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Abstract: The activation of hepatic stellate cells (HSCs) is the key event of hepatic fibrosis. Further-
more, activated HSCs also play an important role in the progression of hepatocellular cancer (HCC).
Bone morphogenetic protein 14 (BMP14) is a member of the TGF-β/BMP superfamily. So far, most
studies have analyzed BMP14 in the context of bone and cartilage formation and homeostasis. The
aim of this study was to assess the expression and function of BMP14 in liver fibrosis and HCC.
The BMP14 expression increased during the in vitro activation of primary human HSCs and also in
mouse models of liver fibrosis. In human HCC, as well as non-tumorous liver tissues, there was a
significant correlation between the expression of BMP14 and alpha-smooth-muscle actin (α-SMA),
an established marker for HSC activation. RNAi-mediated BMP14 suppression in activated HSCs
resulted in the reduced expression of the transcription factors inhibitor of differentiation 1 (ID1)
and ID2, known targets of BMP signaling. Interestingly, α-SMA and collagen expression was also
reduced in BMP14-depleted cells, while treatment with recombinant BMP14 induced ID1, ID2, α-SMA
and collagen expression. In human HCC cell lines, treatment with recombinant BMP14 induced
proliferation, migratory activity and colony formation. In summary, our data indicate activated HSCs
as a major cellular source of enhanced BMP14 expression in fibrotic liver disease and HCC, and show
that BMP14 exhibits pro-fibrogenic as well as pro-tumorigenic effects. Future analyses will reveal the
potential of this soluble growth factor as a therapeutic target or prognostic marker for the progression
of fibrosis and HCC in patients with chronic liver disease.
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1. Introduction

Chronic liver diseases can lead to liver inflammation (hepatitis) and fibrosis of the
hepatic tissue. Generally, fibrosis is a response to tissue injury and can therefore be re-
garded as a physiological wound-healing reaction. However, if the tissue injury persists,
the physiological reaction becomes disturbed and progresses with excessive production
of extracellular matrix (ECM) proteins that increasingly accumulate [1,2]. Progressive
fibrosis leads to impaired liver function and can ultimately progress to liver cirrhosis with
organ failure. Furthermore, liver cirrhosis is the major risk factor for the development of
hepatocellular carcinoma (HCC) [1,2]. HCC is one of the most aggressive tumors and the
third leading cause of cancer-related deaths worldwide, with incidence still rising [3].

The activation of hepatic stellate cells (HSCs) is considered the key event of hepatic
fibrosis [1]. Physiologically, these non-parenchymal liver cells stay quiescent in the space
of Disse between the hepatocytes and lining sinusoidal endothelial cells. However, in
response to liver injury, HSCs become activated to a myofibroblast-like cell type, and as
such activated HSCs are the major cellular source of excessive ECM production in liver
fibrosis. Moreover, activated HSCs infiltrate and form the HCC-stroma, and stromal HSCs
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support HCC progression [2,4,5]. The underlying mechanisms of these tumor-promoting
effects are only incompletely understood. However, new insights of how HSC interact with
HCC cells might lead to the identification of new therapeutic targets for the treatment of
HCC, which are urgently needed. Furthermore, despite increasing knowledge regarding
the molecular mechanisms of hepatic fibrosis, no approved therapy exists for liver fibrosis.

Bone morphogenetic proteins (BMPs) are secretory proteins and belong to the trans-
forming growth factor (TGF)-β superfamily. The origin of the name is due to their initial
identification as proteins that are involved in bone and cartilage formation. To date, more
than 20 different BMP proteins are known, which influence many biological processes
including proliferation, differentiation, motility or adhesion during embryogenesis. In
the adult organism, BMPs play key roles in the homeostasis of different tissues [6]. A
dysregulation of BMP signal transduction has also been described in different pathological
processes, including organ fibrosis and different types of cancer [6].

BMP14, also known as growth differentiating factor 5 (GDF5), has so far mostly been
studied in the context of cartilage and bone formation and homeostasis [7]. To date, only
one study analyzed BMP14 in the context of chronic liver disease and found that the
systemic overexpression of BMP14 in adipose tissues reduced high-fat diet-induced fatty
liver disease in mice [8]. In addition, only a few studies exist regarding BMP14 and cancer.
In oral squamous cell carcinoma, higher BMP14 immunoreactivity has been described in
poorly differentiated forms and advanced stages [9]. Furthermore, BMP14 involvement
has been suggested during the development of salivary gland neoplasia [9]. Moreover, it
has been shown that TGF-ß produced by breast cancer cells induces in endothelial cells
the expression of BMP14, which in turn stimulates angiogenesis [10]. The expression and
function of BMP14 in HCC is unknown.

The aim of this study was to analyze the expression and role of BMP14 in hepatic
fibrosis and cancer.

2. Materials and Methods
2.1. Cells and Cell Culture

The isolation and culture of primary human hepatic stellate cells (HSC) was performed
as described [11]. Briefly, cells were isolated by a 2-step EGTA/collagenase perfusion proce-
dure, and sequentially incubated with pronase. Arabinogalactan gradient ultracentrifuga-
tion was used to separate HSC from other non-parenchymal liver cells. Only liver tissues of
patients that had no known liver disease, histologic evidence for liver fibrosis/inflammation
and were classified as non-cancerous by a pathologist were used. The in vitro activation
of HSC was achieved via cell culture on uncoated tissue culture dishes [11]. During HSC
activation, the medium was changed daily for the first four days in culture, and afterwards
every two days. In addition to primary human HSC, the hepatic stellate cell line LX-2 was
used [12]. The HCC cell lines HepG2 (ATCC HB-8065), Hep3B (ATCC HB-8064) and PLC
(ATCC CRL-8024) were cultured as described [5]. All cells and cell lines were cultured in
DMEM (Sigma, Deisenhofen, Germany) supplemented with 10% fetal bovine serum (PAN,
Aidenbach, Germany) and 1% penicillin/streptomycin at 37 ◦C and 8% CO2.

Human liver tissues samples for cell isolation were obtained from the charitable state-
controlled foundation HTCR (Human Tissue and Cell Research) with the patient’s informed
consent [13]. The sampling and handling of patient material was carried out according to
the ethical principles of the Declaration of Helsinki.

For stimulation experiments, cells were serum-starved for at least 12 h before stimula-
tion, and then treated with recombinant human BMP14 (Peprotech, Hamburg, Germany) at
a concentration of 100 ng/mL. In experiments with the BMP receptor inhibitor dorsomor-
phin homologue 1 (DMH1), cells were pre-incubated with 5 nM DMH1 (Sigma-Aldrich,
Deisenhofen, Germany) for 15 min. Transfection with BMP14 si-RNA pools was performed
as described [14], by using the Lipofectamine RNAiMAX transfection reagent (Life Tech-
nologies, Darmstadt, Germany) and si-RNA pools against BMP14 mRNA (siTOOLs Biotech
GmbH, Planegg, Germany). Si-RNA pools are complex mixtures of up to 60 different
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defined siRNAs that are all directed against the target gene, while each of them is applied
at a low concentration. This leads to a robust knockdown of the gene of interest, while
off-target effects are significantly decreased [15].

2.2. Mouse Models of Liver Fibrosis

Two established mouse models of liver fibrosis were analyzed: chemically induced
liver injury by application of thioacetamide (TAA), and cholestasis-induced liver injury by
bile duct ligation (BDL). In the TAA model [16], TAA (Sigma, Deisenhofen, Germany) was
administered in the drinking water (0.3 g TAA/L) for a duration of 14 weeks. BDL was
performed as described in [17]. Briefly, the common bile duct was exposed and ligated twice,
and subsequently the abdominal cavity was closed. Control mice were sham-operated.
Two weeks after BDL or sham operation the animals were sacrificed. In both models, each
group consisted of n = 6–8 mice/group.

All mice were fed with a standard laboratory chow and had access to water ad libitum.
The animal studies were approved by the Committee for Animal Health and Care of the
local government (54-2532.1-49/13), and conformed to international guidelines on the
ethical use of animals.

2.3. Human Tissue Samples

Human liver tissues samples were obtained from the charitable state-controlled foun-
dation HTCR (Human Tissue and Cell Research) with the patient’s informed consent [13].
Sampling and handling of patient material were carried out according to the ethical princi-
ples of the Declaration of Helsinki.

2.4. Analysis of mRNA Expression

RNA isolation and reverse transcription were performed as described [17]. Quan-
titative real-time PCR was performed by applying the LightCycler 480 System (Roche
Diagnostics, Mannheim, Germany) as described [17] and the following sets of specific
primers: α-SMA human (forward: 5′-CGT GGC TAT TCC TTC GTT AC-3′, reverse: 5′-TGC
CAG CAG ACT CCA TCC-3′), β-actin human (forward: 5′-CTA CGT CGC CCT GGA
CTT CGA GC-3′, reverse: 5′-GAT GGA GCC GCC GAT CCA CAC GG-3′), β-actin murine
(forward: 5′-AGG CCA ACC GTG AAA AGA T-3′, reverse: 5′-GGC GTG AGG GAG AGC
ATA-3′), BMP14 human (forward: 5′-TGT ACA GGA CGC TGT CCG A-3′, reverse: 5′-ACA
CGT ACC TCT GCT TCC TGA-3′), BMP14 murine (forward: 5′-TTG ACA AAG GGC AAG
ATG ACC GA-3′, reverse: 5′-AAC ACC TCC CAG CCA GAT CC-3′), COL1A1 human
(forward: 5′-CGG CTC CTG CTC CTC TT-3′, reverse: 5′-GGG GCA GTT CTT GGT CTC-3′),
ID1 human (forward: 5′-GTA TCT GCT TCG GGC TTC CA-3′, reverse: 5′-TGA TTC TTG
GCG ACT GGC T-3′) and ID2 human (forward: 5′-CAC GGA TAT CAG CAT CCT GTC
CT-3′, reverse 5′-CAA GTA AGA GAA CAC CCT GGG AAG A-3′).

2.5. Analysis of Protein Expression

Protein extraction from cells and Western blotting were performed as described [18]
by applying the following primary antibodies: rabbit anti-αSMA (ab32575, 1:1000, Abcam,
Cambridge, UK), goat anti-BMP14 (AF853, 1:2000, Novus Biologicals, Wiesbaden, Ger-
many), rabbit anti-GAPDH (#2118, 1:1000, Cell Signaling Technology, Danvers, MA, USA)
and rabbit anti-ID1 (sc-1331-04, 1:100, Santa Cruz Biotechnology, Heidelberg, Germany).
Donkey anti-goat (sc-2304, 1:5000, Santa Cruz Biotechnology, Heidelberg, Germany) and
mouse anti-rabbit (sc-2357, 1:10,000, Santa Cruz Biotechnology, Heidelberg, Germany) were
used as secondary antibodies.

2.6. Functional in Vitro Analysis

The proliferation of cells was determined using a colorimetric XTT assay (Roche Diag-
nostics, Mannheim, Germany) according to the manufacturer’s instructions as described
in [5]. Briefly, HCC cells were seeded at a density of 4000 cells/well into a 96-well plate and
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allowed to adhere. Before stimulation, cells were serum-starved for at least 12 h. The fol-
lowing day, cells were treated with 100 ng/mL BMP14 in serum-free DMEM, and allowed
to proliferate for 24 h. The supplied XTT was a tetrazolium salt that was converted to a red
formazan dye, which is only formed by metabolically active cells and thus correlates with
the cell number.

The migratory activity of HCC cells towards BMP14 was quantified using the Cul-
trex 96 Well Cell Migration assay (Trevigen, Gaithersburg, MD, USA) as described previ-
ously [19] and according to the manufacturer’s instructions. Briefly, HCC cells were seeded
in serum-free DMEM at a density of 40,000 cells/well into the upper compartment of the
provided 96-well plate, containing a polyethylene terephthalate (PET) membrane with
a pore size of 8 µm. The lower compartment was filled with serum-free DMEM supple-
mented with BMP14 (100 ng/mL). Cells were allowed to migrate for 4 h at 37 ◦C. Migrated
cells were detached from the membrane in the lower compartment using the supplied cell
dissociation solution. Quantification was achieved by calcein AM, which was internalized
and subsequently cleaved to generate free calcein that can be detected fluorometrically.

Clonogenic assays were performed in order to analyze stem cell behavior and attachment-
dependent colony formation, as well as the growth of cancer cells, as described previ-
ously [20]. Briefly, cells were seeded at a low density (1000 cells/6-well), treated with
100 ng/mL BMP14 and incubated at 37 ◦C for 12 days. BMP14 was renewed every 2–3 days.
Cells were fixed with glutaraldehyde (6% v/v) and simultaneously stained with crystal
violet (0.35% w/v). After washing with tap water, plates could be microscopically ana-
lyzed. Colony number and size were calculated, applying the CellSens Dimension Software
(Olympus Soft Imaging Solutions GmbH, Münster, Germany).

2.7. Histological Analysis

For histochemical and immunofluorescence staining, standard 5 µm sections of formalin-
fixed and paraffin-embedded tissue blocks were used.

Immunofluorescence staining was performed by applying the following primary
antibodies: rabbit anti-αSMA (ab32575, 1:500, Abcam, Cambridge, UK) and goat anti-
BMP14 (AF853, 1:250, Novus Biologicals, Wiesbaden, Germany). Cy3-conjugated donkey
anti-rabbit IgG (711-165-152, 1:1000, Jackson ImmunoResearch, Cambridgeshire, UK) and
Alexa Fluor 488-conjugated donkey anti-goat IgG (A11055, 1:1000, Invitrogen, Carlsbad, CA,
USA) were used as secondary antibodies. Microscopic images were taken, analyzed and
processed using an OlympusTM IX83 microscope with the CellSens Dimension Software
(Olympus Soft Imaging Solutions GmbH, Münster, Germany).

Sirius red/fast green staining was performed as described previously [17]. Briefly,
sections were deparaffinized and rehydrated by a decreasing ethanol gradient. Slices were
then immersed in a solution of sirius red (Polysciences, Hirschberg, Germany) and fast
green (Sigma, Deisenhofen, Germany; both 1 mg/mL in aqueous solution of picric acid) for
30 min. Sirius red and fast green are used in combination in order to distinguish collagen
from its surrounding materials. Sirius red specifically binds to collagen (regardless of type),
and fast green stains to all non-collagenous proteins. After dehydration, sections were
mounted and microscopically analyzed.

2.8. Statistical Analysis

Calculations were performed by applying the statistical computer package GraphPad
Prism Software version 6.01 (GraphPad Software, San Diego, CA, USA). All analyses were
performed at least in triplicate. Values are presented as mean ± SEM. Student’s unpaired
t-test or, when appropriate, one-way ANOVA were used for comparison between groups,
and a p-value < 0.05 was considered statistically significant.
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3. Results
3.1. BMP14 Expression in Hepatic Fibrosis and Hepatic Stellate Cells

BMP14 expression was already detectable in quiescent human hepatic stellate cells
(HSCs), but the mRNA and protein expression further significantly increased during the
course of in vitro activation (Figure 1A). Next, we examined the expression of BMP14 in
two experimental models of liver fibrosis in mice, namely, surgically induced cholestasis
by bile duct ligation (BDL) [17] and thioacetamide (TAA) [16]. Sirius red/fast green
staining showed significant hepatic extracellular matrix deposition in both models
(Figure 1B). In both models, we also found a significantly increased expression of BMP14
(Figure 1C). The in silico analysis of 110 human liver tissue samples, applying the GEPIA
database [21], showed a significant correlation between the expression of BMP14 and α-
smooth muscle actin (α-SMA), a marker for activated HSC [22] (Figure 1D). Furthermore,
co-immunofluorescence staining revealed a co-localization of BMP14 and α-SMA signals
in human cirrhotic liver tissue (Figure 1E). Together, these data indicate increased BMP14
expression during HSC activation and activated HSC as the cellular source of BMP14 in
hepatic fibrosis.
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Figure 1. Expression of BMP14 in hepatic fibrosis. (A) mRNA and protein expression of BMP14 during
the course of in vitro activation of primary human hepatic stellate cells (phHSC). (B) Histological
sirius red/fast green staining of livers from two different models of hepatic fibrosis (bile duct ligation
(BDL; left) and chronic thioacetamide administration (TAA; right); size bar: 100 µm). (C) BMP14
mRNA expression in BDL mice compared to sham-operated controls (Ctr) (left panel), and TAA mice
compared to control (Ctr) mice (right panel). (D) Correlation of BMP14 and α-SMA RNA expression
levels (log2(TPM)) in n = 110 human liver tissues. “Genotype-Tissue Expression” (GTEx)-derived
data were used applying the GEPIA database [21]. (E) Co-immunofluorescence staining of BMP14
(green) and α-SMA (red) in human cirrhotic liver tissue (20×magnification) (*: p < 0.05).

3.2. Effect of BMP14 in Activated Hepatic Stellate Cells

To gain more insight into the role of BMP14 in activated HSCs, we first studied the
effect of BMP14 depletion in activated human HSC in vitro. Transfection with si-RNA
pools [15] directed against BMP14 led to a significant downregulation of BMP14 mRNA
and protein as compared to HSC transfected with control si-RNA pools (Figure 2A,B).
In BMP14-depleted cells, we observed a significant downregulation of the expression
of the transcription factors’ inhibitor of differentiation 1 (ID1) (Figure 2C,G) and ID2
(Figure 2D), which are both known BMP target genes [23,24]. ID1 has been suggested to be
involved in liver injury and fibrogenesis [25], and ID2 has been shown to play a role in HSC
differentiation and proliferation [26]. Interestingly, we observed a slight but significant
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downregulation of α-SMA as well as collagen type I alpha 1 (COL1A1) expression in
BMP14-depleted HSC (Figure 2E–G).
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In a complementary approach, we stimulated activated human HSCs with recombi-
nant BMP14 (rBMP14) and observed a significant induction of ID1 and ID2 expression
(Figure 2H,I,L). Furthermore, rBMP14 induced the expression of both α-SMA and COL1A1
in HSCs (Figure 2J–L).

Together, these data indicate that BMP14 in HSCs induces the pro-fibrogenic pheno-
type of these cells.

3.3. BMP14 Expression in HCC Cells and Tissues and Effect of BMP14 on HCC Cells

In addition to their critical role in hepatic fibrosis, activated HSCs infiltrate and form
the HCC-stroma and affect HCC progression [2,4,5]. Interestingly, BMP14 mRNA and
protein expression was significantly higher in activated human HSCs compared to different
human HCC cell lines (Figure 3A,B). Furthermore, the in silico analysis of 190 human HCC
tissue samples, applying the Xena database [27], showed a significant correlation between
the expression of BMP14 and α-SMA, indicating that activated HSCs are the major cellular
source of BMP14 in HCC (Figure 3C).

To gain insight into the effect of BMP14 on HCC cells, we treated Hep3B and PLC
cells with rBMP14 and observed a significant induction of ID1 expression in stimulated
cells (Figure 3D). In addition to its pro-fibrotic role, ID1 has been shown to promote
HCC progression via inducing growth and metastatic ability [28,29]. In functional in vitro
analyses, we found that rBMP14 induced the proliferation (Figure 3E) as well as the
migratory activity of HCC cells (Figure 3F). Furthermore, we found that rBMP14 induced
colony formation and growth in clonogenic assays (Figure 3G–I).



Livers 2023, 3 288

Livers 2023, 3, FOR PEER REVIEW 7 
 

 

induced upregulation of ID1 mRNA expression by BMP14 was nearly completely abro-
gated by pre-incubation with DMH1 (Figure 3J). 

Together, these data indicate that BMP14 secretion contributes to the tumor-promot-
ing effect of HSCs in HCC, and that the BMP14-induced effects in these cells are depend-
ent on Alk3 and/or Alk2 signaling. 

 
Figure 3. BMP14 expression in HSC compared to HCC cells, and effects of BMP14 on HCC cells. (A) 
BMP14 mRNA expression and (B) BMP14 protein expression in primary human HSC compared to 
HCC cell lines PLC, HepG2 and Hep3B. (C) Correlation of BMP14 and α-SMA mRNA expression 
levels (log2(TPM)) in n = 190 tumorous liver tissue, applying the TCGA Liver Cancer (LIHC)-derived 
data and applying the Xena Functional Genomics Explorer database. Effect of recombinant BMP14 
(rBMP14) on HCC cell lines Hep3B (left panel) and PLC (right panel). (D) ID1 mRNA expression, 
(E) cell proliferation and (F) migratory activity towards BMP14 after 4 h. (G–I) Anchorage-depend-
ent clonogenic assay after BMP14 treatment. (G) Representative images. Analysis of (H) colony 
number and (I) colony size. (J) Effect of the specific BMP receptor inhibitor DMH1 on BMP14-in-
duced ID1 mRNA expression in Hep3B cells (left panel) and PLC cells (right panel). (*: p < 0.05). 

4. Discussion 
The aim of this study was to gain insights into the expression and role of BMP14 in 

hepatic fibrosis and cancer. So far, BMP14 has mostly been studied in the context of bone 
and cartilage formation and homeostasis. 

Figure 3. BMP14 expression in HSC compared to HCC cells, and effects of BMP14 on HCC cells.
(A) BMP14 mRNA expression and (B) BMP14 protein expression in primary human HSC compared
to HCC cell lines PLC, HepG2 and Hep3B. (C) Correlation of BMP14 and α-SMA mRNA expression
levels (log2(TPM)) in n = 190 tumorous liver tissue, applying the TCGA Liver Cancer (LIHC)-derived
data and applying the Xena Functional Genomics Explorer database. Effect of recombinant BMP14
(rBMP14) on HCC cell lines Hep3B (left panel) and PLC (right panel). (D) ID1 mRNA expression,
(E) cell proliferation and (F) migratory activity towards BMP14 after 4 h. (G–I) Anchorage-dependent
clonogenic assay after BMP14 treatment. (G) Representative images. Analysis of (H) colony number
and (I) colony size. (J) Effect of the specific BMP receptor inhibitor DMH1 on BMP14-induced ID1
mRNA expression in Hep3B cells (left panel) and PLC cells (right panel). (*: p < 0.05).

In order to gain a first insight into the BMP receptor(s) (BMPR) that are involved in
the effect of BMP14 on HCC cells, we applied the specific receptor inhibitor dorsomorphin
homologue 1 (DMH1) prior to BMP14 stimulation. DMH1 selectively inhibits the type
I BMPRs activin receptor-like kinase-2 (ALK2), also known as Activin A receptor, type I
(ACVR1) and Alk3 (BMPR1a) [30]. In both HCC cell lines, we observed that the BMP14-
induced upregulation of ID1 mRNA expression by BMP14 was nearly completely abrogated
by pre-incubation with DMH1 (Figure 3J).

Together, these data indicate that BMP14 secretion contributes to the tumor-promoting
effect of HSCs in HCC, and that the BMP14-induced effects in these cells are dependent on
Alk3 and/or Alk2 signaling.
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4. Discussion

The aim of this study was to gain insights into the expression and role of BMP14 in
hepatic fibrosis and cancer. So far, BMP14 has mostly been studied in the context of bone
and cartilage formation and homeostasis.

BMP14 exerts an osteogenesis-promoting effect, and is expressed in the limb at sites
where the joint cavity is created during development. BMP14 exhibits robust expres-
sion up until the fetal day 14 arthroplasty stage, but decreases during later stages of
development [31]. BMP14 mutations have been associated with varying types of skeletal
dysplasia [32–34]. Furthermore, BMP14 appears to have important functions in cartilage
remodeling and repair. BMP14 expression in the damaged synovium increases during
cartilage repair, and BMP14 showed a potent stimulation of ECM production in cultures of
human osteoarthritis chondrocytes. Conversely, reduced BMP14 levels may be a precipitat-
ing factor in the development of osteoarthritis [32,35,36]. Moreover, BMP14 deficiencies are
associated with delayed fracture repair and impaired bone healing [37].

Here, we show the novel finding that BMP14 is expressed in the liver and, further-
more, we found that BMP14 is upregulated during hepatic fibrosis. As a cellular source of
enhanced BMP14 expression in liver fibrosis, we identified activated HSCs. Furthermore,
we found that BMP14 exhibits pro-fibrotic effects in HSCs. Similar to cartilage injury in
joints, the upregulation of BMP14 upon liver injury may serve as a molecular mechanism
to support tissue repair. However, if the hepatocellular injury persists, such as in chronic
liver injury, the physiological reaction becomes disturbed, leading to progressive hepatic
fibrosis and, herewith, also increasing HCC risk. Moreover, besides indirectly promot-
ing hepatocancerogenesis, we observed pro-tumorigenic effects of BMP14 on HCC cells.
Together, these findings indicate BMP14 as a potential novel therapeutic target for both
hepatic fibrosis and HCC formation and progression.

RNA interference is becoming more and more exploited for the targeted depletion of
genes in HSCs and for the treatment of liver fibrosis and cancer [38,39], and here BMP14
also appears as a potential target. The inhibition of BMP14 receptors could be another
potential therapeutic strategy. A previous study applying biosensor analysis revealed
ligand–receptor interactions for BMP14 to Alk3 (BMPR1a) and Alk6 (BMPR1b), with
preferential binding to Alk6 [40]. Furthermore, Nishitoh et al. found that BMP14 binds to
Alk6 in ROB-C26 cells (rat osteoprogenitor-like cell line) and COS-1 cells (fibroblast-like
monkey kidney cells) [41]. Here, we found that the chemical inhibitor DMH1 almost
completely abrogated the BMP14-induced upregulation of ID1 expression in HCC cells,
suggesting that at least parts of the pro-tumorigenic effects of BMP14 on HCC cells are
mediated via Alk3 and/or Alk2. Further studies are required to assess the receptors
involved in the pro-fibrotic and pro-tumorigenic effects of BMP14 in the liver.

Generally, the role of BMPs in liver fibrosis and cancer is complex, and previous
studies of other BMP family members have shown that the effects of these growth factors
can be diverse.

For example, BMP7 is upregulated after liver injury and exhibits anti-fibrotic effects,
which can be attributed to a decreased expression of α-SMA and/or collagen [42]. In
contrast, BMP4 shows pro-fibrotic effects in experimental models of liver fibrosis [43]. BMP4
expression has also been shown to be upregulated in patients with cirrhosis and HCC, and
further to correlate with cancer progression [44]. Moreover, Arndt et al. have demonstrated
that mice with global BMP6 knockout revealed increased hepatic inflammation and fibrosis
in two different experimental models of non-alcoholic steatohepatitis (NASH), indicating
an anti-fibrogenic role of this BMP family member [45]. For BMP9, both pro- and anti-
fibrogenic effects have been described. Desroches-Castan et al. found that BMP9 gene
deletion triggers hepatic perisinusoidal fibrosis, indicating a protective effect of BMP9 [46].
As an underlying molecular mechanism, their findings indicated that BMP9 prevented the
loss of fenestration of sinusoidal endothelial cells. On the other hand, Li et al. described
how, in mouse models, recombinant BMP9 overexpression accelerated liver fibrosis, while
BMP9 knockdown attenuated liver fibrogenesis [47].
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In HCC, BMP2 and BMP10 were shown to exhibit anti-tumorigenic effects, thereby
inhibiting HCC progression [48,49]. In HCC patients, BMP4 expression was found to be
upregulated and to correlate with cancer progression [44], pointing to a protumorigenic
effect of BMP4 in HCC. Furthermore, BMP9 has been shown to promote the growth of HCC
cell lines [50]. Another study found that BMP9 induces angiogenesis via the ID1 signaling
axis, and therefore acts as a pro-tumorigenic [51].

Together, these previous studies have indicated the complexity of the BMP system in
diseased livers, since individual members of the large BMP protein family can even have
opposite effects on critical pathological steps of chronic liver diseases.

The data of our study suggest that BMP14 secreted by activated HSCs acts on both
HSCs themselves and HCC cells, and herewith promotes fibrosis as well as tumorigenicity
of HCC cells (Figure 4). In future studies, the role of BMP14 and its molecular mechanisms
of action need to be validated in vivo. Our study may be the basis for the further evaluation
of the potential of BMP14 as a new therapeutic target against liver fibrosis and cancer.
Furthermore, this soluble growth factor may also have potential as a diagnostic marker in
patients with chronic liver disease.
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