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Endoglin Promotes Transforming Growth Factor B-mediated
Smad 1/5/8 Signaling and Inhibits Endothelial Cell Migration
through Its Association with GIPC*
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Transforming growth factor B (TGF-) signals through two
distinct pathways to regulate endothelial cell proliferation,
migration, and angiogenesis, the ALK-1/Smad 1/5/8 and ALK-
5/Smad2/3 pathways. Endoglin is a co-receptor predominantly
expressed in endothelial cells that participates in TGFf3-medi-
ated signaling with ALK-1 and ALK-5 and regulates critical
aspects of cellular and biological responses. The embryonic
lethal phenotype of knock-out mice because of defects in angio-
genesis and disease-causing mutations resulting in human vas-
cular diseases both support essential roles for endoglin, ALK-1,
and ALK-5 in the vasculature. However, the mechanism by
which endoglin mediates TGF-f signaling through ALK-1 and
ALK-5 has remained elusive. Here we describe a novel interac-
tion between endoglin and GIPC, a scaffolding protein known to
regulate cell surface receptor expression and trafficking. Co-
immunoprecipitation and immunofluorescence confocal stud-
ies both demonstrate a specific interaction between endoglin
and GIPC in endothelial cells, mediated by a class I PDZ binding
motif in the cytoplasmic domain of endoglin. Subcellular distri-
bution studies demonstrate that endoglin recruits GIPC to the
plasma membrane and co-localizes with GIPC in a TGF-inde-
pendent manner, with GIPC-promoting cell surface retention of
endoglin. Endoglin specifically enhanced TGEF-B1-induced
phosphorylation of Smad 1/5/8, increased a Smad 1/5/8 respon-
sive promoter, and inhibited endothelial cell migration in a
manner dependent on the ability of endoglin to interact with
GIPC. These studies define a novel mechanism for the regula-
tion of endoglin signaling and function in endothelial cells and
demonstrate a new role for GIPC in TGF-f signaling.

Transforming growth factor (TGF)*-8 signaling in endothe-
lial cells requires a heteromeric receptor complex comprising
the type II TGF-fB receptor (TBRII) and two type I TGE-B
superfamily receptors, activin-like kinase-1 (ALK1), expressed
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in the endothelium, and ALK5 (also referred to as the type I
TGEF-B receptor, TBRI), which is ubiquitously expressed (1). In
addition, endothelial cells express a TGF-B superfamily co-re-
ceptor, endoglin, which is involved in ALK1 and ALKS5 signal-
ing (2—8). Importantly, germline mutations in endoglin and
ALK-1 result in the human vascular disease, hereditary hemor-
rhagic telangiectasia type I (HHT1) and HHT2, respectively,
and ALK1, ALKS5, TBRII and endoglin-null mice are all embry-
onic lethal due to vascular defects, supporting essential roles for
these signaling pathways in the vasculature (9-13).

TGE-B superfamily receptors signal by phosphorylating
intracellular effectors, termed Smads, which upon phosphoryl-
ation, form a complex with Smad 4, accumulate in the nucleus
and regulate the expression of specific target genes (5, 14-17).
In the case of ALK], its catalytic engagement leads to the phos-
phorylation of Smads1/5/8, while ALK5 targets Smads2/3 for
phosphorylation (5, 6). In addition to binding and signaling
downstream of TGF-f ligands, ALK-1 has also been demon-
strated to bind and respond to BMP-9 and BMP-10, suggesting
that these might also be physiological ligands for ALK-1 (18,
19). BMP-9-induced activation of ALK-1 and constitutively
active ALK-1 have been reported to inhibit endothelial cell pro-
liferation, migration, and angiogenesis (18 -20). In contrast,
TGEF-B-induced activation of ALK-1 has been reported to stim-
ulate endothelial cell proliferation and migration, while TGE-
B-induced activation of ALK-5 has been reported to inhibit
endothelial cell proliferation and migration (6, 21). In addition,
cross-talk between these pathways has been reported, with a
role for ALK5 in TGF-B-induced ALK-1 signaling, and TGF-3-
induced ALK-1 signaling inhibiting ALK-5 signaling (21). How-
ever, a recent report in murine and zebrafish models suggests
that ALK-1 has a ALK-5/TBRII-independent role in HHT1,
lending further support for a role of BMP-9/10 as physiological
ALK-1 ligands (22).

Endoglin, while unable to bind TGF-B superfamily ligands
besides BMP-9 directly, associates with a number of TGF-$
superfamily receptors, including TBRII, ALK1, and ALKS5, and
binds TGF-B1 and -B3, Activin A, BMP-2, and BMP-7 in the
context of their respective ligand-binding receptors (4, 23).
Although the mutation of endoglin in HHT1 and the embry-
onic lethal phenotype of endoglin-null mice both support an
essential role for endoglin in the vasculature, the mechanisms
by which endoglin exert its influence on TGF-B superfamily
signaling, or its role in cardiovascular development is poorly
understood. In particular, the capacity for TGF-f to propagate
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two distinct signaling pathways in endothelial cells has been the
subject of intense investigation. While endoglin has been char-
acterized as a mediator of TGF-B-dependent activation of two
opposing pathways in endothelial cells, there have been con-
flicting views on the nature of its actions. For instance, Lebrin
et al. demonstrated that small interfering RNA-mediated
knockdown of endoglin resulted in the reduction of TGF-B-
induced Smadl activation, suggesting a role of endoglin in
enhancing ALK-1/Smadl signaling, whereas Pece-Barbara
et al. demonstrated an enhancement of ALK-1/Smad1 signal-
ing in endoglin-null cell lines, suggesting a role of endoglin in
inhibiting ALK-1/Smad1 signaling (24 —26). Determining how
endoglin participates in TGF-B superfamily signaling at the
molecular level may help reconcile these disparate reports.

In our effort to characterize endoglin function we have inves-
tigated how the association between endoglin and specific
intracellular scaffolding proteins influence TGF- 3 superfamily
signaling in endothelial cells. Recently, we reported a novel
interaction between endoglin and (-arrestin2, an association
that resulted in their internalization in endocytic vesicles (27—
29). While the endoglin-B-arrestin2 complex had little impact
on either Smad1/5/8 or Smad 2/3 activation, the endoglin-3-
arrestin2 complex regulated ERK activation, localization, and
endothelial cell migration in a TGF-f1-dependent manner.
Here we report a novel interaction between endoglin and the
scaffolding protein GAIP-interacting protein C terminus
(GIPC), and the impact on TGF-B-induced Smad signaling and
endothelial cell migration.

EXPERIMENTAL PROCEDURES

Cell Culture and Antibodies—HMEC-1s were grown in
MCDB-131 medium (Invitrogen), supplemented with 10% fetal
bovine serum (FBS), 1 ug/ml hydrocortisone (Sigma), 10 ng/ml
EGF (Sigma) and 2 mMm L-glutamine (Invitrogen). Endoglin-null
(endo’") and control (endo*’*) MEECs were grown in
MCDB-131 supplemented with 15% FBS, 2 mM L-glutamine, 1
mM sodium pyruvate (Invitrogen), 100 ug of heparin (Sigma),
and 50 ug/ml endothelial cell growth supplement (ECGS)
(Sigma). Both HMEC-1s and MEECs were cultured in flasks
coated with 0.05% gelatin. Endoglin antibody, P3D1, which rec-
ognizes the extracellular domain, was obtained from Chemi-
con. Phosphospecific Smad1/5/8 and Smad2/3, as well as their
respective total Smad antibodies, were all purchased from Cell
Signaling. Sulfo-NHS-LC-Biotin was obtained from Pierce.
GIPC antibody (H-55) and the Dual-Luciferase Reporter assay
system were purchased from Santa Cruz Biotechnology and
Promega, respectively.

Protein Expression and Knockdown—Endo '~ and endo
MEECs were nucleofected with cDNA constructs using Amaxa
nucleofection system as described previously. HMEC-1s were
infected with either a non-targeting vector control or shRNA
endoglin-expressing adenovirus (targeting intracellular
sequence) at 50 MOI and incubated for 72 h before harvest. All
constructs used in nucleofection were PCR-amplified and
inserted into pDispay vector. Adenoviral expression required
the PCR cloning of cDNA into pDNR vector supplied by Clone-
tech BD Bioscience. Subsequent generation and amplification
of adenoviruses were as directed by the manufacturer’s proto-

/ +/+
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cols. shRNA-mediated GIPC knockdown was achieved by
nucleofection of MEECs with a plasmid (generous gift from Dr.
Jeffrey Rathmell) encorporating the shRNAi mouse sequence:
GCATCAAGGAAGGCAGTGTGATTCCTCGAGCAATCA-
ACTGCCTTCCTTGATGC.

Immunofluorescence— MEECs and HMEC-1s were serum-
starved for 2 h, washed with PBS, fixed with 4% paraformalde-
hyde, permeabilized in 0.1% Triton X-100/PBS for 5 min and
then blocked with 5% bovine serum albumin in PBS containing
0.05% Triton X-100 for 1 h. Endoglin-L and endoglin-DEL, and
GIPC expressions were detected using P3D1 and GIPC anti-
bodies, respectively, for 1 h at room temperature. Cells were
washed with PBS and incubated with appropriate secondary
fluorophore-conjugated antibodies for 1 h at room tempera-
ture, washed, then mounted with Prolong Anti-fade (Sigma).

Co-immunoprecipitation—MEECs expressing GIPC with
either endoglin-L or endoglin-DEL were washed with PBS, then
lysed on ice with lysis buffer (20 mm HEPES, pH 7.4, 150 mm
NaCl, 0.5% Nonidet P-40, 2 mm EDTA, 10 mMm NaF, 10% w/v
glycerol) supplemented with protease and phosphatase inhibi-
tors (Sigma protease and phosphatase inhibitor cocktails). The
lysates were precleared by centrifugation and incubated with
either P3D1 or GIPC antibody and protein G-agarose beads for
4 h at 4 °C. The immunoprecipitates were collected by centrif-
ugation, pellets washed with lysis buffer, and stored in 2X sam-
ple buffer prior to Western blot analyses.

Cell Surface Biotinylation—MEECs expressing endoglin-L,
endoglin-Del, shRNA against GIPC or a non-targeting vector
control were washed with PBS prior to treatment with 0.5
mg/ml Biotin-LC (Pierce) on ice for 30 min. Upon extensive
washes with PBS, cells were lysed with lysis buffer (20 mm
HEPES, pH 7.4, 150 mMm NaCl, 0.5% Nonidet P-40, 2 mMm EDTA,
10 mm NaF, 10% w/v glycerol) supplemented with protease and
phosphatase inhibitors (Sigma protease and phosphatase inhib-
itor cocktails), lysates normalized for total protein content via
Bradford, then immunoprecipitated with P3D1 as described.
HMEC-1s expressing GIPC via adenovirus infection were sub-
jected to biotinylation as described previously. Lysates were
normalized for protein levels by Bradford assay prior to immu-
noprecipitation of endoglin using P3D1 antibody. All biotiny-
lated proteins were resolved by SDS-PAGE and probed for bio-
tinylated endoglin with streptavidin-HRP.

Luciferase Reporter Assay—Dual reporter luciferase assays
were performed as described by manufacturer (Promega).
TGEB-responsive vectors used as reporters for ALK5/Smad2
and ALK1/Smad1/5 signaling were PE2.1 and 3GC2, respec-
tively. MEECs were nucleofected with GIPC and either endog-
lin-L or endoglin-DEL, along with either PE2.1 or 3GC2. The
expression plasmid containing the Renilla luciferase gene
served as an internal control to correct for transfection effi-
ciency. Briefly, 10° cells were subjected to nucleofection with
~2 pgof endoglin-L, or endoglin-Del, with 2 ug of either PE2.1
or 3GC2 vectors and 50 ng of Renilla vector. 24 h postnucleo-
fection, cells were subjected to serum starvation or treatment
with 100 pm TGF1 in serum-free media for 12—16 h prior to
cell lysis and subsequent luciferase activity analyses.

Transwell Migration Assay—Transwells (Costar Corning
Inc. 8 um polycarbonate membrane 6.5 mm insert, 24-well
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FIGURE 1. Endoglin interacts with GIPC. A, schematic representation of the
cytoplasmic domains of human TARIII, endoglin wild type, and endoglin-Del.
B, anti-Flag immunoprecipitates were prepared from endo /= MEECs
expressing Flag-tagged GIPC with empty vector (lane 1), endoglin-Del (lane
2), and endoglin-L (lane 3). Upper panel, immunoblot of HA-tagged endoglin
constructs co-precipitated with Flag-tagged GIPC. Middle and lower panels,
immunoblots of endoglin and GIPC in total cell lysates, respectively.
C, anti-HA immunoprecipitates were prepared from endo ™/~ MEECs express-
ing Flag-tagged GIPC with empty vector (lane 1), endoglin-Del (/ane 2), and
endoglin-L (lane 3). Upper panel,immunoblot of Flag-tagged GIPC co-precip-
itated with HA-tagged endoglin constructs. Middle and lower panels, immu-
noblots of endoglin and GIPC in total cell lysates, respectively. Data are rep-
resentative of three independent experiments.

plate) were coated with 0.02% gelatin prior to plating. Approx-
imately 30,000 cells were plated onto the top of each of the
24-well membrane and allowed to migrate for 12 h prior to cell
fixation and staining of the nuclei of the migrated cells on the
bottom side of the membrane. The transwell membrane con-
taining the stained cells were digitally imaged, then counted
using image ] software to tabulate cells as they were manually
identified.

RESULTS

Interaction Between Endoglin and GIPC—The endoglin cyto-
plasmic domain contains several potential binding sites for sig-
nal transducing proteins, including zyxin, zyxin related pro-
tein-1, and the recently reported recognition motif for
B-arrestin2 (27-29). In addition, the extreme C terminus con-
tains a conserved type I PDZ binding domain with a consensus
sequence of X(S/T)X(V/L), which is shared by the closely
related TGF-B superfamily co-receptor, the type III TGF-f3
receptor (TBRIII) (30, 31) (Fig. 1A), and several other trans-
membrane receptors including the co-receptors neuropilin-1
and syndecan-4. In these receptors this motif has been demon-
strated to mediate the interaction with the PDZ domain-con-
taining protein, GIPC, which functions to regulate, at least in
part, their cell surface expression. To investigate whether
endoglin might interact with GIPC in endothelial cells, we per-
formed co-immunoprecipitation studies in endoglin-null
mouse embryonic endothelial cell line (MEECs, denoted
endo /7). HA epitope-tagged wild-type endoglin (endoglin-L)
and an HA epitope-tagged endoglin mutant in which the last
three C-terminal residues are truncated (ASMA, denoted
endoglin-Del, Fig. 1A) were tested for their ability to bind GIPC.
While immunoprecipitation of GIPC resulted in the co-immu-
noprecipitation of endoglin-L, endoglin-Del did not co-immu-
noprecipitate with of GIPC (Fig. 1B, compare lane 3 versus lane
2). In a reciprocal experiment, immunoprecipitation of endog-
lin-L, but not endoglin-Del, resulted in the co-immunoprecipi-
tation of GIPC (Fig. 1C, compare lane 3 versus lane 2). Taken
together, these studies support an interaction between endog-
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FIGURE 2. Recruitment and co-localization of GIPC with endoglin.
Endo™’~ MEECs transiently expressing GIPC-GFP alone (A), HA-tagged
endoglin-L alone (B), HA-tagged endoglin-Del alone (C), GIPC-GFP with
endoglin-L (D-F) or GIPC-GFP with endoglin-Del (G-/) were fixed, permeabi-
lized, and immunostained for endoglin with endoglin antibody (P3D1) to
visualize endoglin and GIPC localization using confocal imaging (60X). GIPC-
GFP co-localizes with endoglin-L at distinct parts at or near the plasma mem-
brane (D, E, and merged image in ), but not with endoglin-Del (G, H, and
merged image /). Data are representative of three independent experiments.

lin and GIPC mediated by the class I PDZ binding motif in the
cytoplasmic domain of endoglin.

Subcellular Distribution of Endoglin and GIPC—The inter-
action between endoglin and GIPC was examined next in the
context of their subcellular distribution. In endo™’~ MEECs, a
GFP fusion protein of GIPC was diffusely localized in the
nucleus and cytoplasm (Fig. 24), while endoglin-L had more
prominent steady-state membrane localization (Fig. 2B) than
endoglin-Del (Fig. 2C). When GIPC was co-expressed with
endoglin-L, some of the GIPC localized to distinct clusters at or
near the plasma membrane (Fig. 2D, compared with panels A or
G), where it co-localized with endoglin-L (Fig. 2, E and F) irre-
spective of TGFR1 stimulation (data not shown). In contrast,
when GIPC was co-expressed with endoglin-Del, there was no
alteration in GIPC localization (Fig. 2G, compared with 24) and
no co-localization of GIPC with endoglin-Del (Fig. 2, H and I,
merged image). These studies suggest that endoglin recruits
GIPC to distinct parts of the plasma membrane through its
PDZ binding motif in its cytoplasmic domain in a TGFB-inde-
pendent manner.

Effect of GIPC on Endoglin Expression—GIPC has been pro-
posed to mediate the cell surface stabilization and/or subcellu-
lar trafficking of interacting receptors (30, 32). To determine
whether GIPC stabilizes endoglin at the cell surface, endo™/~
MEEC:s expressing either endoglin-L or endoglin-Del were cell
surface-biotinylated to assess their steady-state expression at
the cell surface. While endoglin-L and endoglin-Del were
expressed at approximately equal levels (Fig. 34, lane 2 versus
lane 3, bottom panel), more endoglin-L was expressed at the cell
surface compared with endoglin-Del (Fig. 34, lane 2 versus lane
3, top panel), suggesting that GIPC might mediate cell surface
retention of endoglin. To gain further support for GIPC in reg-
ulating endoglin cell surface expression, the expression of
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endogenous GIPC was knocked down via shRNA and levels of
endogenous endoglin were assessed. When GIPC expression
was decreased (Fig. 3B, lane I versus lane 2, lower panel), cell
surface endoglin expression decreased (Fig. 3B, lane I versus
lane 2, top panel), while total cellular levels, if anything,
increased (Fig. 3B, lane 1 versus lane 2, middle panel). We also
investigated the ability for GIPC to promote cell surface reten-
tion of endoglin in another endothelial cell line, human micro-
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FIGURE 3. GIPC stabilizes endoglin on the cell surface. A, an empty vector
control (lane 1), endoglin-L (lane 2), or endoglin-Del (lane 3) were expressed in
Endo ™/~ MEECs for 40 h prior to cell surface biotinylation. Cells were subse-
quently immunoprecipitated with P3D1 endoglin antibody, and then
resolved on SDS-PAGE before being observed with streptavidin-conjugated
HRP (upper panel, biotinylated cell surface endoglin, lower panel,immunopre-
cipitated total cellular endoglin). Cell surface biotinylated endoglin and
endoglin-DEL levels were quantified by densitometry scan, normalized to
total endoglin expression and represented in arbitrary units (lower panel).
B, non-targeting vector (lane 1) or shRNA against GIPC (lane 2) were nucleo-
fectedinto endo /" MEECs for 48 h prior to cell surface biotinylation followed
by immunoprecipitation of endogenous endoglin (upper panel, biotinylated
cell surface endoglin; middle panel, immunoprecipitated endogenous total
cellular endoglin; lower panel, endogenous GIPC in cell lysate). Cell surface
biotinylated endoglin levels were quantified by densitometry scan, normal-
ized to total endoglin expression, and represented in arbitrary units (lower
panel). G, after infection with adenovirus encoding GIPC at the indicated
MOls, HMEC-1 cells were cell surface biotinylated. Cells were subsequently
immunoprecipitated with P3D1 endoglin antibody, then resolved on SDS-
PAGE before being observed with streptavidin-conjugated HRP (upper panel,
biotinylated cell surface endoglin; middle panel, immunoprecipitated total
cellular endoglin). Expression levels of GIPC were confirmed in total cell lysate
(lower panel). Data are representative of two to three independent
experiments.
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vascular endothelial cells (HMEC-1s). Here, GIPC expression
was increased by infection with adenovirus (Fig. 3C, bottom
panel), with increasing GIPC expression correlating with
increased cell surface endoglin expression (Fig. 3C, top panel),
without altering total cellular endoglin levels (Fig. 3C, middle
panel). Taken together, these results support a role for GIPC in
stabilizing endoglin on the cell surface through interactions
mediated by the type I PDZ binding domain in the cytoplasmic
domain of endoglin.

Effect of the Endoglin GIPC Interaction on Smad Signaling—
The precise role of endoglin in regulating TGEF- 3 signaling to
the Smad pathways in endothelial cells has been elusive. To gain
insight into how the endoglin-GIPC interaction might contrib-
ute to regulating Smad signaling the levels of Smad activation
were assessed upon TGF-B1 treatment in the presence and
absence of endoglin competent to bind GIPC (endoglin-L) and
endoglin unable to bind GIPC (endoglin-Del) in endo™ /'~
MEECs. We initially assessed the effects of TGF-B1 onendo '~
MEECs relative to endo™’" MEECs. In both endo™* and
endo”/~ MEECs, TGF-B1 increased the phosphorylation of
Smadl/5/8 and Smad2/3 in a dose-dependent manner (Fig.
4A). In endo*’* MEECs, TGF-B1 more potently activated
Smad1/5/8 relative to endo '~ MEECs, suggesting that endog-
lin might be necessary for full activation of the Smad 1/5/8
pathway. A similar pattern was observed in time course exper-
iments, where TGF-B1 promoted greater and more sustained
Smad1/5/8 phosphorylation in endo'/* MEECs than in
endo /~ MEECs (Fig. 4B). In contrast, while TGF-S1 stimu-
lated Smad2/3 phosphorylation was slightly greater in endo ™’
MEECs than in endo /~ MEECs, these effects were modest
when compared with the effects on Smad1/5/8.

To investigate whether these differences were endoglin-me-
diated and the effect of the endoglin-GIPC interaction, endog-
lin-L and endoglin-Del were expressed in endo /~ MEECs. In
endo /~ MEECs expression of endoglin-L increased TGF-£1-
stimulated Smad1/5/8 and restored sustained Smad1/5/8 phos-
phorylation, while endoglin-Del expression had no effect (Fig.
5). In a reciprocal experiment, we used shRNA against GIPC to
markedly decrease GIPC expression in endo™’" and endo™/~
MEEC:s (Fig. 6A, upper panel), and examine its effect on Smad
signaling. GIPC knockdown sharply reduced Smad 1/5/8 acti-

vation in endo ™’ MEECs, whereas
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FIGURE 4. Endoglin promotes Smad1/5/8 activation. A, Endo*’* and endo ™/~ MEECs were serum-starved
for 6 h prior to treatment with TGF-B1 for 20 min at the indicated doses. Cells were harvested, the lysates
normalized for protein levels via Bradford assay, and levels of Smad 1/5/8 and Smad 2 phosphorylation were
assessed with phosphospecific Smad 1/5/8 and Smad 2 antibodies. Upper panels, immunoblot of phospho-
Smad1/5/8 (left) and phospho-Smad 2 (right) levels. Lower panels, immunoblot of total Smad 1 (left) and Smad
2 (right) levels. B, Endo ™" and endo ™/~ MEECs were treated with 50 pm TGF-B1 for the indicated times and
analyzed for Smad 1/5/8 and Smad 2 phosphorylation (upper panels, left and right, respectively). Lower panels,
immunoblots of total Smad 1 (left) and Smad 2 (right) levels. Data are representative of three independent

experiments.
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engage in the transcriptional re-
sponses of target genes. To further
examine the effect of the endoglin-
GIPC interaction we next examined
Smad-dependent transcriptional
responses, using two promoter-re-
porter constructs, 3GC2, which
requires Smadl/5/8 signaling, and
PE2.1, which requires Smad3 signal-
ing. Consistent with the results with

VOLUME 283-NUMBER 47-NOVEMBER 21, 2008



Endo-/-
Endo+/+ Endo-/- IEndcrL Endo—DEi.I
100pMTGFB1 0 05 1 2 6 12 005 1 2 6 12 0 05 1 2 6 12 0 051 2 6 12 (h)
comves (AT | | s,
S
e e eo———————

FIGURE 5. Endoglin interacts with GIPC to promote Smad 1/5/8 activation. Endo*’", endo™/~ MEECs or
endo ™/~ MEECs nucleofected with endoglin-L and endoglin-Del were serum-starved for 6 h prior to 100 pm
TGF-B1 stimulation for the indicated times (in hours (h)). Cells were harvested and normalized for protein levels
via Bradford, and levels of Smad 1/5/8 were assessed by use of phosphospecific Smad 1/5/8 antibodies. Upper
panels, immunoblot of phospho-Smad1/5/8 levels. Middle panels, immunoblot of total Smad 1 levels. Lower
panels, immunoblot of endoglin expression. Data are representative of three independent experiments.
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FIGURE 6. GIPC knockdown attenuates Smad 1/5/8 activation. A, both endo " and endo ™/~ MEECs were
nucleofected with either non-targeting vector control (lanes 1 and 3) or shRNA against GIPC (/lanes 2 and 4), and
the expression of GIPC assessed by Western blot (upper panel) with B-actin assessed as a loading control (lower

panel). B, 48 h post-nucleofection with either the non-targeting vector (NTV) or GIPC shRNA, cells were serum-
starved for 6 h prior to 100 pm TGF-B1 treatment for the indicated time (hours (h)). Upper panels, immunoblot
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TGF-B1 relative toendo "'+ MEECs
(Fig. 7B). In addition, in contrast to
the results with the 3GC2 reporter,
ectopic expression of endoglin-L of
endoglin-DEL in endo /~ MEEC
failed to increase basal or TGF-S1-
stimulated PE2.1 luciferase activity
(Fig. 7B). Taken together, these
results indicate that endoglin specif-
ically promotes ALK1/Smad1/5/8
signaling, in part through its inter-
action with GIPC.

To determine whether the ob-
served effect of endoglin on
Smad1/5/8 signaling was cell-type
specific, we examined Smad acti-
vation in another endothelial cell
line, HMEC-1. In addition as the
endo”’~ MEECs could have
adapted to the chronic loss of
endoglin expression, we used
adenoviral vector-based shRNA to
effectively and acutely knockdown
endogenous endoglin expression
(Fig. 84). Compared with the non-
targeting vector control (NTV), the
endoglin-knockdown  cells  dis-
played reduced levels of TGF-B1-
induced Smadl/5/8 phosphoryla-

of phospho-Smad1/5/8 levels. Lower panels,immunoblot of total Smad 1 levels. Data are representative of two

independent experiments.
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FIGURE 7. Endoglin up-regulates Smad1 reporter gene activation.
Endo*’* and endo ™/~ MEECs were nucleofected with either (4) 3GC2 (a
Smad 1 reporter) or (B) PE2.1 (a Smad 2 reporter) along with an empty vector,
endoglin-L, or endoglin-Del construct. SV40 plasmid nucleofection was
included in all the samples for Renilla activity (SV40) and used to control for
transfection efficiency. The indicated error bars represent the S.E. from tripli-
cates for each of the represented experimental conditions. Data shown are
representative of three independent experiments.

Smad1/5/8 phosphorylation, the relative luciferase activity for
3GC2 in endo"’" MEECs cells was higher than endo /~
MEECs both in the absence and presence of TGF-f treatment
(Fig. 7A). Ectopic expression of endoglin-L in endo~’/~ MEEC
yielded a significant enhancement of basal and TGEF-B1-stimu-
lated 3GC2 luciferase activity, while ectopic expression of
endoglin-Del had minimal impact (Fig. 7A). In the case of
Smad2/3-mediated transcriptional activity, the basal luciferase
activity for PE2.1in endo™’" MEECs and endo™/~ MEECs was
equivalent; however, endo/~ MEECs failed to respond to
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tion (Fig. 8B), while Smad2/3
activation remained comparable
irrespective of endoglin expression.
Taken together, these results support a specific role for endog-
lin in TGF-B1-mediated activation of the Smad1/5/8 pathway,
and a role for endoglin interacting with GIPC to mediate this
effect.

Effect of the Endoglin GIPC Interaction on Endothelial Cell
Migration—Endoglin has an established role in inhibiting
endothelial cell migration and this function has been reported
to require the entire cytoplasmic domain of endoglin (28).
Accordingly, we investigated whether endothelial cell migra-
tion might be regulated by the interaction between endoglin
and GIPC. Consistent with previous reports endo*’* MEECs
migrated slower than endo”’~ MEECs in transwell assays (Fig.
9A). When endoglin-L was transiently expressed in endo /~
MEECs, their migration was inhibited to a level comparable to
endo™’* MEECs, confirming a negative role for endoglin in
endothelial cell migration (Fig. 9B). In contrast, transient
expression of endoglin-Del in endo/~ MEEC:s failed to inhibit
the migration of endo™’~ MEECs (Fig. 9B), supporting an
important role for the Class I PDZ binding motif of endoglin in
interacting with GIPC to mediate this endoglin function. To
further test this hypothesis, GIPC expression was knocked
downinendo™’" and endo™/~ MEECs and monitored for their
cell motility. As expected, silencing GIPC expression up-regu-
lated the cell motility of endo ™" MEECs while exerting little
impact on endo~/~ MEECs (Fig. 9C). These results support a
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FIGURE 8. Endoglin promotes Smad 1/5/8 activation in HMEC-1 cells.
A, endoglin expression was assessed in HMEC-1s 72 h after infection with an
adenovirus containing a non-targeting vector (NTV, lane 1) or shEndoglin
(lane 2). B, phosphorylation levels of Smad 1/5/8 and Smad 2 were assessed
via phosphospecific Smad 1/5/8 and Smad 2 antibodies 20 min after TGF-£1
treatment. The first and third panels indicate the phosphorylation of Smad
1/5/8 and Smad 2, respectively. The second and fourth panels indicate the
total Smad 1 and Smad 2, respectively. All cells were harvested and normal-
ized for protein levels via Bradford. Data shown are representative of three
independent experiments.
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FIGURE 9. Endoglin interacts with GIPC to regulate migration. Endo
and endo ™/~ MEECs were plated on transwells coated with 0.02% gelatin and
assessed for migration through the transwells 12 h later. A, migrated cells
found on the bottom side of the membrane were fixed, stained for their
nuclei, and imaged for endo®’™ (upper left panel), endo '~ (upper right),
endo "/~ with endoglin-L expression (lower left),and endo™’~ with endoglin-
Del (lower right). B, number of migrated cells on the membrane bottom
(shown as stained nuclei) were counted using Image J software. Cell migra-
tion is represented as a percentage, normalized to endo*’* MEECs, from
triplicates for each of the four independent experiments. The error bars indi-
cate the standard error of the mean of the percentage of the migrated cells.
C, transwell migration analyses upon shRNA-mediated GIPC knockdown.48 h
post-nucleofection with either non-targeting vector (NTV) or shRNA (shGIPC)
endo™* and endo™’/~ MEECs were plated onto transwells for 12 h. Cells were
fixed, stained, and quantitated as above.

role for endoglin in regulating endothelial cell migration
through its ability to interact with GIPC.

DISCUSSION

While the mutation of endoglin in the human vascular dis-
ease HHT1 and the embryonic lethal phenotype of endoglin-
null mice due to defects in angiogenesis both support an essen-

32532 JOURNAL OF BIOLOGICAL CHEMISTRY

tial role for endoglin in endothelial cell biology, how endoglin
regulates endothelial cell function is poorly understood.
Genetic evidence support a role for TGF-B3-superfamily signal-
ing in the pathogenesis of HHT, as mutations in the TGF-f3
superfamily type I receptor ALK-1 result in HHT2, and muta-
tion in the common TGF-B superfamily transcription factor
Smad4, have also been implicated in HHT. We have been inves-
tigating how intracellular signal transducing proteins might
impact TGF-B signaling and endoglin-mediated endothelial
cell biology upon their interaction with endoglin. Indeed, we
recently reported a novel interaction of endoglin with B-arres-
tin2, an association that resulted in their co-internalization,
attenuation of ERK activation and inhibition of endothelial cell
migration. In the present study, we examined the ability of
endoglin to interact with GIPC, and its impact on the Smad
signaling pathways. An interaction between endoglin and GIPC
is supported by the ability of endoglin-L but not endoglin-Del
to co-immunoprecipitate GIPC and for GIPC to co-immuno-
precipitate endoglin but not endoglin-Del. Moreover, GIPC
was shown to co-localize with endoglin-L but not endoglin-Del
near the plasma membrane. Functionally, GIPC stabilized
endoglin on the cell surface, as evidenced by cell surface bioti-
nylation assays comparing endoglin-L with endoglin-Del, as
well as GIPC knockdown studies. GIPC-interacting motif of
endoglin, in particular, was essential for endoglin- mediated
stimulation of sustained Smad1/5/8 activation and endoglin-
mediated inhibition of endothelial cell migration.

In contrast with the effects on Smad1/5/8 activation, endog-
lin-L expression did not result in sustained Smad2 phosphoryl-
ation or Smad?2 responsive reporter activation despite the mod-
estly higher Smad2 phosphorylation observed for endo™*/* than
endo /~ MEECs. Moreover, endoglin knockdown in HMEC-1
cells did not significantly alter Smad2/3 activation. These
observations suggest a specific role for endoglin and its inter-
action with GIPC in mediating signaling through the Smad1/
5/8 pathway. There are several possible underlying mecha-
nisms for this effect. One the one hand, GIPC could facilitate
cell surface retention of endoglin to promote its interaction
with ALK-1, thereby enhancing TGF-B1-induced recruitment
and activation of Smad 1/5/8 at the plasma membrane. Endog-
lin, and perhaps its interaction with GIPC, might also modulate
the intermediate mechanisms that regulate Smad phosphoryl-
ation and subsequent nuclear translocation. While our studies
do not address these issues directly, we have observed more
potent nuclear translocation of phospho-Smad 1/5/8 upon
expression of endoglin-L than endoglin-Del in endo /™~
MEECs (data not shown), argue against this latter case.

We examined endothelial cell migration as a biological
response. Our results indicate an inhibitory role for endoglin, in
part facilitated by its interaction with GIPC. An inhibitory role
for endoglin on endothelial cell migration is consistent with
most reports in the literature. However, the role of the ALK-1/
Smad1/5/8 on endothelial cell migration has been controver-
sial, as TGF-B-induced activation of ALK-1 has been reported
to stimulate endothelial cell proliferation and migration (6, 21),
while BMP-9-induced activation of ALK-1 and constitutively
active ALK-1 have been reported to inhibit endothelial cell pro-
liferation, migration, and angiogenesis (18 —20).. Here the abil-
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ity of endoglin to inhibit endothelial cell migration while acti-
vating the Smadl/5/8 pathway suggests a role the ALK-1/
Smadl/5/8 in inhibiting endothelial cell migration. On the
other hand, the role of endoglin and ALK-1 may depend on the
ligand utilized to stimulate these pathways. Furthermore, while
the Smad signaling pathways have been characterized to play
integral roles in endothelial cell migration, other non-Smad
pathways influencing these processes have been reported.
Given our findings, it is an attractive possibility that the endog-
lin-GIPC interaction orchestrates one or several Smad-
dependent and Smad-independent signaling pathways to influ-
ence TGF-B and BMP-mediated cellular responses. Precisely
how endoglin, through interacting with GIPC, responds to
TGE-B superfamily ligands to regulate cell motility is likely to
be complex, involving distinct signaling receptor complexes,
and remains an area of active investigation.

The novel interaction between endoglin and GIPC reported
here further expands the role of endoglin in TGF-B-mediated
signaling in endothelial cells. Thus far, several proteins have
been identified to target the intracellular domain of endoglin:
zyxin, zyxin-related protein, and the recently reported scaffold-
ing protein, B-arrestin2. While the precise structural determi-
nants mediating the interaction between endoglin and zyxin or
ZRP-1 remains to be defined, B-arrestin2 has been demon-
strated to bind endoglin near the C terminus that incorporates
the PDZ binding motif. These findings raise an interesting pos-
sibility that endoglin is subjected to regulation by opposing
scaffolding mediators: GIPC that anchors endoglin and pro-
motes its cell surface retention and promotes Smad 1/5/8 acti-
vation, while B-arrestin2 internalizes the co-receptor and
attenuates ERK signaling. As the critical structural determi-
nants for their binding to endoglin reside within a few residues
apart, whether B-arrestin2 and GIPC compete for binding to
endoglin, and what mechanisms, if any, determine their inter-
action remain to be defined. Efforts are underway to address
these questions and to characterize how endoglin modulates
downstream Smad and non-Smad-dependent signaling as
result of its interaction with B-arrestin2, GIPC.

In summary, we have demonstrated a novel association
between endoglin and GIPC. Our findings indicate that the
endoglin-GIPC interaction is necessary promote Smadl/5/8
activation and ALK-1-mediated TGF-f1 signaling downstream
at the transcriptional level in endothelial cells, as well as for
endoglin to mediate its inhibitory effect on migration in endo-
thelial cells.

+/+
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