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The transforming growth factor-beta (TGF-�) superfamily is
one of themost diversified cell signaling pathways and regulates
many physiological and pathological processes. Recently, neu-
ropilin-1 (NRP-1) was reported to bind and activate the latent
form of TGF-�1 (LAP-TGF-�1). We investigated the role of
NRP-1 on Smad signaling in stromal fibroblasts upon TGF-�
stimulation. Elimination of NRP-1 in stromal fibroblast cell
lines increases Smad1/5 phosphorylation and downstream
responses as evidenced by up-regulation of inhibitor of differ-
entiation (Id-1). Conversely, NRP-1 loss decreases Smad2/3
phosphorylation and its responses as shownby down-regulation
of �-smooth muscle actin (�-SMA) and also cells exhibit more
quiescent phenotypes and growth arrest. Moreover, we also
observed that NRP-1 expression is increased during the culture
activation of hepatic stellate cells (HSCs), a liver resident fibro-
blast. Taken together, our data suggest that NRP-1 functions as
a key determinant of the diverse responses downstream of
TGF-�1 that are mediated by distinct Smad proteins and pro-
motes myofibroblast phenotype.

NRP-1 was initially discovered as a semaphorin co-receptor
and vascular permeability factor/vascular endothelial growth
factor (VPF2/VEGF) co-receptor (1, 2). Recently, NRP-1 was
shown to bind and activate latency-associated protein (LAP)-
TGF-�1 and enhance regulatory T cell (Treg) activity (3). The
extracellular domain ofNRP-1 contains three structuralmotifs:
two cubilin (CUB) homology domains (a1, a2), two coagulation
factor V/VIII homology domains (b1, b2), and a meprin/A5-
protein/PTPmu (MAM) domain (c) (4). The relatively short
(about 40 amino acids) cytoplasmic domain lacks kinasemotifs.
Interestingly, NRP-1 has a similar intracellular domain as
TGF-� receptor III (TGF-�RIII/�-glycan), and its homolog
endoglin, with the PSD-95/Disc-large/ZO-1 (PDZ) binding

motif (supplemental Fig. S1). Therefore, we hypothesize that
NRP-1 may also serve as a TGF-� co-receptor that regulates
TGF-� signaling.
TGF-� is one member of a superfamily of secreted proteins,

which also includes activins and bone morphogenetic proteins
(BMPs). TGF-� signaling is one of the most diversified signal-
ing cascades, controlling many aspects of cell behavior, includ-
ing cell division, differentiation, motility, and death. TGF-�
receptors include type I (T�RI), type II (T�RII), and type III
(T�RIII). T�RI and T�RII, which are serine/threonine kinase
receptors, constitute a hetertetrameric core receptor complex,
and T�RIII modulates signaling by regulating ligand binding to
the core receptor complex. There are at least seven T�RIs
(activin receptor-like kinase 1–7, ALK1–7), five T�RIIs (TGF-
�RII, ActRIIA, ActRIIB, AMHRII, and BMPRII), and two
T�RIIIs (�-glycan and endoglin). ALK-2, ALK3, ALK4, ALK5,
and ALK6 are also known as ActR-I, BMPR-IA, ActR-IB, TGF-
�RI, and BMPR-IB, respectively (5).

Upon TGF-� binding, T�RII activates and phosphorylates
the T�RI, which then phosphorylates the receptor-regulated
Smad (R-Smad) proteins (including Smad1, 2, 3, 5, and 8). Sub-
sequently, the phosphorylated R-Smad protein forms a hetero-
meric complex with the co-Smad (Smad4) and translocates to
the nucleus to regulate the target gene transcription (6–9). In
addition to this canonical Smad pathway, TGF-� also activates
Smad-independent signaling transduction pathways in a cell-
type-specific manner, including Rho-ROCK1, Cdc42/Rac1-
p21-activated kinase-2 (PAK2), c-Abl, and the mammalian tar-
gets of rapamycin (mTOR), JNK, and p38 MAPK (10). There
are also R-Smad-dependent, but Smad4-independent pathways
that mediate TGF-� signaling (11–13). The effects of TGF-�
are highly dependent on cell type. For example, TGF-� inhibits
epithelial cell proliferation but increases endothelial cell prolif-
eration. As TGF-� signaling is transduced from the cell mem-
brane, receptor expression levels and combinations on each cell
type contribute to the outcome.
Initially, TGF-� was believed to activate only Smad2/3

through ALK5. Some cells, like endothelial cells, sequentially
express ALK1 and ALK5, active Smad1/5/8, and Smad2/3,
upon TGF-� binding. Recently, TGF-� was shown can active
Smad1/5/8 and Smad2/3 in several types of cell including non-
cancerous epithelial cells, fibroblasts and cancer cells (14–16).
Activated Smad1/5/8 and Smad2/3 have different, and occa-
sionally opposite, functions. The mechanisms that regulate the
diversity of responses downstream from TGF-� are unknown.
Here, we report that NRP-1 can promote divergent signaling
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that leads to differential Smad1/5 and Smad2/3 activation and
downstream myofibroblast phenotypes. Hence, NRP-1 can
control Smad1/5 and Smad2/3 signaling counterbalances and
regulates diversified TGF-� signaling.

EXPERIMENTAL PROCEDURES

Cell Culture—LX2 cells, pancreatic tumor stromal cells
(PSCs), wild-type MEFs, and NRP-1�/� MEFs (17) were cul-
tured inDulbecco’smodified Eaglemedium (DMEM), 10% fetal
bovine serum (FBS), and 1%penicillin/streptomycin. Cells were
serum-starved for 16 h before TGF-� and BMPS treatment.
Primary Stellate Cell Immortalization—To immortalize

human pancreatic stellate cells from pancreatic tumor (pancre-
atic tumor stromal cells, PSCs), primary cells were incubated
with amphotropic retrovirus containing SV40 large T antigen
(kind gift from Dr. Mulligan at MIT) for 24 h under culture
conditions. Media and virus were replenished 3–5 times to
ensure viral uptake and gene incorporation. Heterogeneous
populations of immortalized stellate cells were serially diluted
and plated as single cells per well to establish clones. Immortal-
ized stellate cells were frozen in cryoprotectant media contain-
ing 45% complete media, 50% FBS and 5% DMSO. We subse-
quently, characterized these cells by the presence of established
markers. For this purpose, total RNA was extracted from cells
according to the manufacturer’s instructions using an RNeasy
kit (Qiagen) with on-column DNase digestion (Qiagen). RNA
(2 �g) was converted to cDNA using an oligo (dT) primer and
SuperScriptTM III First-Strand Synthesis System for RT-PCR
(Invitrogen) as per the manufacturer’s protocol. Stellate spe-
cific markers primers were designed and PCR performed using
Platinum TaqDNA Polymerase (Invitrogen). Cycle conditions
were as follows: 30 cycles of 94 °C for 30 s, 55 °C for 30 s, 72 °C
for 1 min. Positive bands were visualized on 1.5% agarose with
ethidium bromide.
Antibodies and Other Reagents—NRP-1, Id-1, T�RII, and

�-actin were from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA); Smad2, Smad5, p-Smad1/5, p-Smad2, p-Smad3 were pur-
chased from Cell Signaling Technology, Inc. (Danvers, MA);
�-SMA was from Millipore (Billerica, MA); collagen I antibody
was from Rockland Immunochemicals, Inc. (Gilbertsville, PA);
PAI were fromNovus Bio. (Littleton, CO) TGF-�1 was from Bio-
legend (San Diego, CA); BMP9 was from R&D Systems (Minne-
apolis, MN); BMP2 and BMP4 were from Senway Biotech (San
Diego,CA)ALK5 inhibitors SB431542 andALK5 inhibitors (2-(3-
(6-methylpyridine-2-yl)-1H-pyrazol-4-yl)-1,5-naphthyridine)
were from Stemgent (Cambridge, MA).
siRNA and shRNA Transfection—siRNA for human NRP-1,

T�RII, and control were from Qiagen, Inc. (Valencia, CA).
siRNA transfection was performed by Hiperfect (Qiagen)
following the manufacturer’s instructions. shRNA for human
NRP-1 and controls were from Open Biosystems (Huntsville,
AL) and were prepared as previously described (18). The
sequences of siRNA and shRNA are listed in supplemental
materials and methods.
RNA Isolation and PCR—Total RNAs were extracted using

the RNeasy Mini Kit (Qiagen) and reverse-transcribed by oligo
(dT) priming using the iScript cDNA Synthesis kit following
the manufacturer’s instructions (Bio-Rad). Semiquantitative

real-time PCR analyses were performed using the ABI 7500
Fast Real-Time PCR System (Applied Biosystems, Foster
City, CA) and SYBR Green PCR Master Mix (Applied Bio-
sciences). The primer sequences used are listed in supple-
mental materials and methods.
Immunocytochemistry Staining—Cells grew on glass cover-

slips overnight and were washed three times with phosphate-
buffered saline (PBS), then fixed with 4% paraformaldehyde (in
PBS) for 10 min at room temperature. The excess paraformal-
dehyde was quenched by incubating in 50 mM NH4Cl for 10
min. The cell membrane was permeabalized with 0.2% saponin
for 10 min. 3% bovine serum albumin (BSA)/PBS was used for
blocking for 10min at room temperature, and then incubated in
primary antibody (1:200) overnight at 4 °C. Secondary antibody
was added for 1 h at room temperature in the dark. The cover-
slip was mounted with mount medium with 4�,6-diamidino-2-
phenylindole (DAPI) and photographed using a Zeiss confocal
laser scanning microscopy.
Preparation ofWhole Cell Extracts—Cells were washed twice

with cold PBS, lysedwith ice-coldRIPA lysis buffer (50mMTris,
pH 7.5, 1% Nonidet P-40, 150 mM NaCl, 0.5% sodium deoxy-
cholate, 0.1% SDS) with 1% proteinase inhibitor cocktails (PIC;
Sigma-Aldrich), and 1% Halt phosphatase inhibitor mixture
(Pierce), incubated on ice for 30 min and centrifuged at 14,000
rpm at 4 °C for 10 min. Supernatant was collected, and protein
concentration was measured by Bradford method (Bio-Rad
Protein assay).
Western Blot—Proteins were denatured by adding 6� Lae-

mmli SDS sample buffer and heating for 4 min. Equal amounts
of total protein per lane were subjected to SDS gel electro-
phoresis followed by wet transfer of the protein to polyvinyli-
dene fluoride (PVDF) membrane. The membrane was blocked
by incubation in TBS-T buffer (50 mM Tris-HCl, pH 7.4, 150
mM NaCl, and 0.05% Tween 20) containing 5% nonfat milk or
BSA. The primary antibody was diluted in TBS-T containing
5% nonfat milk or BSA overnight at 4 °C, and horseradish
peroxidase (HRP)-conjugated secondary antibody (Santa
Cruz Biotechnology) was diluted in TBS-T and incubated for
1 h at room temperature. Immunodetection was performed
with the SuperSignal West Pico Substrate (Thermo Scien-
tific, Rockford, IL).
Immunoprecipitation Assays—500 �g of cell lysate, 1 or 2 �g

of antibody, and 50�l of protein A/G-coupled Sepharose beads
were added to the tube at 4 °C overnight under agitation. Beads
were washed in RIPA buffer three times, and 2� loading
buffer was added to the beads. Mixtures were boiled at 95 to
100 °C for 4 min, and then centrifuged. The supernatant was
retained for Western blotting.
Cell Proliferation Assay—LX2 (1 � 104) was seeded in

24-well plates, subjected to the siRNA treatment, and cultured
for 2 days in DMEM plus 10% FBS. 1 �Ci of [3H]thymidine was
added to each well, and, 4 h later, cells were washed with cold
PBS, fixed with 100% cold methanol, and collected for the
measurement of trichloroacetic acid-precipitable radioactivity.
Apoptosis Assay—Cell apoptosis assay was done using the

Annexin V-FITC Apoptosis kit (BioVision; Mountain View,
CA). Briefly, cells were detached using 0.5 mM EDTA in PBS.
After PBS washing, cells were resuspended in 500 �l of 1�
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binding buffer. 5 �l of Annexin V-FITC, and 5 �l of propidium
iodide (PI) were added and incubated at room temperature for
5 min in the dark. Samples were subjected to flow cytometry
analysis.
Luciferase Reporter Assay—Luc-Id1 (obtained from Dr.

Vivek Mittal, Weill Cornell Medical College), Luc-ARE and
FAST-1, Luc-SBE were used. Briefly, 5 � 103 cells per well in a
96-well plate were transfected with siRNA in complete media.
After 24 h, cells were serum-starved overnight, then transfected
with 0.05�g/well luciferase reporter plasmid and a 0.01�g/well
pRL-TK Renilla luciferase vector as the internal control. One
hour after transfection, TGF-� was added for 20–24 h. Firefly
luciferase andRenilla luciferase activitieswere performedusing
the Dual-Luciferase Reporter Assay system (Promega, Madi-
son, WI) and measured in a LB960 microplate luminometer.
Data were expressed as the mean standard deviations of tripli-
cate values.
Construction of the NRP-1 Expression Vector—NRP-1 cDNA

in pcDNA3.1 plasmid was obtained from Dr. Shay Soker. The
NRP-1 gene was subcloned into the pMMp retroviral vector.
Virus preparation and infection were done as previously
described (19).

RESULTS

NRP-1 Controls TGF-�-induced Smad1/5 and Smad2/3 Sig-
naling Balance—NRP-1 was shown to activate LAP-TGF-�1
(3). However, NRP-1 binds not only the LAP-TGF-�1, but also
the active TGF-�1, indicating that NRP-1 has a role in active
TGF-�1-mediated signaling (3). Hence, we hypothesized that
NRP-1 might influence TGF-�-mediated signaling and down-
stream Smad phosphorylation. To this end, we utilized LX2 (a
hepatic stellate cell line) cells, PSC, and MEF and determined
the TGF-�-induced Smad activation in those cells. To charac-
terize our model we first examined Smad phosphorylation
downstream of TGF-� stimulation in our cell models. TGF-�
stimulation led to a concentration-dependent Smad1/5 (Ser-
463/465 for both Smad1 and Smad5) as well as Smad2/3 (Ser-
465/467 for Smad2 and Ser-423/425 for Smad3) phosphoryla-
tion in each of the cell lineswe studied: LX2, PSC, andMEF cells
(Fig. 1).

Based on the finding that NRP-1 binds TGF-�1, we hypoth-
esized that ablation of NRP-1 could globally reduce Smad acti-
vation. Surprisingly, siRNA-mediated knockdown of NRP-1 in
LX2 and PSC, and NRP-1 knock-out (NRP-1�/�) in MEF
resulted in the enhanced phosphorylation of Smad1/5, while
phosphorylation of Smad2/3 was impaired (Fig. 2A). NRP-1
overexpression in theNRP-1�/�MEF reversed the Smad phos-
phorylation responses in the present of TGF-�, as suppression
of Smad1/5 phosphorylation and elevation of Smad2/3 phos-
phorylation (Fig. 2B). Consistentwith these results, knockdown
of NRP-1 enhanced Id-1-Luc promoter (a Smad1 reporter that
contains BMP binding elements (20)) activity and down-regu-
lated activin response elements (ARE-Luc, a Smad2/4-specific
reporter). Smad-binding elements (SBE-Luc), a Smad3 respon-
sive reporter (21), was also down-regulated as a result of
siRNA-mediated NRP-1 knockdown (Fig. 2, C–E). The Id-1
protein level was also enhanced afterNRP-1 knockdown. Levels
of �-smooth muscle actin (�-SMA) and plasminogen activator
inhibitor-1 (PAI-1), which were Smad2/3 response genes, were
less responsive to TGF-� stimulation after NRP-1 knockdown
(Fig. 2F).
NRP-1 Associates with TGF-�RII—NRP-1 is known for the

absence of any kinase domain, thus it cannot phosphorylate the
Smad proteins directly. We investigated whether NRP-1 can
interact with TGF-�RII as a co-receptor. Endogenous NRP-1
was co-immunoprecipitated with endogenous TGF-�RII (Fig.
3A) in LX2 cells, and TGF-� treatment did not increase the
association between NRP-1 and TGF-�RII (Fig. 3B). Knock-
down of TGF-�RII with siRNA completely blocked TGF-�-
mediated Smad1/5 and Smad2/3 phosphorylation, and the reg-
ulating role of NRP-1 also eliminated (Fig. 3C), indicating that
NRP-1 functions through TGF-�RII-regulated Smad protein
phosphorylation.
NRP-1 may also directly regulate TGF-�RI to modulate the

Smad protein phosphorylation. Smad1/5 phosphorylation was
thought to occur exclusively during BMP signaling and TGF-�
signaling in endothelial cells. However, recent studies indicate
that TGF-� can stimulate both Smad1/5 and Smad2/3 in epi-
thelial cells, fibroblasts, and tumor cells in a TGF-�RII-, ALK5-,

FIGURE 1. Smad protein phosphorylation by TGF-�1 stimulation in LX2, PSC, and MEF cells. LX2, PSC, and MEF cells were serum-starved overnight, then
treated with different concentrations of TGF-�1 for 45 min. Antibodies against p-Smad1/5 (Ser-463/465), p-Smad2 (Ser-465/467), and p-Smad3 (Ser-423/425)
were used. Both Smad1/5 and Smad2/3 were phosphorylated by TGF-�1 stimulation in all of the cells. An asterisk (*) indicates the nonspecific band.
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FIGURE 2. The effects of eliminating or overexpressing NRP-1 on Smad protein phosphorylation and the Smad target gene expression. A, eliminating
NRP-1 up-regulated Smad1/5 phosphorylation and down-regulated Smad2/3 phosphorylation. NRP-1 was knocked down by siRNA in LX2 and PSC. For MEF
cells, wt MEF, and NRP-1�/� MEF cells were used. All the cells were serum-starved overnight, and then treated with 10 ng/ml TGF-�1 for the indicated time. An
asterisk (*) indicates the nonspecific band. B, overexpress NRP-1 in NRP-1�/� MEF cells down-regulated Smad1/5 phosphorylation and up-regulated Smad2/3
phosphorylation. NRP-1�/� MEF cells were infected with NRP-1 encoding retrovirus. LacZ retrovirus was used as control. After 36 h, cells were serum-starved
overnight, and then treated with 10 ng/ml TGF-�1 for the indicated time. C–E, effect of knocking down NRP-1 on the Smad proteins transcriptional activity in
the cells measured by the luciferase promoter assay. 5 � 103/well LX2 cells were plated into a 96-well plate transfected with NRP-1 siRNA for 24 –30 h, then
serum-starved overnight. The cells were then transfected with the corresponding luciferase promoter plasmids together with pRL-TK Renilla luciferase plasmid
as the internal control. One hour after the transfection, TGF-�1 was added to the corresponding well to the final concentration of 10 ng/ml. Firefly luciferase and
Renilla luciferase activities were performed. C, Luc-Id-1 promoter. D, Luc-ARE, co-transfected with FAST. E, Luc-SBE. F, knocking down NRP-1 affected the Smad
protein responding gene expression. Cells were transfected with NRP-1 siRNA for 24 –30 h in the complete medium, then serum-starved overnight. 10 ng/ml
TGF-�1 was added to the cells for 24 h. In response to TGF-�1 stimulation, Id-1 protein (the Smad1-responding gene) expression was more highly up-regulated
in NRP-1 knocked down cells than in control cells stimulated with TGF-�1. In response to TGF-�1 stimulation, �-SMA and PAI-1 protein (the Smad3-responding
gene) expression was more highly down-regulated in NRP-1 knocked down cells than in control cells stimulated with TGF-�1.
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and ALK2/3-dependent manner (14–16). Consistent with pre-
vious reports, we found that TGF-� can stimulate Smad1/5 and
Smad2/3 phosphorylation through TGF-�RII in LX2 cells.

Furthermore, the pharmacological
TGF-� inhibitors SB431542 (which
inhibits ALK4/5/7, but does not
affect ALK1/2/3/6), and an ALK5
inhibitor (22) completely blocks
Smad2/3 as well as Smad1/5 phos-
phorylation (Fig. 3D), indicated that
the Smad2/3 and Smad1/5 phos-
phorylation is ALK5-dependent.
Because of specificity limitations of
commercially available ALK5 anti-
bodies, we performed co-immuno-
precipitation of ALK5 and NRP-1
using exogenous expression of both
Flag-ALK-5 and NRP-1 in 293T
cells. Our results demonstrate that
NRP-1 associates with ALK-5 upon
TGF-� stimulation in a time-depen-
dent manner (Fig. 3E). Knockdown
the endogenous TGF-�RII in 293T
cells by siRNA eliminated this asso-
ciation, indicating that the associa-
tion betweenNRP-1 andALK-5was
mediated by TGF-�RII (Fig. 3F).
Knocking Down NRP-1 Impaired

BMPs-induced Smad1/5 Phos-
phorylation—The TGF-� family
member BMP, through BMP recep-
tor combinations (ALK-1, 2, 3, and 6
as a type I receptor, BMPRII as a
type II receptor), has been shown to
activate the Smad proteins, specifi-
cally, Smad1, 5, and 8 (8). Because
�-glycan and endoglin also regulate
BMP signaling (23, 24), we hypoth-
esized that NRP-1 may also in-
fluence BMP signaling. Indeed,
knocking down NRP-1 impaired
BMP-9, BMP-2, and BMP-4-in-
duced Smad1/5 phosphorylation
(Fig. 4). These results indicate that
NRP-1 can also regulate signaling of
the other TGF-� superfamily of
proteins in addition to TGF-�.
NRP-1 Knockdown Reduces Cell

Proliferation and Leads to a Quies-
cent Phenotype—We addressed the
cellular effects of blocking NRP-1
expression and observed that NRP-1
knockdown significantly decreased
the proliferation of LX2 cells (Fig.
5A). Further, we investigated
whether this reduction was caused
by induction of apoptosis as we
observed previously in endothelial

cells that lacked NRP-1 expression (25). As demonstrated in
Fig. 5B, NRP-1 knockdown did not cause cell apoptosis. Lenti-
viral NRP-1 shRNA was used to stably knockdown NRP-1

FIGURE 3. NRP-1 interacted with TGF-� receptors. A, NRP-1 bound to TGF-�RII. LX2 cells grown in the complete
medium were made for cell lysate, and immunoprecipitation was performed using anti-NRP-1 antibody and West-
ern blot for TGF-�RII. Control antibody with cell lysate and NRP-1 antibody without cell lysate were used as negative
controls. B, TGF-�1 stimulation did not increase the association between NRP-1 and TGF-�RII. LX2 cells were serum-
starved overnight and stimulated with 10 ng/ml TGF-�1 for 0, 15, and 45 min. The cell lysate was made, and immu-
noprecipitation was performed using anti-NRP-1 antibody and Western blot for TGF-�RII. C, siRNA knocked down
TGF-�RII eliminated the effect of NRP-1 on Smad protein phosphorylation. LX2 cells were transfected with control,
NRP-1, and TGF-�RII siRNA alone or combined, as indicated in the figure. 24–30 h later, cells were serum-starved
overnight. 10 ng/ml TGF-�1 was added to the indicated plates for 45 min, and the cell lysate was subjected to
Western blot analysis. An asterisk (*) indicates the nonspecific band. D, TGF-�RI (ALK5) inhibitors eliminated both
Smad1/5 and Smad2/3 protein phosphorylation on TGF-�1 stimulation. LX2 cells were serum-starved overnight.
TGF-�RI inhibitors SB431542 (10 �M) and ALK5 Inhibitor (10 �M) were added to the cells 30 min before TGF-�1
stimulation. An asterisk (*) indicates the nonspecific band. E, NRP-1 associated with TGF-�RI (ALK5) by TGF-�1
stimulation. 293T cells were transfected with NRP-1 and Flag-ALK5-expressing plasmids. Cells were serum-starved
overnight and stimulated with 10 ng/ml TGF-�1 for 0, 5, and 15 min. The cell lysate was made, and immunoprecipi-
tation was performed using anti-NRP-1 antibody and Western blot for Flag tag. F, knockdown TGF-�RII eliminated
the association between NRP-1 and TGF-�RI (ALK5) in the present of TGF-� stimulation. 293T cells were transfected
with TGF-�RII siRNA, and the following experiments were preformed as described in panel E.
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(�7days), and levels of active and quiescent stellate cell mark-
ers, �-SMA and Id-1, were examined. As shown in Fig. 6A,
�-SMA was down-regulated and Id-1 was up-regulated in cells
expressing NRP-1 shRNA as compared with that of controls.

Given the in vitro cell culture condi-
tions, LX2 cells are in a proliferative
and active stage. The down-regu-
lated �-SMA and up-regulated Id-1
suggest that the cells were reversed
to a relatively quiescent phenotype.
Also, collagen I production,which is
expressed by the active fibroblasts
was decreased after NRP-1 knock-
down (Fig. 6B). Taken together,
these results indicate that the cells
were in a less activated stage, which
could be due to the accumulation
effect of the stimulation of a small
amount of TGF-� in the culture
medium. Indeed, in the present
of TGF-� signaling inhibitor
SB431542 (5 �g/ml), Id-1 and
�-SMA protein levels didn’t change
after stable knockdown NRP-1 (7
days). Moreover, we noticed that,
after knockdown of NRP-1, the cells
exhibited the quiescent phenotypes
in the first several passages andwere
gradually lost during culture (cell
proliferation, Id-1, and �-SMA pro-
tein levels became the same as those
of the control cells), even the NRP-1
knockdown was properly main-
tained by the shRNA (data not
shown), which might be explained
by the compensatory effects of the
other signaling as the cells are prone
to be activated in the in vitro culture
system.
During Culture Activation, NRP-1

Was Up-regulated—Last, we corre-
lated culture activation of HSC with
NRP-1 expression with the idea that
NRP-1 expression may positively
correlate with myofibroblastic
activation in vitro. Primary HSC
undergo myofibroblastic activation
in vitro upon extended culture and
this culture-induced activation in
vitro is a goodmodel tomimic fibro-
blast activation in vivo. Mouse
HSCs were isolated by the collagen-
ase/Percoll density gradient centri-
fugationmethod (26), and cells were
collected for RNA each day after
culture. NRP-1 level change was
determined by semi-quantitative
real-time polymerase chain reaction

(PCR). The results show that NRP-1 mRNA levels were gra-
dually up-regulated during the culture (Fig. 7). Mouse HSCs
were confirmed by �-SMA immunofluorescence staining
(supplemental Fig. S2A), and the dramatically increased

FIGURE 4. The effect of NRP-1 on BMPs signaling. LX2 cells were transfected with control and NRP-1 siRNA, as
indicated in the figure. 24 –30 h later, cells were serum-starved overnight. 10 ng/ml BMP9 was added to the
indicated plates for 0, 5, 15, and 45 min, and cell lysate was subjected to Western blot analysis. For BMP2 and
BMP4, only the 45 min time point was preformed. BMPs induced Smad1/5 phosphorylation was decreased by
NRP-1 knockdown. An asterisk (*) indicates the nonspecific band.

FIGURE 5. Cells were less proliferative after silencing NRP-1. A, reduced cell proliferation capacity of NRP-
1-silenced cells. LX2 cells were transfected with control and NRP-1 siRNA for 2 days, and cell proliferation was
measured by [3H]thymidine incorporation assay. B, eliminating NRP-1 did not cause cell apoptosis. LX2 cells
were transfected with control and NRP-1 siRNA for 2 days, and cell apoptosis was determined by annexin-
FITC/PI assay.

FIGURE 6. Cells acquired the quiescent phenotype after long-term silencing of NRP-1 by shRNA.
A, increased expression of Id-1 protein, and reduced �-SMA protein in the NRP-1 shRNA LX2 cells com-
pared with the control shRNA cells. B, collagen I protein was down-regulated in the NRP-1 shRNA LX2 cells
compared with the control shRNA cells. The Ponceau S staining was used as the loading control. C, Id-1 and
�-SMA protein levels did not change during long-term silencing of NRP-1 by shRNA in the present of 5 �M

SB431542.
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�-SMA level determined by semiquantitative real-time PCR
during the culture activation confirmed that the cells were acti-
vated from the quiescent stage (supplemental Fig. S2B).

DISCUSSION

Wedemonstrate thatNRP-1, like�-glycan and endoglin, can
regulate TGF-� signaling by interacting with TGF-�RII. These
proteins have similar structures: a short cytoplasmic C-termi-
nal tail containing a PDZ binding domain that binds to GAIP-
interacting protein, C terminus (GIPC). NRP-1 and T�RIII are
expressed in almost all kinds of cells, but levels vary. In addition
to its role in neural and vascular development, NRP-1 is over-
expressed in cancers and correlates with cancer progression
and poor prognosis (4, 27, 28). Correspondingly, T�RIII
expression was down-regulated in most cancer types (29).
Although NRP-1 and T�RIII are dysregulated in malignancies,
mutated forms of the proteins have not been found in tumors.
TGF-� was thought to act exclusively through T�RII and

T�RI (ALK5) receptor complexes, as well as intracellular
Smad2/Smad3, to mediate the signaling. In endothelial cells,
which specifically express ALK-1, it was shown that TGF-�,
through ALK1 active Smad1/5/8, regulates cell proliferation
and migration (21). Recently, TGF-� was found to activate
Smad1/5 in normal and cancerous epithelial cells and fibro-
blasts (14–16), and all of the results indicated that TGF-�-in-
duced Smad1/5 phosphorylation depends on ALK5.Moreover,
BMP type I receptors (ALK1/2/3/6) also participated in TGF-
�-induced phosphorylation of Smad1/5 (14, 16). These results
indicated that TGF-�, like other TGF-� family proteins, acts
throughmultiple possible receptor combinations and regulates
the complicatedTGF-� signaling.Whilemost cells express sev-
eral T�RIs, it is possible that phosphorylation of Smad proteins
is activated by different homodimeric T�RIs or a heterodimeric
T�RI on TGF-� binding.

Knockdown T�RII blocks Smad1/5 and Smad2/3 signaling,
and the regulatory role of NRP-1 also was inhibited. This,
together with the results that NRP-1 and T�RII co-immuno-
precipitation, indicates that NRP-1 regulates TGF-� signaling
through T�RII. The impairment of BMPS signaling after
knockdown NRP-1 also suggests that NRP-1, like �-glycan and
endoglin, plays a role in BMP signaling, likely through the reg-
ulation of BMPRII. These findings also point out the complex-
ity of TGF-� signaling initiation on the cell membrane. Given
the cell-type specific expression patterns of TGF-� superfamily
receptors, our observations regarding the novel role of NRP-1
in fibroblasts reveals an intriguing area of new investigation.
Physiologically, TGF-� signalingmaintains tissue homeosta-

sis; in pathogenesis, the deregulation of TGF-� signaling causes
fibrosis, tumorigenesis, and metastasis. TGF-� plays an impor-
tant role in fibrotic diseases in most organs (30), as well as
stromal cell activation in tumor tissue. TGF-� has a dual role in

the control of fibroblast activation.
On one hand, it activates Smad1/5,
which controls Id-1, a functional
protein that can maintain a quies-
cent state and be amarker for quies-
cent stromal cells; on the other
hand, it activates Smad2/3, which
induces �-SMA expression, an
active stromal cell/myofibroblast
marker. Id-1 is abundantly exressed
in quiescent stellate cells and dimin-
ished during activation (31, 32).
Id-1�/� mice were susceptible to
bleomycin-induced lung injury and
fibrosis, and fibroblasts from
Id-1�/� mice showed enhanced
responses to TGF-� stimulation
(33). Also, Id-1 up-regulation was
an early event in the fibroblast after
TGF-� stimulation. Id-1, a known
Smad1 response gene, was up-regu-
lated by phospho-Smad1 and can
be suppressed by the Smad3/4
response gene ATF3 (34). Hence,
Id-1 induced by TGF-� may act as a

FIGURE 7. The NRP-1 level was up-regulated during the culture activation
of mouse HSC, which were isolated from mouse liver using the collagen-
ase/Percoll density gradient centrifugation method. Cells were plated in
the complete medium, and total RNA from cells was isolated every day. NRP-1
mRNA was measured by semi-quantitative real-time PCR.

FIGURE 8. The schematic illustration of NRP-1 function in regulating TGF-� signaling. TGF-� induced both
Smad1/5/8 and Smad2/3 phosphorylation in the fibroblast cells. Without NRP-1 (left panel), Smad1/5/8 is more
phosphorylated and Smad2/3 less phosphorylated, and the corresponding gene expression controlled by the
Smad proteins (e.g. Smad1/Id-1, Smad3/a-SMA, PAI-1) caused the cell to enter a less activated state (more
quiescent). With NRP-1 (right panel), Smad1/5/8 is less phosphorylated, and Smad2/3 is more phosphorylated,
and the corresponding gene expression controlled by the Smad proteins caused the cell to enter a more
activated state (less quiescent).
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negative regulator to inhibit fibrosis progression. While
Smad2/3 is known for inducing �-SMA expression, Smad3 also
induces ATF-3 expression. ATF-3, together with Smad3/4,
inhibits Id-1 expression and overcomes the quiescent effect of
Id-1. Furthermore, Smad3�/� mice were resistant to TGF-�-
mediated pulmonary fibrosis (35). These findings suggest that
the functions of Smad1/5/8 and Smad2/3 may counteract each
other, and the fibrotic process is involved in gaining of Smad2/3
signaling whereas diminishing of Smad1/5/8 signaling. It has
been shown that during fibroblast activation, the expression of
T�RI, T�RII, and T�RIII were dysregulated (36, 37). It is pos-
sible that up-regulation of NRP-1, as well as the TGF-� recep-
tors, induces activation of the stellate cell bymodulatingTGF-�
signaling.
Here, we demonstrated that NRP-1 is a co-receptor of

TGF-� and that it regulates the TGF-� canonical signaling in
the Smad proteins phosphorylation. Interestingly, in the stro-
mal/fibroblast cell, knocking down NRP-1 up-regulates TGF-
�-induced Smad1/5 phosphorylation and down-regulates
Smad/2/3 phosphorylation. The Id-1 protein, which is tran-
scriptionally controlled by phospho-Smad1/5, is a major pro-
tein in maintaining the quiescent state of fibroblasts. Phospho-
Smad2/3 controls �-SMA expression, a marker of fibroblasts
activation. Thus, NRP-1 controls two aspects of TGF-� signal-
ing: down-regulating of the Smad1/5 signaling which inhibits
fibrosis progression and up-regulating of the Smad2/3 signal-
ing,which promotes fibrosis; both reinforce fibrosis. During the
activation, the up-regulated NRP-1 shifts the TGF-� signaling
from Smad1/5/8 to Smad2/3, from maintenance of the quies-
cent state to activation of the cells (Fig. 8). NRP-1 might also
regulate TGF-� non-Smad signaling, such as collagen produc-
tion (17). Like endoglin, NRP-1 expression is also increased
during fibroblast activation. According to our results, NRP-1
up-regulation worsens the fibrosis, but endoglin up-regulation
seems to attenuate fibrosis (38–40). The mechanism of NRP-1
up-regulation during fibroblasts activation is unclear. NRP-1
also functions as a cell adhesionmolecular (41) and it is possible
that NRP-1 is up-regulated by the similar mechanisms as the
integrins during the cell activation. TGF-� also controls NRP-1
and T�RIII expression. Endoglin is up-regulated by TGF-�
(40), while �-glycan and NRP-1 is down-regulated by TGF-�
(42, 43) (supplemental Fig. S3).
Themechanism throughwhichNRP-1 controls the Smad1/5

and Smad2/3 phosphorylation counterbalance is still largely
unknown. It is possible that NRP-1 binds T�RII, presents
TGF-� more favorably to ALK4/5/7 than ALK1/2/3/6, or the
existence ofNRP-1 in theTGF-� receptor complex changes the
T�RI’s conformation, mediating phosphorylation of Smad2/3
rather than Smad1/5/8. Furthermore, NRP-1may recruit other
proteins to the complex.
The cell growth arrest observed upon knockdown of NRP-1

is likely not TGF-�-dependent. In the present of SB431542
(which inhibited the TGF-�-Smad signaling), knocking down
NRP-1 still induces cell growth arrest (supplemental Fig. S4). It
has been previously shown that NRP-1 has TGF-�-indepen-
dent functions such acting as a semaphorin 3 (SEMA3) and
VEGF co-receptor (1, 2, 29), mediating cell adhesion (41) and
binding galectin-1 (44), forming receptor complexeswith plate-

let-derived growth factor receptors (PDGFRs) and modulating
PDGF signaling (45). It also can regulate endothelial cell sur-
vival independent of VEGF receptors (25). Finally, NRP-1 is
known to promote vascular and neural development, immune
responses (46), and cancer progression. TGF-� is also well
known for participating in these processes. Consequently, the
role of NRP-1 in the regulation of TGF-� signaling in these
processes needs to be defined in the future.
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