Laboratory Investigation (2011) 91, 1615-1623
© 2011 USCAP, Inc All rights reserved 0023-6837/11 $32.00

Downregulation of hemojuvelin prevents inhibitory
effects of bone morphogenetic proteins on iron
metabolism in hepatocellular carcinoma

Ulrike Maegdefrau', Stephanie Arndt', Georgi Kivorski?, Claus Hellerbrand?® and Anja-Katrin Bosserhoff'

Recently, we revealed that bone morphogenetic protein (BMP) 4 is increased in hepatocellular carcinoma (HCC).
Furthermore, latest reports described BMPs, in particular BMP6, as important regulators of hepcidin expression in iron
homeostasis. Therefore, we aimed to unravel why enhanced BMP expression in HCC patients does not lead to severe
changes in iron metabolism. Initial analysis of the BMP4 and BMP6 expression patterns revealed enhanced expression on
MRNA and protein level in HCC cell lines and tissue samples compared with primary human hepatocytes (PHHs) and
normal liver tissues. However and interestingly, hepcidin expression was reduced in HCC cell lines and tissues. Analysis of
BMP6 receptor expression revealed loss of BMP6-specific receptor subunit in HCC. To identify a possible regulatory
mechanism causing lack of reaction to BMP4 we analyzed the expression of hemojuvelin (HJV), which is involved in iron
metabolism as BMP co-receptor. HJV expression was markedly decreased in HCC cell lines and tissues. HJV promoter
analysis revealed potential HNF-1¢ and snail-binding sites, but functional analysis ruled out that these transcriptional
regulators or promoter methylation are the cause of HJV downregulation in HCC. However, we identified AU-rich
elements in the HJV 3’-untranslated region and revealed significantly faster decay of HJV mRNA in HCC cells as compared

with PHH indicating decreased mRNA-stability as the reason for the loss of HJV expression in HCC.
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In the last few years, our knowledge of the regulation of
iron homeostasis significantly increased.' Thus, bone morpho-
genetic proteins (BMPs) have been newly identified as
regulators of hepatic hepcidin expression.” HJV (hemo-
juvelin), a member of the repulsive guidance molecule family
(RGM family), acts as a BMP co-receptor and triggers the
binding of BMP ligands to BMP receptors to enhance hep-
cidin expression.3’4 For a long time BMP2, 4, 6 and 9 were
postulated as important regulators of hepcidin expression
in vitro,”” whereas in latest publications along with others,
we described especially BMP6 as key endogenous regulator of
hepcidin expression and iron metabolism in vivo.*®'°

It is furthermore known that BMPs not only have an
important role in the iron sensing pathway but are also
involved in the development and progression of different
kinds of cancer.'"™" We recently demonstrated that BMP4
promotes the progression of hepatocellular carcinoma
(HCC)."* Noteworthy, up to now the impact of enhanced

BMP expression on (changes in) iron metabolism in HCC,
one of the most common cancers worldwide,'” has not been
addressed. Thus, one may hypothesize that patients with
enhanced BMP expression levels develop anemia through
increased levels of hepcidin, which is responsible for inter-
nalization and degradation of ferroportin to limit intestinal
iron upta1ke.16’17 However, along with others, we found
increased iron levels in the serum of HCC patients.'®"
Therefore, we aimed to unravel the reason why HCC patients
with enhanced BMP expression levels do not come down
with severe changes in iron metabolism.

To answer this question, we first analyzed whether the
expression of BMP6, the main regulator of iron metabolism,
is also enhanced in HCC. Next, we investigated the expres-
sion of hepcidin and the influence of different modulators
involved in the BMP-Smad signaling pathway, respectively,
because overall the mechanisms, which regulate iron meta-
bolism in HCC are largely unknown.
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MATERIALS AND METHODS

Cells and Cell Culture

Human HCC cell lines Hep3B (ATCC HB-8064) and PLC
(ATCC CRL-8024) were cultured as described.? Primary
human hepatocytes (PHHs) were freshly isolated and cul-
tured as previously described.”’ Human liver tissue for cell
isolation was obtained according to the guidelines of
the charitable state-controlled foundation HTCR with the
patient’s informed consent.

Human Tissues and Serum Samples

Primary HCC tissues were obtained from HCC patients
undergoing surgical resection. Histologically confirmed
normal liver tissues served as control. Further, serum samples
of HCC and control patients were collected. Tissue as well as
serum samples were processed without delay, for example,
immediately snap frozen and stored at —80°C. Informed
consent was obtained from all patients, and the study was
approved by the local ethics committee.

Immunohistochemistry

Paraffin-embedded preparations of normal liver and HCC
tissues were screened for HJV protein expression. The tissues
were deparaffinized, rehydrated and subsequently heated in
a pressure cooker for 5min (120°C) in Tris/EDTA buffer
(pH 9.0). After blocking with H,O,, tissue sections were
incubated for 30 min with goat anti-HJV (AF-3720) antibody
(1:20; R&D Systems, Minneapolis, MN, USA) or goat anti-
BMP6 (S-20; sc-27408) antibody (1:50; Santa Cruz Bio-
technology, Heidelberg, Germany) in antibody diluent with
background reducing components (DakoCytomation, Dako
North America, Carpinteria, CA, USA). The secondary POD-
conjugated anti-goat antibody (Sigma-Aldrich, Munich,
Germany) was incubated for 30 min at room temperature.
Antibody binding was visualized using DAB+ solution
(DakoCytomation), and counterstaining was performed with
haemalaun solution (DakoCytomation). Evaluation of the
staining was performed semi-quantitatively by light-micro-
scopy (AxioVision, Zeiss, Munich, Germany).

Table 1 Primers used for quantitative RT-PCR analysis

RNA Isolation and Reverse Transcription

Total cellular RNA was isolated from cultured cells and tissue
samples using a RNeasy kit (Qiagen, Hilden, Germany), and
cDNAs were generated as previously described.'!

Analysis of mRNA Expression by Quantitative PCR
Total mRNA expression was analyzed by quantitative real-
time PCR with specific sets of primers (Table 1) applying
LightCycler technology (Roche, Mannheim, Germany) as
described.'** Gene expression levels were normalized to
p-actin. Moreover, hepcidin expression levels of PHH and
HCC cells after BMP4 treatment were exemplarily normal-
ized to a set of additional housekeeping genes (GAPDH,
HPRT, SFRS4) to rule out side effects caused by regulation
of the housekeeper f-actin. No variations in the expression
levels were observed (data not shown).?

Stimulation of PHH and HCC Cells

Cells were seeded into six-well plates (2 x 10° HCC cells/
1 x 10° PHH cells per well) and were treated with 50 ng/ml
recombinant BMP4 (R&D Systems) and 150 ng/ml noggin
(R&D Systems), respectively, for 20h in normal High
Glucose DMEM (PAN Biotech GmbH, Aidenbach, Germany)
without FCS. Subsequently, mRNA was extracted as indicated
above.

For mRNA stability analysis, actinomycin D (7.5 pug/ml;
Sigma-Aldrich) was added to the medium and mRNA was
isolated after 2, 4 and 6 h. Subsequently, qRT-PCR was per-
formed to analyze mRNA expression and half-life of HJV
mRNA was evaluated by one phase exponential decay of non-
linear regression using GraphPad Prism Software (GraphPad
Software, San Diego, CA, USA). All treatments were repeated
at least three times.

Transfection Experiments

Flag-tagged human HJV expression plasmid was a generous
gift from Herbert Y Lin (Harvard Medical School, Boston,
MA, USA).> HNF-1« and antisense snail (as-snail) expression
constructs were previously described.***> For transient
transfections, PLC cells (2 x 10° per well) were seeded into

Name Nucleotide sequence

Forward primer Reverse primer
p-Actin 5'-CTACGTGGCCCTGGACTTCGAGC-3 5'-GATGGAGCCGCCGATCCACACGG-3’
BMP6 5'-AAGGCTGGCTGGAATTTGACATCACG-3' 5'-GGTAGAGCGATTACGACTCTGTTGTC-3'
HJV 5'-GCTAACCCTGGGAACCATGTG-3 5'-CCCAACACAGAGCTGCAGGT-3'
Hepcidin 5'-CAAGCTCAAGACCCAGCAGTG-3' 5'-CTACGTCTTGCAGCACATCCC-3’
Alk2 5'-GCCTGGAGCATTGGTAAGC-3 5'-CTGCCCACAGTCCTTCAAG-3'
TFR2 5'-AACCCAGTTCCCTCCAGTTG-3' 5'-GCAGCCGAAGATGTTGTTGA-3/
1616 Laboratory Investigation | Volume 91 November 2011 | www.laboratoryinvestigation.org
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six-well plates and were transfected with 0.01 ug (HJV)/0.5 ug
(HNF-1o/as-snail) expression plasmid using the Lipofecta-
mine Plus method (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions (transfection efficiency
was approximately 40%). Subsequent experiments were
performed 20h after transfection. All transfection experi-
ments were repeated at least three times.

Western Blot Analysis

Protein extracts of cells were prepared as described.'! Protein
extracts from normal and HCC tissues were homogenized in
200 ul RIPA-buffer (Roche). Insoluble fragments were
removed by centrifugation at 13000 r.p.m. for 10 min, and
the supernatant was frozen and stored at —80°C. For western
blotting, protein lysates were separated on SDS-PAGE gels
and blotted onto a PVDF membrane. After blocking with
BSA/TBS, primary antibodies were applied (anti-BMP6
(S-20); 1:500, Santa Cruz Biotechnology; anti-HJV, 1:2000,
R&D Systems). Alkaline phosphatase-conjugated anti-goat
antibody (1:5000, Chemicon, CA, USA) or anti-mouse anti-
body (1:4000, Chemicon) served as secondary antibodies.
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Enzyme-Linked Immunosorbent Assay (ELISA)

Serum samples were analyzed by an ELISA to quantify hep-
cidin pro-hormone serum levels (DRG Instruments, Marburg,
Germany) according to the manufacturer’s instructions.

Statistical Analysis

Statistical analyses were performed using SPSS version 10.0
(SPSS, Chicago, IL, USA) and GraphPad Prism Software.
Results are expressed as mean+s.e.m. (range) or percent.
Comparison between groups was made using Student’s un-
paired t-test. A P-value <0.05 was considered as significant.
Power analysis was performed using PASS-11 for qRT-PCR
experiments with small sample sizes. Numbers of analyzed
samples (HCC and normal liver tissues) were adapted for
each gene individually to ensure sufficient power values.

RESULTS

BMP6 Expression in HCC

Previously, we have shown enhanced BMP4 expression in
HCC.' Here, we further detected increased BMP6 mRNA
expression in HCC cell lines (Hep3B and PLC cells)
compared with PHHs (Figure la). Western blot analysis
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Figure 1 Expression of BMP6 in HCC. (@) BMP6 mRNA expression was analyzed by qRT-PCR. HCC cell lines showed increased BMP6 levels compared
with primary human hepatocytes (PHH). (*P<0.05 compared with PHH; PHH = 1). (b) Western blot data confirmed enhanced expression levels of

BMP6 in HCC cell lines PLC and Hep3B. -Actin serves as loading control. (¢, d) Analysis of 13 human normal liver tissues compared with 16 HCC tissues by
gRT-PCR (c) and western blot (d) revealed enhanced BMP6 levels in HCC tissues in vivo. In the western blot, exemplary two normal liver tissues
compared with three HCC tissues are shown. (*P <0.05; normal liver = 1). (e) Immunohistochemical stainings of normal liver tissues and HCC tissues
revealed strong BMP6 expression in HCC tissues as shown in representative pictures of four HCC tissues (iii, iv, v and vi) compared with two normal liver

tissues (i +1ii) (magnification x 40).
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confirmed the upregulation of BMP6 in HCC cell lines on the
protein level (Figure 1b).

In accordance, quantitative RT-PCR and western blot
analysis revealed enhanced BMP6 expression in HCC
tissues compared with non-tumorous liver tissues
(Figures 1c and d). Immunohistochemistry confirmed
enhanced BMP6 expression in HCC tissues compared with
non-tumorous liver tissues (Figure le).

Influence of BMP4 and BMP6 on Hepcidin Expression in
HCC

Both BMP4 and BMP6 affect iron levels through regulation
of hepcidin expression.**® Thus, one might have expected
that increased BMP expression in HCC leads to increased
hepcidin expression levels and decreased serum iron levels,
respectively. However, analysis of HCC patients revealed
slightly increased serum iron levels compared with the iron
levels of control patients (Supplementary Figure 1A). Further,
serum transferrin saturation and ferritin levels were enhanced
in HCC patients (Supplementary Figures 1B and C). Strik-
ingly, also hepcidin expression was reduced in HCC cell lines
and tissues as compared with PHH and non-tumorous liver
tissues, respectively (Figures 2a and b). Furthermore, HCC
patients revealed significantly lower hepcidin serum levels
than controls (Figure 2c).

In search for a possible cause for weak hepcidin expression
(despite high BMP levels) in HCC, we evaluated Alk2
expression in HCC. Previous studies revealed this BMP-
receptor as critical for the regulation of hepcidin by BMP6,
which is known to be the main regulator of iron homeostasis
under physiological conditions.>® Noteworthy, Alk2 expres-
sion was significantly decreased in HCC cell lines and HCC
tissues (Figures 3a and b).

Besides BMP6, BMP4 has been described as important
regulator of hepcidin expression.*®™® However and interest-
ingly, BMP4 stimulation (50 ng/ml; 20 h) exhibited almost no
(PLC) or significantly weaker effects (Hep3B), respectively,
on hepcidin expression in HCC cells compared with PHH
(Figure 3c).
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Here, it was conceivable that loss of Alk3 receptor
expression would be responsible for reduced hepcidin
induction in HCC, because Alk3 is the most important BMP
receptor subunit to mediate BMP4 signaling.”® To rule out
potential effect of loss of Alk3 in HCC, we analyzed Alk3
expression levels by qRT-PCR in HCC cell lines and tissues
compared with PHH and normal liver tissues, respectively.
Neither in HCC cell lines nor in HCC tissues reduced Alk3
receptor expression levels could be detected (data not
shown). Furthermore, we analyzed expression of transferrin
receptor 2 (TFR2), which is known to be involved in hepcidin
regulation.””*® qQRT-PCR analysis of TFR2 displayed reduced
expression levels of TFR2 in HCC tissues and cell lines
compared with normal liver tissues or PHH, respectively
(Supplementary Figures 1A and B).

To further identify the reason for the diminished BMP
effects on hepcidin expression in HCC, we analyzed HJV,
because it is well described that HJV acts as a BMP co-
receptor, and hereby, enhances BMP-induced hepcidin
expression.” Importantly, we detected markedly reduced HJV
mRNA (Figure 4a) and protein (Figure 4b) expression in
HCC cell lines compared with PHH. In accordance, HJV
was significantly downregulated in human HCC tissues
(Figures 4c and d). In situ analysis of HJV by immuno-
histochemistry confirmed strong membrane staining in
normal liver tissues but no detectable immunosignal in HCC
tissues. Representative pictures are shown in Figure 4e
together with immunostainings of positive (heart) and
negative (salivary glands) tissue controls.

To determine whether the loss of HJV expression is
responsible for the reduced BMP4 effects on hepcidin
expression in HCC cells, PLC cells were transfected with a
full-length HJV expression construct (Figure 5a). HJV
expression did not affect basal hepcidin expression in HCC
cells (Figure 5b). However, BMP4-induced hepcidin expres-
sion was significantly higher in PLC cells transfected with
the HJV expression plasmid compared with control cells
transfected with the empty vector (Figure 5b). To ensure that
induction of hepcidin expression in HJV transfected cells was
actually mediated by BMP4, we treated HJV and control
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Figure 2 Expression of hepcidin in HCC. (a, b) Analysis of mRNA by gqRT-PCR showed reduced hepcidin expression levels in HCC cell lines (*P<0.05
compared with PHH; PHH = 1) (a). Nine analyzed human HCC tissues confirmed the results, expression was lower in the HCC tissues compared with 19
normal liver tissues (*P<0.05; normal liver=1) (b). (c) To determine the hepcidin pro-hormone protein concentration we performed an ELISA assay.
Measurement of 16 serum samples of healthy patients compared with 13 serum samples of HCC patients revealed decreased hepcidin levels in HCC patients

(*P<0.05).
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Figure 3 Influence of BMP4 and BMP6 expression on hepcidin levels.

(a, b) To determine whether BMP6 is able to mediate effects on hepcidin
expression, we performed qRT-PCRs of BMP6 specific type | receptor
subunit (Alk2). Quantitative RT-PCR revealed downregulation of Alk2
expression in vitro in the HCC cell lines (*P<0.05 compared with PHH;
PHH = 1) (a) and in vivo in eight HCC tissues (*P <0.05; normal liver = 1) (b).
(c) To analyze induction of hepcidin expression after BMP4 treatment, we
stimulate PHH cells and HCC cells with 50 ng/ml BMP4 for 20 h and evaluate
the mRNA levels. Effects by treatment with BMP4 on hepcidin expression
were much stronger in PHHs compared with HCC cell lines. (*P<0.05
compared with PHH; control =1).

transfected HCC cells with noggin together with BMP4. As
expected, we observed inhibition of BMP4-induced hepcidin
induction in HJV transfected PLC cells after noggin treat-
ment (data not shown).

These findings suggest that the loss of HJV mainly causes
the lack of effects of enhanced BMP expression on hepcidin
expression in HCC.

Potential Mechanism Leading to HJV Deficiency in HCC
To investigate potential mechanisms of HJV regulation, we
performed in silico promoter studies with the program
Gene2Promotor (Genomatix, AnnArbor, MI, USA) and
identified binding sites of the transcription factors HNF-1a
and Snail in the HJV promoter region (position —63 to —39,
—674 to —654, and —38 to —18, respectively, to the transcrip-
tion start site). HNF-1« is known to be a tumor suppressor,
which is lost in HCC.*° To analyze effects of HNF-1a on the
expression of HJV in HCC cells, we transfected Hep3B and
PLC cells with an HNF-la expression vector. HNEF-1o
transfection for 24 h (data not shown) or 48 h (Figure 6a) did
not affect HJV expression in HCC cells.

Next, we were interested in potential effects of Snail, a
transcriptional repressor strongly expressed in HCC.*
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However, also transfection with an as-snail construct for 24
or 48h did not change HJV expression levels in Hep3B and
PLC cells (data not shown).

Furthermore, no CpG islands could be detected in the
putative HJV promoter region, thus ruling out a potential
influence of promoter hypermethylation on HJV regulation.
However, analysis of the 3’-untranslated region indicated AU-
rich regions (at mRNA position 1841, 1868 and 1931bp),
which hints to mRNA stability as a possible mechanism of
HJV regulation in HCC. To analyze mRNA stability, PHH
and HCC cells were treated with actinomycin D (7.5 pg/ml)
for 2, 4 and 6h to inhibit transcription of mRNA. Interest-
ingly, qRT-PCR analysis revealed a significantly faster decay
of HJV mRNA in Hep3B and PLC cells compared with PHH
(Figure 6b).

Taken together, these data suggest that reduced HJV
expression mediated by mRNA stability is an important
mechanism to compensate effects of enhanced BMP expres-
sion in HCC.

DISCUSSION

Enhanced BMP expression leads to increased migration,
invasion and angiogenesis of tumor cells, and thereby, BMPs
display an important role for tumor progression.'"'**
However, BMPs are also involved in regulation of iron
metabolism. Especially BMP6 is described as main regulator
of iron metabolism in vivo by increasing hepatic hepcidin
expression.>*'% Therefore, we analyzed BMP6 expression in
HCC and found, that in addition to BMP4,'*"* also BMP6
expression was enhanced in HCC.

These findings suggested that hepcidin levels should be
increased in HCC. Results on the expression of hepcidin in
HCC reported in former studies were not completely con-
clusive. Thus, it has been described that hepcidin mRNA
expression is uniformly suppressed in HCC, whereas serum
concentration of hepcidin was not correlated with mRNA
expression in these studies.’®* However, up to now the
influence of enhanced BMP levels of hepcidin expression in
HCC was not analyzed. Remarkably, in spite of enhanced
BMP expression in HCC, we were able to detect reduced
hepcidin mRNA and protein expression levels in HCC tissues
and cells.

To identify a possible reason for the reduced hepcidin
levels in HCC, we analyzed expression pattern of the BMP6-
specific receptor. BMP6 mediates its effects via binding to the
BMP type I receptor (Alk2 or Alk3), which forms a complex
with BMP type II receptor (ActRIIA) and HJV. This leads to
phosphorylation of Smad 1, 5 and 8, which translocate in
complex with Smad4 into the nucleus and activate hepcidin
expression.” It is well described that BMP2 and BMP4 bind
to BMP type I receptor subunits Alk3 and Alké6 to enhance
target gene expression. However, Alk6 is not expressed in the
liver and BMP6 binds additionally to Alk2.>2° Thus, we
analyzed BMP6-specific type I receptor expression and
observed strong expression of Alk2 in PHH cells and normal
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Figure 4 Expression of HJV in HCC. (a, b) Investigations of mRNA (a) and protein levels (b) of HJV revealed strongly reduced HJV levels in

HCC cell lines compared with PHHs. f-Actin serves in western blot analysis as loading control. (*P <0.05 compared with PHH; PHH = 1). (¢, d) Expression of
HJV mRNA (c) was also reduced in eight HCC tissues compared with three normal liver tissues. This was confirmed on protein level performing western blot
as exemplified by three HCC tissue lysates shown in (d). (*P<0.05; normal liver =1). (e) HJV protein expression was further analyzed by
immunohistochemistry, shown in representative pictures of two normal liver tissues (i + ii) and four HCC tissues (iii, iv, v and vi). Strong membrane
staining of HJV was detectable in normal liver tissues whereas HCC tissues showed only weak staining (magnification x 40). Sections of heart tissue
(vii) and salivary gland (viii) serves as positive and negative controls, respectively.
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Figure 5 HJV as modulator of hepcidin expression. (a) HIV mRNA
expression was analyzed in PLC cells transfected with HJV expression
construct compared with control transfected cells (pCMX-PL2-Flag). HJV
mRNA expression was enhanced in HJV transfected cells compared with
control transfected cells. (*P<0.05; control =1). (b) Induction of hepcidin
mRNA expression was much stronger in HJV transfected PLC cells after
BMP4 stimulation for 20 h compared with control transfected cells after
BMP4 stimulation. (*P<0.05 BMP4 treated HJV transfected cells compared
with BMP4 treated control transfected cells; control = 1).
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Figure 6 Potential mechanisms leading to HJV deficiency.

(@) HJV promoter studies revealed binding sites for HNF-1a (HNF-1).
Transfection experiments of HCC cells with HNF-1o full-length
construct for 24 and 48 h (48 h values are illustrated) showed

no changes of HJV mRNA expression pattern compared with

control transfected cells (pcDNA3); (pcDNA3 =1). (b) To analyze RNA
stability of HJV in HCC cell lines compared with PHH cells we
stimulated PLC, Hep3B and PHH cells with actinomycin D (7.5 pg/ml)
and incubation was continued for 2, 4 and 6 h. HIV mRNA expression
in the cells was analyzed by qRT-PCR for each timepoint and half-life
of HJV was evaluated with GraphPad Prism Software. HCC cell lines
showed a significantly reduced half-life of HJV compared with PHH.
(*P<0.05).
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liver tissues, whereas expression is lost in HCC cells and HCC
tissues. This finding explains why BMPG6 is not able to induce
hepcidin expression in HCC.

Besides BMP6, different BMPs were discussed for regula-
tion of iron metabolism in vitro, where BMP4 was mainly
described as valid regulator.”*”>* Furthermore, former
investigations demonstrated increased BMP4 expression
levels in HCC."* Of note, BMP4 strongly induced hepcidin
expression in PHH but HCC cells showed no or only minor
induction of hepcidin expression after BMP4 treatment. This
again raised the question why hepcidin expression is not
induced in HCC cells, where BMP4 is strongly expressed. As
BMP4 does not signal via Alk2 and the BMP4-specific
receptor subunit Alk3 is not differentially expressed in
HCC, we analyzed HJV, a known BMP co-receptor. In con-
trast to the results of Rapisarda et al,¥” which demonstrate
significant higher HJV expression levels in only one of two
HCC cell lines, we were able to show in vitro as well as in vivo
that HJV expression is lost in HCC on mRNA and protein
level. Further, our data suggest that the loss of HJV is a main
cause for the missing effect of BMP4 on hepcidin expression
in HCC.

In addition to the BMP signaling cascade, several other
pathways are known to be involved in regulation of hepcidin
expression. The most important and best characterized are
the iron-dependent signaling pathway (through the heredi-
tary hemochromatosis protein called HFE and the TFR2) as
well as the inflammatory signaling cascade. Especially in-
flammatory processes, which are also important for regula-
tion of iron metabolism in cirrhotic liver,”> have an
important role for the development and progression of HCC.
However, up to now the influence of these molecules on
hepcidin expression levels in HCC is still unknown. Still and
although several studies described enhanced expression levels
of inflammatory proteins, in particular IL-6,"® the data of
this study strongly suggest that an intact BMP signaling is
essential to mediate an inflammatory response. Furthermore,
Mowen et al’® reported that methylthioadenosine (MTA)
negatively influence STAT signaling, and we have shown that
HCC cells have decreased expression of MTAP (MTA phos-
phorylase) and as a result higher levels of MTA.*>*! Conse-
quently, we revealed a lack of responsiveness of HCC cells to
interferon,*' and it may be speculated that also signaling of
other STAT-mediated ligands like IL-6 may be impaired in
HCC via this mechanism.

Furthermore, a previous publication by Tseng et al’' did
not reveal differences in HFE mRNA levels between tumor-
ous and non-tumorous liver tissues, whereas TFR2 expres-
sion was decreased in HCC tissues. In contrast, Kijama et al*’
postulated that TFR2 is not differentially expressed. Thus, we
analyzed expression levels of TFR2 in HCC cell lines and
tissues compared with PHH and normal liver tissues, re-
spectively. Decreased expression levels of TFR2 in HCC cell
lines and tissues were detected, but the impact on hepcidin
expression in HCC needs to be determined. This is mainly
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due to the fact that up to now the mechanism by which TFR2
interacts with the BMP signaling cascade is still unknown.
Furthermore, it has to be noted that post-transcriptional
regulation of TFR2 expression has been reported,** and one
limitation of our study was that we assessed TFR2 expression
only at the mRNA level. However, considering that mutation
of the HJV gene results in similar effects as mutation of the
hepcidin gene (iron accumulation in different organs), which
additionally are in strong contrast to the moderate char-
acteristics of the mutated TFR2 phenotype,*’ we suggest that
HJV is the more decisive factor.

To analyze the reasons for loss of HJV expression in HCC,
we investigated different possible modulators and identified
an AU-rich sequence element in the 3'-untranslated region of
HJV as potential cause for reduced RNA stability and HJV
expression in HCC compared with non-tumorous liver.

It may be speculated whether the loss of Alk2 expression
and the downregulation of HJV expression have implications
beyond iron homeostasis. Thus, besides BMP6 also other
BMPs as BMP7 and BMP9 have been reported to signal via
Alk2 and herewith affect cancer progression.**** Future
studies have to address whether Alk2-mediated signaling also
affects pathophysiology of HCC and whether (loss of) Alk2
may serve as prognostic marker for HCC progression.
Moreover, it has to be noted that in most of our experiments
we compared normal hepatic tissue and HCC specimens but
HCC arises in many cases in cirrhotic or at least diseased
livers. Actually, two prior studies reported no significant
difference in hepcidin or HJV expression, respectively,
between HCC and surrounding non-tumorous livers.”">* It
has to be noted that both studies had been performed with
tissue specimens from patients with different ethnic back-
ground than in our study. Still, it also has to be considered
that some of the mechanisms, which we identified in this
study as potential explanation for the missing effect of
enhanced BMP levels on hepatic hepcidin expression are
already affected in pre-malignant diseased liver tissue, and
herewith, may affect iron homeostasis in patients with
chronic liver disease. Further studies have to address this
hypothesis, which might also have therapeutic as well as
prognostic implications.

Furthermore, our findings have also to be taken into
consideration when using HCC cell lines for the investigation
of physiological iron metabolism, since in summary,
our study demonstrates deregulation of iron sensing path-
ways in HCC. In non-tumorous tissue, HJV mediates BMP
signalling to enhance hepcidin expression. In HCC, tissue
loss of Alk2 and HJV expression is a potential mechanism,
which prevents the induction of hepcidin expression,
although BMP4 and BMP6 expression levels are enhanced,
and herewith avoids a downregulation of iron metabolism in
HCC patients.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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