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Abstract

Ferroportin and hepcidin are critical proteins for the regulation of systemic iron homeostasis.

Ferroportin is the only known mechanism for export of intracellular non–heme-associated iron; its

stability is regulated by the hormone hepcidin. Although ferroportin profoundly affects

concentrations of intracellular iron in tissues important for systemic iron absorption and

trafficking, ferroportin concentrations in breast cancer and their influence on growth and prognosis

have not been examined. We demonstrate here that both ferroportin and hepcidin are expressed in

cultured human breast epithelial cells and that hepcidin regulates ferroportin in these cells.

Further, ferroportin protein is substantially reduced in breast cancer cells compared to

nonmalignant breast epithelial cells; ferroportin protein abundance correlates with metabolically

available iron. Ferroportin protein is also present in normal human mammary tissue and markedly

decreased in breast cancer tissue, with the highest degree of anaplasia associated with lowest

ferroportin expression. Transfection of breast cancer cells with ferroportin significantly reduces

their growth after orthotopic implantation in the mouse mammary fat pad. Gene expression

profiles in breast cancers from >800 women reveal that decreased ferroportin gene expression is

associated with a significant reduction in metastasis-free and disease-specific survival that is

independent of other breast cancer risk factors. High ferroportin and low hepcidin gene expression

identifies an extremely favorable cohort of breast cancer patients who have a 10-year survival of
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>90%. Ferroportin is a pivotal protein in breast biology and a strong and independent predictor of

prognosis in breast cancer.

Introduction

Iron is essential for normal cell function. Many cancers exhibit an increased requirement for

iron, presumably because of the need for iron as a cofactor in proteins essential to sustain

growth and proliferation (1–3). Modulation of iron-regulatory proteins affects growth of

lung tumor xenografts (4, 5), and agents that deplete iron are currently under investigation as

anticancer therapies (6–9).

Ferroportin (ferroportin 1, also termed Ireg1, MTP1, and SLC40A1) is a cell surface

transmembrane protein and is the only known export protein for nonheme iron (10–12).

Ferroportin is expressed at high concentrations on duodenal enterocytes, placenta,

hepatocytes, and macrophages (10–12) and is an essential component of systemic iron

homeostasis (13). Ferroportin is regulated by at least three mechanisms: transcriptional

regulation, which controls levels (14) and splice variants (15) of the messenger RNA

(mRNA); translational control, which regulates ferroportin through an iron-regulatory

element in the 5′ untranslated region of ferroportin mRNA (16); and organismal iron status,

which regulates ferroportin-mediated iron efflux through a direct interaction of ferroportin

with the peptide hormone hepcidin (17). Hepcidin is secreted by the liver and binds to a

specific extracellular loop domain on ferroportin (18). This results in phosphorylation (19)

of ferroportin on the cell surface, which in turn leads to internalization and proteasome-

mediated degradation of ferroportin (17).

Ferroportin has not been extensively studied in cancer (20, 21), and only limited

examination of ferroportin has been made outside the tissues generally thought to be

important in systemic iron homeostasis, such as the intestine, liver, bone marrow, and

reticuloendothelial system (22). Because ferroportin has a central role in iron regulation, was

among the genes decreased in breast cancer samples in an in silico analysis of the UniGene

database (23), and is expressed in rat mammary epithelium (24), we examined ferroportin in

human breast tumors. Here, we identify ferroportin as a critical determinant of outcome in

breast cancer and propose a mechanistic explanation for its action.

Results

Ferroportin is decreased in breast cancer epithelial cells compared to breast cells with
limited or no malignant potential

To explore whether ferroportin is present in normal human breast epithelial cells and

whether its concentrations are altered in breast cancer, we compared ferroportin protein

abundance in three pairs of mammary epithelial cell types with variable malignant potential:

(i) primary normal human mammary epithelial (HME) cells and tumor-forming variants of

these cells derived by sequential transformation of HME cells with the catalytic subunit of

telomerase, SV40 T antigen, and high levels of oncogenic H-ras (25) (termed R5 cells here);

(ii) MCF10A cells, a spontaneously immortalized diploid cell line obtained from reduction

mammoplasty (26), and MCF7 (27), a breast cancer cell line established from a pleural

effusion in a patient with metastatic breast cancer; and (iii) SUM102 cells, a breast epithelial

cell line with a normal karyotype isolated from early-stage breast cancer (28), and SUM149,

a cell line developed from an aggressive inflammatory breast cancer (29). Examination of

ferroportin in these cells revealed that protein abundance was reduced in all aggressive

breast cancer cell lines when compared to their counterparts with little or no malignant

potential (Fig. 1A).
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We next performed real-time reverse transcription polymerase chain reaction (RT-PCR)

analysis of ferroportin mRNA in these cells. Consistent with Western blot analysis,

ferroportin mRNA levels were lower in malignant R5 and MCF7 cells than in nonmalignant

HME and MCF10A cells (fig. S1A). However, ferroportin mRNA was higher in SUM149

breast cancer cells than in nonmalignant SUM102 cells (fig. S1A). No ferroportin splice

variants were detected (fig. S1B). These results suggested that posttranscriptional

mechanisms might also contribute to observed ferroportin protein abundance.

Hepcidin is expressed and regulates ferroportin in breast cells

A recently discovered mechanism of posttranscriptional regulation of ferroportin involves

hepcidin, a peptide hormone that binds to ferroportin and triggers its degradation (17). This

regulatory axis has been elucidated in cell types responsible for control of systemic iron,

such as the enterocyte, macrophage, and hepatocyte (22). To test whether hepcidin-mediated

regulation of ferroportin also occurs in mammary epithelial cells and whether this

mechanism of posttranscriptional control might contribute to the decrease in ferroportin

protein abundance in breast cancer cells, we assessed prohepcidin expression in our panel of

primary breast cells and cell lines. Prohepcidin mRNA was detected in normal breast

epithelial cells and in all cancer cell lines tested (fig. S2). Further, hepcidin-mediated

degradation of ferroportin was associated with an increase in ferritin and increased labile

iron in breast cells (Fig. 1, B and C); in addition, ferroportin expressed in breast epithelial

cells was susceptible to degradation in response to treatment with exogenous hepcidin (Fig.

1D). Thus, the entire ferroportin-hepcidin regulatory axis is intact and functional in

mammary epithelial cells. We then performed Western blot analysis to test whether hepcidin

concentrations differed in our panel of normal and malignant breast cells. Notably,

concentrations of pro-hepcidin protein were higher in all breast cancer cells when compared

to nonmalignant breast cells (Fig. 1E). Collectively, these results suggest that both

transcriptional and posttranscriptional mechanisms contribute to the decrease in ferroportin

concentrations in breast cancer cells when compared to their nonmalignant counterparts.

Ferroportin reduction in breast cancer cells is associated with an increase in labile iron

Alterations in iron efflux mediated by changes in concentrations of ferroportin affect the

labile iron pool (LIP) as measured by changes in ferritin in transfected cells (17). Similarly,

we observed that overexpression of ferroportin in a breast cancer cell line was associated

with a reduction in ferritin (fig. S3). Thus, a decrease in ferroportin such as we observed in

breast cancer cells might be expected to increase metabolically available iron. To test this,

we directly measured the LIP in normal breast epithelial cells and fully transformed breast

cancer cells and found that the low concentrations of ferroportin protein expressed in breast

cancer cells were indeed associated with higher concentrations of the LIP (Fig. 1F). This

suggests that variations in ferroportin expression have functional consequences in cellular

iron homeostasis.

Increased concentrations of ferroportin reduce breast tumor growth in mice

To explore the mechanism by which ferroportin affects the behavior of breast cancer cells in

vivo and to address whether alterations in ferroportin drive or simply correlate with a more

aggressive breast cancer phenotype, we transfected human MDA-MB-231-luc cells, which

express low concentrations of ferroportin (fig. S4A), with an expression vector for

ferroportin or with a control empty vector. Transfection restored ferroportin to values

approximating those in nonmalignant HME cells (fig. S4B). Female nude mice were then

injected orthotopi-cally in the mammary fat pad with control or transfected cells, and tumor

growth was monitored for 4 weeks, when control tumors reached the predetermined humane

size limit. Enhanced expression of ferroportin decreased final tumor weights and the rate of
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tumor growth (Fig. 2, A to C). Thus, ferroportin overexpression reduces growth of

xenografted breast cancer cells in vivo.

Ferroportin is decreased in human breast cancer tissue

To test whether ferroportin concentrations were also altered in the tissue of breast cancer

patients, we performed immunohistochemical analysis. Tissue derived from a single patient

that contained areas of normal epithelium (Fig. 3A), ductal carcinoma in situ (Fig. 3B), and

invasive breast cancer (Fig. 3C) within the same section showed that staining intensity

decreases with increasing malignant potential, with highest expression in normal ductal

structures and lowest expression in invasive tissue. Immunohistochemical staining of tissue

from an additional four patients revealed a similar trend (fig. S5).

Next, tissue microarrays (TMAs) containing 154 samples of breast tissue from breast cancer

patients and 6 samples from normal breast were stained with antibody to ferroportin and

scored semiquantitatively by two independent blinded observers on a scale of 0 to 2, with 0

representing low or undetectable staining and 2 representing intense staining. The overall

intensity of staining in the normal samples was higher than that of the cancer samples (1.63

± 0.5 compared to 0.96 ± 0.5 in the cancer samples) (mean ± SD, P = 0.001) (Fig. 3D).

Seventy percent of the normal samples received the highest staining intensity score of 2.0,

whereas only 9% of the cancer samples received this score (P = 0.0015, Fisher's exact test)

(Fig. 3E). Conversely, staining in 52% of the cancer samples scored <1.0; this low staining

intensity was seen in none of the normal samples (P = 0.028, Fisher's exact test) (Fig. 3F).

These observations are consistent with a reduction in ferroportin protein abundances in

human breast cancer tissue and in breast cancer cell lines.

Breast cancer molecular subtypes differ in ferroportin expression

Breast cancers have been classified into molecular subtypes with significant outcome

differences by hierarchical clustering of microarray expression data: normal-like, luminal A,

ERBB2+-like, luminal B, and basal (30). We tested whether these breast cancer subtypes

differed in ferroportin gene expression. Tumors from a cohort of 251 consecutive breast

cancer patients (31) were assigned molecular subtypes (32) according to computed

correlations with subtype centroids. Ferroportin was significantly differentially expressed

among the subtypes, with lowest expression in the poor-prognosis subtypes (Fig. 4A). The

average ferroportin expression in the subtypes with poorest prognosis— basal, ERBB2+-

like, and luminal B—was only 65% of that of the favorable prognosis subtypes luminal A

and normal-like (P < 0.0001). The normal-like subtype (with highest ferroportin expression)

showed an average of twice as much expression as that observed in the basal subtype (with

lowest ferroportin expression) (P < 0.0001). Differences between expression of ferroportin

in subtypes with good prognosis (normal and luminal A) and subtypes with poorer prognosis

(ERBB2+, luminal B, and basal) were statistically significant in all pairwise comparisons

(Fig. 4A). Low ferroportin was also significantly associated with classical prognostic

indicators of poor outcome, including high histologic grade (P ≤ 0.0009), absence of

estrogen receptor (ER) (P < 0.0001), and spread of disease to lymph nodes (P < 0.027) (Fig.

4, B to D). Thus, lower ferroportin gene expression is associated with poor-prognosis

molecular and clinical subtypes.

Ferroportin expression predicts clinical outcome in breast cancer

The remarkably consistent decrease in ferroportin protein abundance in malignant breast

tissue and the association of decreased ferroportin gene expression with molecular subtypes

of breast cancer with poor prognosis led us to test whether ferroportin concentrations were

related to breast cancer outcome. To perform this analysis, we leveraged four large patient

cohorts with accompanying gene expression profiling data from studies of breast cancer
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patients with extensive clinical follow-up. These represent four of the largest data sets in the

public domain in which microarray profiles and long-term patient outcomes are available: (i)

103 patients from the Norway/Stanford study of response to chemotherapy of locally

advanced cancer (33); (ii) 295 consecutive breast cancer patients from the Netherlands

Cancer Institute (NKI) (34); (iii) 251 consecutive breast cancer patients from Uppsala,

Sweden (35); and (iv) 159 surgically resected breast cancer patients from the Karolinska

Institute in Stockholm, Sweden (31). Patient outcomes measured in these studies were either

disease-specific survival (DSS) (death due to breast cancer) or distant metastasis–free

survival (DMFS) (recurrence of cancer at a distant organ site). In each study, we calculated a

mean concentration of ferroportin gene expression. Patient samples with ferroportin

expression at or above this cutoff were classified as high expressors, and those below were

classified as low expressors. DMFS or DSS of high versus low ferroportin expressors was

analyzed by Kaplan-Meier survival analysis.

In all four studies, low ferroportin gene expression was associated with a statistically

significant and clinically substantial reduction in metastasis-free survival [P value from log-

rank test = 0.003 (Norway/Stanford), 0.0006 (NKI), 0.036 (Uppsala), and 0.007

(Stockholm)] (Fig. 5, A to D). The most pronounced effect was seen in the Norway/Stanford

study, where the 8-year disease-free survival rates were separated by >30% (77% for those

with high ferroportin compared to 43% for those with low ferroportin). The other three

studies showed comparable metastasis-free survival benefits for high ferroportin (89%

versus 65% for NKI, 90% versus 76% for Uppsala, and 91% versus 79% for Stockholm).

Hepcidin expression provides incremental predictive value to ferroportin measures in
breast cancer patients

Hepcidin-mediated posttranslational modulation of ferroportin activity is not directly

assessable through gene expression analysis. However, because protein-level inhibition of

ferroportin is linked to high mRNA expression of hepcidin (36), and hepcidin is expressed in

breast cells (Fig. 1 and fig. S2), we examined the relationship among hepcidin gene

expression, ferroportin gene expression, and disease outcome in breast cancer patients. We

selected for this analysis a combined population-based (unselected) cohort in which all

patients (n = 504) had been studied with a microarray platform containing probe sets for

both ferroportin and hepcidin (31, 37, 38) (see Materials and Methods). The signal intensity

for hepcidin was substantially above the negative control and roughly comparable to that of

other genes with roles in breast cancer, such as HER2/neu, ERα, VEGF, BRCA1, and

Ki-67, confirming the expression of hepcidin in breast tumor tissue (fig. S6).

We observed that ferroportin concentrations can discriminate patient outcomes with

statistical significance (Fig. 6A, top left panel) in this combined cohort (P = 0.0004),

whereas breast tumor hepcidin mRNA is of borderline significance as a prognostic marker

by itself (P = 0.06) (Fig. 6A, top right panel). However, in the presence of high ferroportin

(Fig. 6A, left bottom panel), hepcidin expression confers statistically significant prognostic

resolution (P = 0.001), with the combination of low hepcidin and high ferroportin having

95% 5-year and 91% 10-year DMFS. Conversely, high ferroportin together with high

hepcidin gene expression identifies a patient population with poor prognosis comparable to

that of low ferroportin. As predicted from the iron biology, in the presence of low

ferroportin (Fig. 6A, right bottom panel), differential hepcidin expression adds no additional

prognostic value (P = 0.73), reflecting that if little to no ferroportin is made, its

posttranslational regulation has no prognostic consequence.

To further assess the prognostic value of ferroportin plus hepcidin gene expression, we used

stepwise Cox proportional hazards regression to determine whether ferroportin plus hepcidin

expression is an independent predictor of metastasis-free survival after allowing for other
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conventional prognostic variables (lymph node status, tumor size, grade, age, and ER status)

to be considered as covariates. We observed that high ferroportin and low hepcidin remained

a significant and independent predictor of metastasis-free survival even in the presence of

other traditional risk factors (P = 0.003) (table S1). These results indicate that assessment of

ferroportin and hepcidin expression provides additional prognostic power beyond that which

can be obtained with conventional clinical prognostic factors.

Given the ability of combined ferroportin plus hepcidin mRNA expression to identify a

population of breast cancer patients with a 10-year metastasis-free survival rate of >90%, we

sought to further define a clinical context in which this interaction might be useful in

therapeutic decision making. ER+ breast cancer is one such context because identifying

patients who benefit from tamoxifen alone versus those who will require more aggressive

combined tamoxifen plus chemotherapy remains a considerable prognostic challenge. Thus,

we assembled a curated collection of ER+ breast tumor expression profiles for which

treatment or outcome data and microarray expression measurements inclusive of ferroportin

and hepcidin were publicly available. From this collection of patients (n = 518), we selected

a subgroup (n = 276) who had all received similar therapy (adjuvant tamoxifen

monotherapy). Forty-one percent of the patients in this group were lymph node–positive.

The high ferroportin and low hepcidin expressors (n = 76) demonstrated a significantly

better metastasis-free survival rate (93% at 5 years and 89% at 10 years; P = 0.0005) than

the remaining population (76% at 5 years and 65% at 10 years) (Fig. 6B).

Discussion

Iron availability can be regulated by increased uptake, a shift of iron from storage to active

pools (the LIP), or a reduction in cellular iron export. Several of these processes are altered

in cancer. For example, an increase in transferrin receptor 1, a cell surface receptor

responsible for transferrin-mediated iron uptake, occurs in many cancers, including breast

cancer (39–41). Ferritin, an iron storage protein, is decreased by the c-myc (42) and E1a
(43) oncogenes; reduced ferritin is thought to shift iron from storage to a labile pool of,

metabolically available iron. Similarly, antisense-mediated repression of ferritin increases

the LIP (44) and stimulates H-ras–dependent proliferation (45). In principle, a decrease in

iron export could also increase labile iron and affect breast cancer phenotype and outcome.

However, relatively little is known regarding the role of iron export in cancer.

Here, we observed a marked reduction of ferroportin, the only known exporter of nonheme

iron, in breast cancer compared to normal breast epithelium. This reduction of ferroportin

protein occurred both in malignant breast cancer cell lines and in breast cancer tissue,

particularly in the more aggressive and invasive areas of the cancer. The alteration in

ferroportin expression was sufficient to alter the LIP, a key arbiter of iron availability in

cells, and to affect growth of tumor xenografts. Our results are concordant with emerging

evidence of the importance of ferroportin in iron homeostasis, both at an organismal level in

transmitting the signals from hepcidin to the systemic iron-regulatory network (46) and in

regulating iron homeostasis in cells (17). These data also suggest that altered iron

homeostasis may play a previously unappreciated role in aggressive breast cancer behavior,

although additional investigation will be needed to clarify the role of ferroportin and

hepcidin in breast cancer biology.

Our data also indicate that ferroportin plays an important role in the clinical behavior of

breast cancer. Our results reveal that (i) ferroportin gene expression is a previously

unrecognized determinant of outcome that in logistic regression analysis is independent of

other prognostic factors; (ii) ferroportin not only equals the best clinical predictors of

outcome in breast cancer patients but also tracks with recently identified molecular subtypes
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of breast cancer that can add significant prognostic and predictive information to standard

outcome parameters of breast cancer (47); (iii) the marked decrease in tumor growth in vivo

of ferroportin-overexpressing breast cancer cells provides evidence that ferroportin

expression not only is a marker of poor prognosis in primary breast cancer but also

contributes to a clinically aggressive phenotype; and (iv) the additive value of ferroportin

and hepcidin gene expression in separating good- and poor-prognosis patients provides

further support for a critical role of iron homeostasis in breast cancer behavior.

Combined ferroportin and hepcidin gene expression identifies a clinical subset of breast

cancer patients who should be evaluated in future studies to determine whether they could

be spared potentially toxic treatments. The survival of ER+ patients with high ferroportin

and low hepcidin gene expression seen in Fig. 6B is comparable to that of ER+, node-

negative patients classified into the good outcome group by the Oncotype Dx 21-gene panel

(48). Using combined ferroportin and hepcidin gene expression, we identified not only

node-negative but also node-positive, ER+ breast cancer patients who exhibit this good

outcome (41% of the high ferroportin and low hepcidin expressors in our study were node-

positive at diagnosis). Thus, if confirmed in additional patient cohorts, ferroportin activity,

as approximated by a two-gene model of ferroportin and hepcidin transcript concentrations,

may be clinically useful as a treatment indicator for both node-negative and node-positive,

ER+ breast cancer patients.

Ferroportin may be important in other tumor types. Ferroportin was decreased by a factor of

6 in an analysis of global gene expression changes in human hepatocellular carcinoma (49);

our inspection of the Oncomine database revealed that decreases in ferroportin are observed

in prostate cancer and leukemia, although they are not seen in brain cancer, esophageal

cancer, or seminoma (50).

It remains to be determined how the cross talk among ferroportin, hepcidin, and other

members of the iron-regulatory pathway is mediated differently in normal and cancer cells,

as well as how the complex interplay of cell types in breast tissue may contribute to

alterations in iron homeostasis in breast cancer. Finally, the metastasis-free survival

advantage to patients whose tumors have increased ferroportin gene expression, and the

incremental enhancement in outcome for a group with both increased ferroportin expression

and low hepcidin expression, suggest that measures of ferroportin and hepcidin gene

expression might help aid prognosis or guide therapy for women with breast cancer, a

possibility that is best tested in appropriately designed prospective trials.

Materials and Methods

Cell culture

HME cells were obtained from Lonza. HME cells transduced with h-TERT, SV40 T

antigen, and high levels of H-ras are termed R5 cells here and were a gift from the

laboratory of R. Weinberg (25). All cells were maintained at 37°C in a humidified

atmosphere containing 5% CO2. Cells were maintained in Dulbecco's minimal essential

medium (DMEM)–F12 (Gibco/BRL) supplemented with L-glutamine, insulin (10 μg/ml),

human epidermal growth factor (10 ng/ml), and hydrocortisone (0.5 μg/ml) for 24 hours

before harvest. MCF7 and MCF10A cell lines were obtained from the Wake Forest

University Comprehensive Cancer Center Tissue Culture Core facility. SUM149 and

SUM102 cell lines were a gift of I. Berquin (Wake Forest University School of Medicine).

HepG2 and HeLa cells were obtained from the American Type Culture Collection (ATCC)

and grown in DMEM. K562 (from ATCC) was cultured in RPMI 1640 medium. Hepcidin

was obtained from Peptides International, dissolved in water, and added to cells at a final

concentration of 300 or 700 nM. Cells were harvested after 6 hours of treatment.
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Western blotting

Cells were washed once in phosphate-buffered saline (PBS) and scraped. Whole cellular

protein was extracted with NP-40 lysis buffer [25 mM tris (pH 7.4), 1% Triton X-100, 1%

SDS, 1% sodium deoxy-cholate, 150 mM NaCl, aprotinin (2 μg/ml), 1 mM

phenylmethylsulfonyl fluoride] containing complete protease inhibitor cocktail (Roche

Diagnostics). Samples were separated by SDS–polyacrylamide gel electrophoresis,

transferred to polyvinylidene difluo-ride, and blotted with antibodies to glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) (Fitzgerald), β-actin (Chemicon International), ferritin

H (49), ferroportin (Alpha Diagnostics or Abcam), and hepcidin (Abcam) (see details for

this and other methods in the Supplementary Material). Western blots were quantified with

UNSCANIT software.

Measurement of ferroportin mRNA and splice variants

Real-time RT-PCR was performed to measure ferroportin mRNA in different breast cell

lines. PCR was carried out on the ABI Prism 7000 sequence detection system (Applied

Biosystems). The standard curve method was chosen for quantification. Total RNA was

isolated with Trizol reagent (Invitrogen) according to the manufacturer's instructions.

Tissue array staining

Studies on human tissue specimens were conducted with approval from the Wake Forest

University Health Sciences Institutional Review Board. Construction of the breast TMA has

been described (51). Slides were stained with antibody to ferroportin (Alpha Diagnostics).

Semiquantitative analysis of staining intensity was performed as described (51) by two

independent blinded observers, with 0 representing low or undetectable staining, 1

representing intermediate staining, and 2 representing intense staining.

LIP assay

The cellular LIP was measured with fluorescent metallosensor calcein, essentially as

described (20).

Transfection and isolation of ferroportin-expressing breast cancer cells

An expression vector encoding a functional ferroportin–green fluorescent protein (GFP)

fusion protein was obtained as a gift from J. Kaplan (University of Utah) (17). The

ferroportin-GFP cassette was amplified by PCR and subcloned into a lentiviral vector

carrying a puromycin resistance marker (gift of G. Sui, Wake Forest University Health

Sciences). Plasmids were subsequently purified and sequenced. Lentivirus particles were

produced by transient cotransfection of the ferroportin expression vector and packaging

vectors (VSVG, pMDLG, and RSV-REV) into 293T cells (52, 53). Viral particles

containing control empty vector were prepared similarly. Lentivirus was harvested after 48

hours and used to infect the MDA-MB-231-luc-D3H2LN human breast cancer cell line

(Caliper Life Sciences).

Monitoring of tumor growth in vivo

All animal procedures were approved by the Wake Forest University School of Medicine

Animal Care and Use Committee. Female athymic nude mice (∼10 weeks of age) were

anesthetized by isoflurane inhalation (2% induction, 1 to 2% maintenance) and injected with

60 μl of 2 × 106 MDA-MB-231-luc-D3H2LN-ferroportin or MDA-MB-231-luc-D3H2LN-

vector cells suspended in 50% Matrigel–50% Dulbecco's PBS (Invitrogen) into the fourth

inguinal mammary fat pad. Tumor growth was monitored weekly by bioluminescent

imaging in a subset of animals. Bioluminescent imaging was performed with a cooled
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charge-coupled device camera mounted in a light-tight specimen box (IVIS, Caliper Life

Sciences). Tumors were excised and weighed at the termination of the study.

Microarray data sets

Correlations between ferroportin expression in primary breast tumors and metastatic

recurrence in patients were assessed with gene expression profiles from publicly accessible

microarray data sets: (i) the Norway/Stanford study (33) (http://genome-www.stanford.edu/

breast_cancer/mopo_clinical/data.shtml), (ii) the NKI study (34) (http://www.rii. com/

publications/2002/nejm.html), (iii) the Uppsala study (35) [Gene Expression Omnibus

(GEO) accession number GSE3494], and (iv) the Stockholm study (31) (GEO accession

number GSE1456).

For analyzing ferroportin and hepcidin interactions, two large combined multi-institutional

cohorts were used. The first consists of three population-based cohorts totaling 504 breast

cancer cases annotated for clinical follow-up: Uppsala (GSE3494) (35), Stockholm

(GSE1456) (31), and Singapore (GSE4922) (37, 38). This data set was used because not all

the data sets we previously analyzed for ferroportin included information on hepcidin

expression. In this instance, each cohort represents an unselected population of patients

exhibiting a diverse range of breast cancer phenotypes, and each was profiled on both the

Affymetrix U133A and U133B microarray platforms. The ferroportin microarray probe set

(233123_at) is found only on the U133B GeneChip, whereas the hepcidin probe set

(220491_at) is found exclusively on the U133A GeneChip. This cohort allowed us to

investigate the prognostic interaction between ferroportin and hepcidin in unselected patient

populations. The second large combined cohort, unlike the first, consists exclusively of ER+

breast cancer cases (n = 518) derived from both unselected and selected patient populations:

Uppsala (GSE3494) (35), Stockholm (GSE1456) (31), Singapore (GSE4922) (37, 38), and

Oxford (GSE6532) (54). The Oxford collection is a selected cohort composed of only ER+

breast cancer cases treated by adjuvant tamoxifen monotherapy (54). The purpose of this

combined cohort was to allow a subset analysis of ER+ breast cancer cases uniformly treated

with adjuvant hormonal therapy without chemotherapy (as shown in Fig. 6B).

Assignment of tumors to molecular subtypes

The Uppsala cohort was used (21). Of the 251 tumors in this cohort, 228 showed correlation

of >0.1 with at least one subtype; the remaining 23 were classified as “no subtype” and

censored. Molecular subtypes were assigned by Calza et al. (32).

Statistical analyses

Statistical analyses were performed in the core biostatistical facility of the Comprehensive

Cancer Center of Wake Forest University by one of us (RD.). The significance of LIP values

in cancer and noncancer cells was assessed with t tests. The significance of ferroportin in

breast cancer versus normal breast epithelial tissue was calculated with Fisher's exact test.

The significance of ferroportin in tumor growth was calculated with a two-way repeated-

measures analysis of variance (ANOVA), where group, time, and the group by time

interaction were included in the model. The significance of ferroportin and/or hepcidin

expression in 10-year DMFS was calculated by the Kaplan-Meier method. Cox proportional

hazards regression models were used to examine the significance of ferroportin plus

hepcidin expression in the presence of established prognostic factors. The significance of

ferroportin in breast cancer molecular subtypes was determined with a one-way ANOVA

model followed by pairwise comparisons between groups within the ANOVA framework.
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Fig. 1.
A decrease in ferroportin and increase in hepcidin are associated with an increase in the

labile iron pool (LIP) in breast cancer cell lines. (A) Concentrations of ferroportin (FPN) in

normal and malignant breast cells. Protein (50 μg) from each cell type was analyzed for

ferroportin expression by Western blotting. Loading was assessed with an antibody to

GAPDH. (B) Hepcidin treatment increases concentrations of ferritin protein in breast cells.

HME cells were treated with vehicle and 300 or 700 nM hepcidin for 6 hours, and ferritin H

(FH) was assessed by Western blotting. GAPDH was used as a loading control. The increase

in ferritin was about twofold as measured by quantification of ferritin/GAPDH ratios by

scanning densitometry. (C) Hepcidin treatment increases the LIP. HME cells were treated

with 700 nM hepcidin or vehicle control, and the LIP was measured as described in

Materials and Methods. rfu, relative fluorescence units. (D) Ferroportin is degraded in

normal mammary epithelial (HME) cells treated with hepcidin. Cells were incubated with

vehicle and 300 or 700 nM hepcidin for 6 hours, and ferroportin was measured by Western

blotting. GAPDH was used as a loading control. (E) Western blot of prohepcidin protein in

normal and malignant breast cells. The HepG2 hepatocellular carcinoma cell line was used

as a positive control. (Prohepcidin was detected in all cells on prolonged exposure.) β-Actin

was used as a loading control. The calculated ratio of prohepcidin to β-actin signal intensity

is shown. (F) LIP in normal and malignant breast cells. Graphs show mean and SD of

triplicate determinations.
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Fig. 2.
Increased concentrations of ferroportin decrease growth of breast cancer xenografts. MDA-

MB-231-luc breast cancer cells were transfected with an expression vector for ferroportin or

control empty vector. Two independent ferroportin clones were isolated (FPN7 and FPN13).

(A) Final tumor weights [n = 10, 8, and 13 for controls (C), FPN7, and FPN13,

respectively]. *P = 0.013, **P = 0.029, difference from controls; Student's t test. (B)

Representative bioluminescent images of individual mice within each group. (C) Quantified

bioluminescence in control and ferroportin tumors. Means and SDs are plotted. P value
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represents test for the time by group interaction, indicating a significant difference among

the three groups.
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Fig. 3.
Ferroportin is decreased in human breast cancer tissue. (A to C) Ferroportin staining in

tissue. Tissue was isolated from a patient diagnosed with invasive ductal carcinoma. Within

this single tissue, normal epithelium, ductal carcinoma in situ, and invasive breast cancer

cells were observed. The tissue was stained with antibody to ferroportin 1. Original

magnification, ×220. (A) Normal tissue. (B) Ductal carcinoma in situ. (C) Invasive breast

cancer. (D to F) Ferroportin staining of breast TMAs. Breast TMAs were stained with

antibody to ferroportin, and intensity of staining was scored as described in Materials and

Methods. The range of scores was 0 to 2 (low to high). (D) Mean and SD of intensity score

of normal breast tissue and cancer tissue. (E) Percentage of cells with a staining intensity of

2. (F) Percentage of tissue specimens with a staining intensity of 1.
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Fig. 4.
Ferroportin expression is correlated with clinical and molecular features of breast cancer.

(A) Ferroportin expression in breast cancer molecular subtypes. Shown are box-and-whisker

plots of ferroportin gene expression as a function of molecular subtype in consecutive breast

cancer patients from Uppsala, Sweden (31). Shaded rectangles represent interquartile range;

line in the middle of each rectangle represents median value. Lines extending from the

interquartile range mark the 5th and 95th percentile values, and the individual open circles

represent values that are either above the 95th percentile or below the 5th percentile for each

distribution. P values are shown above bridges linking the subtypes. LumA, luminal A;

LumB, luminal B; ERBB2+, ErbB2/HER2/neu-positive–like. (B) Ferroportin expression is

correlated with histologic grade. Shown are box-and-whisker plots of ferroportin gene

expression as a function of histologic grade (1, 2, 3) in the Uppsala cohort. P values

(Student's t test) are shown above bridges linking grade categories. (C) Ferroportin

expression is correlated with breast tumor ER status. Shown are box-and-whisker plots of

ferroportin gene expression as a function of ER status (+, −) in the Uppsala cohort. P value

(Student's t test) is shown above the bridge linking ER categories. (D) Ferroportin

expression is correlated with lymph node (LN) status. Shown are box-and-whisker plots of

ferroportin gene expression as a function of lymph node status (+, −) in the Uppsala cohort.

P value (Student's t test) is shown above the bridge linking grade categories.
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Fig. 5.
Ferroportin expression in primary breast tumors is prognostic of low risk of recurrence in

multiple independent microarray data sets. Breast cancer patients were ranked according to

ferroportin expression levels, and DSS or DMFS of patients with below-mean expression

was compared to that of patients with above-mean expression. (A to D) Kaplan-Meier plots

are shown for (A) the Norway/Stanford cohort (33) (included were 103 tumors with reported

expression values for ferroportin; data for 19 tumors were reported as “missing” in the

original data set and these were excluded from the analysis), (B) the NKI cohort (34), (C)

the Uppsala cohort (35), and (D) the Stockholm cohort (31). Log-rank tests were used to

compare the survival curves between groups and to generate the P values for these

comparisons.
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Fig. 6.
Ferroportin and hepcidin prognostic interactions. (A) Associations between DMFS and high

or low ferroportin and hepcidin expression levels (based on mean partitioning) in a

combined multi-institutional population-based cohort consisting of 504 breast cancer cases.

Kaplan-Meier plots and log-rank P values are shown for (i) ferroportin expression, (ii)

hepcidin expression, (iii) high ferroportin dichotomized by low versus high hepcidin, and

(iv) low ferroportin dichotomized by low versus high hepcidin. (B) Prognostic value of high

ferroportin and low hepcidin expression in a combined multi-institutional cohort of

uniformly treated ER+ breast cancer patients. The Kaplan-Meier plot compares the

combined effects of ferroportin and low or high hepcidin expression on DMFS in patients

treated with tamoxifen monotherapy.
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