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Abstract

Hepcidin is a peptide hormone that negatively regulates iron efflux and plays an important role in
controlling the growth of breast tumors. In patients with breast cancer, the combined expression of
hepcidin and its membrane target, ferroportin, predict disease outcome. However, mechanisms that
control hepcidin expression in breast cancer cells remain largely unknown. Here we use three-
dimensional breast cancer spheroids derived from cell lines and breast cancer patients to probe
mechanisms of hepcidin regulation in breast cancer. We observe that the extent of hepcidin
induction and pathways of its regulation are markedly changed in breast cancer cells grown in
three dimensions. In monolayer culture, BMPs, particularly BMP6, regulate hepcidin
transcription. When breast cancer cells are grown as spheroids, there is a >10 fold induction in
hepcidin transcripts. Microarray analysis combined with knockdown experiments reveal that
GDF-15 is the primary mediator of this change. The increase in hepcidin as breast cells develop a
three-dimensional architecture increases intracellular iron, as indicated by an increase in the iron
storage protein ferritin. Immunohistochemical staining of human breast tumors confirms that both
GDF-15 and hepcidin are expressed in breast cancer specimens. Further, levels of GDF-15 are
significantly correlated with levels of hepcidin at both the mRNA and protein level in patient
samples, consistent with a role for GDF-15 in control of hepcidin in human breast tumors.
Inclusion of tumor-associated fibroblasts in breast cancer spheroids further induces hepcidin. This
induction is mediated by fibroblast-dependent secretion of IL-6. Breast cancer cells grown as
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spheroids are uniquely receptive to IL-6-dependent induction of hepcidin by tumor-associated
fibroblasts, since IL-6 does not induce hepcidin in cells grown as monolayers. Collectively, our
results suggest a new paradigm for tumor-mediated control of iron through the control of hepcidin
by tumor architecture and the breast tumor microenvironment.
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Introduction

Enhanced acquisition and retention of iron is a hallmark of breast cancer. This metabolic
alteration results from changes in proteins of iron metabolism that increase iron uptake, alter
iron storage, and/or reduce iron efflux: for example, transferrin receptor 1 (TfR1), the
receptor that mediates uptake of transferrin-bound iron and the major iron importer of cells,
is frequently upregulated in breast cancer (1-3), as is IRP2, a master regulator of
intracellular iron (4). Conversely, ferroportin, an iron efflux pump, is downregulated in
breast cancer cells and patient tissues (5, 6).

Hepcidin, a peptide hormone that binds to ferroportin and triggers its degradation (7), plays
an important role in breast cancer. Whereas the expression of ferroportin is down-regulated
in breast cancer, expression of hepcidin is upregulated (5, 6). Hepcidin secreted by breast
cancer cells binds to ferroportin and initiates ferroportin degradation, thus blocking iron
efflux and increasing iron retention (5, 6). Knockdown of hepcidin in breast tumor cells
inhibits growth of breast tumor xenografts, indicating that hepcidin produced by tumor cells
makes an important contribution to tumor growth through an autocrine/paracrine loop (6).
Further, the combined expression profile of ferroportin and hepcidin is a powerful predictor
of survival after mastectomy for women with breast cancer (5). Thus, the ferroportin/
hepcidin regulatory axis has significant impact on tumor growth and disease progression in
breast cancer patients.

In addition to its role in breast cancer, hepcidin is involved in systemic iron homeostasis:
hepcidin synthesized in the liver plays a critical role in controlling systemic iron trafficking
by regulating ferroportin in intestinal cells, macrophages, and hepatocytes, and thus
determining the delivery of iron to the circulation (8-10). In the liver, numerous laboratories
have shown that hepcidin is controlled transcriptionally by BMPs, principally BMP6 (11,
12), as well as by inflammatory cytokines such as IL-6 that increase transcription of
hepcidin through a STAT3-mediated pathway (13). In breast cancer, however, pathways of
hepcidin regulation are poorly understood.

Here, we probe mechanisms of hepcidin regulation in breast tumors using both two-
dimensional and, to better recapitulate tissue architecture, three-dimensional (3D) cell
culture (14-18). We also include tumor-associated fibroblasts in these three dimensional
structures to facilitate study of the interactions that occur between the different cell types
that are constituents of the tumor microenvironment. In addition to established breast cancer
cell lines, we use patient-derived cells that have been conditionally reprogrammed (19) in
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order to study breast cancer epithelial cells isolated directly from patients ((20); see
Materials and Methods).

We report three major new findings. First, that three-dimensional culture of breast cancer
cells uncovers a novel mechanism of hepcidin regulation involving GDF-15 secreted by
breast epithelial cells. Second, that IL-6 derived from tumor fibroblasts further augments
hepcidin secretion from breast cancer cells, implicating the tumor stroma in hepcidin
regulation. Third, that the spatial organization of tumor cells alters responses to extracellular
cues and activates additional pathways of hepcidin induction. These studies suggest a new
paradigm for tumor-mediated control of iron through the control of hepcidin by tumor
architecture and the breast tumor microenvironment.

BMPs play a major role in hepcidin induction in MCF7 breast cancer cells

To investigate pathways that control hepcidin expression in breast cancer (BC), we initially
examined MCF-7 cells, a well-studied breast cancer cell line (21). We confirmed that as
previously described (5), MCF-7 cells grown under conventional tissue culture conditions
exhibited increased hepcidin compared to non-tumorigenic MCF-10A breast epithelial cells
(Supplementary Figure 1A and B), thus modeling the increased hepcidin seen in breast
cancer.

We first considered the contribution of bone morphogenetic proteins (BMPs) and interleukin
6 (IL-6) to hepcidin regulation in breast cancer cells, since these pathways regulate hepcidin
transcription in the liver through activation of SMAD and STATS3 signaling pathways,
respectively (11, 22). Measurement of endogenous transcript levels revealed that MCF-7
cells had higher expression of several BMPs implicated in control of hepcidin than
MCF-10A cells, particularly BMPs-4, 6 and 7 (Figure 1A and Supplementary Table 1).
Additionally, MCF-7 cells expressed BMP receptors required for downstream BMP
signaling (Supplementary Figure 1C). To directly test the role of BMPs in hepcidin
regulation, we depleted endogenous BMPs with siRNA and assessed the effect on hepcidin.
Knockdown of BMPs was efficient (60-95%) (Supplementary Figure 1 D—F). Although
depletion of all three BMPs reduced hepcidin (Figure 1B), knockdown of BMP6 resulted in
a more pronounced decrease in hepcidin than knockdown of BMP4 or BMP7 (Figure 1B).
Antibodies directed at BMPs were also effective at reducing hepcidin, particularly anti-
BMP-6 and anti-BMP4 (Figure 1C). We next investigated the role of IL-6 and the STAT3
signal transduction pathway in regulation of hepcidin in MCF7 cells. Although IL-6
transcripts were non-detectable (Supplementary Table 1), MCF-7 cells expressed IL-6
receptor (Supplementary Figure 1C). Further, alternative activators of STAT3 signaling such
as IL-1, IL-5, interferons or epidermal growth factor (EGF) have been described (23-26),
and it was possible that these might trigger STAT3 activation and increase hepcidin
synthesis. We therefore treated MCF-7 cells with recombinant IL-6 and measured effects on
activation of STAT3 and hepcidin. Although STAT3 was successfully activated by IL-6
under these conditions, there was no corresponding induction of hepcidin (Figure 1D).
Taken together, these results suggest that among previously identified regulators of hepcidin,
BMPs, particularly BMP6, play a predominant role in MCF-7 breast cancer cells.
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Hepcidin is dramatically induced in breast cancer spheroids

Recent results have suggested that three-dimensional (3D) culture may be useful for
studying metabolic changes in cancer, particularly breast cancer (27, 28). To test whether
additional pathways regulating hepcidin might be uncovered using three-dimensional
culture, we grew MCF-7 breast cancer cells and the non-tumorigenic MCF-10A breast cell
line as three-dimensional spheroids. Cells were plated in wells coated with poly(2-hydroxy-
ethyl methacrylate)(polyHEMA), which prevents cell adhesion and fosters the spontaneous
aggregation of cells into multicellular spheroids, as previously described (29). As shown in
Figure 2A, under these conditions both MCF-10A non-tumor and MCF-7 tumor cells
formed viable spheroids as demonstrated by calcein-AM staining (Figure 2A).

We measured hepcidin levels in MCF-10A and MCF-7 cells grown under these 3D culture
conditions and compared them to hepcidin synthesized by cells grown in monolayers. As
expected, hepcidin expression was increased in MCF-7 spheroids when compared to
MCF-10A spheroids (Figure 2B and E). Strikingly, when levels of expression of hepcidin in
cells grown under two and three dimensional culture conditions were compared, there was a
15 fold increase in hepcidin mRNA and 2-3 fold induction of hepcidin protein in MCF-7
cells grown in 3D (Figure 2C and F). This difference was not seen in MCF-10A cells, which
exhibited similar levels of hepcidin under both two and three dimensional culture conditions
(Figure 2D and G). Normal mammary epithelial cells (HME) similarly exhibited no increase
in hepcidin when grown under 3D culture conditions (Supplementary Figure 1G). To ensure
that the difference in hepcidin expression between 2D and 3D was not a consequence of
altered rates of proliferation of cells grown under these two different culture conditions, we
examined hepcidin expression at later time points, when proliferative rates, as measured by
Ki67 gene expression (30), were similar between cells grown in 2D and 3D (Supplementary
Figure 1H). We found that hepcidin induction was preserved under these conditions
(Supplementary Figure 1H), suggesting that the 3D environment, rather than the rate of
proliferation, underlies hepcidin induction in spheroids.

Hepcidin is induced in breast cancer spheroids prepared from patient cells

To confirm the selective induction of hepcidin in breast cancer spheroids, we next turned to
primary breast epithelial cells. Breast cancer cells were isolated directly from breast tumors.
At the same time, non-malignant breast epithelial cells were obtained from normal adjacent
tissue to serve as patient-matched controls. Both malignant and non-malignant epithelial
cells were expanded on irradiated fibroblast feeder layers and re-plated in the absence of
feeder layers prior to initiating experiments (detailed methodology is provided in Materials
and Methods (20)). Cells exhibited typical epithelial markers, including E-cadherin and pan-
cytokeratin (Supplementary Figure 2A and B). Vimentin, a mesenchymal marker, was not
expressed (Supplementary Figure 2A). Tumor cells expressed higher levels of N-cadherin
(31), a protein associated with breast cancer cell motility and invasion, than non-cancer
epithelial cells isolated from the same patient (Supplementary Figure 2A).

We then measured hepcidin levels in these patient-derived normal and tumor cells. Tumor
cells expressed increased levels of hepcidin transcripts when compared to normal cells under
both monolayer and 3D culture conditions (Supplementary Figure 2C and D). As we had
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observed in MCF-10A and MCF-7 cells, the difference in hepcidin expression was
particularly pronounced in cells grown as spheroids. We also examined the expression of
hepcidin using immunofluorescent staining. Consistent with changes observed at the mRNA
level, there was a substantial increase in hepcidin in tumor cells (Figure 3A). This was
accompanied by a decrease in ferroportin in tumor spheroids compared to spheroids from
normal cells (Figure 3A), suggesting that hepcidin produced by spheroids is functional in
targeting ferroportin for degradation. To confirm the functionality of hepcidin in breast
tumor spheroids, we treated cells with two different anti-hepcidin antibodies and assessed
the consequences of this treatment on levels of ferroportin. As expected, blockade of
hepcidin by anti-hepcidin antibodies increased ferroportin, indicating that hepcidin
synthesized by these cells functions in an autocrine fashion and exerts its expected biological
activity (Figure 3B).

Next, we compared the effects of 3D culture on hepcidin in breast cancer and normal cells.
Using primary breast tumor spheroids derived from four separate breast cancer patients
(Table 1), we observed a marked hepcidin induction in 3D culture compared to 2D (Figure
3C and Supplementary Figure 2E—H), with increases in transcript levels ranging from 10 to
22 fold. In contrast to MCF10A cells, which did not increase synthesis of hepcidin when
cultured in 3D (Figure 2D and G), hepcidin was also induced in spheroids from normal cells,
albeit at lower levels than in tumor cells (~3.5 fold transcriptionally) (Figure 3C).

To assess whether the increase in hepcidin observed in 3D cultures of tumor cells was
associated with changes in intracellular iron, we measured levels of ferritin. Ferritin is an
iron storage protein composed of H and L subunit types (32). Because levels of ferritin are
post-transcriptionally increased by iron (33-35), it is frequently used as a surrogate marker
for intracellular iron. We anticipated that increased hepcidin would lead to decreased
ferroportin, thus reducing iron efflux and increasing intracellular iron and ferritin. As shown
in Figure 3D, expression of both ferritin H and L subunits was indeed increased from 2D to
3D culture in patient tumor cells, suggesting that the increased levels of hepcidin seen in
tumor spheroids contributes to a phenotype of iron retention.

BMPs and IL-6 make modest contributions to hepcidin induction in breast cancer

spheroids

We next sought to determine the regulatory pathways responsible for hepcidin induction in
breast cancer spheroids. As seen with monolayer cells, measurement of transcript levels
revealed that BMPs, particularly BMP-4, 6 and 7, were basally expressed in MCF-7
spheroids and expression was increased compared to MCF-10A spheroids (Supplementary
Figure 3A-D). Additionally, MCF-7 spheroids expressed BMP receptors, and BMP receptor
expression was enhanced in 3D culture compared to monolayer culture (Supplementary
Figure 3E). In contrast, and consistent with monolayer cells, expression of IL-6 was not
observed in MCF-7 spheroids (Supplementary Figure 3D).

To test the contribution of BMPs and IL-6 in regulation of hepcidin synthesis in spheroids,
we first reduced levels of endogenous BMPs 4, 6 and 7 using siRNA (Supplementary Figure
3F-H) and assessed effects on hepcidin expression. Depletion of BMPs reduced hepcidin
expression in MCF-7 spheroids (Figure 4A and 4B); depletion of BMP6 had the most

Oncogene. Author manuscript; available in PMC 2018 October 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blanchette-Farra et al. Page 6

pronounced effect, resulting in an approximate reduction of 30-35% in hepcidin transcripts
and 20% reduction in hepcidin protein compared to non-targeting control (NTC). Similar to
what we had observed in 2D, there was no detectable expression of 1L-6 and minimal
phosphorylation of STAT3 in MCF-7 spheroids (Figure 4C), and knockdown of STAT3
using siRNA only modestly reduced hepcidin transcripts (~20%) (Figure 4D).

Growth Differentiation Factor 15 (GDF-15) induces hepcidin expression in BC spheroids

Since none of the classical regulators of hepcidin explained the 10-22 fold transcriptional
increase in hepcidin expression seen in spheroids (Figure 2C and Supplementary Figure 2E-
H), we next examined differences in global gene expression between MCF-7 cells grown as
monolayers and spheroids to search for non-canonical mechanisms that might underlie the
induction of hepcidin in spheroids. To assure that differences we observed were independent
of the specific method used to induce spheroid formation, we compared gene expression
profiles from cells grown using three different methods of 3D culture: spheroids cultured in
polyHEMA-coated 96-well plates; spheroids cultured in ultra-low attachment 96-well plates;
and spheroids cultured in 0.24% methylcellulose (36). Hepcidin was upregulated to a similar
extent using all three of these methods when compared to monolayer culture
(Supplementary Figure 4A).

Overall, from 1809 to 2117 genes were significantly differentially expressed in MCF-7
spheroids, depending on the 3D culture condition (Supplementary Table 2). Specific gene
expression changes observed between 2D and 3D were remarkably similar using each of the
3 methods of 3D cell culture (Table 2). GAGE Pathway analysis revealed that global
differences in gene expression profiles induced by 3D culture were similar to those
previously described, including cell cycle, DNA replication and mismatch repair (Table 3)
(37-39). Nine of the top 10 perturbed pathways were the same in all three 3D cases,
although there were differences in their rank order (Table 3).

To search for inducers of hepcidin, we examined genes that were most significantly
upregulated under all three 3D culture conditions (Table 2). Notable among these was
GDF-15: induction of GDF-15 ranged from 16.07 to 21.9 fold (FDR p-value p<0.009)
(Table 2). Expression (Bi-weight average signal (log2)) of GDF-15 was robust, with an
average expression level roughly equivalent to the mean of all other genes expressed in these
cells (Supplementary Figure 4B-D).

Growth differentiation factor-15 (GDF-15), also called MIC-1 (40), is a member of the TGF-
B superfamily that is up regulated in many cancers, including breast cancer (40, 41).
GDF-15 has previously been shown to correlate with and potentially regulate hepcidin,
although in some contexts GDF-15 may act as an inhibitor rather than an activator of
hepcidin (see Discussion and (42-45)). We observed that GDF-15 was increased in our
breast cancer cell models when compared to non-cancer cells: MCF-7 spheroids had
increased GDF-15 compared to MCF-10A spheroids, as did patient tumor spheroids
compared to spheroids derived from normal adjacent cells (Figure 5A and B). To confirm
the induction of GDF-15 seen in the microarray analysis, we measured GDF-15 mRNA
using gRT-PCR and GDF-15 protein using an ELISA assay in MCF-7 cells grown as
monolayers or spheroids. As anticipated, MCF-7 spheroids exhibited increased GDF-15
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expression (transcript and protein) relative to monolayer cultures (Figure 5C and D).
Increased expression of GDF-15 was correlated with increased hepcidin expression in 3D
spheroids (Figure 5E and F). To confirm the generality of these findings, we also examined
GDF-15 in patient-derived breast cancer cells. Similar to MCF-7 cells, primary tumor cells
also exhibited a pattern of increased GDF-15 expression from 2D to 3D culture
(Supplementary Figure 5A and 5B).

To directly test whether GDF-15 induced hepcidin, we used siRNA to reduce levels of
GDF-15 in BC spheroids. We observed that efficient knock-down of GDF-15 (~85%;
Supplementary Figure 5C and D) significantly reduced hepcidin expression at both the
transcript and protein levels (~70% and 50% respectively) (Figure 6A and B and
supplementary Figure 5E). Although GDF15 knockdown did not completely abrogate the
induction of hepcidin seen in spheroids (Figure 6A), reducing GDF-15 had a greater
inhibitory effect than blocking either BMP6 or STAT3 (Figure 4).

GDF15-dependent hepcidin induction in spheroids is mediated by SMAD1-5-8

Our next goal was to assess the signaling pathway linking GDF-15 to hepcidin production.
Although GDF-15 downstream signaling is incompletely understood, there is evidence that
GDF-15 may utilize the SMAD pathway (46, 47). SMAD signaling proceeds via two
divergent pathways: pPSMAD2-3 (TGFp signaling) and pSMAD1-5-8 (BMP signaling) (48).
We assessed the activity of both these pathways in 2D versus 3D culture using a western blot
for activated (phosphorylated) SMAD2-3 and SMAD1-5-8. As shown in Figure 6C, only
SMAD1-5-8 was activated from 2D to 3D culture of MCF-7 cells. Further, reduction of
GDF-15 in MCF-7 spheroids using siRNA simultaneously reduced SMAD1-5-8 activity
(Figure 6D) and hepcidin synthesis (Figure 6A), both of which were restored by addition of
recombinant GDF-15 (Supplementary Figure 5F-H).

Our 3D results prompted us to examine a role for GDF-15 in control of hepcidin in 2D. As
shown in Figure 6, hepcidin levels did not change following either knockdown of GDF-15
(Figure 6E and F and Supplementary Figure 6A-D) or addition of exogenous GDF-15 at
concentrations ranging from the sub- to the supra-physiological (Supplementary Figure 6E)
in 2D cultures. Together, these data suggest that GDF-15 regulates hepcidin induction breast
cancer spheroids selectively, and does so through the activation of a SMAD1-5-8-dependent
pathway.

Expression of GDF-15 and hepcidin are correlated in breast cancer tissue

To test whether an association between GDF-15 and hepcidin was also present in breast
cancer tissue, we first analyzed hepcidin (gene symbol HAMP) and GDF-15 (gene symbol
GDF15) transcripts in the publicly available TCGA breast cancer dataset (49). Levels of
both transcripts were significantly increased in cancer tissue (n=526) compared to normal
adjacent tissue (n= 61) (p<6x10~ for GDF15, p<0.0003 for HAMP) (Figure 7A and B). We
divided tumors into two groups based on hepcidin expression (above or below the mean) and
assessed GDF15 expression in these two groups. GDF15 expression was significantly
different among the high and low subdivisions of HAMP (p<0.01), with high HAMP
associated with high GDF-15expression (Figure 7C). Similarly, when tumors were divided
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into two groups based on GDF15expression, high GDF15 was significantly associated with
high HAMP (p<0.04) (Figure 7D).

To explore the relationship between GDF-15 and hepcidin at the protein level and to assess
whether both proteins were expressed in breast epithelial cells, we performed
immunohistochemical analysis of tumor sections from 56 breast cancer patients. As shown
in Figure 7E, expression of both GDF-15 and hepcidin was evident in breast cancer tissue.
Staining with pan-cytokeratin confirmed the expression of both proteins in epithelial cells.
Expression of GDF-15 and hepcidin were also faintly evident in some surrounding stromal
cells (Figure 7E). Further, as illustrated in Figure 7E and quantified in Figure 7F, there was a
strong positive correlation between GDF-15 and hepcidin in epithelial cells (R2=0.44,
p<3x1078), consistent with a role for GDF-15 in regulation of hepcidin in human breast
tumors in vivo.

Tumor Associated Fibroblasts Contribute to hepcidin induction via paracrine IL-6 signaling

In addition to autocrine regulation of hepcidin by tumor epithelial cells themselves, we
asked whether other cell types in the tumor microenvironment might contribute to hepcidin
induction. In particular, we focused on tumor associated fibroblasts (TAFS), since these cells
are known to support tumor growth through secretion of pro-inflammatory cytokines and
growth factors (50). TAFs isolated from patient tumor tissue were fibroblastic in shape and
expressed vimentin, a mesenchymal marker (Supplementary Figure 7A). When TAFs were
co-cultured with tumor epithelial cells (TECs), we observed a significant increase in
hepcidin (Figure 8A and B).

We then explored the mechanism of TAF-dependent induction of hepcidin. To test whether
the induction of hepcidin by TAFs required direct cell contact or was mediated by a secreted
factor, we prepared conditioned medium from TAFs and cultured TEC spheroids in this
medium. As shown in Figure 8C, an increase in hepcidin was detected when TEC spheroids
were exposed to conditioned media (CM) from TAFs, supporting the role of a secreted factor
in hepcidin induction. We then measured levels of known hepcidin agonists in TAFs. We
found that TAFs produced copious IL-6, with no detectable levels of BMP6 or GDF-15
(Supplementary Figure 7B). Additionally, primary tumor epithelial cell (TEC) spheroids
expressed I1L-6 receptor (IL-6R), suggesting their potential ability to respond to paracrine
IL-6 signaling (Supplementary Figure 7C).

We therefore tested whether the TAF factor that induced hepcidin was IL-6. TEC were
cultured in the presence of either TAFs or TAF CM. pSTATS3, the downstream signal
activator of IL-6, was then measured. As shown in Figure 8D, both TAFs and TAF
conditioned medium activated STAT3. We then directly evaluated the role of IL-6 in
stimulating hepcidin by incubating the conditioned medium with neutralizing anti-1L-6
antibody before addition to TEC spheroid culture. We found that depletion of IL-6 from CM
(Supplementary Figure 7D) significantly reduced hepcidin levels (Figure 8E and F).
Consistent with these results, the addition of recombinant IL-6 to TEC cultures stimulated
hepcidin synthesis (Supplementary Figure 7E and F). These results suggest that TAFs in the
tumor microenvironment contribute to the synthesis of hepcidin in breast cancer epithelial
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cells through secretion of IL-6. A model of hepcidin regulation in breast cancer is shown in
Figure 9.

Discussion

The significant association between iron efflux pathways and breast cancer patient outcome
(5), as well as the role of hepcidin in breast tumors /7 vivo (6) prompted us to investigate
mechanisms of hepcidin control in breast cancer. We used 3D culture of both breast cancer
cell lines and patient-derived breast tumor cells to more fully explore mechanisms
controlling hepcidin synthesis /n vivo.

Three dimensional culture is an important tool in the study of breast cancer growth and
metabolism that can provide unique biological insights not evident in cells grown in 2D (17).
It has been suggested that 3D culture may more successfully predict tumor cell behavior /n
vivothan 2D models, since breast cancer cells grown in 3D exhibit a gene expression profile
that more closely mimics human tumors than cells grown in 2D (51, 52). 3D culture is a
promising tool for drug screening that may more accurately predict clinical success of anti-
cancer drugs (53, 54). In the present study, we found that BMPs, particularly BMP6, were
important regulators of hepcidin synthesis in breast cancer cells grown in both 2D and 3D
(Figure 1 B and C and Figure 4 A and B). However the growth of breast cells in 3D allowed
additional regulatory mechanisms to become evident.

The first novel pathway of hepcidin regulation that we observed in cells grown in 3D was
mediated by GDF-15. GDF-15 is a member of the TGF-B superfamily that plays a broad
role in tissue homeostasis and repair (40). GDF-15 is induced in response to inflammation,
acute injury or malignancy (41, 55, 56). Serum levels of both GDF-15 and hepcidin are
increased in patients with breast cancer (6, 41) and other malignancies (42, 43, 57). GDF-15
may play multiple roles in cancer; however, studies in breast cancer cells have suggested a
role of GDF-15 in enhanced invasion as well as in maintenance of breast cancer stem cells
(58, 59). We observed that GDF-15 and hepcidin mRNA were both elevated in primary cells
from breast tumor tissue compared to normal adjacent tissue (Figure 3 and Figure 5).
Further, immunohistochemical staining of breast cancer tissue arrays (Figure 7E) as well as
interrogation of publicly available microarray datasets from breast cancer patients (Figure 7
A-D) indicated that there was a positive correlation between GDF-15 and hepcidin in breast
tissue. Our work thus extends the known functions of GDF-15 to the local regulation of
hepcidin in tumor tissue, representing a new role for GDF-15 in tumorigenesis. Specifically,
the upregulation of GDF-15 and consequent increase in hepcidin in tumor tissue may foster
tumor growth by enhancing tumor iron retention. The increase in ferritin we observed in
tumor spheroids (Figure 3) is consistent with this interpretation.

GDF-15 has previously been described as a negative regulator of hepcidin, since high serum
levels of GDF-15 in patients with p-thalassemia were associated with suppression of hepatic
hepcidin (44). However, in this same study, the response of hepatocyte cells to GDF-15 in
vitro was shown to be biphasic, with lower levels of GDF-15 stimulating hepcidin synthesis,
and higher levels (= 10,000 pg/ml) inhibiting hepcidin (44). We observed that the level of
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GDF-15 produced by breast cancer spheroids ranged from 100-500 pg/ml, consistent with
an inductive effect of GDF-15 on hepcidin.

GDF-15 and the BMPs are both members of the TGF-g superfamily. Previous work has
identified SMAD1-5-8 as the regulatory pathway that mediates induction of hepcidin by
BMPs in hepatocytes (60). Although the receptor(s) and signaling pathways activated by
GDF-15 have been less well studied than those that mediate BMP activity, experiments
presented here suggest that GDF-15 may also utilize a SMAD1-5-8 signaling pathway to
control hepcidin induction in spheroids. Further supporting this, both hepcidin and activated
SMAD1-5-8 were abrogated when GDF-15 was decreased with siRNA in spheroids (Figure
6) and this effect was rescued with the addition of recombinant GDF-15 (Supplementary
Figure 5). Hepcidin regulation by GDF-15 seems specific to spheroids, as treatment of
MCF-7 monolayers with GDF-15 had no effect on hepcidin expression (Supplementary
Figure 6). Although we did not study the mechanism underlying the activation of a GDF-15-
mediated regulatory pathway in spheroids, it is well known that metabolic pathways,
intercellular communication, and signaling all differ significantly in cells grown in 3D
versus 2D (14, 39, 61). In our experiments, we observed an increase in activated
SMAD1-5-8 in spheroids (Figure 6C), which may contribute to the elevated hepcidin levels
observed in 3D cultures. Further work will be required to elucidate mechanisms underlying
the induction of a GDF-15-mediated hepcidin regulatory pathway in spheroids.

The second major observation to emerge from this study is that stromal cells in the tumor
microenvironment can contribute to regulation of hepcidin synthesis in breast tumor cells.
Stromal cells play a significant role in breast tumorigenesis and secrete factors such as TGF-
B and IGF-1 that can directly activate pathways in tumor epithelial cells (TECs)(50)
(reviewed in (50, 62)). For example, TAFs have been found to secrete CXCL12 for
promotion of proliferation, migration and invasion of breast tumor epithelial cells (63). We
found that IL6 secreted by TAFs significantly contributes to hepcidin synthesis (Figure 8).
TAFs grown in the absence of TECs showed minimal hepcidin expression (Figure 8A and
B), suggesting that co-culture induces hepcidin primarily in TECs rather than in the TAFs
themselves. Consistent with this interpretation, conditioned media from TAFs induced
hepcidin in TECs to a similar extent as co-culture with TAF cells (Figure 8C).

Since IL-6 was the only ligand previously associated with induction of hepcidin that was
produced by TAFs, and TAF-mediated induction of hepcidin could be blocked by anti-IL-6
antibody (Figure 8), our experiments suggest that IL-6 is the major and perhaps only factor
secreted by TAFs that influences hepcidin synthesis. However a limitation of our studies is
that we were unable to isolate TAFs from multiple patient samples. In addition, multiple
additional cell types populate the tumor microenvironment, including immune cells of
several lineages (64), and these have been implicated in modifying local iron homeostasis in
breast tumors (65). Thus, more extensive analyses are likely to uncover additional regulators
that contribute to fine-tuning hepcidin synthesis in the tumor microenvironment.
Interestingly, although we did not observe secretion of GDF-15 in breast cancer TAFs
(Supplementary Figure 7B), GDF-15 is secreted by TAFs isolated from prostate tumors and
promotes prostate tumorigenesis (66). Since hepcidin is also upregulated in prostate tumors
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(67), it is possible that in prostate cancer, TAFs may contribute to hepcidin synthesis through
secretion of GDF-15.

A third observation to emerge from our studies is that an alteration in the spatial
configuration of tumor cells is sufficient to alter responses to extracellular cues and activate
additional pathways of hepcidin induction. Thus, although cells grown in 2D displayed
receptors rendering them potentially responsive to IL-6, hepcidin synthesis was not triggered
by treatment with exogenous IL-6 in cells grown in 2D (Figure 1D). In contrast, breast
cancer cells grown in 3D induced hepcidin when exposed to IL-6 (Figure 8 and
Supplementary Figure 7 E and F). This result underscores the importance of spatial
organization in the activation of tumor signaling pathways, including those that regulate iron
metabolism.

Mechanisms of regulation we observed in cell lines were recapitulated in cells derived from
patient tissues (Figure 3 and Supplementary Figures 2, 5). However, a limitation of our study
is that the patient-derived cells we examined were all derived from tumors that were
hormone receptor (HR) positive, HER2 negative -- i.e., all expressed estrogen receptor (ER)
and all were negative for HER2, important prognostic markers in breast cancer. Although the
HR*HER2~ phenotype is representative of the majority of breast tumors (68), it does not
capture the full spectrum of breast cancers, which have recently been divided into at least 5
molecular subtypes with significantly different clinical outcome (69, 70). It will be of
interest to determine whether molecular subtype influences hepcidin regulation, particularly
since our previous microarray analyses have shown that hepcidin is associated with poorer
patient outcome in tumors that express high levels of ferroportin (5).

Collectively, the experiments presented here demonstrate the existence of multiple
mechanisms that coordinately control hepcidin synthesis in breast tumor spheroids. Studies
of mechanisms through which tumor cells and cells in the tumor microenvironment regulate
synthesis of hepcidin may not only uncover new pathways through which hepcidin is
controlled, but may ultimately suggest new strategies for inhibiting local synthesis of
hepcidin that can be used to target the metabolic dependence of tumor cells on iron.

Materials and Methods

Cell Line Culture

MCF-7 and MCF-10A cells were obtained from the Wake Forest University Comprehensive
Cancer Center Tissue Culture Core facility and verified by ATCC cell authentication testing
service. HME cells were purchased from Lonza (Basel, Switzerland). MCF-7 cells were
cultured in Dulbecco’s minimal essential medium (DMEM)-F12 (Thermo Fischer
Scientific, Waltham, MA, USA) supplemented with 10% FBS (Gemini Bio-Products, West
Sacramento, CA, USA). MCF-10A and HME cells were cultured in Mammary Epithelial
Growth medium (MEGM) bullet kit (Lonza; catalog #CC-3150). MCF-10A media was
supplemented with 100ug/ml cholera toxin (Sigma-Aldrich, St. Louis, MO, USA). All cells
were maintained at 37°C in a humidified atmosphere containing 5% CO2 and 20% O2.
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Patient Sample Isolation

De-identified tumor and adjacent non-tumor human mammary tissue was obtained under the
approval of the Institutional Review Board of University of Connecticut Health. Fresh
specimens were put into F media (19) [3:1 v/v Ham’s F12 Nutrient Mix: Dulbecco’s
Modified Eagle Medium (Thermo Fischer Scientific), 5% fetal bovine serum (Gemini Bio-
Products, West Sacramento, CA, USA), 0.4 ug/mL hydrocortisone (Sigma-Aldrich), 5
pg/mL recombinant human insulin (Life Technologies, Carlsbad, CA), 8.4 ng/mL cholera
toxin (Sigma-Aldrich), 10 ng/mL epidermal growth factor (EMD Millipore, Billerica, MA,
USA), 24 ug/mL adenine (Sigma-Aldrich), penicillin-streptomycin (Life Technologies), and
10 umol/L Y-27632 (Tocris Bioscience, Bristol, United Kingdom)], and placed immediately
on ice.

Primary Cell Culture

Primary cell culture was performed using a conditional reprogramming technique as
previously described (20). Briefly, specimens were removed of excess fat, minced, and then
digested in 0.1 U/mL collagenase and 0.8 U/mL dispase (Roche Diagnostics, Indianapolis,
IN, USA) for approximately 1-2 hrs at 37°C. The cell suspension was passed through a 100
pum nylon filter and centrifuged at 400 x g. The cell pellet was re-suspended in F media and
washed three more times to ensure removal of the proteases. For tumor associated fibroblast
(TAF) culture propagation (from patient 113), half of the re-suspended cell pellet was
directly plated in dishes overnight in F-media and re-fed the next day with F-media minus
cholera toxin. TAFs were cultured in a 37°C humidified incubator with 5% CO2 and 7% O2.
Expanded cells were trypsinized with 0.05% trypsin and re-plated up to five passages before
freezing as stocks. For tumor/adjacent normal epithelial cells, the remaining re-suspended
cell pellet was plated onto irradiated (4000 Rad) mouse NIH 3T3 fibroblasts in the presence
of 10 umol/L Y-27632 (Tocris) and cultured in F-media at 37°C humidified incubator with
5% CO2 and 7% O2. Cells were passaged by differential trypsinization; when
approximately 90% confluent, the cells were incubated with 0.05% trypsin to first remove
the feeder fibroblast cells. The detached fibroblasts were aspirated and the remaining
epithelial cells were incubated with 0.25% trypsin until detached. The cells were neutralized
with equal volume F media, re-suspended gently to generate a single cell suspension, and
centrifuged at 400 x g. The cells were re-suspended in F media and passaged at 1:2 — 1:4
ratios onto irradiated feeder cultures. NIH 3T3 fibroblasts were maintained in DMEM
(Thermo Fischer Scientific) supplemented with 10% FBS (Gemini Bio-Products) and 1%
Pen-Step for initial culturing before use as a feeder layer. For use in all experiments, primary
cells were passaged directly from conditional reprogrammed conditions and plated as
monolayers or spheroids without 3T3 fibroblasts in F-media without Y-27632 to re-
differentiate cells for at least 2 days.

Spheroid Culture

24 hours before spheroid plating, U-bottom 96-Well Polystyrene Round Bottom Microwell
Plates (Thermo Fischer Scientific) were coated with Poly(2-hydroxyethyl methacrylate)

(polyHEMA\) (Sigma-Aldrich). Briefly, 2.4g of polyHEMA was dissolved in 20mL of 70%
EtOH to make a 10X stock. A 1X solution was prepared with 70% EtOH and 30ul per well
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was added. Plates were left in laminar flow hood overnight to ensure EtOH evaporation. To
generate spheroids, cells were trypsinized from monolayer cultures and cells were seeded at
8,000 cells/well in polyHEMA coated plates in corresponding normal growth media. In
some experiments, spheroids were plated in basal growth media containing no serum. To
examine spheroid viability, 2uM calcein-AM (Life Technologies) was added to spheroid
wells and live spheroids were imaged using a fluorescent inverted microscope (Zeiss Axio
Vert.Al; Carl Zeiss Microscopy, Jena, Germany). For microarray analysis only, additional
spheroid techniques were used, including plating 8,000 cells in ultra-low attachment 96-well
plates (Corning INC, Corning, NY, USA) or the addition of methylcellulose (Sigma-Aldrich)
(0.24% total) as an aggregating agent, as previously described by Longati et al. (36).

Tumor Associated Fibroblast (TAF) and Tumor Epithelial Cell (TEC) Co-Culture and
Conditioned Media Treatments

Neutralizing

Tumor associated fibroblasts from patient 113 (TAFs) were propagated in F-media. For
conditioned media (CM) experiments, 90% confluent cultures were replenished with fresh
F-media and allowed to secrete for 48 hours before removal of CM and subsequent addition
of CM to TEC cultures (8000 cells/spheroid). For direct co-cultures, TECs were trypsinized
and TAFs were trypsinized and irradiated (4000 rad). For co-culture spheroid generation, co-
cultures were produced by mixing 80% TEC/20% TAF (6400 cells/1600cells) or 100%
TEC/20% TAF (8000/1600) in F-media immediately before plating as spheroids.

antibody and recombinant protein treatments

For neutralization of BMPs, cells were treated with 1 or 3 ug/mL anti-BMP4, anti-BMP6,
anti-BMP7, (R&D Systems, Minneapolis, MN, USA cat#MAB757, MAB507, MAB3541)
or 3 pg/mL isotope-matched anti-lIgG (R&D systems, cat#MABO004) for 48 hours. For
neutralization of hepcidin, spheroids were treated during time of plating with 1 or 3ug/mL of
anti-Hepcidin-25 (Amgen, Thousand Oaks, CA (19D12)(71); referred to as aHep#1), anti-
Hepcidin-25 (Abcam, Cambridge, MA, USA cat# ab30760; referred to as aHep#2); or anti-
1gG (R&D systems, cat#MABO004) for 48 hours. For neutralization of IL-6 in TAF
conditioned media, TAF conditioned media was collected as described above and pre-treated
with 1 or 5 pg/mL anti-I1L-6 or isotope-matched anti-1gG neutralizing antibodies (R&D
Systems, cat#MAB2061-100, MABOQ04) for one hour before addition of CM to TECs during
spheroid plating. Human recombinant IL-6 (R&D Systems) was used at 2 and 200 ng/mL.
Human recombinant GDF-15 (R&D Systems) was used a 0.1, 0.5, 1, 5, 10, 100 and 200
ng/mL.

Real-time qPCR

RNA was isolated and purified from cells using High Pure RNA Isolation Kit (Roche
Diagnostics) following the manufacturer’s instructions. Oligo(dT) primer was used in cDNA
synthesis. Briefly, 200-400 ng of RNA was reverse transcribed in a total volume of 50 pl
with a reverse transcription reagents kit (Applied Biosystems, Foster City, CA, USA). For
each comparison, the same amount of RNA was used for reverse transcription. To make a
standard curve, serial dilutions of RNA from one sample were added to the RT reaction.
Aliquots (2 pl) of cDNA were added to a 18 pl reaction mixture containing 10 pl of 2x
SYBR® Green PCR Master Mix (Bio-Rad, Hercules, CA, USA) and 400 nm primers. Three
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replicates were run for each sample. See Supplementary Table 3 for primer sequences.
Absence of DNA contamination was confirmed by performing PCR from cDNA without
reverse transcriptase.

Western Blots

Samples were lysed in 1X RIPA buffer in the presence of protease and phosphatase
inhibitors (Roche Diagnostics, Basel, Switzerland) and proteins were separated by SDS-
PAGE. Western blots were probed with antibodies to phospho-SMAD-1-5-8 (Cell Signaling
Technology, Inc., Danvers, MA, USA, cat#9511), total SMAD-1 (Cell signaling
Technology; cat#9743), Phospho-SMAD2-3 (Cell signaling Technology; cat#8828), total-
SMAD?2/3 (Cell signaling Technology; cat#3102), Phospho-STAT3 (Cell signaling
Technology; cat#9131), Total STAT3 (Cell signaling Technology; cat#4904), hepcidin
(Fitzgerald Industries International, Acton, MA, USA; cat#70R-6236), Ferroportin (Novus
Biologicals, Littleton, CO, USA,; cat#NBP1-21502) Ferritin H (72), Ferritin L (Abcam; cat#
ab69090), E-Cadherin (Cell signaling Technology; cat# 3195), N Cadherin (Cell signaling
Technology; cat# 13116), Vimentin (Cell signaling Technology; cat#5741), Cyclophilin B
(Abcam; cat# ab16045) or B-actin (Sigma; cat#A3854). Western blots were quantified with
Image J normalized to loading control (B-actin or Cyclophilin B). For western blots in main
figures with MCF-7 and MCF-10A cells, three independent experiments were performed.
Representative images are displayed with the quantified average of three experiments,
including the standard deviation. For western blots utilizing primary patient cells, two
independent experiments were performed. Representative images are displayed with the
average quantification of two independent experiments. All main figure western blots can be
found in their original, uncut versions in the supplemental materials.

Immunofluorescence

Primary patient spheroids were embedded in OCT and sectioned to generate serial cuts that
were numbered sequentially from 1-10. When comparing spheroids derived from different
cells, section numbers were matched. Sections were fixed with 4% formaldehyde for 15
minutes and blocked with 5% BSA at 4°C overnight. Anti-human ferroportin (Amgen
(38C8)) and anti-rabbit Hepcidin (Fitzgerald Industries International; cat#70R-6236) were
applied for one hour followed 1:800 dilutions of rhodamine-green conjugated goat anti-
human secondary antibody (Jackson ImmunoResearch, West Grove, PA, USA) for
ferroportin and Alexa-fluor 555 conjugated goat anti-rabbit IgG secondary antibody
(Invitrogen, Carlshad, CA, USA) for hepcidin. Slides were mounted with ProLong Gold
anti-fade reagent (Invitrogen). Images were acquired using a fluorescent inverted microscope
(Zeiss Axio Vert.Al; Carl Zeiss Microscopy).

Immunohistochemistry

Primary patient spheroids were embedded in OCT, sectioned and stored in =80° until IHC
procedure. Breast tissue microarray slides were obtained from US Biomayx, Inc., (Rockville,
MD, USA,; cat# BR1503e). For both specimen types, antigen retrieval was performed using
0.05% citraconic anhydride (Acros Organics, Geel, Belgium) at pH 7.4 prior to
immunostaining. For primary patient spheroids, slides were stained with Hematoxylin and
eosin or pan-cytokeratin (AE 1/3) (Cell Signaling Technology) with hematoxylin
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counterstain. Images were acquired using a Zeiss Axio Vert.A1 microscope with color Axio
Vert.Al camera (Carl Zeiss Microscopy). For breast tissue microarrays, slides were stained
with a rabbit anti-GDF-15 antibody (Sigma-Aldrich; cat# HPA011191) or rabbit anti-
Hepcidin antibody (Fitzgerald Industries International, cat#70R-6236). An isotype matched
rabbit anti-lgG (Thermo Fisher Scientific; cat#02-6102) was used for negative control and
anti-pan keratin (Cell Signaling Technologies; cat#4545) was used to distinguish epithelial
from stromal cells. Slides were counterstained with hematoxylin (Poly Scientific R&D
Corp., Bay Shore, NY, USA). Images were acquired using a Zeiss Axio Scan Z1 (Carl Zeiss
Microscopy) To quantify Hepcidin and GDF-15 expression, stained microarray images were
analyzed with Fiji software using reciprocal intensity as previously described (73). Briefly,
diaminobenzidine (DAB) signal was isolated from images by color deconvolution. Regions
of interest were drawn around epithelial tissue throughout the entire tissue core. Mean DAB
intensity/area was then measured in the regions of interest (breast epithelia). Reciprocal
intensity (expressed in arbitrary units) was derived by subtracting the maximum intensity
value from measured mean DAB intensity/area values. Two cores per patient were used
(n=56) and one value was established per patient by normalization with respect to total
epithelial cell area. Patients with one or both tissue cores that were negative for anti-pan
keratin staining were excluded from quantification analysis. For correlation of staining
intensities between Hepcidin and GDF-15, a regression analysis was performed for all
included patient samples (n=56).

siRNA Knock-down

All reagents were obtained from GE Dharmacon (Lafayette, CO, USA). ON-TARGETplus
human SMARTpools were used for siBMP4 (652; cat#: L-011221-00), siBMP6 (654; cat#;
L-021475-00), siBMP7 (655; cat#: L-011592-00), siSTAT3(6774; cat #: L-003544-00),
SiGDF-15 (9518; cat#: L-019875-00) (referred to as KD#1) and siNTC (cat#:
D-001810-10-05) were used for knockdown experiments. ON-TARGETplus individual
SiIRNA human siGDF-15 was used for GDF-15 KD #2 (cat:J-019875-05). sSiGENOME
Control siRNA was used for GAPDH (cat#: D-001140-01-05). Transfections were
performed according to the manufacturer’s recommendations using Dharmafect #1 (cat:
T-2001) transfection reagent. For monolayer cells, knock-down was performed for 24, 48 or
72 hours before harvesting. For spheroids, knock-down was performed in monolayer culture
for 24 hours before trypsinization of cells and subsequent spheroid plating. Spheroids were
harvested after 3 days, 4 days after initial sSiRNA transfection. For GDF-15 rescue
experiments, recombinant GDF-15 (R&D systems) was added at time of spheroid plating
(24 hours after GDF-15 KD). Spheroids were harvested after 3 days (4 days after initial
siRNA transfection). KD efficiencies were confirmed at time of harvest by RT-gPCR and/or
by ELISA methods described.

ELISA analysis for secreted GDF-15, BMP-6 and IL-6

GDF-15 and IL-6 were measured in conditioned growth media using a GDF-15 or IL-6
Human ELISA kit from R&D systems and following manufacturers’ protocol. For siRNA
knock-down efficiency, GDF-15 was measured in serum free growth media. BMP-6 was
measured in conditioned normal growth media using a Human BMP-6 ELISA kit from
Thermo Fisher Scientific and following manufacturers’ protocol.
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Microarray analysis

MCEF-7 cells (monolayer and 3 different 3D culture techniques; pHEMA, mCELL and ULA
explained above) were harvested at the day 3 time point and used as samples for microarray
analysis. RNA was collected and purified from cell culture lysate using High Pure RNA
Isolation Kit (Roche Diagnostics). High quality RNA was submitted to the Yale Center for
Genome Analysis (West Haven, CT) for Affymetrix GeneChip analysis of gene expression.
Three biological replicates from each condition were hybridized onto the Affymetrix Human
Transcriptome Array 2.0 (HTA-2.0) (Thermo Fisher Scientific). Raw CEL files were
checked for quality and RMA normalized using Affymetrix Expression Console Software
(version 1.4.1.46). Three separate differential expression (DE) analyses were performed for
each of the three spheroid culture techniques against monolayer culture using Affymetrix
Transcriptome Analysis Software (version 3.0.0.466) with Probeset Annotations release 36
based on UCSC hg19. Significant DE genes were identified based on transcript cluster IDs
(probesets) with criteria of ANOVA p value of <0.05 and a fold change greater or less than
2. For compilation of top 10 up-regulated genes, transcript cluster IDs were checked for
uniqueness with respect to gene annotation. Additionally, transcript cluster 1Ds without a
corresponding gene symbol or containing _hap (haplotype chromosomes) were discarded.
Microarray data associated with this publication can be accessed at the NCBI Gene
Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) with accession number
GSE109733.

GAGE analysis

The transcript cluster ID with the highest average expression per gene in each dataset was
selected to represent the expression of that gene. Significantly perturbed KEGG (Kyoto
Encyclopedia of Genes and Genomes, [1]) pathways within each dataset were found using
the Gene Set Analysis method Generally Applicable Gene-set Enrichment (GAGE), since it
is optimized for use with both small and large datasets [2], using the bidirectional option
(same.dir=F) and unpaired sample setting (compare="unpaired”).

TCGA analysis

Lowess-normalized gene-level mMRNA expression data from Agilent custom whole genome
microarrays (TCGA, BRCA, 2012; PMID: 23000897) of primary breast cancer samples
were uploaded on 10-24-16 from the Broad Firehose (https://gdac.broadinstitute.org/), along
with clinical and biospeciman supporting data (49). For each sample, GDF-15 and HAMP
expression was extracted. Samples were classified as ‘cancer’ if the ‘Sample’ identifier of
the sample barcode was 01a or 01b and samples were classified as ‘normal’ if the ‘sample’
identifier of the sample barcode was 11a or 11b, based on identification between the sample
identifier and the sample type in the biospecimen data. All statistical analyses were
performed in Prism 6. For comparison of GDF-15 and HAMP expression, respectively,
between the normal and cancer samples, and of GDF-15 expression between low and high
HAMP cancer samples, a two-tailed unpaired Student’s t test was used.
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Statistical analysis

All experiments were performed at least three times using a minimum of three replicates/
condition in each experiment. Results of representative experiments are shown in the figures.
Statistical analyses were performed using Excel or Prism 6 (Graphpad software) and are
reported as the mean + standard deviation. Error bars represent standard deviation. Unless
otherwise noted, significant differences between control and treatment groups were
determined using two-tailed unpaired Student’s t tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. BMPsregulate hepcidin expression in MCF-7 breast cancer cells
(A) RT-gPCR of BMP4, BMP6 or BMP7 mRNA (normalized to p-actin) in MCF-7 and

MCF-10A monolayer cells. (B) Western blot analysis of pro-hepcidin and p-actin following
siRNA knock-down of non-target control (NTC), BMP4, BMP6, and BMP7 for 48 hours in
MCEF-7 cells. For quantification, samples were compared to NTC. GAPDH siRNA was used
as an additional control. (C) Western blot analysis of pro-hepcidin and p-actin after the
addition of 1 and 3 pg/mL neutralizing antibodies against BMP4, BMP6, BMP7 or IgG
(3ug/ml) isotope control for 48 hrs in MCF-7 cells. For quantification, samples were
compared to untreated sample. (D) Western blot analysis of phosporylated-STAT3
(pSTAT3), total STAT3 (tSTAT3), pro-hepcidin, and p-actin following the addition of
recombinant I1L-6 for 24 hours in MCF-7 cells.
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Figure 2. Hepcidin isincreased in MCF-7 breast cancer spheroids compared to non-tumor
spheroidsand isinduced from 2D to 3D culture of breast cancer cells

(A) Phase-contrast imaging of MCF-7 and MCF-10A cells grown in 2D and 3D and
fluorescent imaging of spheroids stained with 2uM calcein-AM. (B-D) RT-gPCR of
hepcidin mRNA (normalized to cyclophilin A) in MCF-7 and MCF-10A cells grown in 2D
and 3D. (E-G) Western blot of pro-hepcidin using Cyclophilin B as internal control. Scale
bar: 10um (2D), 200um (3D)
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Figure 3. Hepcidin isincreased in primary patient breast cancer spheroids, degrades FPN and is
associated with an increase in theiron storage protein ferritin

(A) Immunofluorescence staining of FPN (green) Hep (red) and DAPI (blue) in primary
breast spheroid sections from patient 107 normal and tumor. The hepcidin antibody used in
this experiment is directed at an epitope found in the hepcidin precursor (Fitzgerald
Industries International, Acton, MA, USA). (B) Western blot analysis of Ferroportin (FPN)
and Cyclophilin B (CycloB) following 48 hours of treatment with 1 or 3 ug/mL neutralizing
anti-hepcidin antibody directed at secreted Hepcidin-25 (#1 Amgen, #2 Abcam) or isotope-
matched anti-1gG control in patient 107 tumor spheroids. For quantification, samples were
compared to untreated sample. (C) RT-qPCR of Hepcidin mRNA (normalized to Cyclophilin
A) in patient 107 normal and tumor patient breast cells grown as monolayer or spheroids.
(D) Western blot analysis of Ferritin H, Ferritin L and p-actin of patient 107 tumor
monolayer and spheroids. Scale bar 50um (20X); 20pum (63X).
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Figure 4. Known regulators of hepcidin have a modest effect on regulation of hepcidin in breast
cancer spheroids

(A) RT-gPCR of Hepcidin mRNA (normalized to Cyclophilin A) and (B) western blot
analysis of pro-hepcidin and p-actin following siRNA knock-down of non-target control
(NTC), BMP4, BMP6, and BMP7 in MCF-7 spheroids. Untreated MCF-7 cells grown in 2D
(A) or 3D (B) were used as controls. Statistical analysis and quantification was normalized
to non-targeting control siRNA. (C) Western blot analysis of p-STAT3, total STAT-3 and
Cyclophilin B in MCF-7 monolayer versus spheroids cultured for 3 days. (D) RT-gPCR of
hepcidin mRNA (normalized to Cyclophilin A) following siRNA knock-down of NTC and
STAT3 in MCF-7 spheroids. For statistical analysis samples were compared to non-targeting
control. Untreated MCF-7 2D was used as a control.
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Figure5. GDF-15isinduced in breast cancer spheroids and correlates with hepcidin expression
(A-C) RT-gPCR of GDF-15 mRNA (normalized to Cyclophilin A) between (A) MCF-7 and

MCF-10A spheroids, (B) patient 107 tumor vs. normal adjacent tumor (normal) spheroids
and (C) MCF-7 monolayer vs. MCF-7 spheroids. (D) Secreted GDF-15 from conditioned
media of MCF-7 monolayer and spheroids normalized to g protein. (E-F) RT-qPCR of (E)
GDF-15 mRNA (normalized to Cyclophilin A) and (F) hepcidin mRNA (normalized to
Cyclophilin A) in MCF-7 monolayer (2D) and spheroids (3D) over time.
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Figure 6. GDF-15 positively regulates hepcidin in breast cancer spheroidsvia a conserved
pSM AD1-5-8 pathway

(A) RT-gPCR of Hepcidin mRNA (normalized to Cyclophilin A) and (B) western blot
analysis of pro-hepcidin and p-actin following knock-down using non targeting control
(NTC) siRNA and GDF-15 siRNA (KD#1) in MCF-7 spheroids. Untreated MCF-7 cells
grown in 2D or 3D were used as controls. For statistical analysis and quantification, samples
were compared to non-targeting control. (C) Western blot analysis of phosphorylated
SMAD?2-3, total SMAD?2, phosphorylated SMAD1-5-8, total SMAD-1, and p-actin in
MCF-7 monolayers and spheroids. (D) Western blot analysis of pSMAD1-5-8, tSMAD-1
and B-actin following siRNA knock-down of NTC and GDF-15 knock-down #1. (E-F) RT-
gPCR of (E) hepcidin mRNA (normalized to Cyclophilin A) and (F) GDF-15 mRNA
(normalized to Cyclophiin A) following siRNA knock-down of NTC and GDF-15 knock-
down #1 for 3 days in MCF-7 monolayer. For statistical analysis, samples were compared to
non-targeting control.
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Figure 7. Hepcidin and GDF-15 areincreased and their expression is correlated in breast tumors
(A and B) Box plot with Tukey whisker of (A) GDF15and (B) HAMP mRNA expression

(log2 transformed) in normal adjacent tissue (n=61) compared to primary tumor tissue
(n=526) in the TCGA breast cancer dataset. (C) GDFI5transcripts in TCGA samples from
breast cancer patients divided by HAMP expression (below and above the mean) shown as
box and whisker plot. (D) HAMP transcripts in TCGA samples from breast cancer patients
divided by GDF15expression (below and above the mean) shown as box and whisker. (E)
Representative images of immunohistochemical staining of tumor tissue from patients with
invasive ductal carcinoma (IDC). Proteins stained are Hepcidin, GDF-15, Pan-Cytokeratin
and IgG control. (F) Scatter plot displays quantification of staining of epithelial cells from
tissues from 56 BRCA patients. A regression analysis was performed to examine correlation
of staining intensities (R=0.4434 p<3x1078).
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Figure 8. IL-6 secreted by tumor associated fibroblasts (TAFs) induces hepcidin in breast cancer
spheroids

(A) RT-gPCR of hepcidin mRNA (normalized to Cyclophilin A) in patient 113 lobular
epithelial cell samples. Samples were 100% 2D tumor epithelial cells (2D TEC), 100%
tumor epithelial cell spheroids (3D TEC), spheroids composed of a mixture of 80% TEC and
20% irradiated TAFs (isolated from patient 113), (80% TEC +20%TAF) and 100%
irradiated TAF spheroids after 3 days of culture. (B) Western blot analysis of pro-hepcidin
and Cyclophilin B for different TEC/TAF (%) combinations after 3 days of spheroid culture.
(C) RT-gPCR of hepcidin mRNA (normalized to Cyclophilin A) and (D) western blot
analysis of phosphorylated and total STAT3 of primary TEC spheroids alone, spheroids
composed of a mixture of 80% TECs and 20%TAFs, or TEC spheroids exposed to
conditioned media (CM) from TAFs for 4 days. Patient 113 tumor ductal (113 Tu Duc),
patient 113 tumor lobular (113 Tu Lob) and patient 107 tumor ductal (107 Tu Duc) were
used for (C) and patient 113 tumor lobular for (D). For statistical analysis in (C) samples
with 20% TAF or TAF CM were compared to their respective 3D TEC sample. (E) RT-gPCR
of hepcidin mRNA (normalized to Cyclophilin A) of patient 113 lobular TEC spheroids after
the addition of TAF CM and IL-6 neutralizing antibody (1=1ug/mL and 5=5ug/mL) for 4
days. Neutralizing antibody against 1gG (1 and 5 pg/mL) was used as a control. For
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statistical analysis, samples were compared to TAF CM sample. (F) Western blot analysis of
pro-hepcidin and B-actin of patient 113 lobular TEC spheroids after the addition of TAF CM
with or without 1ug/mL neutralizing antibodies against IL-6 or 1gG for 4 days. All western
blot quantifications (B, D and F) were compared to TEC alone.
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A. Breast Cancer B. Breast Cancer
Monolayer (2D) Spheroids (3D)

Page 30

C. Breast Cancer
Spheroids +TAFs

Figure 9. Working model of regulation of hepcidin in breast cancer spheroids
Hepcidin expression is increased in breast cancer cells relative to non-cancer cells. A. In

MCEF-7 cells grown as 2D monolayers, BMP6 plays a dominant role in the cancer-dependent
increase in hepcidin through activation of a SMAD1-5-8 signaling pathway. B. In breast
cancer spheroids, spatial control of hepcidin synthesis is exerted by GDF-15, which
augments SMAD 1-5- 8 signaling to further increase hepcidin synthesis. C. The
microenvironment is an additional source for increased hepcidin in breast cancer cells, in
part due to production of IL-6 by tumor-associated fibroblasts (TAFs).
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