Bone morphogenetic protein-9/activin-like kinase 1 axis a new
target for hepatic regeneration and fibrosis treatment in liver injury
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Bone morphogenetic protein-9 (BMP-9), a member of the
transforming growth factor (T'GF)-p family of cytokines,
is preferentially expressed in the liver from where is
secreted into the blood (1-3). BMP-9 and BMP-10 are
high-affinity ligands for the type I receptor activin-like
kinase 1 (ALK1), whose participation in liver fibrosis has
been previously suggested, and activin type II receptor
A (ActRIIA) a BMP type II receptor with undefined role
in liver biology. Although BMP-9 promotes epithelial
to mesenchymal transition in hepatocellular carcinoma
(HCC) cells, correlating with HCC aggressiveness in
patients, and the BMP-9/ALKI1 signaling has been related
to liver pathologies, little was known about BMP-9 specific
functions in liver cells and, particularly, after hepatic injury.
Filling this gap, Breitkopf-Heinlein er a/. (4) have
recently provided interesting clues of BMP-9 liver function
and pointed to novel aspects that will merit future attention.
In their Gut publication, the authors identify hepatic stellate
cells (HSCs) as the cellular source for BMP-9 secretion with
increasing amounts during fibrogenic activation. In addition
to possible effects on other non-parenchymal liver cells that
exhibit important levels of BMP-9 receptor ALK, such as
liver sinusoidal endothelial cells (LSECs) and Kupffer cells,
BMP-9 autocrine action could increase HSC proliferation
and migration as observed iz vitro in cultured HSCs.
Moreover, BMP-9 stabilizes healthy hepatocytes helping
them to maintain cell polarization and functionality. These
anti-proliferative and anti-EMT activities observed in
primary hepatocytes contrast with the EMT promoting
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action of BMP-9 on HCC cells previously detected,
suggesting completely opposed functions for BMP-9
in tumoral and non-tumoral conditions. Not only that,
BMP-9 would interfere with hepatic wound healing
and regeneration after acute liver damage. To explain
the apparent contradiction of BMP-9, preserving the
physiological metabolic activity in the hepatocyte but
enhancing liver damage after acute hepatic injury, BMP-
9 has been proposed as a stabilizer of the parenchyma,
useful under healthy conditions but problematical after
damage when issues that must be further analyzed
before its clinical application. Hepatocytes have to
proliferate and cell plasticity is required. In fact, not only
BMP-9 reduction will be required to facilitate hepatic
recovery, but also it will be beneficial to lower BMP-9
levels to reduce fibrogenesis as shown in a CCl4-induced
chronic liver damage mouse model.

Differences in the expression levels of the individual
BMP-9 associated receptors and co-factors or in the BMP-
9 interplay with other signaling pathways may explain these
divergent behaviors, issues that must be further analyzed
before its clinical application. In particular, some concerns
may arise by anti-BMP-9/ALK1 therapies that could
promote hepatocyte dedifferentiation and proliferation
in individuals with chronic liver disease, where the inter-
cellular environment with altered extracellular matrix and
hepatic inflammation facilitates HCC development and
metastasis implantation.

Regarding the canonical signaling triggered by
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Figure 1 Physiological and pathological roles of BMP-9 in liver cells, liver pathology and in extra-hepatic tissues. BMP-9, bone

morphogenetic protein-9; WAT, white adipose tissue; LPS, lipopolysaccharide.

BMP-9 binding, activated receptors interact with Smadl,
Smad5, Smad8 and phosphorylate them. After nuclear
translocation, the activated Smad complex binds to a
Smad-responsive element and induce specific target
gene such as the co-receptor Endoglin, Id1 or Snail-1.
Of note, several publications have directly and indirectly
related these proteins to liver fibrosis in different clinical
and experimental settings (5-7), and now, their present
connection with BMP-9 signaling may justify, at least partly,
some of these results. In addition, it should not be forgotten
that BMPs activate Smad-independent pathways in specific
cell types. This non-canonical or non-Smad pathways
includes MAPK (p38, ERK and JNK), PI3K/AKT, NF-«B,
Wht, or microRNA regulation, among others.

Another interesting issue of BMP-9/ALK1 signaling may
be its participation in hepatic inflammation during chronic
liver injury. Regarding this point, the authors have proposed
that the reduction of BMP-9 expression after acute liver
injury may be due to the LPS inhibitory effect on BMP-9
expression, as they observed in cultured HSCs. In a
complementary approach, recent data points the BMP-9/
ALKI axis to enhance LPS-induced leukocyte recruitment
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by upregulating TLR4 expression in human endothelial
cells (8). Since small interfering RNA knockdown ALK1
blocked this effect, both proteins BMP-9 and ALKI are
potential targets for therapeutic intervention. As Breitkopf-
Heinlein et 4/. indicate, BMP-9 is increased in chronic
liver disease and BMP-9/ALK-1 axis inhibition could
reduce TLR4 signaling diminishing hepatic inflammation
and neutrophil infiltration. This potential modulation of
inflammatory processes in the liver justifies, per se, future
studies in BMP-9 under conditions of chronic damage
where the role played by other non-parenchymal cell lines,
particularly LSECs and Kupffer cells, should be addressed.
As also shown by the authors, Kupffer cells express high
levels of BMP-9 receptor ALKI1 and the effect of BMP-9
reduction in activated Kupffer cells could be highly relevant
in the context of chronic liver disease.

Evidently, numerous beneficial effects are expected from
BMP-9 action in non-pathological conditions (Figure I)
and tampering with BMP-9/ALK]1 signaling for long-time
periods, as probably required to obtain positive results in
fibrosis resolution and hepatic recovery, may have unknown
effects on human biology. In this sense, inhibitors of this
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pathway are already in clinical trials for anti-angiogenic
therapy to cancer patients (9). PF-03446962, is a fully
human antibody against the extracellular domain of ALK1
that inhibits all ALK1 signaling independently of being
induced by BMP-9 or other BMPs, and Dalantercept/ACE-
041, is an ALK1-Fc fusion protein that sequesters the ALK1
high affinity ligands BMP-9 and BMP-10, preserving ALK1
activation through other ligands. Both inhibitors have
shown good tolerability in patients and are expected to be
worthy additions for the anti-cancer arsenal, circumstance
that will facilitate their quick transition to human testing in
liver pathologies.

As the attention to liver fibrosis in general, and to
NASH-induced fibrosis in particular has grown, a cascade of
novel signaling pathways (10-13) has been recently related
to this pathology. Joining this group, Breitkopf-Heinlein
et al. and others publications have positioned the BMP-9/
ALKI axis as an interesting player in fibrosis and in liver
regeneration. Obviously, additional knowledge of BMP-9
specific role on LSECs and Kupffer cells may be helpful,
but we are convinced new data will soon be generated on
this subject and it will help us better understand this novel
and puzzling pathway.
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