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Abstract

AIM: To investigate whether the iron stores regulator
hepcidin is implicated in colon cancer-associated anae-
mia and whether it might have a role in colorectal car-
cinogenesis.

METHODS: Mass spectrometry (MALDI-TOF MS and
SELDI-TOF MS) was employed to measure hepcidin in
urine collected from 56 patients with colorectal cancer.
Quantitative Real Time RT-PCR was utilized to determine
hepcidin mRNA expression in colorectal cancer tissue.
Hepcidin cellular localization was determined using im-
munohistochemistry.

RESULTS: We demonstrate that whilst urinary hepcidin
expression was not correlated with anaemia it was posi-
tively associated with increasing T-stage of colorectal
cancer (P < 0.05). Furthermore, we report that hepcidin
mRNA is expressed in 34% of colorectal cancer tissue
specimens and was correlated with ferroportin repres-
sion. This was supported by hepcidin immunoreactivity
in colorectal cancer tissue.

CONCLUSION: We demonstrate that systemic hepcidin
expression is unlikely to be the cause of the systemic
anaemia associated with colorectal cancer. However, we
demonstrate for the first time that hepcidin is expressed
by colorectal cancer tissue and that this may represent a
novel oncogenic signalling mechanism.
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INTRODUCTION

Anaemia is a common presenting symptom of colorectal
cancet, a recent study showing that up to 6% of patients
presenting with iron deficiency anaemia (IDA) had
colorectal cancer''!. IDA is commoner in patients with right
sided than left sided colorectal cancers™. The reason for
this is assumed to be because of the chronic occult blood
loss associated with cancers in the right colon compared
to overt bleeding of left sided colonic disease which is
detected soonet.

What remains unclear is whether a component of the
anaemia might be a consequence of the inflammation
associated with the neoplastic process. The major pro-
inflammatory cytokine implicated in the pathogenesis of
anaemia of chronic inflammation is interleukin 6 (IL-6).
Recent work has shown that the induction of hepcidin
release stimulated by I1.-6 is crucial to this process” . Pre-
cisely how hepcidin mediates anaemia of chronic disease
has been comprehensively investigated by several groups
and it is now well established that hepcidin acts to cause a
block on cellular iron export by internalization and degra-
dation of ferroportin®”. At the level of the macrophage,
the major cell type responsible for iron recycling, this re-
sults in iron sequestration and interrupts iron delivery to
erythroid precursor cells thus causing anaemia”. Increased
hepcidin levels are likely to also cause an accumulation of
iron in other ferroportin expressing cell lineages such as
colonocytes. Our recent studies have shown that raising
colonocyte iron levels can result in increased Wnt signal-
ling which has been shown to be crucial in colorectal car-
cinogenesis”"”

However, to date there are no studies addressing
whether hepcidin expression contributes to the anaemia in
colorectal cancer and whether hepcidin itself may be con-
sidered a pro-oncogenic factor.
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There are several strands of evidence to suggest that
this hypothesis may be relevant: firstly, the major inducer
of hepcidin, IL-6, shows increased expression in both
colorectal cancer tissue and in the serum of colorectal can-
cer patients and is indicative of a more advanced pheno-
type' . Secondly, consistent with a hepcidin-colonocyte
axis, we have reported that ferroportin is cytoplasmic in
cellular localization and expression levels are repressed
with increasing stage of colorectal cancer".

This raises the possibility that hepcidin may have a dual
effect in colorectal cancer patients; contributing to the
systemic anaemia by acting at the level of the macrophage
whilst acting locally at the colonocyte level promoting iron
accumulation and Wnt signalling,

Thus the aims of this study were: (1) To measure uri-
nary hepcidin levels by Matrix-assisted laser desorption/
ionization time of flight mass spectroscopy (MALDI-TOF
MS) and Surface-enhanced laser desorption ionization time
of flight (SELDI-TOF MS) in colorectal cancer patients
and determine if hepcidin expression was associated either
with anaemia or with disease state including T-stage, and
nodal involvement; (2) To examine if hepcidin mRNA ex-
pression could also be detected in colorectal cancer tissue
and, if so, determine cellular localization.

MATERIALS AND METHODS

Sample collection

Urine was collected from 56 patients with colorectal can-
cer prior to surgery, centrifuged at 3000 t/min for 20 min
and stored at -80°C. In a separate set of colorectal cancer
patients (# = 34) surgical resection specimens of colorectal
carcinoma matched with normal colonic mucosa from the
same resection specimen were collected and processed for
RNA extraction.

Ethics

This work has been carried out in accordance with the
declaration of Helsinki (2000) of the World Medical As-
sociation. Ethical approval for this study was approved by
South Birmingham LREC No. 05/Q2702/17. All patients

provided informed written consent.

Urine hepcidin measurements

SELDI-TOF-MS was performed as previously described!”.
Briefly, urine samples were diluted to 10 pg protein/mL in
0.5 mol/L NaCl, 100 mmol/L sodium phosphate (pH 7.0)
and applied to Cu®" loaded IMAC30 ProteinChip arrays.
MALDI spectra were obtained either by applying diluted
utine (20 pg protein/ml) or utine desalted using ClinProt
C8 magnetic beads (BrukerDaltronic) to GoldChips. Spectra
were acquired on a PBS I ¢ ProteinChip Reader (Ciphergen)
using sinapinic acid as the matrix. Spectra were normalized
to total ion current (as previously described for urinary
biomarker proﬁling“é’m), baselines subtracted and peaks
picked using Ciphergen ProteinChip software. Synthetic
hepcidin-25 (Peptides International) was employed for
peak/assay validation. Immunocapture was performed as
previously described"™", Briefly Protein G sepharose beads
loaded with or without rabbit polyclonal anti-hepcicin-25
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(Abcam 31877) were incubated with human urine containing
hepcidin 20, 22 and 25. The beads were washed extensively
with 20 mmol/L ammonium bicarbonate and the captured
proteins eluted with 50% acetonitrile/0.1% trifluoroacetic
acid and analysed by MALDL.

Real time RT-PCR

Real Time RT-PCR was performed on colorectal cancer
tissue specimens (C) and matched uninvolved normal colonic
mucosa (N) with all reactions containing 18S ribosomal
RNA as an internal standard (PE Biosystems, Roche, USA),
and human specific hepcidin probe and primers (Probe
5'-FAM 3' TAMRA AGCTGCAACCCCAGG, Forward
primer CCCACAACAGACGGGACAA and Reverse primer
TCTGGAACATGGGCATCC) as previously described'"”.

Immunohistochemistry

Immunohistochemistry was performed using paraffin
sections of human normal colon (# = 10) and colorectal
cancer (#z = 15). All sections were incubated at 95-100°C in
WCAP reagent (Surgipath) for 30 min, washed and then
incubated in 10:1 Methanol: H2O2 for 10 min. Sections
were then incubated in rabbit polyclonal hepcidin antibody
(Abcam 31877; 1:20) for 1hr after which immunoreactivity
detected with an Envision assay kit and DAB reagent
(DakoCytomation). All sections were counterstained in
haematoxylin and mounted prior to visualisation. Normal
liver sections were utilized as a positive control. Negative
control included omission of primary antibody and
liver sections incubated with antibody which had prior
incubation with the immunizing peptide (Abcam 31875).

Statistical analysis

Statistical significance was calculated using the Mann-
Whitney test to compare continuous data and the
Spearman rank test to assess correlations between data
sets. Significance was accepted at P << 0.05. All analyses
were performed using SPSS version 14.0 (SPSS Inc, USA).

Data are presented with 2 standard errors of the mean.

RESULTS

Validation of MALDI-TOF MS for the detection of urinary
hepcidin

Using a pre determined hepcidin positive urine sample
we performed MALDI-TOF MS and were able to detect
the two major forms of hepcidin; the mature hepcidin
25 (m/z 2793.8), and the N-terminally truncated hepcidin
20 (m/z 2195.3). In addition we were also able to detect
hepcidin 22 (m/z 2440.5) which cortesponds to a utinaty
degradation product of hepcidin 25 (Figure 1Aa). Using a
human urine sample devoid of hepcidin (Figure 1Ab) we
were able to demonstrate the appearance of a hepcidin
25 peak on spiking with a synthetic human hepcidin pep-
tide (Figure 1Ac). To determine if MALDI-TOF MS could
be used in a semi-quantitative manner as has previously
been reported for SELDI-TOF MS we spiked a urine
sample with low endogenous hepcidin and demonstrated
a linear relationship between hepcidin concentration and

intensity of the hepcidin 25 peak (Figure 1B).



Ward DG et a/. Hepcidin and cancer 1341

A 40
30

20
10

0
30

21953 +H

30

2440.5 + H

20
o WW%WWMMMMMMW
0

30 795.4 + H

Intensity (A.U)
Intensity (A.U)

20

0 | | | 1
10 0 20 40 60 80

0 Hepcidin (ng/mL)
2200 2400 2600 2800
m/z ratio

Figure 1 Validation of hepcidin expression in urine by MALDI-TOF MS. A: (a) A human urine specimen showing the two dominant forms of hepcidin; hepcidin 20 (m/z
2195.3) and hepcidin 25 (m/z 2793.8). In addition the degradation product of hepcidin 25 hepcidin 22 could also be detected by MALDI-TOF MS (m/z 2440.5); (b) A human
urine specimen completely devoid of hepcidin which when spiked with synthetic hepcidin 25 clearly shows a detectable peak at 2795.4 (c); B: Synthetic hepcidin was spiked
into a low hepcidin containing urine sample at concentrations between 0-80 ng/mL and analysed by MALDI-TOF MS followed by analysis of the hepcidin 25 peak intensity.

40

OT1
B) 0T ac
€ 30 ET !
) W T4
5 a,c
£ 20| e ac
c
b=l a,c
2
ke 10
0 | | |
2195 m/z 2793 m/z 2195 m/z 2793 m/z 2195 m/z 2793 m/z
Desalting MALDI-TOF MS MALDI-TOF MS SELDI-TOF MS

Figure 2 Hepcidin expression is associated with T-stage of colorectal cancer. Expression of hepcidin 20 (m/z 2195) and 25 (m/z 2793) was determined in urine samples
of 56 colorectal cancer patients by MALDI-TOF MS, before and after desalting with desalting beads (Desalting MALDI-TOF MS), and SELDI-TOF MS and analysed with
respect to T-stage. Expression of hepcidin 20 was not altered with T-stage by any of the three techniques. However, all three techniques demonstrated a significant increase
in hepcidin 25 expression in T4 cancers compared to T1. Statistical significance compared to T1 (°P < 0.05); Statistical significance compared to preceding T-stage (°P < 0.05).

Error bars denote 2 SEM.

Analysis of urinary hepcidin levels in colorectal cancer
patients

To determine hepcidin levels in urine samples from
colorectal cancer patients (#z = 56) we performed SELDI-
TOF MS and MALDI-TOF MS (Figure 2). In addition, as
the presence of salt can interfere with mass spectrometry,
we desalted the urine samples and once more performed
MALDI-TOF MS. Since hepcidin 22 is a urine specific
degradation product of hepcidin“gJ we chose to analyse
only the expression level of hepcidin 20 and 25. Using
a Spearman Rank test we were able to demonstrate a
correlation between all three data sets (MALDI-TOF
MS »s SELDI-TOF MS, correlation coefficient = 0.59
P < 0.0001, Desalting MALDI-TOF MS »s MALDI-TOF
MS, correlation coefficient = 0.56 P < 0.0001, Desalting
MALDI-TOF MS »s SELDI-TOF MS, correlation
coefficient = 0.71 P < 0.0001).

Data was analysed with respect to the site of cancer

(left or right sided), TNM classification, and the presence
or absence of anaemia where anaemia was classified as
haemoglobin level of less than 13 g/dL for men and
12 g/dL for women. Of the 56 cancers examined, 63%
were left sided cancers of which 40% wete anaemic,
whereas of the right sided cancers 77% were anaemic’”
Our data analyses using all data sets individually (Desalting
MALDI-TOF MS, MALDI-TOF MS, and SELDI-TOF
MS) for both hepcidin 20 and 25 showed that neither
forms of hepcidin were significantly altered in expression
in respect to the site of cancer, local nodal involvement,
metastasis or haemoglobin level.

However, when examining the relationship between
hepcidin and T-stage of disease, whilst hepcidin 20 was not
correlated with T-stage, hepcidin 25 significantly increased
with increasing stage. All three mass spectrometry
techniques demonstrated a significant increase in hepcidin
25 in T4 cancers compared to T1. Moreover, SELDI-TOF
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Figure 3 Hepcidin mRNA expression in colorectal cancer tissue. Using Real Time RT-PCR on 34 cancer specimens (C) each with adjacent normal uninvolved mucosa (N)
we demonstrate that hepcidin mRNA expression could be detected in 34% of colorectal cancer tissue specimens (10 out of 34). mRNA expression is presented as 1/dCT.

Positive control included human liver. Negative control included omission of cDNA.

MS data delineated a significant stepwise increase between
T2 and T1 (7.28 »s 2.77 P < 0.05), T3 and T2 (11.07 »s 7.28
P <0.05), and T4 and T3 (19.17 »s 11.07 P < 0.05).

Determination of hepcidin expression and localization in
colorectal cancer tissue

The observation that hepcidin is associated with advanced
disease led us to speculate that it may have an effect at
the level of the colonocyte and that hepcidin may even be
expressed by colorectal cancer tissue. Thus we examined
hepcidin mRNA expression in 34 cancer specimens
(C) each with adjacent normal uninvolved mucosa (N)
(Figure 3). Our data shows that hepcidin mRNA was
detected in 34% of colorectal cancer tissue specimens
(10 out of 34) and, whilst there was no hepcidin mRNA
detectable in the majority of matched adjacent uninvolved
mucosa, where there was hepcidin mRNA, it was found at
a lower level than in the associated cancer. Furthermore we
find that hepcidin mRINA expression is inversely correlated
with ferroportin mRNA expression (data not shown).

To further verify expression and determine the cellular
localization of hepcidin we performed immunohistochem-
istry. As a positive control for hepcidin expression we
utilized human liver. As anticipated we were able to show
strong immunoreactivity in all hepatocytes (Figure 4Aa),
and this immunoreactivity could be blocked by co-
incubation with hepcidin peptide (Figure 4Ab). In normal
colon, both on the luminal surface and in the crypts, we
were unable to detect any hepcidin immunoreactivity
(Figure 4Ac-Ad). However, in approximately 46% (7 out
of 15) of colorectal cancer specimens examined there was
an abundance of both membranous (Figure 4Ae-Af) and
cytoplasmic immunoreactivity (Figure 4Ag-Ah).

To determine what form of hepcidin was being de-
tected by our antibody and thus expressed in colorectal
cancer tissue, we performed an immuno-capture experi-
ment on human urine followed by MALDI-TOF MS
(Figure 4B). We initially chose a urine sample which
had clear and abundant hepcidin 20, 22 and 25 peaks
(Figure 4Ba), and incubated with ecither protein G sepha-
rose or with protein G-sepharose and the polyclonal anti
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hepcidin antibody. Immunocaptured proteins were then
eluted from the protein G sepharose and analysed by
MALDI-TOF MS. We clearly demonstrated that incuba-
tion with the rabbit hepcidin antibody results in binding of
all three forms of hepcidin (Figure 4Bc), whilst incubation
with protein G sepharose alone did not bind any form of
hepcidin (Figure 4Bb). Thus from this data we infer that
the immunoreactivity in colorectal cancer tissue could be
due to any of these hepcidin moieties.

DISCUSSION

Anaemia is a common presenting symptom of colorectal
cancer, and it is widely assumed to be a consequence of
blood loss"?. However, it is possible that a component of
this anaemia may be a result of inflammatory processes.
In particular the anti-microbial peptide hepcidin a down-
stream target of cytokines such as IL-6 has been widely
accepted as a mediator of anaemia of inflammation® .
Thus in this study we aimed to address whether hepcidin
was involved in the anaemia associated with colorectal
carcinogenesis.

We demonstrated using SELDI-TOF MS; a previ-
ously validated method for the detection of urinary hepci-
din"”?, and MALDI-TOF MS; a more common proteom-
ic technique, that urinary hepcidin 25 expression was not
associated with the presence of anaemia in a small cohort
of 56 colorectal cancer patients. However, it is important
to point out that the only parameter which was utilized
to assess anaemia was a haemoglobin level of less than
13 g/dL for men and 12 g/dL for women. Thus it is quite
possible that some of these anaemic individuals may actu-
ally have anaemia of chronic disease rather than pure iron
deficiency anaemia. To unequivocally discriminate between
these two types of anaemia it would be essential to assess
both the level serum ferritin and soluble transferrin recep-
tor levels.

However, our result is consistent with previous reports
which suggest that the phenotype of the systemic anaemia
associated with colorectal cancer is more likely to be an
iron deficiency rather than anaemia of chronic disease and
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Figure 4 Cellular localization of hepcidin in colorectal cancer tissue. A: To determine hepcidin cellular localization in colorectal tissue immunohistochemistry was performed
with a hepcidin specific antibody (Abcam 31877). (Aa) Human Liver; (Ab) Human Liver, incubated with both hepcidin antibody and immunizing hepcidin peptide; (Ac)
Normal colon; (Ad) Normal colon with crypts in cross section; (Ae) Colorectal cancer (x 20); (Af) Colorectal cancer (x 40); (Ag) colorectal cancer (x 20); (Ah) Colorectal
cancer (x 40). Boxes denote area subsequently magnified; B: Immunocapture of urinary hepcidin. (Ba) A human urine sample containing hepcidin 20 (m/z 2193.6), 22 (m/z
2438.2) and 25 (m/z 2792.0) was subject to immunocapture with either (Bb) protein G sepharose or with (Bc) protein G-sepharose and a polyclonal anti hepcidin antibody.
Immunocaptured proteins were then eluted from the protein G sepharose and analysed by MALDI-TOF MS.

that eatly detection of blood loss due to colon cancer is
life saving™.

Interestingly using both MALDI-TOF MS and SELDI-
TOF MS we showed that urinary hepcidin 25 expression
was associated with stage of disease. This association was
not observed for the N-terminally truncated hepcidin 20
moiety. This observation led us to speculate that it may
have an effect at the level of the colonocyte and that hep-
cidin may even be expressed by colorectal cancer tissue.
Such a hypothesis is strengthened by evidence that the ma-
jor inducer of hepcidin, IL-6, is over expressed in colorec-
tal cancer tissue and its expression is positively associated
with stage of disease"""”. Moreover, we have recently
reported both ferroportin internalization and iron loading
in colorectal cancer tissue: both predicted effects of hep-
cidin". Thus consistent with such a hypothesis we were

able to demonstrate for the first time that approximately
a third of all colorectal cancer tissues examined expressed
hepcidin mRINA.

What the signal for hepcidin induction is in these color-
ectal cancers is unclear. The two original reports describing
murine hepcidin suggested that there was either very low
or no hepcidin expressed in the colon consistent with our
findings”**’. However, more recently it has been suggested
that as a consequence of an acute phase response the colon
does have the potential to induce hepcidin expression” and
furthermore several of the upstream regulators of hepcidin
including IL-6, STAT3, TtR2 and BMP4 have been shown
to be over expressed in colorectal cancer tissue! ", In
addition a recent report suggests that hepcidin expression
is dependent on p53 status, a tumour suppressor which is
commonly mutated in colorectal cancers™

www.wjgnet.com
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Irrespective of the mechanism of hepcidin expression
the downstream consequences ate likely to be internaliza-
tion and degradation of the cellular iron export protein
ferroportin. In the background of an elevation in the cel-
lular iron import proteins such as transferrin receptor 1
and Divalent metal transporter 1, this culminates in cellular
iron accumulation; a phenotype which we have previously
reported in colorectal cancer . Furthermore, we have re-
cently demonstrated that elevating intracellular iron in the
presence of mutations in either adenomatous polyposis
coli (APC) or B-catenin results in increased Wnt signalling;
the major oncogenic signalling pathway in the colon™",
Thus hepcidin expression at the level of the tumour may
be a mechanism of ultimately accentuating carcinogenesis
and that abrogating hepcidin expression either directly or
indirectly through 1L-6 may provide a strategy for thera-
peutic intervention.

COMMENTS

Background

Anaemia is a common presenting symptom of colorectal cancer, though whether
the anaemia is a consequence of blood loss is not known. Recent studies have
suggested that anaemia in the context of chronic disease is mediated by the anti-
microbial peptide hepcidin.

Research frontiers

To date there have been no studies addressing whether hepcidin could be the
cause of the anaemia associated with colorectal cancer. Similarly, whether color-
ectal cancer tissue itself can express hepcidin is unknown.

Innovations and breakthroughs

This is the first study to show that systemic hepcidin levels were positively associ-
ated with stage of colorectal cancer. Furthermore, this study suggests that colonic
epithelial cancer cells have acquired the ability to express hepcidin; a protein
which was previously thought to be largely expressed by the liver.

Applications

What still remains unclear is whether the circulating level of hepcidin is derived
from the liver or whether it has come from the colorectal tumour tissue itself. Irre-
spective of this, this study suggests that circulating hepcidin levels may provide a
useful tool for aiding in the diagnosis of colorectal cancer.

Terminology

Hepcidin is an antimicrobial peptide which regulates iron metabolism. In instances
of high hepcidin it depresses duodenal iron absorption and sequesters iron in the
reticulo-endothelial system culminating in anaemia. This type of anaemia is classi-
fied as the anaemia of chronic disease and not iron deficiency anaemia which can
result from extensive blood loss, compromised duodenal iron absorption and or
low dietary iron intake.

Peer review
This is the first study to associate hepcidin expression with carcinogenesis.
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