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Endoglin is an endothelial-specific transforming growth factor beta (TGF-B) co-receptor essential for
angiogenesis and vascular remodeling. Endoglin regulates a wide range of cellular processes, including
cell adhesion, migration, and proliferation, through TGF-p signaling to canonical Smad and Smad-inde-
pendent pathways. Despite its overall pro-angiogenic role in the vasculature, the underlying mechanism

1<eyW0fd55 of endoglin action is poorly characterized. We previously identified B-arrestin2 as a binding partner that
Endoglin 5 causes endoglin internalization from the plasma membrane and inhibits ERK signaling towards endothe-
E;;("esnn lial migration. In the present study, we examined the mechanistic role of endoglin and B-arrestin2 in

-Myc endothelial cell proliferation. We show that endoglin impedes cell growth through sustained inhibition
TGE-p of ERK-induced c-Myc and cyclin D1 expression in a TGF-B-independent manner. The down-regulation
of c-Myc and cyclin D1, along with growth-inhibition, are reversed when the endoglin/B-arrestin2 inter-
action is disrupted. Given that TGF-B-induced Smad signaling potently represses c-Myc in most cell types,
our findings here show a novel mechanism by which endoglin augments growth-inhibition by targeting

Smads

ERK and key downstream mitogenic substrates.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Endoglin is a critical mediator of angiogenesis and vascular
morphogenesis. Endoglin is mutated in the human disease, hered-
itary hemorrhagic telangiectasia (HHT), a condition characterized
by vascular dysplasia and arteriovenous malformations (AVMs)
[1,2]. Up to 25% of patients with HHT develop life-threatening
complications such as pulmonary or brain AVMs [3]. Endoglin dys-
function also contributes to preeclampsia, inflammation and tu-
mor-associated angiogenesis [2,18,19].

The overall process of angiogenesis comprises highly regulated
series of events, initiated by endothelial degradation of the base-
ment membrane, followed by migration, proliferation, alignment,
and capillary tube formation [4]. And while its pro-angiogenic role
is clear, how endoglin impacts each of these events at the cellular
and molecular level are largely undefined.

Abbreviations: Eng, endoglin; MEEC, mouse embryonic endothelial cell; HMEC-
1, human microvascular endothelial cell-1; HHT, hereditary hemorrhagic telangi-
ectasia; ALK, activin receptor-like receptor kinase; TGF-B, transforming growth
factor beta; BMP, bone morphogenetic protein; AVM, arteriovenous malformation;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
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The general scheme of TGF-B signaling in endothelial cells de-
scribes two distinct types of serine/threonine kinase receptors,
the activin receptor-like kinase 1 (ALK1) and ALK5, which target
downstream nuclear shuttling proteins, Smad 1/5/8 and Smad
2/3, respectively [5,6]. ALK5 is ubiquitously expressed, which upon
binding TGF-B, activates Smad 2/3 to inhibit endothelial cell prolif-
eration and migration. ALK1 responds to either TGF-B or bone mor-
phogenetic protein-9 (BMP-9) to activate Smad 1/5/8, culminating
in pro-angiogenic transcriptional responses including proliferation
and migration [7]. Endoglin modulates the critical balance of these
two divergent Smad pathways, in part, by mediating heteromeric
receptor complex formation [3,7]. It is also becoming evident that
endoglin engages several Smad-independent mechanisms to alter
endothelial cell behavior via scaffolding/trafficking adaptor mole-
cules [8]. How endoglin mediates both Smad and non-Smad signal-
ing components is a subject of intense investigation.

The analysis of endoglin structure reveals a large extracellular
ligand-binding domain, followed by a single transmembrane seg-
ment, and a short cytoplasmic tail [9]. While lacking a kinase do-
main, this cytoplasmic segment functions as important
phosphorylation [17] and binding sites for multiple scaffolding/
trafficking adaptors including B-arrestin2 [12], Zyxin [10], Zyxin
related protein-1 (ZRP-1) [11], and GIPC [13]. In the case of B-arr-
estin2, binding to endoglin causes internalization of this complex
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into endocytic vesicles, resulting in transient suppression of ERK1/
2 activation and cell migration [12]. But given that ERK modulates
the functions of multiple substrates present in the cytoplasm and
nucleus, here we examined whether endoglin and B-arrestin2 im-
pacts ERK-induced mitogenic signaling during cellular
proliferation.

2. Materials and methods
2.1. Tissue culture and reagents

MEEC and HMEC-1 endothelial cells were cultured as described
previously [12]. Ectopic expression in Eng—/— MEECs was achieved
by nucleofection with Amaxa (SF kit). HMEC-1s were nucleofected
with pLKO.1 puro vector encoding either scramble control or
shRNA to human endoglin sequence (purchased from Sigma). The
pDisplay expression vectors encoding endoglin wild type (WT)
and T650A were described previously [12]. TGFB-1 was obtained
from R&D Systems. Protease and phosphatase inhibitor cocktails
(Sigma) were used in the biochemical analyses. MTT was pur-
chased from Sigma.

2.2. Biochemical analyses

ERK activation was assessed by immunoblotting with phos-
phor-specific and total ERK antibodies (Cell Signaling). Endoglin
expression in cell lysate was detected by immunoblotting with
P4A4 antibody (University of lowa Hybridoma). c-Myc and cyclin
D1 were purchased from Cell Signaling, while B-actin was obtained
from Sigma. Prior to TGF-B dose-response and time course studies,
MEECs were serum starved for 4-5 h in MCDB-131 media supple-
mented with I-glutamine. Cells lysates were normalized for equal
protein loading through Bio-rad assay using lysis buffer (20 mM
HEPES pH 7.4, 150 mM NacCl, 10 mM NaF, 1 mM EDTA, supple-
mented with protease and phosphatase inhibitor cocktails).

2.3. MTT assay

MEECs plated at 100,000 cells were grown overnight in 6 well
plates. Cells were treated with MTT (Thiazolyl Blue Tetrazolium
Bromide) in serum free media (MCDB-131 supplemented with
l-glutamine) for 2 h at various time points (12, 24, 48 h). Cells were
briefly washed with PBS, then the MTT metabolic product (forma-
zan) was extracted in DMSO and the optical density was read at
570 nm in a microplate reader.

3. Results

While TGF- is a potent inhibitor of proliferation in most cell
types, the precise role of endoglin in endothelial proliferation is
unclear. A number of in vitro and in vivo studies have shown that
endoglin and ALK1 enhance proliferation through TGF-B-induced
Smad1/5/8 signaling [2,5], while others have reported the opposite
results [14,15]. To better understand endoglin function in this cel-
lular context, we sought to determine whether endoglin engages
non-Smad mechanisms that contribute to cell proliferation.

In particular, the potential role for endoglin in regulating ERK-
mediated mitogenic signaling was tested. It was previously found
that endoglin impairs the rapid and transient activation of ERK
(5-10 min) in response to low dose concentrations of TGF-B [12].
To further define endoglin function in ERK signaling, we first per-
formed a TGF-B dose-response to compare ERK phosphorylation
in endoglin knockout (Eng—/-) and control (Eng+/+) mouse
embryonic endothelial cells (MEECs). Eng+/+ cells displayed a sig-
nificantly lower basal ERK activity, with little to no response to

increasing TGF-B concentrations, relative to Eng—/— cells
(Fig. 1A; 0 to 200 pM TGF-B). Next, to determine whether endoglin
exerts a long-term suppression of ERK activation, a time course
experiment was performed. Irrespective of TGF-B treatment over
the course of 12 h, there were significantly higher levels of ERK
activation in Eng—/— MEECs (Fig. 1B).

As this sustained ERK activation in Eng—/— cells could poten-
tially contribute to cellular proliferation, we assessed c-Myc
expression as a downstream mitogenic target of ERK signaling.
As expected, the results showed greater c-Myc expression in
Eng—/— than Eng+/+ MEECs (Fig. 2A). To further demonstrate this
was an endoglin-specific effect, we silenced endoglin expression
in human microvascular endothelial cells (HMEC-1) and observed
an elevated level of c-Myc upon endoglin knockdown (Fig. 2B).
Next, we examined how endoglin affects c-Myc expression over a
24 h period in the presence of TGF-p. Consistent with the ERK acti-
vation, Eng—/— MEECs displayed relatively higher levels of c-Myc
expression than Eng+/+ throughout the 24 h TGF-B treatment
(Fig. 2C). Taken together, our data suggested that endoglin consti-
tutively down-regulates c-Myc.

We next tested whether endoglin requires B-arrestin2 to inhibit
c-Myc expression. To do so, endoglin rescue experiments were per-
formed where endoglin expression was restored in Eng—/— MEECs
with either endoglin wild type (WT) or point mutant unable to
bind B-arrestin2 (T650A). As was observed in Eng+/+ cells, endoglin
WT markedly reduced ERK activation relative to the control vector
and T650A mutant expressing Eng—/— MEECs (Fig. 2D; second pa-
nel), suggesting that endoglin-dependent ERK inhibition is B-arres-
tin2-dependent. Further, ERK activity was closely correlated with
c-Myc expression wherein the control and T650A expressing
Eng—/— MEECs had enhanced expression relative to WT (Fig. 2D;
third panel).

Another downstream target of ERK signaling is cyclin D1, an
oncogene that, like c-Myc, promotes proliferation and cell cycle
progression. We examined whether cyclin D1 is also associated
with endoglin regulation of ERK and c-Myc during endothelial pro-
liferation. As Fig. 3A demonstrates, there was reduced basal cyclin
D1 levels in Eng+/+ cells than the knockout, while surprisingly,
TGF-p treatment had little impact over the course of 12 h. To test
whether B-arrestin2 mediates this effect, WT or T650A expression
was restored in Eng—/— cells. Similar to ERK activity and c-Myc
expression, WT endoglin markedly reduced cyclin D1 whereas it
was unchanged in T650A expressing Eng—/— cells (Fig. 3B), further
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Fig. 1. Endoglin constitutively inhibits ERK activation. (A) Eng+/+ and Eng—/—
MEECs were serums starved for 4 h prior to TGF- dose-response at the indicated
concentrations for 15 min. Phospho-specific (upper panel) and total ERK (lower
panel) immunoblotting are shown. (B) A time-course experiment involved Eng+/+
and Eng—/— MEECs being treated with 20 pM TGF- for the indicated time points.
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Fig. 2. Endoglin down-regulation of c-Myc requires B-arrestin2 interaction. (A)
Comparison of c-Myc expression in Eng+/+ and Eng—/— MEECs. (B) Comparison of
c-Myc in HMEC-1 in non-targeting control (NTC) versus endoglin knockdown
(shEng) after 48 h. (C) c-Myc expression of Eng+/+ and Eng—/— MEECs in response
to TGF-B treatment over 24 h period. (D) Comparison of ERK activation and c-Myc
expression in Eng—/— MEECs expressing no endoglin (control), WT endoglin, or
endoglin point mutant unable to bind B-arrestin2 (T650A).
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Fig. 3. Endoglin inhibits cyclin D1 expression. (A) Comparison of cyclin D1
expression in Eng+/+ and Eng—/— MEECs upon TGF-p treatment for the indicated
time points (0-12 h). (B) Comparison of cyclin D1 in Eng—/— MEECs expressing no
endoglin (control), WT endoglin, or endoglin mutant T650A.

indicating the importance of endoglin/p-arrestin2 interaction in
down-regulating ERK downstream targets.

Based on our findings that endoglin inhibits sustained ERK sig-
naling towards c-Myc and cyclin D1, we examined whether this

mechanism contributes to the inhibition of cell growth. In agree-
ment with our data on overall c-Myc and cyclin D1 expression, a
MTT cell growth assay revealed that Eng—/— cells grew at a rate
roughly 30-40% faster than Eng+/+ cells at 48 h time point
(Fig. 4A). The rescue expression of WT in Eng—/— cells attenuated
cell growth by approximately 55% compared to Eng—/— control
(Fig. 4B). In contrast, T650A expression was unable to impede cell
growth as effectively as the WT, suggesting that endoglin regulates
endothelial cell growth in large part via B-arrestin2-mediated
down-regulation of ERK mitogenic signaling.

4. Discussion

The pro-angiogenic role of endoglin in the vasculature is well
established. It is highly expressed in rapidly proliferating vascular
endothelium, making it more specific and sensitive than many
pan-endothelial markers (i.e., CD34 and CD31) [16]. In addition,
endoglin expression strongly correlates with tumor progression,
survival rate and metastases [2,16]. But precisely how endoglin
contributes to angiogenesis at the molecular level is not fully
understood, and numerous in vitro and in vivo studies have yielded
conflicting data. Many earlier studies have reported pro-prolifera-
tive and pro-migratory responses elicited by endoglin and ALK1
through Smad1/5/8 signaling [5,6], whereas others have shown
that endoglin inhibits several key components of angiogenesis,
including proliferation and migration [15]. Given that endoglin
can engage non-Smad pathways and undergo ectodomain shed-
ding to dampen TGF-B signaling, it is likely that these disparate
findings are largely attributable to the different experimental and
culturing conditions.

Our present study is an important extension of our previous
work that identified B-arrestin2 as a novel endoglin binding part-
ner [12]. We reported that endoglin/B-arrestin2 interaction inhib-
its transient TGF-B-induced ERK activation, which impedes
endothelial migration. Here we examined how endoglin/B-arres-
tin2 interaction might regulate ERK signaling downstream to
c-Myc and cyclin D1, two prominent mitogenic targets essential
for proliferation during angiogenesis. Our results clearly indicate
a role for endoglin in down-regulating ERK activity and its ability
to limit c-Myc and cyclin D1 expression. While there was a tran-
sient and rapid ERK activation (5 min) in Eng—/— MEECs in
response to TGF-p (data not shown), overall the ability for endoglin
to inhibit ERK was largely TGF-B-independent according to our
dose-response and time-course data (Fig. 1A and B). However,
B-arrestin2 does play a key role in this process, as evidenced by
endoglin rescue studies in which the WT but not T650A was able
to down-regulate ERK, c-Myc and cyclin D1. These findings are par-
ticularly interesting considering that TGF-B-induced Smads are po-
tent transcriptional repressors of c-Myc [22]. Our data strongly
suggests that endoglin further limits c-Myc expression, but does
so via ERK inhibition in a TGF-B-independent manner. Interest-
ingly, the linker regions of Smad 2 and 3 are known phosphoryla-
tion sites for deactivation by ERK [20,21]. Hence, there may be a
role for endoglin/B-arrestin2 in down-regulating ERK signaling so
that the TGF-p-induced Smads can function more effectively as c-
Myc repressors. Whether a crosstalk between Smads 2/3 and ERK
is necessary to achieve growth inhibition during angiogenesis re-
mains to be investigated.

While the results of MTT assay revealed only a moderate differ-
ence in cell growth between Eng+/+ and Eng—/— MEECs (Fig. 4A;
~30% at 48 h), a more pronounced growth-inhibition was observed
upon comparing Eng—/— control cells with those transiently
expressing endoglin WT (Fig. 4B; ~55%). The fact that the expres-
sion of T650A yielded an intermediate growth-inhibition between
the control and WT in the knockout cells suggests that the endog-
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Fig. 4. B-arrestin2 mediates endoglin regulation of endothelial cell growth. (A) MTT growth assay of Eng+/+ and Eng—/— MEECs for the indicated time points (0, 12, 24, 48 h).
(B) MTT growth assay of Eng—/— MEECs expressing no control, WT or T650A for the indicated time points. Data are representative of four independent experiments. Error bars

represent * SE of triplicates for each time point.

lin/B-arrestin2 interaction is not the sole mediator of this process.
Indeed, as mentioned earlier, endoglin interacts with multiple
other adaptor proteins including Zyxin, ZRP-1 and GIPC. Whether
these binding partners also contribute to growth inhibition
through regulation of ERK signaling, other MAPKs and/or Smads
will need to be determined.

In summary, we have here defined a new mechanism by which
endoglin regulates endothelial cell growth. By interacting with B-
arrestin2, endoglin restricts a sustained ERK response to reduce
c-Myc and cyclin D1 expression during endothelial cell prolifera-
tion. These findings support a non-Smad function for endoglin
and B-arrestin2 during angiogenesis and vascular remodeling.
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