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Arteriovenous specification: BMPER and TWSG1 determine
endothelial cell fate via activation of synergistic BMP and

Notch signaling
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The complex hierarchical structure of the vascular tree
requires precise spatio-temporal control of cell fate
decisions during development. These decisions rely on
the selective and coordinated microenvironment-
dependent activation of a number of signaling cascades,
such as the Notch, Hedgehog, vascular endothelial
growth factor (VEGF), and transforming growth factor
beta (TGFB) pathways [1]. During embryonic develop-
ment, formation of blood vessel networks relies on two
processes: vasculogenesis, the de novo formation of
blood vessels from differentiation of mesodermal pre-
cursor cells, and angiogenesis, the expansion of a pre-
existing vascular network through sprouting or split-
ting of vessels [2]. The arterial and venous identities
are determined by the mutual ligands/receptors ephrin
B2 and EphB4, respectively, which regulate repulsion
and segregation of endothelial cells [3]. Notch signal-
ing controls, in particular, arterial specification. Acti-
vation of Notch is triggered by binding of the cell
surface ligands, delta-like protein 4 (DLL4) or Jagged,
expressed either on endothelial cells (homotypic signal-
ing) or smooth muscle cells (heterotypic signaling),
which leads to the proteolytic cleavage and transloca-
tion of its intracellular domain (NICD) to the nucleus.
There, it is recruited to target genes by binding to
RBPJk (Recombination signal-Binding Protein for
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immunoglobin-k J region; also known as CSL) and
enlistment of additional transcriptional activators [l1],
resulting in the expression of Notch target genes such
as the HES (hairy and enhancer of split) and HEY
(hairy/enhancer-of-split-related with YRPW motif)
families of transcriptional suppressors, but importantly
also of the arterial marker ephrin B2 (Fig. 1). BMP
(bone morphogenetic protein) is one of the extracellu-
lar factors that acts in cooperation with Notch in the
arterial endothelium. BMP mediates activation of
ALK (Activin receptor-like kinase, an endothelial-
specific member of the TGF-B/BMP receptor family)
and the subsequent phosphorylation of SMADs. The
cross-talk between the Notch and TGF-/BMP path-
ways occurs at the level of SMADs that form a com-
plex with NICD in the nucleus and potentiate HES/
HEY gene expression [2]. The outcome of Notch sig-
naling highly depends on the particular cellular con-
text, including the presence of extracellular proteins in
the microenvironment at certain concentrations. These
include BMP and typical modulators of BMP such as
TWSGI1 (twisted gastrulation protein homolog 1),
chordin, and BMPER (BMP endothelial precursor-
derived regulator) [4,5].

In this issue of The FEBS Journal, Esser et al. deci-
pher the role of two BMP modulators, BMPER and
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Fig. 1. Simplified schematic model of BMP and Notch signaling activation in endothelial cells through the extracellular BMP modulators
BMPER and TWSG 1. Binding of BMPs to their receptors triggers phosphorylation of SMADs which translocate to the nucleus and recruit
different coactivators and transcription factors. This leads to the activation of BMP target genes such as ID1. The activation of Notch is
triggered by its binding to cell surface ligands such as delta-like protein 4 (DLL4) or Jagged exposed by adjacent cells and subsequent
proteolytic cleavage and translocation of its intracellular domain (NICD) to the nucleus. Cross-talk occurs at the level of coactivator BMP-
SMADs which are recruited to NICD bound to the Notch target gene DNA-binding protein CSL (also known as Recombination signal-Binding
Protein for immunoglobin-k J region, RBPJk). This in turn leads to activation of Notch target genes such as HES and HEY1/2, and
importantly also to the expression of the arterial marker ephrin B2 (reviewed in [2]). BMPER (and TWSG1) increase the expression of major
BMP and Notch signaling targets (indicated by the thick red transcription indicators). ALK, activin receptor-like kinase; BMP, bone
morphogenetic protein; BMPER, BMP endothelial precursor-derived regulator; BMP-R, BMP receptor; CoA, coactivator; CSL, transcriptional
regulator RBPJk; HES, hairy and enhancer of split; HEY, hairy/enhancer-of-split related with YRPW motif; NICD, Notch intracellular domain;
P-SMAD, activated SMAD; R-SMAD, receptor SMAD, TF, transcription factor.

TWSGI, and their impact on arteriovenous specifica-
tion of the endothelium via Notch signaling pathway
cross-talk [6]. BMPER, originally identified in a screen
for differentially expressed proteins in embryonic
endothelial precursor cells, had previously been shown
to exert both, anti- and pro-BMP activities [4,7]. This
apparent contradiction might reflect not only tissue-
specific but also BMPER concentration-specific effects.

Indeed, pro-BMP function was observed at lower
BMPER concentrations, whereas higher BMPER con-
centrations led to diminished BMP4-receptor binding
and endocytosis of BMP-4/BMPER complexes [8].
Esser et al. now demonstrate that, in endothelial cells,
BMPER acts in a pro-BMP fashion through ALK2
activation and subsequent increase in expression of
its targets, such as ID1 (Fig. 1; thick red arrows).
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Consistent with BMP/Notch signaling cross-talk,
BMPER (and also TWSGI1) caused activation of
Notch, as demonstrated by increased levels of NICD,
and activation of all major Notch downstream targets
(HES, HEY1/2; Fig. 1; thick red arrow). As Esser
et al. nicely demonstrate, this cross-talk occurs intra-
cellularly, possibly similarly to BMP-4 effects, at the
level of SMADs, and not due to direct extracellular
effects on the Notch receptor, since application of a
specific ALK?2 inhibitor, DMHI1, completely abolishes
BMPER’s effect on Notch target activation.

Previous reports have shown a direct interaction of
BMPER and BMP-4 [7]. Both proteins were shown to
activate endothelial cell sprouting and migration in a
dose-dependent manner and to generate a proangio-
genic response [4]. Importantly, BMPER’s dependence
on BMP-4 and vice versa indicated a synergistic action
of both proteins. On the mechanistic level, BMPER
induced the activation of SMADs 1/5 and the non-
canonical Erkl/2 signaling pathway [4]. Heinke ef al.
suggested that BMPER potentiates BMP delivery to
its receptor, contributing to BMP gradient formation
and signal sharpening, similar to the function of the
BMPER homolog crossveinless-2 in Drosophila [9].
The study by Esser et al. in this issue of The FEBS
Journal significantly widens our current perspective on
BMPER function and solves part of the BMP signal-
ing puzzle by uncovering its cross-talk with the Notch
pathway and activation of Notch downstream targets.
Whether this cross-talk happens at the level of
SMADs and/or at other steps of the signaling cascades
will need to be clarified in future studies. Furthermore,
the integration of this synergistic Notch/BMP pathway
and cross-talk with other known BMPER-dependent
signaling pathways also still requires further elucida-
tion. For instance, in a recent study, the proangiogenic
effect of BMPER was attributed to FGF (fibroblast
growth factor) signaling pathway activation [10].
Additionally, atheroprotective and anti-inflammatory
actions of BMPER have been described, where
BMPER acted as a BMP-2 antagonist and affected all
major targets involved in atherosclerosis development,
such as atheroprotective eNOS and the proinflamma-
tory adhesive molecules VCAM and ICAM [11]. Thus,
the wide range of ligands interacting with BMPER in
the extracellular space, together with their context-
and concentration-dependent effects, further add to
the cross-talk complexity of BMPER action.

The significant finding of the study by Esser et al. is
that BMPER and TWSGI, through upregulation of
Notch pathway downstream targets, activate the expres-
sion of the gene encoding the arterial marker ephrin B2
(Fig. 1; thick red arrows). Accordingly, silencing of
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BMPER and TWSGI1 by morpholinos in zebrafish
embryos, resulted in aberrant arteriovenous specifica-
tion as shown by increased efinb4 and deregulated efnb2b
expression, the presence of arteriovenous shunts, and
impaired blood flow. In mouse embryos, similar pheno-
types of arteriovenous malformations (AVM) were
reported in case of mutations in the Notch ligand DLLA4,
the Notch signaling transcription factor CSL, as well as
the Notch targets HEY 1/2, with additionally upregulated
venous marker expression in case of mutated DLL4
[5,12,13]. The strong phenotypic correlation of the
BMPER and TWSG! effects described by Esser et al.
with those observed in the mutants described above, fur-
ther supports the notion that BMPER and TWSGI regu-
late Notch signaling also in vivo. Additionally, the ALK2
inhibitor DMH1 induced the same phenotype in zebra-
fish embryos, confirming a pro-BMP mode of BMPER
action in vivo [6].

In summary, the work of Esser et al. identifies two
extracellular BMP modulators, BMPER and TWSGI,
as key regulators of Notch signaling. Their action on
the Notch pathway, mediated through cross-talk with
the BMP pathway, is crucial for arteriovenous specifi-
cation. These results add to our understanding of the
mechanisms that regulate BMP and Notch signaling,
how these pathways converge and thus mediate
arteriovenous specification. This is of crucial impor-
tance for the development of therapeutic or preventive
approaches targeting AVM pathologies, which cur-
rently are still elusive [14].

Acknowledgements

Preparation of this manuscript was supported by Aus-
trian Science Fund (P29668-B28) to OMS and Herzfel-
der’sche Familienstiftung (AP006780FF/KP006780FF)
to OMS.

References

1 Fish JE & Wythe JD (2015) The molecular regulation
of arteriovenous specification and maintenance. Dev
Dyn 244, 391-409.

2 Beets K, Huylebroeck D, Moya IM, Umans L &
Zwijsen A (2013) Robustness in angiogenesis. Trends
Genet 29, 140-149.

3 Aitsebaomo J, Portbury AL, Schisler JC & Patterson C
(2008) Brothers and sisters. Circ Res 103, 929-939.

4 Heinke J, Wehofsits L, Zhou Q, Zoeller C, Baar K-M,
Helbing T, Laib A, Augustin H, Bode C, Patterson C
et al. (2008) BMPER is an endothelial cell regulator
and controls bone morphogenetic protein-4-dependent
angiogenesis. Circ Res 103, 804-812.

The FEBS Journal 285 (2018) 1399-1402 © 2018 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 1401

Federation of European Biochemical Societies.



1402

Commentary

Hofmann JJ & Iruela-Arispe ML (2007) Notch
signaling in blood vessels. Circ Res 100, 1556-1568.
Esser JS, Steiner RE, Deckler M, Schmitt H, Engert B,
Link S, Charlet A, Patterson C, Bode C, Zhou Q et al.
(2018) Extracellular bone morphogenetic protein
modulator BMPER and twisted gastrulation homolog 1
preserve arterial-venous specification in zebrafish blood
vessel development and regulate Notch signaling in
endothelial cells. FEBS J. https://doi.org/10.1111/febs.
14414

Moser M, Binder O, Wu Y, Aitsebaomo J, Ren R,
Bode C, Bautch VL, Conlon FL & Patterson C (2003)
BMPER, a novel endothelial cell precursor-derived
protein, antagonizes bone morphogenetic protein
signaling and endothelial cell differentiation. Mol Cell
Biol 23, 5664-5679.

Kelley R, Ren R, Pi X, Wu Y, Moreno I, Willis M,
Moser M, Ross M, Podkowa M, Attisano L et al.
(2009) A concentration-dependent endocytic trap and
sink mechanism converts Bmper from an activator to
an inhibitor of Bmp signaling. J Cell Biol 184, 597-609.
O’Connor MB, Umulis D, Othmer HG & Blair SS
(2006) Shaping BMP morphogen gradients in the

10

11

12

13

14

Drosophila embryo and pupal wing. Development 133,
183-193.

Esser JS, Rahner S, Deckler M, Bode C, Patterson C &
Moser M (2015) Fibroblast growth factor signaling
pathway in endothelial cells is activated by BMPER to
promote angiogenesis. Arterioscler Thromb Vasc Biol
35, 358-367.

Helbing T, Rothweiler R, Ketterer E, Goetz L, Heinke
J, Grundmann S, Duerschmied D, Patterson C, Bode C
& Moser M (2011) BMP activity controlled by BMPER
regulates the proinflammatory phenotype of
endothelium. Blood 118, 5040-5049.

Fischer A, Schumacher N, Maier M, Sendtner M &
Gessler M (2004) The Notch target genes Heyl and
Hey?2 are required for embryonic vascular development.
Genes Dev 18, 901-911.

Krebs LT, Shutter JR, Tanigaki K, Honjo T, Stark KL
& Gridley T (2004) Haploinsufficient lethality and
formation of arteriovenous malformations in Notch
pathway mutants. Genes Dev 18, 2469-2473.

Nielsen CM, Huang L, Murphy PA, Lawton MT &
Wang RA (2016) Mouse models of cerebral
arteriovenous malformation. Stroke 47, 293-300.

The FEBS Journal 285 (2018) 1399-1402 © 2018 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.


https://doi.org/10.1111/febs.14414
https://doi.org/10.1111/febs.14414

