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Bone morphogenetic protein-9 (BMP-9) is a circulating cyto-
kine that is known to play an essential role in the endothelial ho-
meostasis and the binding of BMP-9 to the receptor activin-like
kinase 1 (ALK-1) promotes endothelial cell quiescence. Previ-
ously, using an unbiased screen, we identified ALK-1 as a high-
capacity receptor for low-density lipoprotein (LDL) in endothe-
lial cells that mediates its transcytosis in a nondegradative
manner. Here we examine the crosstalk between BMP-9 and
LDL and how it influences their interactions with ALK-1. Treat-
ment of endothelial cells with BMP-9 triggers the extensive endo-
cytosis of ALK-1, and it is mediated by caveolin-1 (CAV-1) and
dynamin-2 (DNM2) but not clathrin heavy chain. Knockdown of
CAV-1 reduces BMP-9–mediated internalization of ALK-1, BMP-
9–dependent signaling and gene expression. Similarly, treatment
of endothelial cells with LDL reduces BMP-9–induced SMAD1/5
phosphorylation and gene expression and silencing of CAV-1 and
DNM2 diminishes LDL-mediated ALK-1 internalization. Interest-
ingly, BMP-9–mediated ALK-1 internalization strongly re-duces
LDL transcytosis to levels seen with ALK-1 deficiency. Thus, BMP-
9 levels can control cell surface levels of ALK-1, via CAV-1, to regu-
late both BMP-9 signaling and LDL transcytosis.

It is believed that the initiation of atherosclerosis occurs
from the subendothelial retention and accumulation of choles-
terol-rich, apolipoprotein B100 (apoB-100) containing par-
ticles, primarily low density lipoprotein (LDL) (1). The phe-
nomenon of LDL permeating the vascular endothelium has
been studied for decades, and classic EM studies have shown
that this occurs by transcytosis of LDL, independent of the LDL
receptor (LDLR) (2). Despite the potential importance of LDL
transcytosis in atherosclerotic vascular disease, the mecha-
nisms and pathways responsible for this phenomenon have not
been explored until relatively recently.
Work from our group has shown that a member of the TGF-

b type 1 receptor family, activin-like kinase 1 (ALK-1), can
serve as a binding protein and potential receptor for the uptake

and transcytosis of LDL and very low density lipoprotein, but
not oxidized LDL or high density lipoprotein across the vascu-
lar endothelium (3). Interestingly, LDL binding to ALK-1 does
promote transcytosis but does not evoke canonical ALK-1–de-
pendent signaling. In contrast, the high affinity ligands, bone
morphogenetic protein-9 (BMP-9) and BMP-10, bind to ALK-
1 and several TGF-b type 2 receptors to induce the phosphoryl-
ation of SMAD1/5/8 and subsequent recruitment of SMAD4 to
regulate gene expression (4). Although purified BMP-9 does
not compete for LDL binding to purified ALK-1, implying dif-
ferent binding sites for BMP-9 versus LDL on ALK-1, if and
how BMP-9 regulates ALK-1 internalization, and impact of this
on LDL uptake and transcytosis has not been systematically stud-
ied. Because fluctuations in BMP-9 plasma levels occur (5, 6) and
LDL and very low density lipoprotein levels can exceed the
capacity for LDL receptor hepatic clearance during hyperlipid-
emia, it is feasible that elevated levels LDLmay impact themagni-
tude or duration of BMP-9 function in the vasculature.
Thus, the goal of the present study was to examine the rela-

tionship between BMP-9 and LDL as ligands for ALK-1, to dis-
cern the pathways mediating their internalization and to interro-
gate the actions of BMP-9 on LDL transcytosis in endothelial
cells.

Results

BMP-9 and -10 induce internalization of ALK-1

BMP-9 and -10 are the cognate ligands for the type 1 recep-
tor, ALK-1; however, little is known about the fate of the recep-
tor after binding BMP-9 or -10. Initially, we assessed if BMP-9
and -10 could induce internalization and endocytosis of ALK-1.
HUVECs were surface labeled with a cell-impermeable biotin
analog and treated with BMP-9 followed byWestern blot analysis
of biotin-labeled plasma membrane (PM) proteins. As seen in
Fig. 1A, BMP-9 treatment for 30 min did not change the levels of
total ALK-1 in cell lysates (input, bottompanel) but dose-depend-
ently reduced ALK-1 levels, but not VE-cadherin (VECAD), in
PM (top panel and quantified in Fig. 1B). As little as 100 pg/ml of
BMP-9 triggered internalization of;30% of ALK-1 whereas 100
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ng/ml reduced ALK-1 on the cell surface by greater than 90%.
BMP-9 (10 ng/ml)–mediated internalization of ALK-1 occurred
rapidly (within 1 min) and maximal internalization was achieved
after 60–120 min of BMP-9 treatment (Fig. 1C and quantified in
Fig. 1D). Several EC plasma membrane proteins were quantified
and BMP-9 (10 ng/ml) did not affect the levels of VECAD,
VEGFR2, or CD31 (Fig. S1A and quantified in Fig. S1B). Similar
data were obtained using BMP-10 as a ligand for ALK-1; how-
ever, BMP-10 was less efficient (Fig. S1, C andD). Moreover, nei-
ther TGF-b1 (10 ng/ml) nor VEGF-A (10 ng/ml), ligands that
activate endothelial cell signaling, affected ALK-1 internalization
(Fig. S1, E and F). Thus, ALK-1 is selectively and efficiently inter-
nalized by specific ligands, BMP-9 and -10, in endothelial cells.

Dissection of the endocytic pathways regulating ALK-1
internalization

Next, we sought to determine which endocytic pathway is re-
sponsible for BMP-9–mediated ALK-1 internalization. Ligand-
induced endocytosis in endothelial cells can be mediated
through several pathways including clathrin (clathrin heavy
chain; CHC) or caveolin (CAV-1) dependent entry, both of which
utilze dynamin-2 (DNM2) as the intracellular GTPase critical for
membrane fission. Thus, HUVECs were treated with siRNAs to
reduce levels of CAV-1, DNM2, and CHC (Fig. S2, A and B for
siRNA validation) and BMP-9–mediated ALK-1 internalization
from the PM assessed. As seen in Fig. 2A (and quantified in Fig.
2B), BMP-9 (0.5 ng/ml for 30 min) induced the internalization of

ALK-1, an effect attenuated by knockdown of CAV-1 and
DNM2, but not CHC. Interestingly, silencing of CAV-1 enhanced
the basal levels of ALK-1 in PM. To examine this using a different
method, the amount of internalized ALK-1 (versus ALK-1
remaining on the cell surface) was quantified after cleavage of bi-
otin on the cell surface. Indeed, knockdown of DNM2 and CAV-
1, but not CHC, reduced BMP-9 stimulated ALK-1 internaliza-
tion (Fig. 2C and quantified in Fig. 2D). Next, we took a genetic
approach to examine if the loss of CAV-1 affectedALK-1 endocy-
tosis. Mouse lung endothelial cells (mLEC) were isolated from
WT and CAV-1 knockout (CAV-1KO) mice and BMP-9–medi-
ated ALK-1 internalization assessed. As seen in Fig. 2E, the loss of
CAV-1 reduced BMP-9–mediated ALK-1 endocytosis. Thus,
BMP-9mediates ALK-1 internalization, in part, via a CAV-1–de-
pendent pathway.

CAV-1 is critical for BMP-9 signaling

To investigate the relationship between BMP-9–induced
ALK-1 internalization and signaling, BMP-9 stimulated
SMAD1/5 phosphorylation and SMAD-dependent gene expres-
sion was measured. Depletion of CAV-1 (Fig. 3A and quantified
in Fig. 3B) reduced BMP-9–stimulated SMAD1/5 phosphoryla-
tion, whereas depletion of CHC did not impact signaling (Fig. 3,
C and D). Next, a panel of BMP-9–inducible genes were quanti-
fied in HUVEC after either CAV-1 or ALK-1 silencing. As seen in
Fig. 3E, BMP-9 (0.5 ng/ml) induced expression of canonical
SMAD1/5-dependent genes, TMEM100, ID1, and SMAD6, and
this induction was reduced by CAV-1 depletion and abrogated by
ALK-1 silencing. BMP-9 did not affect the expression of ALK-2
or CAV-1. Similar results were obtained with different concen-
trations of BMP-9 (Fig. S3, A–C). Thus, CAV-1 is critical for
BMP-9–stimulated ALK-1 endocytosis, signaling, and gene
expression.

ALK-1 is colocalized and interacts with CAV-1

To explore the spatial connection between CAV-1 and ALK-
1, confocal microscopy was employed and endogenous CAV-1
and ALK-1 colocalize in HUVECs (Fig. 4A). To examine if
BMP-9 impacts recruitment of BMPR2, a type 2 receptor criti-
cal for ALK-1–dependent signaling to SMAD1/5 (7), HUVECs
were treated with BMP-9 for 10 min and immunocomplex for-
mation examined by immunoprecipitation of ALK-1. As seen
in Fig. 4B, precipitation of ALK-1 resulted in the co-association
of CAV-1 (in the absence and presence of BMP-9 treatment),
and this complex was not found in control precipitates with an
isotype control Ab. Interestingly, precipitation of ALK-1 under
BMP-9 stimulated conditions resulted in the co-association of
CAV-1 and BMPR2 with the complex. Detergent-free isolation
of CAV-1/lipid raft–enriched domains from HUVECs showed
that ALK-1 is exclusively located in buoyant, CAV-1–enriched
membranes (Fig. 4C; fractions 4 and 5), whereas BMPR2 is in
both light and heavy membranes (fractions 9–12) similar to
that seen with endothelial nitric oxide synthase (eNOS).

LDL impairs ALK-1–dependent SMAD1/5 signaling

Previous work uncovered ALK-1 as receptor for native LDL
transcytosis in endothelial cells. The binding occurs through

Figure 1. BMP-9 triggers ALK-1 internalization. A, HUVEC were treated
with a range of human BMP-9 for 30 min, and biotin-labeled proteins on the
plasma membrane were isolated and immunoblotted for ALK-1 or VECAD. B,
quantitative analysis of ALK-1 on the cell surface normalized to VECAD levels.
C, HUVECs were treated with BMP-9 (10 ng/ml) for indicated times, and cell
surface biotin-labeled protein analyzed. D, quantitative analysis of results of
ALK-1 on the cell surface normalized to VECAD levels. Data represented three
or four independent experiments, and quantification represents the mean6
S.E. Statistical significance was assessed by one-way ANOVA (*, P � 0.05
when significant).

BMP-9 and LDL compete for ALK-1
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apoB-100 on the LDL particle, is independent of BMP-9 bind-
ing, and does not directly activate SMAD1/5 signaling (3).
Thus, we examined if LDL-mediated internalization of ALK-1
affected BMP-9 signaling to SMAD1/5. Preincubation of
HUVEC in lipoprotein-depleted serum (LPDS) containing
increasing concentrations of LDL resulted in dose-dependent
suppression of BMP-9–mediated SMAD1/5 activation (Fig. 5A
and quantified in Fig. 5B). Incubation with LDL blunted the
increase in SMAD1/5 phosphorylation in response to different
concentrations of BMP-9 (Fig. 5C and quantified in Fig. 5D),

and this occurred in a time-dependent manner (Fig. 5E and
quantified in Fig. 5F). Accordingly, the reduction in
SMAD1/5 phosphorylation triggered by LDL-blunted BMP-
9–induced gene expression of TMEM100 and ID1, but not
SMAD6 (Fig. 5G).

LDL triggers ALK-1 internalization via CAV-1 and DNM2

Next, we tested if LDL could serve as a nonclassical ligand for
ALK-1. Treatment of HUVEC with LDL (2.5–100 mg/ml for 60

Figure 2. CAV-1 and DNM2 mediate endocytosis of ALK-1 triggered by BMP-9. A, HUVEC were transfected with a control scrambled (Scr) or siRNAs
against CAV-1, DNM2, CHC, and ALK-1 for 48 h and incubated in EBM2 media for 3 h before supplementation of human BMP-9 (0.5 ng/ml) for 30 min. Cells
were then biotinylated and ALK-1 and VECAD detected. B, quantification of ALK-1 levels were normalized to surface VECAD levels. C, to detect internalized
ALK-1, HUVEC were labeled with nonpermeable biotin on ice for 30 min, dilute acid washed, and then incubated with BMP-9 (0.5 ng/ml) for 1 h. Top blot
reflects isolated, biotinylated proteins, and lower blot reflects nonenriched, total protein. D, quantitative analysis of internalized ALK-1 relative to VECAD. E,
mLEC isolated from littermates of WT and CAV-1 KO mice were immortalized and mLEC were treated with murine BMP-9 (0.5 ng/ml) for the indicated times
and cell surface biotinylation performed as above. Data represented three or four independent experiments. Statistical significance was assessed by one-way
ANOVA (*, P� 0.05 when significant).

BMP-9 and LDL compete for ALK-1

J. Biol. Chem. (2020) 295(52) 18179–18188 18181



min) did not result in SMAD1/5 phosphorylation whereas 0.5
ng/ml of BMP-9 robustly induced SMAD1/5 phosphorylation
(Fig. S4A). These data are consistent with previous work show-
ing that loss of function or gain of function mutants of the ki-
nase domain of ALK-1 equally internalized LDL (3). Interest-
ingly, LDL time-dependently reduced ALK-1 levels on the
plasma membrane in HUVECs replete with serum (Fig. 6A) or
in cells in LPDS (Fig. S4B and quantified in Fig. S4C). LDLR is a
high affinity receptor for LDL on the endothelium that medi-
ates the uptake and distribution of LDL-derived cholesterol to
cells, whereas ALK-1 and SR-B1 serve as receptors for LDL
transcytosis (3, 8, 9), but not for the delivery of LDL cholesterol
to intracellular membranes (10). Thus, we monitored the LDL-
dependent internalization of all three receptors. LDL promoted
the time-dependent internalization of both LDLR and ALK-1,
but not SR-B1 (Fig. 6B and quantified in Fig. 6C). BMP-9 treat-
ment reduced ALK-1 protein levels in the PMwithout influenc-

ing LDLR or SR-B1 levels (Fig. 6D and quantified in Fig. 6E).
The lack of effect of BMP-9 on LDLR levels was also confirmed
by flow cytometry in nonpermeabilized cells (Fig. S4, D and E).
To examine the pathway of LDL-triggered internalization of
ALK-1, cells were treated with siRNAs targeting CAV-1,
DNM2, and CHC. As seen in Fig. 6F and quantified in Fig. 6G),
reductions of CAV-1 and DNM2, but not CHC, reduced LDL-
mediated ALK-1 endocytosis.

Reducing ALK-1 on the plasma membrane with BMP-9
mitigates LDL transcytosis and BMP signaling in vivo

Previous work has shown that ALK-1, in part, mediates LDL
transcytosis across the endothelium. During hypercholesterole-
mia, the LDLR receptor is tonically down-regulated and trans-
cytosis occurs independent of the LDLR via ALK-1 or SR-B1
(10). Thus, we used LDLR-depleted EC to assess the effects of

Figure 3. Depletion of CAV-1, but not CHC reduces BMP-9 signaling. A–D, HUVEC were transfected with a control scrambled (Scr) or siRNAs against CAV-1
(A for blot and quantified in B) or CHC (C for blot and quantified inD) and incubatedwith BMP-9 for 0.5 h followed by immunoblotting for p-SMAD1/5 and total
SMAD1. E, HUVEC were transfected with siRNAs and BMP-9 treated (0.5 ng/ml for 16 h) and SMAD1/5 dependent gene expression (TMEM-100, ID1, and
SMAD6) quantified by qRT-PCR. The knockdown efficiency and specificity were measured using primers pairs for ALK-1, ALK-2, or CAV-1. Data are representa-
tive three or four independent experiments. Statistical significance was assessed by one-way ANOVA (*, P� 0.05).

BMP-9 and LDL compete for ALK-1
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BMP-9 versus ALK-1 silencing on LDL transcytosis (Fig. 7A).
Human coronary arterial ECs (HCAEC) were treated with BMP-
9 (10 ng/ml for 60 min) to reduce ALK-1 on the plasma mem-
brane followed by quantifyingDiI-LDL transcytosis by total inter-
nal reflectance microscopy (TIRF). BMP-9 treatment markedly
reduces LDL transcytosis, and this effect is not further reduced in
cells depleted of ALK-1 (Fig. 7B). Thus, BMP-9–induced endocy-
tosis of ALK-1 blunts LDL-mediated transcytosis in EC. Both of
BMP-9 and LDL could mediate ALK-1 internalization, which is
the key step to initiate SMAD1 signaling or transcytosis (Fig. 7C).

Discussion

The central goal of this study was to explore the potential
crosstalk between BMP-9 and LDL as proteins that bind to
ALK-1. Herein, we describe a BMP-9–mediated internalization

pathway for ALK-1 that is necessary for SMAD1/5 phosphoryl-
ation and subsequent gene expression. BMP-9–mediated ALK-
1 endocytosis requires both CAV-1 and DYN2, and deficiency
of CAV-1 reduces BMP-9–stimulated ALK-1 internalization,
SMAD1/5 phosphorylation, and gene expression. Interestingly,
LDL treatment of EC promotes ALK-1 internalization and
reduces BMP-9–stimulated SMAD1/5 phosphorylation. Con-
versely, treatment of EC with BMP-9 markedly reduces LDL
transcytosis in an ALK-1–dependent manner, implying that
the levels of BMP-9 may regulate LDL transcytosis and ulti-
mately the extent of atherosclerosis.
The roles of BMP-9 and -10 in the cardiovascular system

have largely focused on their important roles in arteriovenous
differentiation during development and the pulmonary vascu-
lature largely due to human genetic evidence showing that
loss of function mutations in ALK-1, or its coreceptors, lead to

Figure 4. ALK-1 colocalizes, interacts, and co-sediments with CAV-1. A, representative confocal images of CAV-1 (red channel) and ALK-1 (green channel)
in HUVEC; DAPI was used to visualize the nucleus. Highlighted areas reflect magnified areas from four different cells in the upper panel. Scale bars = 10 mM. B,
HUVEC were treated with BMP-9 (0.5 ng/ml) for 30 min, ALK-1 immunoprecipitated using antibody against ALK-1 or isotope-matched control IgG. C, mem-
brane separation on a sucrose gradient prepared fromHUVEC depicting light membranes floating in fractions 3–5 and heavymembranes in fractions 8–12.

BMP-9 and LDL compete for ALK-1
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hereditary hemorrhagic telangiectasia and/or pulmonary hy-
pertension. In mice and humans, the loss of ALK-1 reduces en-
dothelial cell quiescence, leading to excessive activation of sig-
naling pathways promoting vascular disease (4, 11). In the
context of pulmonary hypertension, BMP-9 agonism or antag-
onism has been shown to exert beneficial effects in models of
pulmonary hypertension (12, 13). In humans with atherosclero-
sis,ALK-1mRNA levels are increased in lesions (14) and inhibi-
tion of BMP signaling in vivo reduces the extent of atheroscler-
otic plaques (15, 16). Previous work by our group has shown
acute, conditional EC-specific deletion of ALK-1 reduces LDL
uptake in mice lacking the LDLR (3). Because BMP-9 and -10
are high affinity ligands for ALK-1 and their levels diminish
with age (5), it is feasible that the elevated levels of LDL during

hypercholesterolemiamay bind to ALK-1, resulting in its trans-
cytosis and subendothelial retention of LDL.
Interestingly, in the present study, we show that CAV-1 is

necessary for both LDL and BMP-9–mediated ALK-1 endocy-
tosis. This is compelling since it is well established that the loss
of CAV-1 in the endothelium reduces LDL uptake, transcytosis,
and strongly attenuates atherosclerosis (17–19). The loss of
CAV-1 reduces LDL uptake in isolated aortas and intact
arteries in vivo and quantitatively reduces apoB100 levels in the
vessel wall as measured using several methodologies tracking
endogenous and exogenous LDL particles (17, 19). Previous
work has shown that ALK-1 can be localized in caveolae (20).
Here, we extend these finding and show that ALK-1 can be
immunoisolated in complex with CAV-1 and the type 2

Figure 5. LDL suppresses BMP-9/ALK-1 signaling. A, HUVECs were incubated with different amounts of LDL for 16 h, then treated with BMP-9 (0.5 ng/ml)
for 30 min. B, quantification p-SMAD/SMAD1 from three independent experiments. C and D, HUVECs were transfected with Scr or ALK-1 siRNAs then cultured
in LPDS or LPDS containing LDL (25 mg/ml) for an additional 16 h. Treated cells were then incubated with differing amounts of BMP-9 (0.01-10 ng/ml) to assess
p-SMAD1/5 phosphorylation and quantified in D. E and F, kinetics of SMAD1/5 phosphorylation in the absence and presence of LDL. HUVECs were incubated
in LPDS or in LPDS plus LDL (25 mg/ml) for 16 h and then stimulated with BMP-9 (0.5 ng/ml) for indicated time and quantified in F. G, SMAD1/5-dependent
gene expression is reduced in LDL pretreated cells. HUVECs were treated with LDL (25 mg/ml for 16 h) and then incubated with BMP-9 (0.5 ng/ml) for 8 h and
qPCR analysis performed. All quantitative data were from three independent experiments.

BMP-9 and LDL compete for ALK-1

18184 J. Biol. Chem. (2020) 295(52) 18179–18188



receptor, BMPR2. More importantly, the loss of CAV-1
reduces, but does not abolish, BMP-9 signaling, suggesting that
caveolae and/or CAV-1 negatively regulates ALK-1 signaling at
the level of the plasmamembrane. The only other work demon-
strating a role for the endocytic machinery in BMP signaling in
blood vessels is a report showing that the clathrin adaptor, dis-
abled homolog 2 (DAB2), is necessary for the pro-angiogenic
function of BMP-2 during zebrafish vascular development (21).
Suppression of ALK-1 endocytosis by depleting CAV-1 or
DNM-2 in our study differs from other negative regulatory
pathways that rely on termination of BMP-9 signaling by inhib-
itory SMADs and protein phosphatases (4). In the present
study, we show that treatment with BMP-9 to promote exten-
sive ALK-1 internalization (.80%) markedly reduces LDL
transcytosis to levels comparable to the loss of ALK-1, implying
that elevated BMP-9 levels may be atheroprotective and that

the loss of ALK-1 in caveolae would reduce LDL transcytosis.
Recent papers have identified the lipoprotein scavenger recep-
tor SR-B1 as an additional candidate regulating LDL transcyto-
sis (8, 9); however, treatment with BMP-9 had no effect on SR-
B1 internalization, suggesting there are likely overlapping,
redundant pathways that mediate LDL transcytosis.
Thus, our data are consistent with BMP-9 and LDL using the

same pathway to trigger ALK-1 internalization. However, once
internalized, the ligand functions are distinct. BMP-9–medi-
ated internalization is critical for signaling to SMADs whereas
LDL-mediated internalization mediates transcytosis, and mo-
lecular mechanisms of receptor sorting post internalization are
not known. BMP-9 is mainly produced in liver by hepatocytes
and intrahepatic biliary epithelial cells, and 60% of it is in the
active form in the human circulation. BMP-9 also inhibits
angiogenic growth factor (VEGF and FGF) signaling and has

Figure 6. LDL triggers the endocytosis of ALK-1. A, HUVECs were incubated with LDL (25 mg/ml) for the indicated times and biotinylated cell surface pro-
teins isolated for immunoblotting. B–E, levels of cell surface LDLR, ALK-1, and SR-B1 after treatments of HUVEC with LDL (B, 25 mg/ml) or BMP-9 (D, 0.5 ng/ml)
for the indicated time (0–30min) and quantified in C and E. F andG, HUVECwere transfected with siRNAs for 48 and incubated with LDL (25mg/ml) for 60min;
ALK-1 on the cell surface detected using biotin-labeling and the quantified G. Quantitative data were from three independent experiments.

BMP-9 and LDL compete for ALK-1
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been described as a quiescence factor in developing mice (6,
22). In addition, atheroprotective laminar shear stress in large
vessels sensitizes the endothelium to the actions of BMP-9 (23)
and may be sufficient to trigger ALK-1 internalization to fur-
ther lower the risk of LDL transcytosis. Future experiments
designed to preserve the quiescent actions of BMP-9 and -10
while neutralizing LDL binding to ALK-1 will permit dissection
of this interesting pathway in vivo.

Experimental procedures

Cell culture

HUVECs were obtained from the Yale School of Medicine,
Vascular Biology and Therapeutics Core facility. HCAEC were
purchased from Lonza (CC-2585). mLEC isolation was described
(3): briefly, 3-week-old mice were euthanized using ketamine/
xylazine; collect and pool lungs for 3 mice per group; after colla-
genase I digestion, CD311 magnetic beads were applied to iso-
late endothelial cells. After recovery and growth, mLEC from lit-
termates’ WT or CAV-1KO were used for experiments. All of
these endothelial cells were cultured in EGM-2 media (Lonza)

with 10% fetal bovine serum (FBS), penicillin/streptomycin and
glutamine (2.8 mM) in a 37°C incubator with 5% CO2 supply.
Human LDL and DiI-LDLwere obtained fromKalen Biomedical;
BMP-9 (human andmouse) was bought fromR&D Systems.

Biotin labeling of plasma membrane

Biotin labeling was applied here to detect and quantify the mo-
bility of receptors. In brief, for surface labeling: after the 30-min
incubation on ice with a 1mM EZ-link-sulfo-NHS-S-S-biotin solu-
tion (Pierce 21331), cells were washed with a 50 mM glycine/PBS
solution, pH 7.2, and subsequently lysis in immunoprecipitation
buffer. For detecting the endocytosis of the receptors, the biotin-la-
beled cells were treated with BMP-9 or LDL for indicated time in
37°C incubator with 5% CO2 supply; the biotin-labeled receptors
remaining on the cell surface were stripped using GSH stripping
solution (50 mM GSH, 75 mM NaCl, 1 mM EDTA, 75 mM NaOH,
and 10%FBS) 15min on ice. Following centrifugation, protein con-
centration was measured, Neutravidin Protein agarose beads
(Pierce 29200) were added and incubation was at 4°C overnight.
Flow-through fractions were collected after the incubation period

Figure 7. BMP-9 treatment blunts LDL transcytosis in an ALK-1 dependent manner. A, HCAECs were treated with Scr or LDLR siRNAs combined BMP-9
(10 ng/ml for 1 h) treatment or ALK-1 knockdown. KDwas significantly reduced. ALK-1 protein in the plasmamembrane assayed by biotin-pulldown. B, TIRFmi-
croscopy of basolateral transcytosis events in HCAEC under the above conditions. Combined data represent three independent experiments with 12 cells per/
group/time. Statistical significancewas assessed by one-way ANOVA (*, P� 0.05). C, model depicting crosstalk between BMP-9, LDL, and ALK-1. BMP-9/10 and
LDL can bind ALK-1 that is localized in caveolae (1) inducing its internalization. DNM2 (2) is critical for ALK-1 endocytosis. Once internalized, BMP-9/ALK-1 can
signal to SMADs inducing endothelial cell quiescence (3) or the LDL-ALK-1 complex can be transcytosed across the endothelium (4). HowALK-1 decides to sig-
nal versus transcytose LDL is not known.
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following a 2000 rpm spin. The beads were then washed several
times in lysis buffer prior to immunoblotting.

Lipid raft isolation

Detergent-free lipid raft isolation was performed as described
before (24). In brief, HUVECs were grown to confluence in 15 cm
plates. After washing three times with ice-cold PBS, cells were
scraped with 1 ml ice-cold sodium carbonate (500 mmol/liter, pH
11) supplied with a mixture of protease inhibitors, then homoge-
nized and sonicated. Proteinwas loaded into the bottomof polycar-
bonate tubes and adjusted to 45% sucrose (w/v) by the addition of 2
ml of 90% sucrose prepared in 25 mmol/liter MES (2-(N-morpho-
lino) ethanesulfonic acid; pH 6.5, 0.5 M NaCl). A 5 to 35% discon-
tinuous sucrose gradient was formed (4ml of 35% sucrose and 4ml
of 5% sucrose, both inMES containing 250mmol/liter sodium car-
bonate) and centrifuged at 35,000 rpm for 18 h in a SW40 rotor
(Beckman Coulter). Twelve gradient fractions (1 ml) and a pellet
were collected from the top and mixed with SDS-PAGE loading
buffer and equal volumes of each fractionwere loaded, separated by
SDS-PAGE, and protein distribution assessed by immunoblotting.

Immunoblotting

Cells or tissues were lysed on ice with ice-cold lysis buffer con-
taining 50mMTris-HCl, pH 7.4, 0.1 mM EDTA, 0.1 mM EGTA, 1%
Nonidet P-40, 0.1% sodium deoxycholate, 0.1% SDS, 100mMNaCl,
10 mM NaF, 1 mM sodium pyrophosphate, 1 mM sodium orthova-
nadate, 1 mM Pefabloc SC, and 2mg/ml protease inhibitor mixture
(Roche Diagnostics) and samples prepared. Total protein (25 mg)
was loaded into SDS-PAGE followed by transfer to nitrocellulose
membranes. Immunoblotting was performed with the following
primary antibodies: LDLR (ab30532, Abcam), SR-B1(ab137829,
Abcam), ALK-1 (70R-49334, Fitzgerald), DNM2 (ab65556,
Abcam), GAPDH (2118, Cell Signaling Technology), eNOS (sc-
7271, Santa Cruz Biotechnology), BMPR2 (612292, BD Bioscien-
ces), CAV-1 (610060, BD Biosciences), b-actin (sc-69879, Santa
Cruz Biotechnology), HSP90 (610419, BD Biosciences). LI-COR
compatible fluorescent-labeled secondary antibodies (LI-COR Bio-
sciences). Bands were visualized on the Odyssey CLx platform (LI-
COR Biosciences). Quantifications were based on densitometry
using ImageJ.

Immunofluorescence

As described in our previous study (3), confluent HUVECs
(P4) were washed three times with PBS, following fixation for 10
min in PFA (4%); thereafter blocked in 5% BSA for 1 h at room
temperature. The cells were incubated with antibodies against
ALK-1 (AF370, R&D Systems) and CAV-1 (610406, BD Bioscien-
ces) with a dilution of 1:50 in blocking buffer at 4°C for overnight.
Secondary antibodies were introduced using a standard immuno-
fluorescence protocol and nuclei stained with DAPI (1:4000 dilu-
tion). Images were taken on a confocal microscope (SP5, Leica).

Flow cytometry

The surface LDLR was measured using FACS (3). Briefly,
HUVECs were gently detached from culture dish using 0.1%
EDTA in PBS. Cells were then collected and labeled with anti-

LDLR antibody or mouse IgG2b as control; 1 h post incubation,
the cells were washed following with secondary antibody incu-
bated for additional 30 min. Cells were measured by LSRII (BD
Biosciences) flow cytometer and analyzed using FlowJo.

Quantitative real-time PCR analysis

In brief, RNAs from cells or tissues were isolated using the
RNeasy Plus Kit (Qiagen). Thereafter, 0.5 mg RNA/sample was
retrotranscribed with the iScript cDNA Synthesis Kit (Bio-
Rad). Real-time quantitative PCR (qPCR) reactions were per-
formed in duplicate using the CFX-96 Real Time PCR system
(Bio-Rad). Quantitative PCR primers (Quantitect primer
assays) were obtained from Qiagen. Fold changes were calcu-
lated using the comparative CTmethod.

Total internal reflection fluorescence–based transcytosis of
fluorescently labeled LDL

LDL transcytosis by confluent primary HCAECs was measured
by TIRF microscopy. Briefly, cells were placed in a live cell imaging
chamber and treated with 20 mg/ml DiI-LDL in cold HPMI media
for 10 min at 4°C to allow binding without internalization. Cells
were then washed twice with cold PBS1 to remove unbound LDL
and warm HPMI was added. Cells were incubated on the live cell
imaging stage at 37°C for 2 min before initial image acquisition.
Confluent regions of the monolayer were selected after staining
with NucBlue Live ReadyProbes Reagent (Thermo Fisher) and
TIRF microscopy of the basal membrane was performed to visual-
ize exocytosis. TIRF microscopy was performed on an Leica DMi8
microscope with 633/1.47 (O) objectives, 405 nm, 488 nm, 561
nm, and 637 nm laser lines, 450/50, 525/50, 600/50, 610/75, and
700/75 emission filters and run with Quorum acquisition software
(Quorum, Canada). Microscope settings were kept constant
between conditions. For each coverslip, 10–15 videos of 150 frames
(100ms exposure) were captured. Quantification of LDL transcyto-
sis was performed and has been described in detail previously (25).

Statistics

Statistical differences were measured with an unpaired 2-
sided Student’s t test or 1-way ANOVAwith Bonferroni correc-
tion for multiple comparisons. A value of p � 0.05 was consid-
ered statistically significant. Data analysis was performed with
GraphPad Prism software (GraphPad, San Diego, CA).

Data availability

All data are available in the manuscript and supporting
information.
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