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Abstract

Purpose—Iron is essential to energy metabolism, cell proliferation and DNA synthesis, and
sufficient iron availability may be required for tumor growth. The hormone hepcidin is a systemic
regulator of iron concentration in plasma. Intra-tumor RNA expression of hepcidin has been linked
to shorter metastasis-free survival in women with early breast cancer, but the prognostic
implications of this inflammatory marker and iron-regulating plasma peptide in the blood are
unknown.

Methods—Using an ELISA assay, hepcidin was measured in the banked blood of 518 women
who were recruited from 1989 to 1996 for a prospective cohort study of diet and lifestyle factors in
breast cancer. Blood samples were obtained 4-12 weeks post-operatively, prior to treatment with
chemotherapy or tamoxifen.
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Results—Hepcidin was not associated with time to distant breast cancer recurrence (primary
outcome) nor time to death from any cause. However, a pre-planned interaction test of body mass
index (BMI) was statistically significant (o< 0.01). Among obese women (BMI > 30 kg/m?),
higher hepcidin was associated with a shorter time to distant breast cancer recurrence in both uni-
and multivariable analyses (adjusted HR 1.84; 95% CI 1.04-3.25). For overall survival, a similar
pattern was seen in the univariable model but the effect was diminished in a multivariable analysis.
Plasma hepcidin was not associated with high-sensitivity C-reactive protein, but it was
significantly associated (r= 0.32) with iron indices, including total iron (p < 0.01), transferrin (p <
0.01) and soluble transferrin receptor (p < 0.01).

Conclusions—Hepcidin may be associated with poor breast cancer outcome in obese women,
however, replication is required. The biologic basis for this prognostic association requires further
research.
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Introduction

Hepcidin is an inflammatory marker and peptide hormone that regulates the concentration of
plasma iron in the body by controlling the ferroportin transmembrane “valve”, which allows
the outflow of intra-cellular iron into the plasma. When bound by hepcidin, ferroportin is
occluded, ubiquitinated and undergoes endocytosis/proteolysis so that the flow of iron is
ablated [1, 2]. Hence, hepcidin functions to inhibit flow of iron into the plasma, resulting in
intra-cellular iron sequestration (Fig. 1) [2].

Hepcidin has been evolutionarily preserved across species because its iron-regulatory
function helps maintain iron levels required for the function of many enzymes that are
central to cell survival. Among iron-dependent enzymes is ribonucleotide reductase, which
catalyzes the rate-limiting step for conversion of nucleic acids into 2’ -deoxyribonucleotides
that are required for DNA synthesis and repair [3]. The processes of cell growth, DNA
replication and preparation for cell division are also tightly regulated by several iron-
dependent molecules [4-12]. High hepcidin levels and consequent intra-cellular iron
sequestration, may favor tumor cells and support their high rates of DNA synthesis and cell
proliferation.

Indeed, several studies favor the hypothesis that hepcidin may have pro-growth properties in
breast and other cancers. Pinnix et al. evaluated the mRNA and protein expression of
prohepcidin (a precursor to hepcidin) in a panel of healthy and malignant breast cells. They
found that prohepcidin levels were higher in malignant cell lines than in normal breast cells
[13]. In a cross-sectional study of 131 patients, plasma hepcidin levels were significantly
higher among 84 patients (64%) with breast cancer compared to those 47 (36%) of whom
had benign breast disease [14]. Some data also suggest that hepcidin may be implicated in
the development of cancer. For example, in a mouse lung cancer model, knock out of
Hampl (the gene encoding hepcidin) resulted in a marked reduction in the development of
cancer [15]. Only 6% of Hamp1 knockout mice developed lung tumors (7= 1/18), whereas
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47% of wildtype mice (n7=8/17) developed a lung malignancy [15]. The overall survival
was significantly greater among Hamp1 knockout mice than their wildtype counterparts (p =
0.0058) [15].

The RNA expression of both hepcidin and ferroportin have been assessed in four publicly
available databases [16-19]. In a combined cohort of unselected breast cancer patients (7=
504), there was a non-significant association between high hepcidin expression in tumor
tissue and poor distant metastasis-free survival (p = 0.06) [13]. Among those patients with
high ferroportin expression (7= 219), high hepcidin was associated with a shorter distant
metastasis-free survival (p = 0.001), whereas among those 285 patients with low ferroportin
expression outcomes were uniformly poor regardless of hepcidin levels [13]. This finding
suggests that hepcidin’s effect on iron sequestration is less pronounced when the
concentration of its target protein, ferroportin, is low [13]. Although these results are
intriguing, definite conclusions regarding the role of hepcidin as a prognostic biomarker
cannot be made based on the aforementioned study. The study population was heterogenous,
with some patients having no active cancer, and others having early breast cancer or even
locally advanced disease. Further, plasma levels of hepcidin were not assessed.

In this study, we explored the prognostic associations between post-surgical plasma hepcidin
levels (obtained prior to initiation of systemic therapy) and clinical outcomes of interest in a
prospective cohort of women with early breast cancer. We hypothesized that low hepcidin
levels were associated with adverse clinical outcomes, including time to distant breast cancer
recurrence. The correlation between plasma hepcidin and metabolic markers, iron indices, as
well as a marker of inflammation, high-sensitivity C-reactive protein (hs-CRP), was also
investigated.

We studied a prospectively recruited cohort of 535 women with newly diagnosed early
breast cancer and median follow-up of 12.1 years. Participants were identified from surgical
lists at one of three University of Toronto hospitals (Mount Sinai Hospital, Women’s College
Hospital, and St. Michael’s Hospital) and recruited post-operatively between 1989 and 1996
for a prospective cohort study regarding diet and lifestyle factors in breast cancer [20].
Patients did not have diabetes nor any established chronic disease. Only pre-menopausal
women were included before June 1992 but the study was expanded to increase
generalizability of results; both pre-/peri- and post-menopausal patients were included
thereafter [20]. Tumor size, grade, estrogen receptor (ER) and progesterone receptor (PR)
expression were abstracted from pathology reports. Human epidermal growth factor
receptor-2 (HER2z All patients were followed prospectively for local and distant
recurrences, new primary cancers, and death. The REMARK criteria was used to report
these findings [21].

Blood was obtained after a 12-h overnight fast, between 4 and 12 weeks postoperatively
(median 7 weeks) and prior to any treatment with adjuvant systemic therapy. Blood was
collected in accordance with previously published methods and stored at minus 70 °C [20].
Hepcidin levels were measured in 25 L of plasma using a commercially available and
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previously validated ELISA assay by Intrinsic Life Sciences in San Diego, California [22];
storage at minus 70 °C was maintained for shipping. All patients with a successful hepcidin
assay result were included in the analysis. Blood specimens were identified with a study
number only so that the lab was blinded to all patient and tumor characteristics, as well as
patient outcomes. Since prior literature indicates that hepcidin levels fluctuate with iron
ingestion [23], it is notable that blood was collected after an overnight fast (for 12 h or
longer) in this study.

The study has received Research Ethics Board for approval as part of a goal to study obesity
and nutritional factors in early breast cancer. It has also received administrative approval by
the University of Toronto Research Ethics Board.

Statistical methods

The primary outcome, time to distant breast cancer recurrence, was defined as the time from
definitive breast cancer surgery to the first of clinical, radiologic or pathologic
documentation of recurrence outside of the breast and ipsilateral axilla. Patients were
censored at the earliest of a non-breast cancer diagnosis or death. Those patients with
contralateral breast cancer or in situ disease were not censored nor labelled as having
recurrent disease, as per the original design of the study. The secondary outcome, time to
death due to any cause, was defined as the time from definitive breast cancer surgery to the
time of death due to any cause. In total, 134 women died and 136 had distant recurrences
with a median follow-up of 12.1 years (range 0.2 to 17 years). Although the majority (7=
113) of patients who expired died from breast cancer, 21 died from other causes (13 due to
other cancers, 7 without prior distant breast cancer recurrence and 1 with unknown breast
recurrence status prior to death).

The pre-specified primary analysis was a multivariable Cox regression model with hepcidin
as a continuous variable. A multivariable Cox proportional hazards model adjusted for the
following variables a priori: (i) age (continuous variable), (i) T stage (T2, T3 vs. T1), (iii)
tumor grade (3 vs. 2 or 1), (iv) N stage (node positive vs. negative), (v) hormone receptor
expression (defined as both ER and PR negative vs. either or both positive with a
concentration = 10 fmol/L). Hazard ratios (HRs) for hepcidin as a continuous variable were
calculated using the 75th percentile (P75) vs the 25th percentile (P25) of the hepcidin
distribution as convenient comparison points to aid in the interpretation of the HRs.

Missing values for these co-variates were systematically labelled and accounted for in all
analyses using dummy variables. Tests for proportionality of the hazard were performed and
were not significant. In secondary analyses, two pre-specified interactions were tested,
namely between plasma hepcidin concentration and (i) menopausal status (pre- versus peri/
post-menopausal) and (ii) obesity (BMI > 30 kg/m? versus < 30 kg/m?) because obese pre-
menopausal women have been reported to have higher hepcidin levels than their non-obese
counterparts [24] and obesity has been associated with poor breast cancer outcomes. Tests of
interaction were employed to determine whether prognostic associations of plasma hepcidin
differed by these pre-specified variables.
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Finally, associations between hepcidin and the inflammatory marker hs-CRP, metabolic
factors and iron indices listed below were explored using serial Pearson correlation
coefficients. The normality of all inflammatory, metabolic and iron markers was assessed
both visually and using the Shapiro-Wilk and Kolmogorov—Smirnov tests. Non-normal
variables were log transformed to allow consistent use of Pearson’s coefficients in this
exploratory component of the study.

The hepcidin assay was successful in all 518 patients for whom study blood was available.
In this cohort of 518 women with early breast cancer, the average age was 50.3 + 9.7 years
(Table 1). A minority of patients were obese (16% having a body mass index > 30 kg/m?2)
reflecting the era in which they were recruited (1989-1996) and 297 (57%) were either peri-
or post-menopausal. Among the included women, 30% (/7= 156) had node-positive disease.
35% (n=181) had grade 3 tumors and 71% (n7= 370) had tumors that were ER and/or PR
positive. HER2 status was unknown. A majority (/7= 401; 77%) of women underwent
breast-conserving surgery, 73% (1 = 380) received adjuvant radiotherapy and 39% (7= 203)
were treated with adjuvant chemotherapy. At the time that this study was conducted, the
efficacy of endocrine therapy in pre-menopausal women was not proven and, hence, a
minority (7= 200; 39%) of patients received tamoxifen.

Plasma hepcidin levels in patients ranged from 4.7 ng/mL to 190.7 ng/mL; the median was
16.3 ng/mL, the 25th percentile (P25) was 11.9 ng/mL and the 75th percentile (P75) was
28.3 ng/mL (Fig. 2). Visual inspection and statistically significant Shapiro-Wilk and
Kolmogorov-Smirnov tests (o < 0.01) confirmed a non-normal distribution of plasma
hepcidin. Hence, the plasma hepcidin values were transformed to minimize the effect of
outliers on the outcomes of interest. The log transformation did not adequately normalize the
data, and so an alternative — 1/sqrt (x) transformation was employed.

The distribution of plasma hepcidin by patient characteristics, tumor features and therapies
employed is provided in Table 2. Hepcidin levels were lower among women age < 50 as
compared to = 50 (median 13.6 vs 23.8 ng/mL, p < 0.01) and they were lower among those
who were pre-menopausal than among peri/post-menopausal women (median 13.5 vs 24.6
ng/mL, p< 0.01). In addition, hepcidin levels were progressively lower with decreasing BMI
(Supplementary Fig. S1); the median hepcidin level among women with a BMI > 30 kg/m?
was 21.8 ng/mL (IQR 12.9-39.7), whereas the medians among women with a BMI 25-30
kg/m2 and BMI less than 25 kg/m? were 18.1 ng/mL (IQR 13.6-28.3) and 14.5 ng/mL (IQR
11.4-23.2), respectively. There was no difference in hepcidin levels according to nodal
status, T-stage or tumor grade.

Associations between plasma hepcidin and clinical outcomes

When assessed as a continuous variable, plasma hepcidin was not associated with time to
distant breast cancer recurrence (primary outcome) in univariable [HR 1.02 for hepcidin P75
versus P25 (95% CI 0.79-1.32), p= 0.88] or multivariable (HR 1.13 (95% CI 0.87-1.47), p
= 0.35] analyses. Similarly, plasma hepcidin was not associated with time to death due to
any cause (secondary outcome) in either a uni-variable [HR 1.23 (95% CI 0.95-1.59), p=
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0.12] or multi-variable [HR 1.19 (95% CI 0.91-1.56), p= 0.21] Cox proportional hazards
model (Table 3).

The association of hepcidin with the outcomes of interest was different in women who were
obese (BMI > 30 kg/ m2) versus those who were not obese (BMI < 30 kg/m?2) as shown by a
test of interaction (interaction p-value 0.01, Table 4). Univariably, higher plasma hepcidin
levels were significantly associated with a shorter time to distant breast cancer recurrence
(primary outcome) among obese women [HR 1.81 (95% CI 1.06-3.10)] but not among
women with a BMI < 30 kg/m? [HR 0.80 (95% CI 0.59-1.09). Likewise, after adjusting for
the pre-specified confounding variables, higher plasma hepcidin was independently
associated with a shorter time to distant breast cancer recurrence among obese women [HR
1.84 (95% CI 1.04-3.25)] but not among their non-obese counterparts [HR 0.92 (95% ClI
0.67-1.28)], with an interaction p-value of 0.04. For overall survival, a similar pattern was
seen in the univariable model but the effect was diminished in a multivariable analysis
(Table 4). HRs for both the population overall and the obese versus non-obese groups of
women are illustrated in Supplementary Fig. S2.

Exploratory associations

Plasma hepcidin was not associated with the pre-specified inflammatory marker hs-CRP.
There were only weak [25] associations with metabolic factors (all r< 0.32). However,
plasma hepcidin was significantly associated (= 0.32) with iron indices, including total
iron, transferrin and soluble transferrin receptor (STfR) [25]. Substantially significant (r=
0.45) and highly significant (r= 0.60) associations were not observed [25].

Discussion

In this study, we sought to explore the prognostic associations of plasma hepcidin, an
inflammatory marker and iron-regulatory peptide, in early breast cancer. We found that
plasma hepcidin, when measured as a continuous variable, was not prognostic for time to
distant breast cancer recurrence (primary outcome) or time to death due to any cause
(secondary outcome). However, in a pre-specified test of interaction, we found that the
association between hepcidin and the outcomes of interest was different in women who were
obese (BMI > 30 kg/m?) versus those who were not obese (BMI < 30 kg/m?).

Higher plasma hepcidin levels were significantly associated with a shorter time to distant
breast cancer recurrence among obese women in both uni- and multi-variable models (p <
0.01). Higher hepcidin levels were also associated with shorter time to death due to any
cause among obese women in a univariable analysis [HR 1.91 (95% CI 1.13-3.22), p=
0.03], but this effect was lost in the multivariable model. Proposed explanations for elevated
hepcidin levels in obese women include the activation of the JAK/STAT3 pathway, which
regulates hepcidin; increased hepcidin levels may result in ineffective dietary iron absorption
and a reduction of intra-cellular iron stores [26, 27]. Although this mechanism may explain
higher levels of hepcidin in obese women in our study, the reasons for a differential
association of hepcidin with breast cancer outcomes in an obese (vs non-obese) population
remain unclear. One possibility is that adverse outcomes among obese women are due to
obesity-related inflammation, with hepcidin acting as its biomarker. Although links between
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hepcidin and inflammatory markers such as IL-6 have been noted previously [28-30], no
associations were seen in this study or other studies [14].

Another possibility is that a relative state of iron deficiency in obese women limits the
potential of hepcidin-induced ferroptosis, a non-apoptotic form of cell death in response to
excessive levels of intracellular iron and high levels of reactive oxygen species [31]. Obesity
may also mediate the differential prognostic associations of hepcidin with breast cancer
outcomes via as yet unidentified mechanisms or simply by chance.

Moderate correlations between plasma hepcidin and iron-related variables, but not hs-CRP
were identified in our study. Plasma hepcidin was associated with iron markers in the blood,
including total iron (r= 0.35), transferrin (r= - 0.35) and sTfR (r= - 0.39). There was an
inverse correlation between plasma hepcidin and both transferrin and sTfR, which are
expected to increase in iron deficiency when plasma iron levels are low. However, the direct
correlation between plasma hepcidin and total iron was unexpected because a primary
increase in hepcidin should cause greater intracellular iron sequestration and consequently
lower iron levels in the plasma. These correlations raise the possibility that hepcidin was
physiologically responding to changes in iron parameters induced by dietary factors or blood
loss that acted as the primary drivers of cancer outcomes in obese women. That being said,
plasma iron levels in this cohort of women were in the low range of normal, with a mean of
9.4 umol/L (standard deviation 4.7 umol/L) and range of 1 to 36 umol/L; the reference range
in healthy women is 7 to 28 umol/L [32]. This narrow range of iron levels in the studied
cohort of women may limit our ability to detect the expected correlations with plasma
hepcidin. Given the stability of iron levels over time [33], low levels in our study are
unlikely due to a decrease in iron concentration after long-term storage, but rather due to a
high proportion of young women who are more prone to iron deficiency.

One of the major limitations of this study is the assessment of plasma hepcidin at a single
time point. Blood had been obtained between 4 and 12 weeks post-operatively, prior to
treatment with chemotherapy or hormonal therapy. While the method and timing of blood
collection was consistent for all patients in this prospective cohort, the hepcidin levels
among women during their entire course of follow-up (median 12.1 years) is unknown. The
generalizability of our results is another limitation of this study. Patients had been recruited
between 1989 and 1996, when a breast cancer screening program was not in place. Hence,
women presented with clinically palpable and generally more advanced disease. The
patterns of death and recurrence also differed during the era of the current study, largely due
to changes in the pattern of medical co-morbidities and older treatment regimens. That being
said, recruitment of patients during this time period allowed for long-term follow-up
(median 12.1 years, range 0.2 to 17 years) and a relatively high event rate.

Although higher plasma hepcidin levels in obese women may be associated with a shorter
time to distant breast cancer recurrence and death due to chance alone (false positive
finding), it is also possible that prognostic associations of hepcidin may be due to an
underlying state of inflammation or intracellular iron sequestration. The former is less likely
given that hepcidin was not associated with inflammatory markers in this study. However,
given that iron it is essential to energy metabolism, cell proliferation and DNA synthesis, it
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possible that hepcidin may be causally linked with breast cancer outcomes via regulation
plasma iron in the body. Due to the nature of this hypothesis-generating study and lack of

available breast cancer tissue for analysis, the reasons for the observed prognostic
associations cannot be established. However, further investigation regarding the role of iron-
regulatory processes in the development and progression of breast and other cancers is
warranted. A larger cohort study to validate the prognostic significance of plasma hepcidin
among obese women with early breast cancer may also be of interest.

Supplement
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Refer to Web version on PubMed Central for supplementary material.
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Hepcidin and Plasma Iron
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Fig. 1.

Influence of high versus low plasma hepcidin on plasma iron (Fe) levels
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Distribution of plasma hepcidin
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Table 1

Baseline patient characteristics
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Variable n (%)
Age
<50 303 (58.5)
>50 215 (41.5)
Menopausal status
Pre-menopausal 221 (42.7)
Peri/post-menopausal 297 (57.3)
Height (cm)
Mean + SD 162.0+6.9
Median (IQR) 162.0 (157, 166.3)
Weight (kg)
Mean + SD 66.8 + 13.5
Median (IQR) 64.1 (57.8, 73.0)

Body mass index (kg/m?)

<25 283 (54.6)

25-30 150 (29.0)

>30 85 (16.4)
Hormone receptor expression

Either ER or PR positive/equivocal 370 (71.4)

Both ER and PR negative 75 (14.5)

Missing 73(14.1)
Tumour stage

T1 290 (56.0)

T2 167 (32.2)

T3 25 (4.8)

X 36 (7.0)
Nodal status

Negative 362 (69.9)

Positive 156 (30.1)
Tumour grade

1 77 (14.9)

2 216 (41.7)

3 181 (34.9)

Missing 44 (8.5)
Surgery type

Mastectomy 117 (22.6)

Lumpectomy 401 (77.4)
Adjuvant chemotherapy

No 315 (60.8)

Yes 203 (39.2)
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Variable n (%)
Adjuvant hormonal therapy
No 318 (61.4)
Yes 200 (38.6)
Adjuvant radiation
No 138 (26.6)
Yes 380 (73.4)
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Table 2

Hepcidin levels according to patient and tumor characteristics

Variable Hepcidin (ng/mL) p-value
Median IQR
All patients 16.3 (11.9,283) -
Age (years)
<50 13.6 (10.6,18.3) <0.01
=50 23.8 (15.8, 39.7)
Body mass index (kg/m?)
<25 145 (11.4,23.2) <0.01
25-30 18.1 (13.6,28.3)
>30 21.8 (12.9,39.7)
Menopausal status
Pre 135 (105,17.0) <0.01
Peri/post 24.6 (16.7, 39.9)
Tumor grade
3 16.8 (11.8,30.6) 0.87
20rl 16.7 (12.1, 28.0)
T-stage
X, 2,3 15.6 (11.6,30.3) 0.96
1 16.7 (12.1, 25.9)
Nodal status
Positive 16.9 (11.8,31.3) 0.47
Negative 16.0 (12.0, 25.9)
Hormone receptor status
ER and/or PR positive  15.3 (11.3,24.7) 0.01
ER and PR negative 19.9 (13.0, 33.7)
Adjuvant chemotherapy
Yes 14.7 (11.3,25.4)  0.02
No 175 (12.2, 30.5)
Adjuvant radiation
Yes 17.6 (12.9,304) <0.01
No 14.0 (10.7, 21.5)
Adjuvant hormone therapy
Yes 20.5 (135,365) <0.01
No 14.6 (11.1, 22.9)
Primary surgery
Mastectomy 12.8 (10.4,18.2) <0.01
Lumpectomy 17.7 (12.9, 30.7)
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