase chain reaction
(PCR) template to introduce FPN into pSL2 lentiviral over-
expression vector (16) and pLVX-TetOne-puro, a lentiviral
tetracycline (tet) inducible vector (Clontech Laboratories,
Mountain View, CA). The FPN A77D mutant was created by
using site-directed mutagenesis and cloned into pSL2 and
pLVX-TetOne-puro vectors.

The retroviral construct pBABE-puro-mCherry-EGFP-
LC3B, an autophagic reporter (48), was obtained from Addgene
(Catalog No. 22418). The LUC2 gene (from the pGL4 vector
[Promega Co., Madison, WI]) and zeocin resistance gene (from
the pcDNA4/His vector [Invitrogen, Carlsbad, CA]) were sub-
cloned into the pLKO.1-shCtr vector (Addgene Catalog No.
10879) (47) to create a luciferase lentiviral expression vector.
To do this, the short hairpin RNA (shRNA) expression cassette
was first deleted. Next, the puromycin resistance gene was re-
placed with the LUC2 coding region, an internal ribosome entry
site, and the zeocin resistance gene. These modifications re-
sulted in expression of luciferase and zeocin driven by the
original phosphoglycerate kinase promoter.

Lentiviral shRNAs against KLF6 gene were obtained from
Sigma-Aldrich (St. Louis, MO). To prepare lentiviral particles,
the lentiviral expression vector was cotransfected with third-
generation packaging plasmids (pVSV-G, pRSV-REV, and
pMDLg/pRRE) into 293FT cells as previously described (15).
Lentiviral particles were concentrated by ultracentrifuga-
tion and incubated with cells in the presence of polybrene
(8 lg/mL). Retrovirus was prepared by transfecting GP2-293
cells (Catalog No. 631458; Clontech Laboratories, Inc., Palo
Alto, CA) with pBABE-mCherry-EGFP-LC3B vector and the
packaging plasmid PCL10A-1. Three days after transfection,
virus-containing medium was harvested and filtered with
0.45 lM filter. Retroviral infection was performed by adding
virus-containing medium to cells grown in six-well plates. A
stably infected cell population was acquired by fluorescence-
activated cell sorting, FACS, on BD FacsAria II.

Cell cycle analysis

Cells were harvested by trypsinization and washed twice with
pre-chilled wash buffer (1 · phosphate-buffered saline [PBS]
containing 0.1% FBS). After centrifugation, cells were re-
suspended at about 1 · 106 cells/mL, fixed by dropwise addition
of three volumes of cold (-20�C) absolute ethanol while vor-
texing, and stored at -20�C for at least 1 h. After washing twice
with PBS, fixed cells were stained with FxCycle� PI/RNase
Staining Solution (Catalog No. F10797; Life Technologies,
Carlsbad, CA) according to the manufacturer’s instruction.
Cell cycle analysis was performed by using MACSQuant
flow cytometer (Miltenyi Biotec, Bergisch Gladbach,
Germany). The data were analyzed with ModFit LT 3.0
software (Verity Software House, Topsham, ME).

Cell growth assay

Cell proliferation assays were conducted as previously
described (73). To determine whether FPN-mediated inhi-
bition of cell proliferation was permanent or transient, cells
were first treated with 1 lg/mL doxycycline for 2 days. The

media were then replaced with doxycycline-free media for
6 days. Cells were then replated at 10,000 cells per well, and
cell proliferation was measured by counting cells with a he-
mocytometer after 3, 5, and 7 days. As a control, cell pro-
liferation was measured at the same time in cells that had not
been pre-treated with doxycycline.

Cell surface localization of FPN and A77D

Cell surface proteins were determined by flow cytometry.
Antibodies used were Ab-FPN 38C8 (Amgen) (58) and Alexa
Fluor� 488 AffiniPure Goat Anti-Human IgG (Catalog No.
109-545-098; Jackson ImmunoResearch Laboratories, West
Grove, PA).

BrdU incorporation assay

BrdU incorporation was measured by using an FITC BrdU
flow kit (Catalog No. 559619; BD Biosciences, San Diego,
CA) by essentially following the manufacturer’s protocol,
except that labeling was performed only with BrdU and nu-
clear DNA was not further stained. The labeled cell popula-
tions were analyzed by flow cytometry.

LIP assay

The labile iron level in cells was determined by calcein-
acetoxymethyl ester (CA-AM)-based measurement as pre-
viously described (53).

Immunofluorescence imaging

Cells were plated on an 8-chamber slide (BD Falcon) and
treated with –1 lg/mL doxycycline (Sigma-Aldrich) for 72 h
or with 10 lM cisplatin (cis-Diamineplatinum(II) dichloride,
479306; Sigma-Aldrich). Cells were fixed with 4% parafor-
maldehyde for 15 min and blocked with 5% bovine serum
albumin at 4�C for 2 h. Anti-human phospho-histone H2A.X
(9718S; Cell Signaling) was applied overnight followed by
Alexa Fluor 488-conjugated secondary antibody (ab150077;
Abcam) incubation for 1 h. Coverslips were mounted to
chamber slides with ProLong� Gold Antifade reagent with
DAPI (P36935; Life Technologies). Fluorescent images were
acquired by using an Axio Vert.A1 microscope (Zeiss) and
ZEN software (Zeiss). Nuclear cH2AX foci were detected by
using Fuji.

Real-time PCR and Western blotting

Total RNA was extracted by using the High Pure RNA
Isolation Kit (Roche), and the concentration of RNA was
quantified with a Nanodrop ND-2000 spectrophotometer
(Thermo Scientific, Rockford, IL). Taqman reverse tran-
scription kit (Thermofisher Scientific) was used for reverse
transcription. Amplification was performed on an Applied
Biosystems ViiA� 7 Real-Time PCR system. Primers used in
the real-time PCR are detailed in Supplementary Table S3.

To detect FPN by Western blotting, protein samples were
prepared in sodium dodecyl sulfate (SDS) reducing buffer
without boiling and run on 10% SDS polyacrylamide gel.
Antibodies used in Western blotting were glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; Fitzgerald), FPN
(Amgen), TfR1 (Invitrogen-Life Technologies), FTH (73),
IRP1 (Medimabs, Montreal, Canada), IRP2 (Santa Cruz
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Biotechnology, Inc., Santa Cruz, CA), KLF6 (Thermofisher
Scientific), and LC3B (Novus Biological, Littleton, CO). Blots
shown in the figures were cropped for clarity. Uncropped blots
are shown in Supplementary Figures S1, S3–S5, S8, and S13.

Xenograft experiments

All animal procedures were approved by the UConn Health
Institutional Animal Care and Use Committee (IACUC). C4-2/
Luc cells were generated by infection with a LUC2 lentiviral
expression vector. C4-2/Luc (Tet-FPN) cells were generated
by infection with a LUC2 lentiviral expression vector in which
a tet-on FPN expression cassette had been introduced through
infection with pLVX-TetOne-puro-FPN lentivirus. Cells were
subcutaneously injected into the lower flank of 8-week-old
male immunodeficient nude mice [Crl:NU(NCr)-Foxn1nu;
Charles River; 2 · 106 cells/mouse]. The mice were divided
into mock and doxycycline-treated groups (8–12 mice per
group). They were provided with water containing 4% sucrose
with or without 2 mg/mL doxycycline 3 days after cell im-
plantation until the termination of the experiment at 6 weeks.
Tumor size was measured twice a week by using digital cali-
pers. In vivo bioluminescent imaging was performed on an
IVIS imaging system (PerkinElmer) and analyzed by using
Living Image software (version 4.4).

Microarray analysis

LNCaP (Tet-Vec), LNCaP (Tet-FPN), C4-2 (Tet-FPN), and
PC3 (Tet-FPN) cells were treated with –1 lg/mL doxycycline
for 48 h. RNA was isolated from harvested cells by using
the High Pure RNA Isolation Kit (11828665001; Roche).
Three biological replicates were sent to the Yale Center for
Genome Analysis (Yale University, West Haven, CT) for
analysis on human Clariom D microarray chips (902923;
Thermofisher Scientific). Data were normalized by using Ex-
pression Console software (version 1.4.1.46; Affymetrix).
Differential expression analysis was performed in R with
the Bioconductor package limma. A gene was considered
differentially expressed if the FDR <0.05. Pathway analysis
was performed in R with the Bioconductor package Re-
actomePA (79). Differentially expressed genes in LNCaP
(Tet-Vec) cells were removed from pathway analysis of Tet-
FPN cells if the direction of differential expression was con-
sistent between Tet-Vec and all Tet-FPN cell lines. Data
analysis was limited to fully annotated genes.

Statistics

All in vitro experiments were performed independently at
least three times. Data used for quantitative analyses were
collected from representative triplicate experiments, which
are presented as mean – standard deviation, unless indicated
otherwise. Student’s t-test was used to test for a significant
difference between the means in two independent groups by
using GraphPad Prism software (Graphpad Software, Inc.,
San Diego, CA). A p-value <0.05 was considered statistically
significant.
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Abbreviations Used

AR¼ androgen receptor
ATCC¼American Type Culture Collection
ATF4¼ activating transcription factor 4
BrdU¼ 5-bromo-2¢-deoxy
DFO¼ desferoxamine, an iron chelator

EGFP¼ enhanced green fluorescent protein
ER¼ endoplasmic reticulum

FBS¼ fetal bovine serum
FDR¼ false discovery rate
FPN¼ ferroportin

FPN A77D¼ cells constitutively overexpressing a
functionally impaired mutant FPN
driven by the cytomegalovirus
promoter

FPN OE cells¼ cells constitutively overexpressing FPN
driven by the cytomegalovirus promoter

FTH¼ ferritin H
GADD¼ growth arrest DNA damage proteins

GAPDH¼ glyceraldehyde-3-phosphate
dehydrogenase

IRP1¼ iron regulatory protein 1
IRP2¼ iron regulatory protein 2

KLF6¼Kruppel-like factor 6
LC3B-I¼microtubule-associated protein light

chain 3 beta
LC3B-II¼ phosphatidylethanolamine-conjugated

microtubule-associated protein light
chain 3 beta

LIP¼ labile iron pool
Luc¼ luciferase

mRNA¼messenger RNA
p21¼ cyclin-dependent kinase inhibitor 1A
p53¼ tumor protein p53

PBS¼ phosphate-buffered saline
PCR¼ polymerase chain reaction

RT-qPCR¼ quantitative reverse transcription
polymerase chain reaction

SASP¼ senescence-associated secretory
phenotype

SCNC¼ small cell (neuroendocrine) carcinoma
SDS¼ sodium dodecyl sulfate

shRNA¼ short hairpin RNA
(Tet-FPN)¼ cells infected with a tetracycline-

inducible FPN
(Tet-Vec)¼ cells infected with a tetracycline-

inducible vector control
TfR1¼ transferrin receptor 1

WST-1¼water-soluble tetrazolium salt-1
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