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Abstract: The natural history of familial pulmonary arterial hypertension (PAH) typically

involves mutations in and/or haploinsuffciency of BMPR2 (gene for bone morphogenetic

protein receptor type 2) but with low penetrance (10%–15%), delayed onset (in the third or

fourth decade), and a gender bias (two- to fourfold more prevalent in postpubertal women).

Thus, investigators have sought an understanding of “second-hit” modalities that might af-

fect BMPR2 anterograde trafficking and/or function. Indeed, vascular lung lesions in PAH

have been reported to contain enlarged “vacuolated” endothelial and smooth muscle cells

with dilated endoplasmic reticulum (ER) cisternae, increased ER structural protein retic-

ulon 4 (also called Nogo-B), and enlarged and fragmented Golgi apparatus. We recently rep-

licated this cellular phenotype in primary human pulmonary arterial endothelial cells and

human pulmonary arterial smooth muscle cells in culture by acute knockdown of the es-

tradiol 17β (E2)–responsive proteins signal transducer and activator of transcription 5a

(STAT5a) and STAT5b using small interfering RNAs (siRNAs). We have now investigated

whether functional haploinsufficiences of these molecules, alone or in combination with

other modalities, might interfere with anterograde membrane trafficking using (a) the quan-

titative tsO45VSV-G-GFP trafficking assay and (b) assays for cell-surface localization of Flag-

tagged BMPR2 molecules. The G glycoprotein of the vesicular stomatitis virus (VSV-G) traf-

ficking assay was validated in EA.hy926 endothelial cells by showing that cells exposed to

monocrotaline pyrrole displayed reduced anterograde trafficking. Thereafter, the combinato-

rial knockdowns of STAT5a, STAT5b, BMPR2, and/or endothelial nitric oxide synthase as

well as exposure to E2 or 2-methoxyestradiol were observed to significantly inhibit VSV-G

trafficking. These combinations also led to intracellular trapping of wild-type Flag-tagged

BMPR2. Overexpression of the PAH disease–derived F14 and KDF mutants of BMPR2,

which were trapped in the ER/Golgi, also inhibited VSV-G trafficking in trans. Moreover,

probenecid, a chemical chaperone in clinical use today, partially restored cell-surface locali-
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zation of the KDF but not the F14 mutant. These data identify several combinatorial modali-

ties that inhibit VSV-G anterograde trafficking and cause mislocalization of BMPR2. These

modalities merit consideration in defining aspects of the late-developing and gender-biased

natural history of human PAH.

Keywords: vascular cell remodeling, membrane protein trafficking, tsO45VSV-G-GFP traf-

ficking assay, monocrotaline pyrrole (MCTP), signal transducer and activator of transcrip-

tion 5a/b (STAT5a/b), endothelial nitric oxide synthase (eNOS), estradiol 17β, probenecid.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a disease

with high morbidity and an unrelentingly fatal out-

come.1-4 Vascular remodeling in this disease in-

cludes neointimal proliferation as well as the charac-

teristic onion-skin obliterative and the recanalized

plexiform lesions associated with pulmonary arter-

ies.1,5 In as much as bone morphogenetic protein

(BMP) signaling is considered to inhibit vascular cell

proliferation, genetic evidence linking mutations in

and/or haploinsufficiency of BMPR2 (gene for BMP

receptor type 2) with a majority of cases of familial

PAH (FPAH) and a subset of instances of idiopathic

PAH (IPAH)1-6 has catalyzed an effort to understand

the mechanistic bases for this relationship. Despite

intensive investigations over >10 years, the processes

by which mutations in and/or haploinsufficiency of

BMPR2 lead to the overt disease are poorly under-

stood.6 Many of the ∼300 PAH disease–associated

BMPR2 mutants display intracellular trapping along

the endoplasmic reticulum (ER)/Golgi apparatus/

plasma membrane anterograde vesicular traffick-

ing pathway.4,6 Moreover, almost all of the disease-

associated BMPR2 molecules, even those that reach

the cell surface, mediate reduced Smad signaling.4,6-10

It is important to note that BMP/Smad signaling as

well as plasma membrane to nucleus signaling from

a plethora of vasorelevant ligand/receptor pairs is

itself well established to be associated with retro grade

endocytic and caveolar vesicular trafficking path-

ways.11-14 Thus, alterations in either anterograde or

retrograde membrane trafficking will affect not only

the biology of BMP but also that of all other vaso-

relevant signaling pathways (including vascular en-

dothelial growth factor, platelet-derived growth fac-

tor, interleukin 6, etc.; see Sieber et al.,11 Hartung

et al.,12 DiGuglielmo et al.,13 Sehgal,14 and citations

therein). Whether mutant BMPR2 species trapped

along the anterograde trafficking pathway have inhibi-

tory effects on trafficking of other cell-surface pro-

teins and receptors in trans is unknown. Additional

unexplained issues include why disease development,

even in FPAH kindreds with known mutations in

BMPR2, has a low penetrance (10%–20%) and a late

onset (median age at diagnosis is in the third decade

for women and the fourth decade for men).1-4,6,15,16

Thus, there have been searches for candidate “second-

hit” entities that might be involved in determining

penetrance and late onset.1-4,6,9

There is also a sexual dimorphism in this dis-

ease, with the incidence approximately two- to four-

fold higher in postpubertal women than in men for

both IPAH and kindreds of FPAH patients.6,15,16

This is the converse of what has been typically ob-

served in various experimental models of PAH, in

which female rats or mice are less susceptible to the

development of PAH, and estradiol 17β (E2) has been

shown to ameliorate established PAH (reviewed in

Umar et al.17 and citations therein). In humans, ge-

netic association data suggest that mutations in cyto-

chrome P450 1B1 (CYP1B1), an enzyme involved in

estrogen metabolism, is a candidate genetic cofactor

contributing to development of the overt disease in

kindreds of FPAH patients.15 However, although in-

creased pulmonary vascular CYP1B1 was observed

in idiopathic PAH and hypoxia elicited a greater in-

crease in CYP1B1 in the lungs of female mice com-

pared with male mice, different measures of hypoxic

PAH were variably affected in male compared with
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female CYP1B1−/− mice.18 Recently, E2 was reported

to decrease BMPR2 expression by 15%–20% in cul-

tured peripheral blood lymphocytes (PBLs) derived

from healthy human subjects,16 but the mechanistic

link between this observation and PAH disease de-

velopment remains unclear. The present study fo-

cused on the mechanisms of potential penetrance-

determining second hits and of gender bias in PAH

from a novel perspective—that of the involvement of

the estradiol- and prolactin-responsive proteins signal

transducer and activator of transcription 5a (STAT5a)

and STAT5b in membrane trafficking19,20 and anter-

ograde transit of BMPR2 through the cell.

We discovered this “nongenomic” membrane traf-

ficking function in the cytoplasm19,20 for the “tran-

scription factors” STAT5a and STAT5b.21-24 STAT5a/b

proteins associated with structural components of

the ER/Golgi and their downregulation led to a char-

acteristic cystic ER/Golgi fragmentation phenotype

in primary human pulmonary arterial endothelial cells

(HPAECs) and human pulmonary arterial smooth

muscle cells (HPASMCs).19,20 Importantly, this cystic

ER phenotype had already been reported to occur

in cells in lesions in IPAH25 and in pulmonary arte-

rial endothelial cells in hypoxic rats26 by Smith and

Heath in the late 1970s. More recently, we showed

Golgi fragmentation in cells in lesions of IPAH.27

Moreover, STAT5 species are already recognized to

mediate aspects of the sexual dimorphic phenotypes

in terms of postpubertal development and gene ex-

pression.22,23 Additionally, the known responsiveness

of STAT5a/b to E223 and the newly recognized non-

genomic effects of E2 on ER membranes itself 28-32

made it attractive to investigate the effects of these

combinatorial modalities (STAT5a/b downregulation

and E2) on trafficking of BMPR2.

In the present study, we first investigated effects

on anterograde membrane trafficking in endothelial

cells of various potential second-hit modalities in var-

ious combinations using the quantitative anterograde

trafficking assay based on the temperature-sensitive

O45 mutant of the G glycoprotein of vesicular sto-

matis virus, tsO45VSV-G-GFP, which has been used

extensively by cell biologists over the last decade.33-35

We then compared these effects on VSV-G–green fluo-

rescent protein (GFP) trafficking to the mislocaliza-

tion of wild-type (wt) and mutant BMPR2 species in

response to various potential second-hit modalities.

Additionally, we investigated whether we could find

compounds already in clinical use in other human dis-

eases that might rescue intracellularly trapped BMPR2

mutant species.

MATERIAL AND METHODS

Chemicals, antibodies, and small interfering

RNA (siRNA) reagents

Monocrotaline (Crotaline C2401) was purchased from

Sigma-Aldrich (St. Louis, MO) and was converted to

monocrotaline pyrrole (MCTP) usingmethods reported

elsewhere.36 E2 (E2758), 2-methoxyestradiol (2-ME;

M6383), and probenecid (P8761) were also from

Sigma-Aldrich. The anti-VSV-G monoclonal antibody

(mAb; clone I1, stock 8G5F11)33 was prepared from

the hybridoma clone provided by Dr. Douglas S.

Lyles (Department of Biochemistry, Bowman-Gray

School of Medicine). Rabbit polyclonal antibodies

(pAbs) to giantin (24586) and ATL3 (104262) were

purchased from Abcam (Cambridge, MA). Rabbit

pAbs to STAT5a (sc-1081x), STAT5b (sc-835x), STAT3

(sc-482), and the Flag tag (sc-807) and goat pAb

to reticulon 4 (RTN4; sc-11027) were from Santa Cruz

Biotechnology (Santa Cruz, CA). Murine mAbs to

GM130 (Golgi matrix 130-kDa protein; 610823) were

purchased from BD Biosciences (Eugene, OR). Re-

spective Alexa Fluor 488– and Alexa Fluor 594–tagged

secondary donkey antibodies to rabbit (A-11008 and

A-11012), mouse (A-21202 and A-21203), or goat

(A-11055 and A-11058) immunoglobulin G were from

Invitrogen Molecular Probes (Eugene, OR). siRNA

preparations and transfection reagents were obtained

from Santa Cruz Biotechnology. These were siRNA

transfection reagent (sc-29528), siRNA transfection

medium (sc-36868), scrambled control-A siRNA

(sc-37007), and siRNA preparations to STAT5a (hu-

man; sc-37008), STAT5b (human; sc-370010), BMPR2

(human; sc-40220), and nitric oxide synthase (NOS)

3 (human; sc-36093).

Cells and cell culture

The human endothelial cell line EA.hy926 was ob-

tained from Dr. Michal Schwartzman (Department

of Pharmacology, New York Medical College) and

grown in Dulbecco’s modified Eagle medium supple-

Pulmonary Circulation Volume 3 Number 3 September 2013 | 535



mented with 10% v/v fetal bovine serum and 100 μM
hypoxanthine, 0.4 μM aminopterin, and 16 μM thy-

midine.37,38 Primary bovine pulmonary arterial endo-

thelial cells (BPAECs) were cultured and exposed to

MCTP as described elsewhere.36,38

Plasmids and siRNAs

The tsO45VSV-G-GFP expression vector34,35 was a

gift from Dr. Jennifer Lippincott-Schwartz (National

Institutes of Health [NIH]). Constitutive expression

vectors were constructed for Flag-tagged BMPR2 pro-

teins (vectors were 3x C-terminal Flag tag/CMV in

pCIneo, corresponding to wt; “F14,” exon 3 T354G

[Cys118Trp]; and “KDF,” exon 8 C944T [Arg322X]).

Plasmid transfections were carried out using PolyFect

(30117; Qiagen, Valencia, CA) and the manufacturer’s

protocols. Respective siRNA oligonucleotides were

purchased from Santa Cruz Biotechnology (see spe-

cific catalog numbers above). Acute knockdown of

target proteins was carried out using siRNA transfec-

tions per the manufacturer’s protocol, as used by

usearlier.19,20 Typically, 3 μL of a 10-μM siRNA stock

and 3 μL of siRNA transfection reagent (1 ∶ 1 ratio of

siRNA to transfection reagent) were used per 35-mm

plate or per well in a 6-well plate. STAT5a/b double-

knockdown experiments were carried out using 3 μL
of STAT5a siRNA and 3 μL of STAT5b siRNA to-

gether with 6 μL of siRNA transfection reagent; sim-

ilarly, all combination experiments included 3 μL
of the respective siRNA. Corresponding controls re-

ceived matched amounts of the scrambled siRNA and

transfection reagent.

Temperature-sensitive VSV-G-GFP trafficking assay

The quantitative tsO45VSV-G-GFP trafficking as-

say19,34,35 was carried out in EA.hy926 cells, which

survive culturing at the “nonpermissive” tempera-

ture (40˚C). The temperature-sensitive phenotype of

VSV-G is such that it remains trapped in the ER at

40˚C but transits to the Golgi and then to the plasma

membrane when cells are shifted to 32˚C.34,35 Briefly,
thus, EA.hy926 cells were transfected with the ex-

pression plasmid for tsO45VSV-G-GFP at 37˚C using

the PolyFect reagent. Four to five hours later, the cul-

tures were shifted to 40˚C and kept at this nonper-

missive temperature overnight. The cells were then

shifted to 32˚C for 60 minutes. To detect the surface

VSV-G, live cells were stained with a monoclonal anti-

body (clone I1, stock 8G5 F11) directed against the in-

traluminal domain of VSV-G (which becomes exposed

at the cell surface) for 10 minutes at 4˚C, washed ex-

tensively, fixed with ice-cold paraformaldehyde (4%),

and stained using Alexa Fluor 594–conjugated sec-

ondary anti-mAb antibody. Cells were analyzed using

a Zeiss AxioImager M2 microscope system with a

Zeiss W N-Achroplan 40×/NA0.75 objective equipped

with a high-resolution RGB HRc AxioCam camera

and AxioVision software (ver. 4.8.1) in 1,388 × 1,040-

pixel high-speed color-capture mode. Digital images

were acquired in the red (surface VSV-G) and green

(total VSV-G-GFP) channel and were analyzed by

means of ImageJ software. The images were merged,

and the mean fluorescence value in each channel

was measured by manually selecting the whole cell.

Average pixel values in the field lacking expressing

cells were taken as background fluorescence and sub-

tracted. The ratio of surface to total fluorescence was

used to calculate the extent of VSV-G transport.

Cultures were treated with MCTP 1 day in ad-

vance of transfecting the VSV-G-GFP expression vec-

tor. For evaluating effects of siRNA on trafficking,

the respective siRNA combinations or the scrambled

control siRNA were mixed with the VSV-G-GFP ex-

pression vector, and the siRNA transfection reagent

(Santa Cruz Biotechnology) was used to introduce

the nucleic acids. For evaluating effects of expression

of respective BMPR2 species on VSV-G trafficking,

these expression vectors were mixed with the VSV-G-

GFP expression vector, and PolyFect reagent was

used to introduce the DNA.

Immunofluorescence microscopy of cells in culture

Cells in culture were fixed using cold paraformalde-

hyde (4%) and permeabilized,19,20 and immunoflu-

orescence assays were carried out using antibodies

from specific sources and corresponding to specific

catalog numbers as enumerated above (dilution range,

1 ∶100 to 1 ∶1,000) and as described elsewhere.19,20 The

cells were imaged using a Zeiss AxioImager M2 mo-

torized microscopy system with Zeiss W N-Achroplan

40×/NA0.75 or Zeiss EC Plan-Neofluor 100×/NA1.3
oil objectives equipped with a high-resolution RGB

HRc AxioCam camera and AxioVision software

(ver. 4.8.1) in 1,388 × 1,040-pixel high-speed color-
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capture mode. Controls included irrelevant primary

antibodies as well as secondary antibodies alone. All

data within each experiment were collected at identi-

cal imaging settings.

Cell extracts and Western blotting

Whole-cell extracts as well as cytoplasmic extracts

were prepared from endothelial cells as described

elsewhere.19,20,36 Methods for Western blotting were

as reported elsewhere (Lee et al.,19 Lee et al.,20 Sehgal

et al.,36 and citations therein).

Quantitative image analyses

Fluorescence intensity in imaging data (e.g., GFP in

green or Alexa Fluor 594 in red) was quantitated us-

ing the McMaster Biophotonics Facility version of

NIH ImageJ software and respective utility plug-ins

(now available as free downloads from http://digital

.bsd.uchicago.edu/ImagejandFijiHelp.html), as reported

elsewhere.38 Golgi apparatus size per cell and its frag-

mentation was enumerated using Otsu thresholding

and area quantitation, also using ImageJ as described

elsewhere.38 Trafficking of Flag-tagged BMPR2 spe-

cies to the plasma membrane surface or their com-

plete or partial blocking within the cell cytoplasm was

quantitated as histograms indicating the proportion

of cells enumerated in each of the surface, partially

blocked, and completely blocked categories. Statistical

testing was carried out using the Student t test or mul-

tigroup analysis of variance.

RESULTS

MCTP blocks tsO45VSV-G-GFP trafficking to the

surface of endothelial cells

The tsO45VSV-G-GFP membrane trafficking assay

was adapted to endothelial cells. As a prerequisite

for using the tsO45VSV-G-GFP trafficking assay,

we noted that primary BPAECs as well as human

EA.hy926 cells were able to withstand overnight in-

cubation at the nonpermissive temperature (40˚C) but
that primary HPAECs and HPASMCs were not. Be-

cause of the convenience of growing EA.hy926 endo-

thelial cells as an immortalized cell line, we elected

to use these cells in most of the present experiments.

Figure 1 illustrates the expression of VSV-G-GFP

in EA.hy926 cells at the nonpermissive temperature

(40˚C), followed by its trafficking to the Golgi ap-

paratus within 20 minutes of shiftdown to the per-

missive temperature (32˚C; arrows in Fig. 1A, top

Figure 1. Characteristics of the quantitative anterograde trafficking assay using tsO45VSV-G-GFP in human endothelial cells (EA.hy926 cell

line). The endothelial cells grown in 35-mm plates at 37˚C were transfected with an expression vector for tsO45VSV-G-GFP at the same tempera-

ture. Five hours later, the cultures were shifted to 40˚C. After incubation at this nonpermissive temperature for 16–18 hours, the cultures were

shifted down to 32˚C. At 20, 60, and 180 minutes after shiftdown to the permissive temperature, the cultures were rapidly cooled to 4˚C by rinsing

with ice-cold phosphate-buffered saline, and the intact live cells reacted with 8G5 F11 monoclonal antibody (mAb) to G glycoprotein of the vesicular

stomatitis virus (VSV-G) for 10 minutes in the cold. The cultures were then fixed with paraformaldehyde, reacted with Alexa Fluor 594–tagged

donkey anti–mouse antibody, and washed extensively; single cells were then imaged in both the green (for green fluorescent protein [GFP]) and

the red (for cell-surface VSV-G) channels, and the respective surface red/total green ratios were derived using ImageJ software. A illustrates rep-

resentative cell images at different times in the trafficking assay (arrows indicate Golgi apparatus). B summarizes the single-cell-based quantitation

(mean ± standard error; n = number of single cells enumerated). Scale bar = 10 μm.
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row) and subsequent appearance of the VSV-G at

the cell surface (Fig. 1A, bottom row), as assayed by

surface binding of the 8G5 mAb to live cells in the

cold (4˚C; to stop endocytosis of the mAb19,34). Anal-

yses of the extent of trafficking in terms of the ratio

of cell-surface red immunofluorescence to total VSV-

G-GFP green fluorescence provided a quantitative

measure of the kinetics of VSV-G trafficking from

the ER to the Golgi apparatus and from there to the

plasma membrane (Fig. 1B; Hirschberg et al.34 and

Lippincott-Schwartz et al.35). Clear trafficking to the

cell surface was evident by 60 minutes with increas-

ing cell-surface delivery at least up to 180 minutes

(Fig. 1B; Hirschberg et al.34 and Lippincott-Schwartz

et al.35). For most of the present experiments on the

quantitative effects of various modalities on traffick-

ing, we selected the 60-minute (32˚C) time point as

reflective of the rate of anterograde trafficking with-

out significant retrograde or endocytic transit.34,35

This VSV-G-GFP membrane trafficking assay was

validated by testing whether exposure of endothelial

cells to MCTP inhibited trafficking (Fig. 2). It has

been previously shown by us that exposure of endo-

thelial cells to MCTP led to marked accumulation in

the enlarged Golgi apparatus of multiple tether and

membrane proteins that mediate anterograde traf-

ficking.36 Endothelial cells (BPAECs in Fig. 2A, 2B;
EA.hy926 cells in Fig. 2C, 2D) were exposed to

MCTP for 1 day at 37˚C and then transfected with

the tsO45VSV-G-GFP expression plasmid together

with a shiftup to 40˚C. One day later, the cultures

were shifted down to 32˚C, and the extent of VSV-G

trafficking to the cell surface was evaluated after

60 minutes. The data in Figure 2 confirm clear inhi-

bition of anterograde vesicular membrane trafficking

in MCTP-treated BPAECs (Fig. 2A, 2B) and EA.hy927

cells (Fig. 2C, 2D).

Inhibition of tsO45VSV-G-GFP trafficking on

combinatorial knockdown of STAT5a, STAT5b,

endothelial NOS (eNOS), and/or BMPR2

The VSV-G trafficking assay was used to evaluate the

effects of functional haploinsufficiency of STAT5a,

STAT5b, eNOS, and BMPR2 singly or in combina-

tion. The respective proteins were downregulated us-

ing the siRNA approach. The Western blots com-

piled in Figure 3 indicate the effectiveness of the

respective siRNAs introduced into EA.hy926 cells to

reduce levels of the indicated target proteins (range,

60%–80% reduction). The trafficking data in Figure

4A and 4B confirm the previous observation that the

combination of STAT5a/b downregulation reduced

VSV-G trafficking.19 We then investigated the effects

of combining eNOS or BMPR2 downregulation with

downregulation of STAT5a or STAT5b. The data in Fig-

ure 5A and 5B show that knockdown of endogenous

eNOS significantly enhanced the trafficking defect pro-

duced by STAT5a or STAT5b downregulation alone.

Similarly, the data in Figure 5C and 5D show that

functional haploinsufficiency of endogenous BMPR2

significantly enhanced the trafficking defect produced

by STAT5a or STAT5b downregulation alone.

Downregulation of STAT5a/b inhibited trafficking

of wt BMPR2 to the cell surface

We then investigated whether knockdown of

STAT5a/b affected the subcellular localization of

wt BMPR2. In these experiments, EA.hy926 cells

were transfected with an expression vector for Flag-

tagged wt human BMPR2 together with siRNAs for

STAT5a/b. One day later, the cells were fixed and

evaluated for the localization of the exogenously ex-

pressed BMPR2 using an anti-Flag antibody as the

probe and compared it with that of an ER marker,

RTN4 (also called Nogo-B). The data in Figure 6A
show illustrative examples of the normal localization

of wt BMPR2 at the plasma membrane (leftmost col-

umn), and the intracellular trapping of wt BMPR2 in

the ER in cells cotransfected with STAT5a/b siRNAs

(right two columns). This change in phenotype was

quantitated using a scoring scheme for plasma mem-

brane localization, partial intracellular block, and com-

plete block (Fig. 6B). The data show a dramatic shift

in the subcellular localization of wt BMPR2 away from

the plasma membrane in cells with STAT5a/b knock-

down (Fig. 6B).

Intracellular trapping of the KDF and F14 mutants

of BMPR2

The PAH-associated mutants of BMPR2 designated

KDF and F14 have been previously reported to be

trapped in intracellular locations away from the
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plasma membrane.4,39,40 The data in Figure 7A con-

firm these prior observations. The wt species is ob-

served at the cell periphery, consistent with a plasma

membrane localization. In contrast, the KDF species

has a predominantly Golgi-like localization, and F14

is localized at the Golgi but also has a diffuse pattern

consistently overlapping the RTN4 ER marker. Fig-

ure 7B recapitulates these altered distributions but

also shows the presence of BMPR2 species at the

Golgi. Intriguingly, overexpression of the wt and

Figure 2. Exposure of endothelial cells to monocrotaline pyrrole (MCTP) inhibits trafficking of the anterograde G glycoprotein of the vesicular

stomatitis virus (VSV-G)–green fluorescent protein (GFP). Replicate 35-mm cultures (3–4 per variable) of bovine pulmonary arterial endothelial

cells (BPAECs; A, B) or EA.hy926 cells (C, D) were exposed once to MCTP (groups designated M) or left untreated (groups designated C). One day

later, the cultures were transfected with the tsO45VSV-G-GFP expression vector, and the trafficking assay was carried out as indicated in the legend

for Figure 1 with a shiftdown to 32˚C for 1 hour. A and C illustrate representative cell images in the different control and experimental groups, and

B and D summarize the respective quantitation, with the mean surface/total GFP value in the untreated control (C) group at 1 hour after shiftdown

taken as 100%. Data are expressed in terms of single cells enumerated (mean ± SE using the indicated n). Asterisks indicate P < 0:05 compared

with the control (1-hour) group. Scale bars = 10 μm. mAb: monoclonal antibody.
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KDF mutants led to a more compact Golgi appara-

tus (Fig. 7B, arrows).
We then investigated whether overexpression of

wt, KDF, or F14 BMPR2 species affected membrane

trafficking in trans, that is, of other molecules that

also should reach the cell surface. Figure 8A and 8B
summarize data showing the modest but significant

inhibitory effect of overexpression of these mutant

BMPR2 species in the tsO45VSV-G-GFP trafficking

assay. Thus, under the conditions of this experiment,

the intracellular trapping of the KDF and F14 mu-

tants of BMPR2 (Fig. 7A) also inhibited the traffick-

ing of another unrelated integral membrane protein

(VSV-G in this assay) through the ER/Golgi anter-

ograde pathway to the cell surface in a dominant-

negative manner (Fig. 8A). The combination of trans-

fecting vectors for the wt, KDF, or F14 BMPR2 spe-

cies together with STAT5a siRNA knockdown did

not further inhibit VSV-G trafficking from that pro-

duced by STAT5a siRNA alone (data not shown).

Effect of E2 on the subcellular localization

of wt BMPR2

In light of recent reports highlighting the effects of

E2 on plasma membrane and ER functions in a

nongenomic manner28-32 and the known responsive-

ness of STAT5a/b proteins to E2,23 we investigated

whether exposure of endothelial cells to E2 with or

without additional knockdown of STAT5a/b might

affect the subcellular localization of wt BMPR2. The

data in Figure 9A and 9B first confirm the effect of

STAT5a/b knockdown in causing increased intracel-

lular trapping of wt BMPR2. Second, these data show

that E2 alone also caused increased intracellular trap-

Figure 3. Western blot analyses showing the knockdown of signal transducer and activator of transcription 5a (STAT5a), STAT5b, endothelial

nitric oxide synthase (eNOS), and bone morphogenetic protein receptor type 2 (BMPR2) using respective small interfering RNAs (siRNAs). EA.hy926

cells were transfected with the respective siRNA preparations as indicated or with the scrambled control siRNA (Scr), and whole-cell extracts were

prepared 2 days later. Western blots, prepared using matched protein amounts in each panel, were probed for the indicated protein and for

β-actin. In D, the lane designated “STAT5a/b” represents a cell extract from a culture transfected with both STAT5a and STAT5b siRNAs. In E,
“*BMPR2” represents a duplicate experiment from the one shown as “BMPR2”; the actin lanes in E correspond to lanes marked “BMPR2.”
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ping of wt BMPR2. Third, E2 plus STAT5a/b knock-

down was more effective in causing intracellular trap-

ping of wt BMPR2 (Fig. 9B).
While E2 has been shown to affect STAT5 tran-

scriptional function23 and the estrogen receptor has

been shown to bind to STAT5 species,23 the effect of

longer-term exposure (24 hours) of cells to E2 or the re-

lated compound 2-ME on the expression of STAT5a/b

and onmembrane trafficking is not known. TheWest-

ern blotting data in Figure 10A and 10B show that E2

and 2-ME exposure for 24 hours led to a selective re-

duction in the expression of STAT5a but not STAT5b.

The data in Figure 10C and 10D show that this was

accompanied by reduced VSV-G membrane traffick-

ing, consistent with the data in Fig. 10A and 10B show-

ing the inhibitory effect of E2 on plasma membrane

localization of wt BMPR2.

Rescue of intracellular trapping of the KDF mutant

by probenecid

Probenecid is in clinical use as a uricosuric agent

in patients with nephritis due to mutations in the

Tamm-Horsfall glycoprotein (THG).41 This drug re-

stored trafficking of the mutant THG protein species

to the plasma membrane.41 We investigated whether

probenecidmight have a similar effect on BMPR2mu-

tants and compared it with the known chemical chap-

erone effect of 4-phenylbutyrate (4PBA).40 The data in

Figure 11A and 11B show that probenecid improved

the plasma membrane localization of the KDF mu-

tant of BMPR2 to an extent similar to or better than

that of 4PBA. This effect was mutant specific in that

probenecid did not have a significant effect on the

intracellular localization of the F14 mutant (data not

shown).

DISCUSSION

The mechanisms that modulate the cell-surface resi-

dence and function of the BMPR2 receptor chain

has attracted attention because of extensive genetic

evidence implicating mutations in and haploinsuffi-

ciency of BMPR2 in the pathogenesis of PAH.1-4 Al-

though such BMPR2 mutations have been geneti-

cally characterized as autosomal dominant, there is

low penetrance (only 10%–15%), a delayed onset (me-

dian age, third decade in women and fourth decade

Figure 4. Inhibition of anterograde trafficking of the G glycoprotein of the vesicular stomatitis virus (VSV-G) by the combined knockdown of

signal transducer and activator of transcription 5a (STAT5a) and STAT5b. Replicate cultures of EA.hy926 cells in individual 35-mm plates were

cotransfected with the tsO45VSV-G-GFP expression plasmid and the various small interfering RNAs (siRNAs) as indicated. Five hours later, the

cells were shifted up to the nonpermissive temperature (40˚C). After overnight incubation (16–18 hours), the cells were shifted down to 32˚C for

1 hour, and the extent of VSV-G–green fluorescent protein (GFP) trafficking to the cell surface was quantitated as characterized in Figures 1 and 2.

A illustrates representative cell images in the control group and in the experimental group, which received both STAT5a/b siRNAs. B summarizes

the respective quantitation, with the mean surface/total GFP value in the untreated control (Scr) group at 1 hour after shiftdown taken as 100%.

Data are expressed in terms of single cells enumerated (mean ± standard error using the indicated n). The asterisk indicates P < 0:05 compared

with the control (1-hour) group. Scale bar = 10 μm. mAb: monoclonal antibody.
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in men), and a gender bias (two- to fourfold higher

incidence in women than in men) in development of

the overt disease. Thus, there has been a search for

candidate second-hit modalities that might trigger

reduced BMPR2 function and disease development.

The present investigation sought to identify potential

second-hit modalities that might combinatorially in-

hibit anterograde intracellular membrane trafficking

and thus reduce delivery of BMPR2 to the cell sur-

face. Using the quantitative tsO45VSV-G-GFP traffick-

ing assay, the combinatorial knockdown of STAT5a,

STAT5b, BMPR2, and/or eNOS as well as exposure

Figure 5. Combinatorial knock-

downs of endothelial nitric oxide syn-

thase (eNOS)orbonemorphogeneticpro-

tein receptor type 2 (BMPR2) together

with that of either signal transducer and

activator of transcription 5a (STAT5a) or

STAT5b inhibited anterograde traffick-

ing of the G glycoprotein of the vesicu-

lar stomatitis virus (VSV-G). Replicate

cultures of EA.hy926 cells in 35-mm

plates were cotransfected with the indi-

cated small interfering RNAs (siRNAs)

together with the VSV-G–green fluorescent

protein (GFP) expression construct, and

the extent of anterograde VSV-G traffick-

ing to the cell surface was assayed 1 day

later as indicated in the legend for Fig-

ure 4. A and C summarize the respective

quantitation with the mean surface/total

GFP value in the untreated control (Scr)

group at 1 hour after shiftdown taken as

100%. Data are expressed in terms of

single cells enumerated (mean ± stan-

dard error using the indicated n). B and

C show illustrative examples of the

single-cell trafficking images. Scale bar =

10 μm. Asterisks indicate P < 0:05 com-

pared with the control group, and pound

signs indicate P < 0:05 compared with

the STAT5a-alone group.
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to E2 or 2-ME were observed to significantly inhibit

anterograde trafficking. These combinations also led

to intracellular trapping of wt Flag-tagged BMPR2.

The PAH disease–derived F14 and KDF mutants of

Flag-tagged BMPR2, which were previously known to

be trapped in the ER/Golgi, also inhibited VSV-G

trafficking in trans, providing a mechanism for such

mutants to alter the global cell-surface landscape of

vascular cells. Impressively, probenecid, a drug in clin-

ical use today as a uricosuric agent, restored traffick-

ing of the KDF but not the F14mutant of BMPR2.

The quantitative anterograde trafficking assay34,35

involving expression of the integral membrane pro-

tein tsO45VSV-G-GFP for 1 day at the nonpermis-

sive temperature (40˚C) using an exogenous expres-

sion vector (VSV-G remains trapped in the ER under

these conditions), followed by studies of the synchro-

nous trafficking of VSV-G from ER to Golgi to plasma

membrane on shiftdown to the permissive temper-

ature (32˚C), was adapted to human endothelial cells

(EA.hy926 cells). These cells withstand overnight cul-

ture at the nonpermissive temperature. The strength

of this assay is the availability of a mAb (clone I1,

stock 8G5F11)33 that reacts with an epitope on VSV-G

that is intraluminal in the ER/Golgi but is exposed

external to the cell when this protein is on the cell

surface. Thus, the 8G5 mAb reactivity (10 minutes)

of intact live VSV-G-expressing cells kept at 4˚C,
followed by washing in the cold, fixation, and display

using Alexa Fluor 594–tagged secondary antibody

(in red), provided quantitative evaluation of the rela-

tive fraction of VSV-G molecules at the cell surface

when expressed as a ratio of the total GFP green

fluorescence in the same cell. This quantitative assay

Figure 6. Double knockdown of signal transducer and activator of transcription 5a (STAT5a) and STAT5b inhibited trafficking of wild-type

(wt) Flag–bone morphogenetic protein receptor type 2 (BMPR2) to the cell surface. Replicate cultures of EA.hy926 cells in 35-mm plates were

cotransfected with the indicated small interfering RNAs (siRNAs; either scrambled or a combination of STAT5a/b) together with the wt Flag-

BMPR2 expression construct at 37˚C. One day later, the cultures were fixed, permeabilized using 0.1% Triton X-100, and probed for the sub-

cellular localization of BMPR2 (“Flag”) and the endoplasmic reticulum (ER) marker reticulon 4 (RTN4, also called Nogo-B). Cells showing

predominantly cell-surface localization (as in A, leftmost column), a partial trafficking block (as in A, middle row), or a complete block in traf-

ficking (as in A, rightmost column) were enumerated. Scale bar = 10 μm. B summarizes the distribution histogram of the different phenotypic

classes derived from 3 replicate cultures (mean ± standard error; n = total number of cells scored). The asterisk indicates P < 0:05 using multi-

group analysis of variance in comparison with the control (Scr) histogram.
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Figure 7. Pulmonary arterial hypertension disease–derived mutants KDF and F14 of bone morphogenetic protein receptor type 2 (BMPR2) were

mislocalized away from the plasma membrane and did not fragment the Golgi apparatus. A, B, EA.hy926 cells were transfected with expression

vectors for Flag-tagged wild-type (wt), KDF, or F14 species of human BMPR2, and their subcellular localization was investigated. A and B illustrate

representative images of the respective Flag-tagged BMPR2 species in comparison with a marker for the endoplasmic reticulum (ER; A; reticulon
4 [RTN4], also called Nogo-B) or Golgi apparatus (B; the tether GM130). Scale bar = 10 μm. (The wt species is predominantly at the cell surface,

KDF in the Golgi with some in the ER, and F14 mainly trapped in the ER/Golgi.) Arrows in B show the more compact Golgi apparatus in Flag-

BMPR2-expressing cells; arrowheads show the less compact Golgi in untransfected cells. C summarizes the area of the Golgi apparatus in re-

spective Flag-positive cells compared with that in untransfected Flag-negative cells, derived using ImageJ software. Asterisks indicate P < 0:05 in

comparison with Flag-negative cells. n = number of cells enumerated.



has been extensively used in studies of the detailed

molecular cell biology of anterograde vesicular traf-

ficking by numerous previous investigators.35

In previous studies,10,36 we reported that expo-

sure of PAECs to MCTP in cell culture led to the

development of a dramatic megalocytosis pheno-

type, which included marked increase in cell size, en-

largement of the Golgi apparatus, and the trapping

in the Golgi of proteins that mediate vesicular traffick-

ing (themultitude of tethers, solubleN-ethylmaleimide-

sensitive attachment proteins [SNAPs], and their re-

ceptors [SNAREs] that mediate vesicular membrane

fusion) as well as trapping in the Golgi of cargo pro-

teins, such as eNOS and caveolin 1. We surmised

that this phenotype would include an inhibition of

anterograde membrane trafficking.10,36 Thus, as part

of the process of validating the tsO45VSV-G-GFP as-

say, the effect of exposing endothelial cells to MCTP

on anterograde trafficking was investigated. The data

obtained confirm that BPAECs and EA.hy926 cells

exposed to MCTP show a marked reduction in antero-

grade vesicular transit of the VSV-G integral mem-

brane protein to the plasma membrane.

A focus of the present experiments was to investi-

gate whether functional haploinsufficieny of BMPR2

(such as using siRNA knockdown) or expression of

PAH-associated BMPR2 mutants might affect anter-

ograde trafficking of other membrane or cell-surface

proteins in trans. The quantitative VSV-G trafficking

assay was selected for these experiments. For com-

parison, we included other candidate second-hit mo-

dalities, such as functional haploinsufficiencies of

eNOS, STAT5a, and STAT5b (using siRNA knock-

downs) as well as exposure to E2 or 2-ME singly or

Figure 8. Pulmonary arterial hypertension disease–derived mutants KDF and F14 of bone morphogenetic protein receptor type 2 (BMPR2)

inhibited trafficking of the G glycoprotein of the vesicular stomatitis virus (VSV-G) in trans. EA.hy926 cells were transfected with expression

vectors for Flag-tagged wild-type (wt), KDF, or F14 species of human BMPR2 together with the tsO45VSV-G-GFP expression vector, and the

extent of anterograde VSV-G trafficking to the cell surface was assayed 1 day later, as indicated in the legend for Figure 4. A summarizes the

respective quantitation, with the mean surface/total green fluorescent protein (GFP) value at 1 hour after shiftdown in the group transfected with

the wt BMPR2 expression vector taken as 100%. Data are expressed in terms of single cells enumerated (mean ± standard error using the indicated

n). Asterisks indicate P < 0:05 compared with the wt group. B illustrates representative images at the single-cell level. Scale bar = 10 μm.
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in combination. The data obtained show that combi-

natorial reduction of STAT5a or STAT5b together

with reduction of either BMPR2 or eNOS inhibited

VSV-G trafficking. Moreover, exposure of endothe-

lial cells to E2 or 2-ME also inhibited VSV-G move-

ment to the cell surface. Importantly, overexpression

of the F14 and KDF mutants of BMPR2 also inhib-

ited VSV-G trafficking in trans. That this inhibitory

effect on anterograde trafficking was evident on intro-

duction of these mutants into endothelial cells con-

taining endogenous wt BMPR2 suggests that these

mutants have a dominant-negative phenotype on traf-

ficking. However, in contrast to MCTP or nitric oxide

scavenging, which caused enlargement and fragmen-

tation of the structure of the Golgi apparatus,10,36,38

overexpression of the F14 or KDF mutant did not

cause Golgi enlargement and/or fragmentation—the

effect, if anything, was to make the Golgi more com-

pact. However, anterograde trafficking was reduced.

Overall, these experiments helped identify PAH-

relevant candidate second-hit modalities that could

inhibit transit of membrane proteins to the cell sur-

face when affected in a combinatorial manner.

These candidate modalities were investigated for

their effects on the cell-surface residence of BMPR2

using a semiquantitative immunofluorescence as-

say with the exogenously expressed Flag-tagged re-

ceptor. The combination of STAT5a and STAT5b

knockdown markedly inhibited appearance of wt

Flag-BMPR2 at the cell surface, as did exposure to E2.

Both E2 and 2-ME selectively reduced protein levels

of STAT5a but not STAT5b, concomitant with their

inhibitory effects on VSV-G trafficking and reduced

appearance of wt Flag-BMPR2 at the cell surface.

These data provide a glimpse of potential combina-

torial inhibitory interactions between the STAT5a/b

knockdown and the effects of estrogens on intracel-

lular membrane trafficking. The data also raise the

possibility that the reduction in trafficking after E2

exposure might be secondary to a reduction in STAT5a.

Whether there is in fact a reduction of STAT5a or

STAT5b in cells in lesions of human PAH in a gender-

specificmanner remains to be investigated.

Moreover, as proof of principle, we discovered that

probenecid could restore delivery of the KDF mutant

of BMPR2, but not the F14 mutant, to the cell sur-

Figure 9. Estradiol 17β (E2) alone and in combination with signal transducer and activator of transcription 5a/b (STAT5a/b) knockdown

inhibited the extent of cell-surface localization of wild-type (wt) Flag–bone morphogenetic protein receptor type 2 (BMPR2). Replicate cultures of

EA.hy926 cells in 35-mm plates were cotransfected with the indicated small interfering RNAs (siRNAs; either scrambled or a combination of

STAT5a/b) together with wt Flag-BMPR2 expression construct and then kept in the presence or absence of E2 (10 ng/mL) for 1 day. The cultures

were fixed, permeabilized using 0.1% Triton X-100, and probed for the subcellular localization of BMPR2 using the anti-Flag antibody. A illustrates

representative images (scale bar = 10 μm), and B shows histograms of the phenotypic characterization of the localization of BMPR2 as defined in

the legend for Figure 6. Asterisks indicate P < 0:05 using a multigroup analysis of variance in comparison with the control (Scr) histogram, the “a”

indicates P < 0:05 in comparison with the STAT5a/b histogram, and the circle indicates P < 0:05 in comparison with the E2 + Scr histogram. A

color version of this figure is available online.
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face. Probenecid, a uricosuric agent in clinical use

today, has been shown to restore the anterograde

trafficking of mutant species of THG that remain

trapped within renal epithelial cells.41 This drug

helps mediate proper folding of mutant THG species

and thus their delivery to the cell surface; however,

the effect is mutation specific. In a similar manner,

the compound kalydeco has been shown recently

(and approved by the Food and Drug Administration)

to restore trafficking of the G551D mutant of the

cystic fibrosis receptor (CFTR), but it does not have a

similar restorative effect on other CFTR mutants.42

Probenecid had a restorative effect on the cell-surface

trafficking of the KDF mutant but not the F14 mu-

tant. Sobolewski et al.40 have shown that 4PBA could

partially restore trafficking of the F14 mutant of

BMPR2 to the cell surface in HeLa cells. In our hands,

we can confirm the restorative effect of 4PBA on the

KDF and the F14 (data not shown) mutants.

The estrogen paradox

Recent discussions of the estrogen paradox17,18,43-45

have continued to point out that E2 reduces PAH

in many experimental models of PAH. In contrast,

human IPAH and FPAH is two to fourfold more

prevalent in postpubertal females.1-4,6 In addition,

as has been pointed out by Das et al.,46 the natural

history of the human disease has a prolonged lead

time (a delayed onset) and a low penetrance in con-

trast to various animal models in which the disease

Figure 10. Estradiol 17β (E2) and 2-methoxyestradiol (2-ME) decreased signal transducer and activator of transcription 5a (STAT5a) but not

STAT5b protein levels and inhibited trafficking of the G glycoprotein of the vesicular stomatitis virus (VSV-G)–green fluorescent protein (GFP). A,
B, Cultures of EA.hy926 cells in triplicate were exposed to E2 (10 ng/mL) or 2-ME (1.5 ng/mL) or were kept untreated (control) for 24 hours, and

respective whole-cell extracts were prepared and assayed for STAT5a, STAT5b, and β-actin by Western blotting. Asterisks indicate P < 0:05
compared with the control group (n ¼ 3 independent cultures). C, D, Cultures of EA.hy926 cells transfected with an expression vector for

tsO45VSV-G-GFP were exposed to E2 (5 ng/mL) or 2-ME (1.5 ng/mL), and VSV-G trafficking to the cell surface was evaluated as in the legend for

Figure 4. C shows representative images from the trafficking assay at the single-cell level (scale bar = 10 μm), and D summarizes the overall

quantitation. Asterisks indicate P < 0:05 compared with the control group (n = number of cells evaluated).
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develops over a period of several weeks. Various

investigators have puzzled over this paradox in the

development of the human disease in terms of the

effects of E2 at the whole-cell (increased prolifera-

tion of smooth muscle cells) or tissue (altered vas-

cular tone) levels.17,18,43-45 However, to date there

has been no consideration of the effects of E2 on

subcellular mechanisms, for example, in terms of

the newly discovered effects of this hormone on in-

tracellular trafficking leading to alterations in the in-

tracellular localization of cell-surface receptors, such

as that for the dopamine transporter.28-32 The present

data suggest a need for consideration of the effects of

E2 regarding STAT5a levels and the cell-surface lo-

calization of BMPR2.

Limitations

A limitation of the present study is the use of the

EA.hy926 cell line in the trafficking assays. This fac-

tor VIII–positive endothelial cell line was originally

derived by the fusion of human umbilical vein endo-

thelial cells with human lung carcinoma A549 cells

and is continuously grown in selection medium con-

taining hypoxanthine, aminopterin, and thymidine

(HAT).37 The cells remain factor VIII positive. Im-

portantly, these cells withstand overnight incubation

at 40˚C and thus can be used as cell substrates for

the quantitative tsO45VSV-G-GFP trafficking assay.

Primary HPAECs and HPASMCs did not withstand

incubation at the nonpermissive temperature. A fur-

ther advantage of EA.hy926 cells became apparent

when we compared subcellular localization of exoge-

nously expressed wt Flag-tagged BMPR2 in these

cells with that in HPAECs (with both cell types kept

at 37˚C). Among EA.hy926 cells, most transfected

cells displayed the bulk of the wt Flag-BMPR2 at the

cell surface within 1 day of transfection of the expres-

sion vector. In contrast, significant intracellularly local-

ized wt Flag-BMPR2 was observed in HPAECs 1 day

after transfection of the expression vector. These ob-

servations account for our selection of EA.hy926 hu-

man endothelial cells for the present experiments.

Figure 11. Probenecid rescues the intracellular trapping of the KDF mutant of bone morphogenetic protein receptor type 2 (BMPR2). EA.hy926

cells were transfected with Flag-tagged wild-type (wt) or the KDF species of BMPR2 and then, beginning 5 hours later, exposed to either probenecid

(PB; 2 mM) or 4-phenylbutyrate (4PBA; 5 mM) or left untreated. One day later, the subcellular localization of the respective BMPR2 species was

evaluated using anti-Flag antibody. A illustrates some of the representative imaging data (scale bar = 10 μm). B presents histograms of the phe-

notypic distribution of BMPR2 species in single cells (n = number of cells enumerated) under each experimental condition using the method de-

scribed in the legend for Figure 6. Asterisks indicate indicates P < 0:05 for the KDF distributions in treated cultures using a multigroup analysis of

variance in comparison with that derived from the untreated culture.
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However, at this time we recognize the limitation that

the extent to which the present data might be extrapo-

lated to primary human pulmonary arterial vascular

cells (endothelial and smooth muscle) in cell culture

and in vivo remains open. Additionally, the question

of whether delivery (or lack thereof ) of the wt BMPR2

receptor to the cell surface due to trafficking defects

by second-hit modalities causes commensurate func-

tional defects in terms of signaling and transcrip-

tional responses mediated by this receptor awaits in-

vestigation. Similarly, whether probenecid-mediated

rescue of the cell-surface delivery of the KDF mutant

translates into functional improvement at the single-

cell or tissue level awaits exploration.

Conclusion

Overall, the present data identify several potential

second-hit modalities that might be relevant in the

pathogenesis of PAH in terms of their combinatorial

inhibitory effects on intracellular anterograde mem-

brane trafficking and thus the correct cell-surface de-

livery and residence of BMPR2 species. Moreover, al-

terations in anterograde membrane trafficking can

be expected to cause changes not just of BMPR2 resi-

dence at the cell surface but of the cell-surface land-

scape globally, affecting multiple different vasorele-

vant receptors and signaling pathways.
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