
INTRODUCTION
Vascular endothelial growth factors

(VEGFs) contribute to physiological and
pathological angiogenesis and lym-
phangiogenesis during embryonic de-
velopment and adult life (1). Six mem-
bers of the VEGF family have been
identified: VEGF-A, -B, -C, -D and -E
and placenta growth factor (2). Al-
though VEGF family members are

structurally and functionally related,
they possess distinct receptor binding
specificities that contribute to their di-
versity of function (3,4). Among the six
members discovered to date, VEGF-A is
the most comprehensively character-
ized cytokine. It is a major contributor
to angiogenesis and regulates multiple
endothelial cell functions via VEGF re-
ceptors (VEGFRs) 1 and 2 (5). VEGF-C

and -D, on the other hand, form a func-
tional subgroup that primarily mediates
lymphangiogenesis via VEGFR-3 and
angiogenesis via VEGFR-2 (6).

VEGF-D is synthesized as a full-length
protein with a molecular weight of 
~53 kDa (7,8). It contains a central VEGF
homology domain (VHD) flanked by 
N- and C-terminal propeptides (6). Full-
length VEGF-D is secreted and is imme-
diately proteolytically processed outside
the cell by plasmin (9) and proprotein
converatses (8), thereby generating a ma-
ture form (molecular weight ~21 kDa)
with a much higher affinity for VEGFR-2
and -3 compared with the unprocessed
form (10).

The human c-Fos-induced growth 
factor (FIGF) gene, which encodes for
VEGF-D, maps to chromosome Xp22.31
(11). Its transcripts have been identified
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in a wide range of normal organs, with
the most abundant expression found in
the blood, colon, heart, lung and small
intestine (6). Unlike VEGF-C (12), studies
using VEGF-D–deficient mice suggest
that embryological development of the
lymphatic circulation is relatively normal
in the absence of VEGF-D (13,14). How-
ever, recent findings have correlated the
phenotype of adult VEGF-D–deficient
mice with reduced pulmonary lymphatic
density (13) and smaller dermal lym-
phatic caliber (15) under nonpathological
conditions. Notably, when challenged
with excisional wounds, these mice man-
ifest histological evidence of pronounced
tissue edema caused by poor lymphatic
drainage and accelerated wound healing
due to an increase in the number of 
fibroblasts (15).

VEGF-D expression can be induced by
c-fos (16) and Fra-1 (17) activation as
well as cell–cell contact mediated by cad-
herin-11 (18). Conversely, VEGF-D can be
downregulated by interleukin (IL)-1β
(19), transforming growth factor (TGF)-α,
betacellulin, heregulin-β1 (20), Wnt sig-
naling and mobilization of β-catenin
from cell membrane (21). Abnormal reg-
ulation of VEGF-D has been documented
in several human diseases such as lym-
phangioleiomyomatosis (LAM) (22) and
malignancy (reviewed in [23,24]).

Idiopathic pulmonary fibrosis (IPF) is
a chronic, debilitating and lethal fibrotic
lung disease that is associated with aber-
rant wound healing (25,26). IPF is char-
acterized by activation of the TGF-β1
pathways, an abnormal accumulation of
fibroblasts/myofibroblasts, formation of
fibroblastic foci, and excessive deposition
of extracellular matrix (ECM) compo-
nents in the alveolar interstitium (27).
TGF-β1 stimulates VEGF-A expression in
human fetal lung fibroblast via the
Smad3 signaling pathway (28). A similar
induction of VEGF-C by TGF-β1 was ob-
served in human proximal tubular ep-
ithelial cells (29). However, the effect of
TGF-β1 on VEGF-D is not well defined.
The present study was undertaken to in-
vestigate the regulation and potential in-
tracellular functions of VEGF-D.

MATERIALS AND METHODS

Human Lung Tissues Collection
Under institutional review board–

 approved protocols, lung tissues from
subjects with IPF (n = 6) undergoing
lung transplantation at Brigham and
Women’s Hospital were procured. IPF
was diagnosed according to the Ameri-
can Thoracic Society guidelines (30).
Control nonfibrotic lungs (n = 6) were
from donor lungs rejected for transplant.
Samples of pulmonary parenchyma were
harvested and fixed in 10% neutral
buffered formalin for 48 h and subse-
quently embedded with paraffin for his-
tological analysis. The remaining lung
tissue was immediately snap frozen in
liquid nitrogen after excision and stored
at –80°C until further processing.

Cell Culture
Primary normal adult normal lung fi-

broblasts (NLFs) were isolated by ex-
plant culture from control nonfibrotic
lungs (n = 3) rejected for transplant and
were used at passages 3–6. Human fetal
lung fibroblasts (MRC-5) were purchased
from American Type Culture Collection
(ATCC, Manassas, VA, USA) and were
used at passages 21–25. Both NLF and
MRC-5 cells were maintained in Dul-
becco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine
serum (FBS), 100 U/mL penicillin and
100 μg/mL streptomycin (Life Technolo-
gies, Carlsbad, CA, USA). Cells were in-
cubated at 37°C in a humidified 5% CO2

atmosphere and were serum-starved for
24 h before they were stimulated with re-
combinant human TGF-β1 (5 ng/mL un-

less otherwise stated) (R&D Systems,
Minneapolis, MN, USA) or vehicle for
the indicated times. To examine the
downstream signaling molecules that
mediate the effect of TGF-β1 on VEGF-D
transcription, MRC-5 cells were pre-
treated with selective inhibitors of activin
receptor–like kinase (ALK)-5 (SB431542,
10 μmol/L [inhibitors and amounts
given in parentheses in this sentence])
(R&D Systems), mitogen-activated pro-
tein kinase kinase 1 and 2 (MEK1/2)
(UO126, 10 μmol/L) (Cell Signaling
Technology, Danvers, MA, USA), phos-
phatidylinositol 3-kinase (PI3K)/Akt
(wortmannin, 100 nmol/L) (Cell Signal-
ing Technology), Jun NH2-terminal ki-
nase (JNK) (SP600125, 5 μmol/L) (Cell
Signaling Technology) or p38 mitogen-
activated protein kinase (p38MAPK)
(SB203580, 10 μmol/L) (R&D Systems)
1 h before the addition of TGF-β1.

Cells were collected either 1 h there-
after to confirm cell signaling blockage
or 48 h thereafter to determine effects of
the aforementioned inhibitors on the re-
duction of VEGF-D expression in re-
sponse to TGF-β1.

RNA Interference
The siRNA sequences for human 

β-catenin, Smad3, tuberous sclerosis
(TSC)-2 and FIGF were designed using
the web-based siRNA Selection Program
from Whitehead Institute for Biomedical
Research (31) and were synthesized by
Sigma-Aldrich (St. Louis, MO, USA).
Refer to Table 1 for siRNA sequences.
MRC-5 cells were transfected with siRNA
for targeted gene suppression or with
 MISSION siRNA Universal Negative
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Table 1. siRNA sequences: human.

Target gene/accession number Sequence 5′ to 3′

β-Catenin/NM_001904 Sense GUUAUGGUCCAUCAGCUUU[dT][dT]
Anti-sense AAAGCUGAUGGACCAUAAC[dT][dT]

SMAD3/NM_005902 Sense CAUGGACGCAGGUUCUCCA[dT][dT]
Anti-sense UGGAGAACCUGCGUCCAUG[dT][dT]

TSC2/NM_000548 Sense CCAUCAAGGGCCAGUUCAA[dT][dT]
Anti-sense UUGAACUGGCCCUUGAUGG[dT][dT]

VEGF-D/NM_004469 Sense CACACAUGAUGUUUGACGA[dT][dT]
Anti-sense UCGUCAAACAUCAUGUGUG[dT][dT]



Control (Sigma-Aldrich). Cells were
treated with 1 nmol/L siRNA by using
Lipofectamine RNAiMAX (Life Technolo-
gies) according to the manufacturer’s rec-
ommendations. RNAi-mediated knock-
down efficiency was confirmed by
Western blotting.

Western Blotting
Protein was extracted from human

lung homogenate or cell lysate by using
radioimmunoprecipitation assay buffer
supplemented with protease and phos-
phatase inhibitors (Thermo Scientific
[Thermo Fisher Scientific Inc.], Rockford,
IL, USA). Protein concentration was then
determined by using BCA protein assay
(Thermo Scientific). Equal amounts of
protein samples were subjected to
sodium dodecyl sulfate–polyacrylamide
gel electrophoresis and transferred onto a
polyvinylidene fluoride membrane. The
membrane was blocked with 5% nonfat
dry milk or bovine serum albumin in
Tris-buffered saline with Tween for 1 h at
room temperature and incubated with
the primary antibody overnight at 4°C. A
complete list of antibodies is included in
Table 2. A goat anti-mouse or goat anti-
rabbit horseradish peroxidase (HRP) con-
jugate secondary antibody (Thermo Sci-
entific) was applied for 1 h at room
temperature. Blots were developed with
SuperSignal West Pico or Femto chemilu-
minescent substrate (Thermo Scientific)
and visualized in ChemiDoc XRS+ imag-
ing system (Bio-Rad, Hercules, CA, USA).
Density of the bands was analyzed by
ImageJ software (National Institutes of
Health, http://rsbweb.nih.gov/ij).

Immunohistochemistry
Immunohistochemical staining was

performed to determine the distribution
of VEGF-D in lung tissue sections from
IPF and control subjects. The 5-μm sec-
tions were deparaffinized in xylene and
rehydrated in a graded series of alcohol.
Heat-induced epitope retrieval was per-
formed using citrate buffer (pH 6.0) for
20 min. Tissue was then stained by using
VEGF-D antibody and an Anti-Mouse
HRP-DAB Cell and Tissue Staining Kit

(R&D Systems) according to the manu-
facturer’s instructions and briefly coun-
terstained with hematoxylin. Normal
mouse IgG (Cell Signaling Technology)
was used in place of the primary anti-
body with each specimen to evaluate
nonspecific staining. Images from im-
munohistochemical stained slides were
captured with an FSX100 microscope
(Olympus, Center Valley, PA, USA).

Cell Cycle Analysis
A total of 20% of control siRNA– and

VEGF-D siRNA–transfected cells were
used for RNAi-mediated knockdown ef-

ficiency confirmation. The remaining
transfected cells were washed with ice-
cold phosphate-buffered saline (PBS), re-
suspended in 300 μL PBS and subse-
quently fixed with the addition of 
700 μL 100% –20°C ethanol drop-wise.
Cells were stored at –20°C for 24 h. On
the second day, fixed cells were washed
with PBS and treated with RNase A 
(Qiagen, Valencia, CA, USA) and incu-
bated with propidium iodide (Life 
Technologies) for 30 min at room tem-
perature. Cells cultured in DMEM sup-
plemented with 20% FBS were subjected
to the same staining procedure and were
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Table 2. List of primary antibodies.

Antigen Application Source

α-SMA Immunoblotting Catalog number ab5694, Abcam
Akt (pan) Immunoblotting Clone C67E7, Cell Signaling Technology
β-Actin Immunoblotting Clone AC-74, Sigma-Aldrich
β-Catenin Immunoblotting Clone D10A8, Cell Signaling Technology
c-Jun Immunoblotting Clone 60A8, Cell Signaling Technology
HSP27 Immunoblotting Clone G31, Cell Signaling Technology
p44/42MAPK Immunoblotting Clone 137F5, Cell Signaling Technology
PCNA Immunoblotting Clone PC10, Cell Signaling Technology
phospho-Akt Immunoblotting Clone D9E, Cell Signaling Technology
Phospho-c-Jun Immunoblotting Clone D47G9, Cell Signaling Technology
Phospho-HSP27 Immunoblotting Clone D1H2, Cell Signaling Technology
Phospho-p44/42MAPK Immunoblotting Clone D13.14.4E, Cell Signaling Technology
Phospho-Smad3 Immunoblotting Clone C25A9, Cell Signaling Technology
Smad3 Immunoblotting Clone C67H9, Cell Signaling Technology
Tuberin/TSC2 Immunoblotting Clone D93F12, Cell Signaling Technology
VEGF-D Immunoblotting Clone 78902, R&D
VEGF-D Immunohistochemistry Clone 78923, R&D
VEGFR2 Immunoblotting Clone 55B11, Cell Signaling Technology
VEGFR3 Immunoblotting Catalog number ab27278, Abcam

Table 3. Real-time PCR primers: human.

Product
Target gene/accession number Primer sequence 5′ to 3′ length (bp)

B2M/NM_004048 Sense: ATCCATCCGACATTGAAGT 150
Antisense: GGCAGGCATACTCATCTT

PAI-1/NM_000602 Sense: CTACGACATCCTGGAACTG 109
Antisense: GGCACTCAGAATGTTGGT

VEGF-A/NM_003376 Sense: GCCTTCGCTTACTCTCAC 94
Antisense: GCTGCTTCTTCCAACAATG

VEGF-C/NM_005429 Sense: TGTGTCCAGTGTAGATGAAC 129
Antisense: TCTTCTGTCCTTGAGTTGAG

VEGF-D/NM_004469 Sense: GTATGAACACCAGCACCTC 121
Antisense: GGCAAGCACTTACAACCT
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Figure 1. TGF-β1 suppresses VEGF-D expression in lung fibroblasts. (A, B) MRC-5 fibroblasts were incubated with 5 ng/mL TGF-β1 for the indi-
cated time points. Total RNA was isolated and reverse-transcribed, and the resultant cDNA was subjected to quantitative real-time PCR
to detect gene expressions of VEGF-A (red), VEGF-C (blue), VEGF-D (black) (A) and PAI-1 (B). Real-time PCR results were normalized to
β2-macroglobulin and expressed as the fold-change relative to unstimulated control cells (Ctrl). (C–F) MRC-5 fibroblasts were stimulated
with TGF-β1 (5 ng/mL) for the indicated time (C, D) or stimulated with various concentrations of TGF-β1 for 48 h (E, F). Equal amounts of
protein from whole cell lysates were analyzed by Western blotting with antibodies against VEGF-D and β-actin. (G, H) Primary NLFs were
stimulated with TGF-β1 (5 ng/mL) for 48 h. Equal amounts of protein from whole cell lysates were analyzed by Western blotting with anti-
bodies against VEGF-D and β-actin. (D, F, H) Ratio of VEGF-D to β-actin density was expressed as the fold change relative to unstimulated
control cells in all experiments performed. Data are expressed as mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01,
***P < 0.001, compared with control, by one-way ANOVA (A, B, D, F) or Student t test (H).

Continued on next page



used as positive controls. DNA contents
were measured by using FACSCanto II
flow cytometer (BD Biosciences, San
Jose, CA, USA). Data analysis was per-
formed by using FlowJo (TreeStar, Ash-
land, OR, USA).

Cell Proliferation Assay
MRC-5 cells were transfected with ei-

ther control siRNA or VEGF-D siRNA.
Cells cultured in DMEM supplemented
with 20% FBS were used as positive con-
trols. Cell proliferation was determined
by a fluorescence-based assay
(CyQUANT cell proliferation assay kit;
Life Technologies) at the indicated time
points after transfection.

RNA Extraction and Real-Time
Polymerase Chain Reaction

RNA was extracted by using an
RNeasy Mini Kit (Qiagen). Then 1 μg total
RNA was reverse-transcribed by using an
amfiRivert cDNA Synthesis Master Mix
(GenDEPOT, Barker, TX, USA). A total of
1 μL of the resultant cDNA was subjected
to quantitative real-time polymerase chain
reaction (PCR) with the Applied Biosys-
tems 7300 Real-Time PCR System (Life
Technologies) by using RT2 SYBR Green
qPCR Master Mix (Qiagen). Primers were
designed by using Primer Premier 5 soft-
ware (Premier Biosoft International, Palo
Alto, CA, USA) and synthesized by
Sigma-Aldrich. Refer to Table 3 for primer
sequences. Thermal cycling conditions
were 95°C for 10 min followed by 40 cy-
cles of 95°C for 15 s and 60°C for 1 min.

Dissociation curve analysis was per-
formed to confirm the specificity of the
primers. Gene expression was determined
by using the 2-ΔΔCt method normalized to
the constitutively expressed housekeeping
gene β2 microglobulin (B2M) (32). Rela-
tive changes were generated comparing
the treated cells to control cells. Each 
sample was assessed in triplicate to en-
sure reproducibility of the quantitative
measurements.

Statistical Analysis
Data are presented as mean ± standard

error of the mean (SEM) from three inde-
pendent experiments. In the experiments
where only two conditions are compared,
analyses were made using the Student t
test. Multiple comparisons were evalu-
ated by one-way analysis of variance
(ANOVA) followed by the Tukey post hoc
test. Analyses were performed by using
GraphPad Prism 5.0. P < 0.05 was consid-
ered significant. Additional methods are
provided in the Supplementary Data.

All supplementary materials are available
online at www.molmed.org.

RESULTS

TGF-β1 Downregulates VEGF-D
Expression in Human Lung Fibroblasts

TGF-β1 (5 ng/mL) induced a time-de-
pendent decline in VEGF-D gene expres-
sion (Figure 1A) in MRC-5 cells, with the
earliest significant decrease observed at 8
h after TGF-β1 exposure. Maximum sup-

pression of VEGF-D gene expression was
detected at 24 h and persisted up to 48 h
after stimulation with a single dose of
TGF-β1. In contrast, TGF-β1 transiently
upregulated both VEGF-A and VEGF-C
expression, both of which peaked at 8 h
and declined toward baseline values
thereafter. Activation of the TGF-β1 signal-
ing pathway was confirmed by the robust
and persistent upregulation of plasmino-
gen activator inhibitor (PAI)-1 (Figure 1B),
a well-characterized downstream target of
TGF-β1 (33). Treatment with TGF-β1
yielded a concomitant reduction of full-
length VEGF-D protein expression (molec-
ular weight ~53 kDa) in a time- dependent
(Figures 1C, D) and dose- dependent 
(Figures 1E, F) manner in MRC-5 cells.
Additionally, we analyzed VEGF-D ex-
pression in primary normal adult lung fi-
broblasts derived from three control lungs
(Figure 1G). Consistent with our data from
the MRC-5 cell line, full-length VEGF-D
protein expression was downregulated to
a similar extent (>50%) in primary normal
human lung fibroblasts (Figure 1H) when
stimulated with TGF-β1 for 48 h. Consis-
tent with previous reports demonstrating
the absence of VEGF-D intracellular pro-
cessing (10), full-length unprocessed
VEGF-D is the only VEGF-D isoform 
that was detected in cell lysates (Supple-
mentary Figure S1). Levels of secreted
VEGF-D in supernatants from control and
TGF-β1–treated MRC-5 cells were below
the lower limit of detection of the enzyme-
linked immunosorbent assay, despite
trichloro acetic acid, acetone precipitation
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Figure 1. Continued.



or ultrafiltration of the samples before
quantification, making the detection of
quantitative and molecular weight differ-
ences of VEGF-D difficult to ascertain.

TGF-β1 Downregulates VEGF-D
Expression via TGF-β Type I Receptor
and JNK Signaling Pathway in MRC-5
Cells

Canonical TGF-β signal transduction
involves binding of TGF-β1 to TGF-β re-

ceptor type II (TGF-βRII), which recruits
and phosphorylates TGF-β receptor type
I (TGF-βRI) and subsequently initiates
intracellular signaling through the acti-
vation of Smad proteins to control down-
stream target gene expression (34). To de-
termine whether TGF-β1 acts through its
receptors and the Smad pathway to regu-
late VEGF-D expression, we pretreated
MRC-5 cells with a selective inhibitor of
TGF-β RI (SB431542) and evaluated its

effect on the reduction of VEGF-D ex-
pression in response to TGF-β1. Pretreat-
ment with SB431542 abrogated the rapid
phosphorylation of Smad3 1 h after 
TGF-β1 exposure (Figure 2A). In a paral-
lel set of experiments (Figures 2B, C), we
found that pretreatment with SB431542
completely abolished TGF-β1–mediated
downregulation of VEGF-D and con-
comitant upregulation of α smooth mus-
cle actin (α-SMA), a marker of fibroblast
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Figure 2. TGF-β1 downregulates VEGF-D expression in MRC-5 cells via a TGF-β receptor type I (TGF-βRI)-dependent, Smad3-independent
mechanism. (A, B) MRC-5 cells were treated for 1 h with SB431542 (10 μmol/L), an inhibitor of activin receptor–like kinase (ALK)-5, followed
by the addition of TGF-β1 (5 ng/mL) for the indicated time points. Equal amounts of protein from whole cell lysates were analyzed by
Western blotting with antibodies against phospho-Smad3 and total Smad3 (A) and VEGF-D, α-SMA and β-actin (B). (C) Ratio of VEGF-D
to β-actin density was expressed as the fold change relative to unstimulated control in (B). (D, E) MRC-5 cells were transfected with con-
trol siRNA (Ctrl) or Smad3 siRNA for 24 h, serum-starved for 24 h and then incubated in serum-free medium in the absence or presence of
TGF-β1 (5 ng/mL) for 48 h. Equal amounts of protein from whole cell lysates were analyzed by Western blot with antibodies against VEGF-
D, Smad3, α-SMA and β-actin (D). Ratio of VEGF-D to β-actin density was expressed as the fold-change relative to control siRNA alone (E).
Data represent means ± SEM of three independent experiments. *P < 0.05, ***P < 0.001, NS, not significant, by one-way ANOVA.



activation. The involvement of canonical
TGF-β signaling in VEGF-D regulation
was further explored through a Smad3
loss-of-function experiment. Inhibition of

Smad3 by RNA interference effectively
reduced Smad3 expression and markedly
attenuated α-SMA upregulation induced
by TGF-β1 (Figure 2D). Interestingly,

TGF-β1–induced reduction in VEGF-D
expression at 48 h was not affected by
Smad3 knockdown (Figures 2D, E). Con-
sistent with previously published results

R E S E A R C H  A R T I C L E

M O L  M E D  2 0 : 1 2 0 - 1 3 4 ,  2 0 1 4  |  C U I  E T  A L .  |  7

Figure 3. TGF-β1 downregulates VEGF-D expression in MRC-5 cells via the JNK signaling pathway. (A, B, D, E, G, H, J, K) MRC-5 fibroblasts
were pretreated for 1 h with wortmannin (100 nmol/L) (A, B), UO126 (10 μmol/L) (D, E), SB203580 (10 μmol/L) (G, H) or SP600125 (5 μmol/L) 
(J and K), specific chemical inhibitors for PI3K/Akt, MEK1/2, p38MAPK and JNK, respectively. Subsequently, cells were treated with TGF-β1 
(5 ng/mL) for the indicated time. (A, D, G, J) MRC-5 fibroblasts were collected 1 h after TGF-β1 stimulation. Equal amounts of protein from
whole cell lysates were analyzed by Western blotting with antibodies against phosphorylated and total Akt (A), phospho-p44/42 and total
p44/42MAPK (D), phospho-HSP27 and total HSP27 (G), and phosphorylated and total c-Jun (J). (B, E, H, K) MRC-5 fibroblasts were collected
48 h after TGF-β1 stimulation. Equal amounts of protein from whole cell lysates were analyzed by Western blotting with antibodies against
VEGF-D, α-SMA and β-actin. Ratio of VEGF-D to β-actin density was expressed as the fold-change relative to unstimulated control (C, F, I, L).
Data represent means ± SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, NS, not significant, by one-way ANOVA.

Continured on next page



(35,36), we also found that TGF-β1 ex-
erted a biphasic effect on total Smad3 ex-
pression, which is demonstrated by a
moderate increase in total Smad3 level 
1 h after TGF-β1 exposure (Figure 2A)
and a decrease of total Smad3 expression
after prolonged TGF-β1 incubation (48 h,
Figure 2D).

Binding of TGF-β1 to its receptor also
activates various noncanonical signaling
pathways to modulate downstream cellu-
lar responses (37). Therefore, additional
studies were pursued to decipher the role
of noncanonical TGF-β signal transduc-
tion in VEGF-D regulation. In the first set,
we determined whether PI3K, MEK,
p38MAPK and JNK pathways in MRC-5
cells were activated in the presence of
TGF-β1 and validated the functional ac-
tivities of several chemical inhibitors of
the aforementioned signaling pathways.
As expected, TGF-β1 stimulation for 1 h
initiated rapid intracellular signaling of
PI3K, MEK, p38MAPK and JNK path-
ways in MRC-5 cells, demonstrated by
increased phosphorylation of Akt (down-
stream target of PI3K; Figure 3A),
p44/42MAPK (downstream target of
MEK; Figure 3D), HSP27 (downstream
target of p38MAPK; Figure 3G) and c-Jun
(downstream target of JNK; Figure 3J).
Pretreatment with wortmannin (PI3K in-
hibitor; Figure 3A), UO126 (MEK in-
hibitor; Figure 3D), SB203580 (p38MAPK
inhibitor; Figure 3G) and SP600125 (JNK
inhibitor; Figure 3J) profoundly inhibited
both basal and TGF-β1–induced kinase

activity for each individual noncanonical
signaling pathway. We also conducted a
parallel set of experiments to explore
which noncanonical signaling pathways
are responsible for downregulation of
VEGF-D mediated by TGF-β1. Dissec-
tion of these signaling cascades demon-
strated that TGF-β1–induced downregu-
lation of VEGF-D was substantially
abrogated by inhibition of JNK signaling
by using SP600125 (Figures 3K, L) and
not by PI3K, MEK or p38MAPK inhibi-
tion (Figures 3B, C; Figures E, F; and
Figures 3H, I, respectively).

VEGF-D Knockdown Induces G1/S
Transition and Promotes Cell
Proliferation but Does Not Affect
Fibroblast Activation, Collagen
Synthesis and Fibroblast Contractility

Previous studies have shown that fi-
broblasts derived from IPF lung demon-
strate increased proliferation (38, 39),
contraction (40) and collagen production
(41) compared with normal fibroblasts.
To explore whether VEGF-D is associ-
ated with the IPF fibroblast phenotype,
we performed a series of experiments to
evaluate the biological behavior of
VEGF-D–depleted lung fibroblasts.
Transfection of siRNA targeting human
VEGF-D led to an increase in proliferat-
ing cell nuclear antigen (PCNA) expres-
sion but had no effects on α-SMA 
expression (Figures 4A, B). Next, we 
investigated the consequences of VEGF-D
depletion on cell cycle and cell prolifera-

tion. Lung fibroblasts transfected with
VEGF-D siRNA exhibited a significant
increase in the percentage of S-phase
cells compared with control siRNA
transfection, indicating that VEGF-D
knockdown promoted the transition
from G1 to S phase in both MRC-5 cells
(Figures 4C, D) and NLFs (Figures 4E, F).
Furthermore, siRNA- mediated silencing
of VEGF-D augmented the proliferative
capacity of MRC-5 cells (Figure 4G).
Western blot analysis of MRC-5 protein
lysates did not show any immunoreac-
tive bands with anti-VEGFR-2 and anti-
VEGFR-3 antibodies (Supplementary
Figure S2), which excludes potential au-
tocrine effects of VEGF-D through its
known canonical receptors. In accor-
dance with published literature (42), we
also found that stimulating cells with
20% FBS (positive control) induced a
clear enrichment of S phase in lung fi-
broblasts (Figures 4C–F) and accelerated
cell proliferation (Figure 4G). Interest-
ingly, however, siRNA-induced VEGF-D
silencing did not result in significant dif-
ferences in soluble collagen production
(Supplementary Figure S3A) and gel
contraction area (Supplementary Fig-
ures S3B, C), as measured by Sircol and
cell contraction assay, respectively.

Knockdown of TSC2 or β-Catenin Is
Not Sufficient to Block TGF-β1–Induced
Suppression of VEGF-D in MRC-5 Cells

TGF-β1 has been shown to signal
through the mammalian target of ra-
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pamycin (mTOR) (43). In addition, ele-
vated serum VEGF-D levels have been
described in lymphangioleiomyomatosis
(LAM), a rare progressive lung disease
characterized by genetic mutations in
tuberous sclerosis complex (TSC)-1 or,
more commonly, TSC2 (22,44). We there-
fore investigated whether TSC2 is asso-
ciated with TGF-β1–induced VEGF-D
downregulation. As shown in Figures 5A
and B, transfection of MRC-5 cells with

TSC2 siRNA led to significant knock-
down of tuberin, the target gene prod-
uct, but failed to modify either basal
VEGF-D expression or TGF-β1–  induced
VEGF-D downregulation in MRC-5
cells.

In mouse 3T3 cells and human embry-
onic kidney 293 cells, it was shown that
β-catenin negatively regulates VEGF-D
mRNA stability (21). To determine
whether a similar mechanism is involved

in our findings, we performed transfec-
tion of β-catenin siRNA into MRC-5 cells
to substantially reduce β-catenin protein
expression (Figure 5C). Consistent with
the previous report (21), we observed an
approximately twofold elevation of
VEGF-D gene expression associated with
β-catenin knockdown (Figure 5D). How-
ever, silencing β-catenin did not abrogate
TGF-β1–induced VEGF-D downregula-
tion (Figure 5D).
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Figure 4. VEGF-D knockdown promotes G1/S transition and cell proliferation but does not affect fibroblast activation. (A, B) MRC-5 cells were
transfected with control siRNA (Ctrl) or VEGF-D siRNA for 48 h. Equal amounts of protein from whole cell lysates were analyzed by Western blot-
ting with antibodies against VEGF-D, PCNA, α-SMA and β-actin (A). Ratio of PCNA to β-actin density was expressed as the fold-change relative
to control siRNA alone (B). (C, D, E, F) Effects of siRNA-mediated VEGF-D silencing on cell cycle distribution of MRC-5 cells and NLFs. MRC-5 cells
(C) and NLFs (E) were transfected with control siRNA or VEGF-D siRNA for 48 h. Cells cultured in DMEM containing 20% FBS were used as positive
controls. Cells were collected, stained with propidium iodide and analyzed for DNA content. The number of cells in the G1, S and G2/M phases
was calculated and expressed as a percentage of the total MRC-5 (D) and NLF (F) population. (G) Effects of siRNA- mediated VEGF-D silenc-
ing on the proliferative capacity of MRC-5 cells. MRC-5 cells were transfected with control siRNA (black) or VEGF-D siRNA (red). Cells cultured in
DMEM containing 20% FBS were used as positive controls (blue). Cell proliferation was determined at the indicated time points after transfec-
tion. Data represent mean ± SEM of at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 (versus control siRNA); #P < 0.05;
###P < 0.001 (versus VEGF-D siRNA), by the Student t test (B) and one-way ANOVA (D, F, G).

Continued on next page



VEGF-D Expression Is Decreased in
Human IPF Lung Tissues

Given our findings of reduced VEGF-D
expression in human lung fibroblasts
treated with TGF-β1 and the pivotal role
TGF-β1 plays in the pathogenesis of pul-
monary fibrosis, we performed Western
blotting (Figure 6A) to evaluate VEGF-D
expression in IPF lung homogenates.
Densitometric analysis (Figure 6B) of the
immunoblot (Figure 6A and Supplemen-
tary Figure S4) showed that the mature
form of VEGF-D (~21 kDa) was ~40%
lower in IPF lung lysates (n = 6) com-
pared with controls (n = 6). Because
VEGF-D is not processed in the intracel-
lular space (10), but is immediately
cleaved in the extracellular space (8,9),
our finding is consistent with the relative
abundance of extracellular VEGF-D. We
then sought to localize VEGF-D expres-
sion in control and fibrotic lungs by
using immunohistochemical staining

(Figures 6C–H). As demonstrated in Fig-
ures 6C, D, F and G, VEGF-D immunore-
activity was primarily observed in alveo-
lar macrophages and epithelial cells in
both control and IPF lungs. In IPF lung
sections (Figure 6G), fibroblastic foci
(area enclosed by black dotted lines)
showed very weak VEGF-D immunore-
activity, whereas VEGF-D was expressed
by alveolar interstitial cells (black arrow)
in control lung (Figure 6D). No staining
was observed when the primary VEGF-D
antibody was replaced by normal mouse
IgG (Figures 6E, H).

DISCUSSION
Individual members of the VEGF

family have distinct biological functions
and unique mechanisms of regulation.
For example, the expressions of both
VEGF-A and -C are significantly ele-
vated in colorectal cancer tissue,
whereas VEGF-D expression is down-

regulated (45,46). Furthermore, TGF-α,
betacellulin and heregulin-β1 have all
been shown to upregulate both VEGF-A
and -C but simultaneously downregu-
late VEGF-D expression in cancer cells
(20). The underlying mechanisms for
differential regulation of VEGF family
members and the biological implications
of this differential regulation are not
completely understood.

TGF-β1 is a highly pleiotropic cy-
tokine critical to fibrogenesis in the lung
(47). In light of the stimulating effects of
TGF-β1 on VEGF-A and -C (28,29), we
examined the possibility that TGF-β1
might also modulate VEGF-D expression
and result in altered VEGF-D expression
in IPF lung tissue. Similar to the findings
of previously published reports (28,29),
our current study shows that TGF-β1
significantly upregulates fibroblast ex-
pression of VEGF-A and -C, but con-
versely, treatment with TGF-β1 sup-
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presses VEGF-D expression in a time-
and dose- dependent fashion.

TGF-β1 signals through both the
canonical Smad pathway and Smad-

 independent noncanonical pathways
(34,48). In the present study, we used
selective kinase inhibitors and siRNA-
based gene knockdown to delineate the

pathways that mediate VEGF-D down-
regulation in response to TGF-β1. Our
study shows that the kinase activity of
TGF-β RI and JNK are required for
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Figure 5. Knockdown of TSC2 or β-catenin is not sufficient to block TGF-β1–induced suppression of VEGF-D in MRC-5 cells. (A, B) MRC-5 cells
were transfected with control siRNA (Ctrl) or TSC2 siRNA for 24 h, serum starved for 24 h and then incubated in serum-free medium in the
absence or presence of TGF-β1 (5 ng/mL) for 48 h. (A) Equal amounts of protein from whole cell lysates were analyzed by Western blotting
with antibodies against VEGF-D, tuberin, α-SMA and β-actin. (B) Ratio of VEGF-D to β-actin density was expressed as the fold-change relative
to control siRNA alone. (C) β-Catenin (β-cat) knockdown efficiency in MRC-5 cells 48 h after transfection, as determined by Western blot
analysis. (D) Real-time PCR analysis of total RNA extracted from MRC-5 cells transfected as in (C) for 24 h, serum-starved for 24 h and then
stimulated with TGF-β1 (5 ng/mL) for 48 h. VEGF-D mRNA levels were normalized to β2-macroglobulin mRNA and expressed as the fold-
change relative to control siRNA alone. Data represent means ± SEM of three independent experiments. ***P < 0.001, NS, not significant, by
one-way ANOVA.



TGF-β1–induced reduction of VEGF-D,
whereas Smad3, PI3K, TSC2, MEK and
p38MAPK are not essential for this 
specific signal transduction process.
TGF-β1 activation of JNK signaling de-
pends on TGF-β RI kinase activity and
is Smad3 independent (49,50), which
explains our results. Consistent with
these findings, we show that the down-
regulation of VEGF-D can be abrogated
by TGF-β RI kinase inhibitor SB431542,
but not by Smad3 knockdown. Impor-
tantly, JNK has been shown to be a key
mediator of fibrosis, since JNK activa-
tion is persistently elevated in fibrotic
lung fibroblasts in vitro and in IPF lung
tissue (51,52).

JNK activation could lead to VEGF-D
downregulation through two potential
mechanisms: (a) transcriptional sup-
pression, as observed in the case of gap
junction protein in cardiomyocytes (53),
or (b) an increase in the adenylate-
uridylate (AU)-rich element RNA-bind-
ing protein 1 (AUF1) and the conse-
quent impairment of target mRNA
stabilization (54). Interestingly, analysis
of the 3′-untranslated region of human
VEGF-D mRNA (NCBI Reference Se-
quence: NM_004469) using an online
database (http://utrdb. ba.itb.cnr.it) re-
vealed the presence of several AU-rich
elements, which are known binding
sites for AUF1 (55).

VEGF-D is mitogenic for endothelial
cells in vitro and promotes both angio-
genesis and lymphangiogenesis in vivo.
However, the roles of intracellular 
VEGF-D have not been extensively ex-
amined. Our data show that VEGF-D
knockdown in lung fibroblasts promotes
G1/S phase transition and enhances
their proliferative potential. Consistent
with our findings, a recent report dem-
onstrates aberrant fibroblast proliferation
in VEGF-D–deficient mice during cuta-
neous wound healing (15). In contrast,
VEGF-D knockdown has been generally
associated with a reduction of prolifera-
tion in cancer cells (56,57). The cause for
this potential contradiction is not clear,
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Figure 6. VEGF-D expression is decreased in human IPF lung tissues. (A) Equal amounts of protein from human lung homogenates were
analyzed by Western blotting with antibodies against VEGF-D and β-actin. (B) Densitometric analysis of (A). Ratio of VEGF-D to β-actin
density was expressed as the fold-change relative to control lung. Data are presented as means ± SEM (n = 6). *P < 0.05, compared
with control, by Student t test. (C–H) Immunoreactivity for VEGF-D visualized with diaminobenzidine (DAB) is observed in alveolar
macrophages (red arrow) and epithelial cells (blue arrow) in both control (C) and IPF lungs (F). In IPF lung sections (G), fibroblastic foci
(area enclosed by black dotted lines) showed very weak VEGF-D immunoreactivity, whereas VEGF-D was present within alveolar inter-
stitial cells (black arrow) in control lungs (D). Absence of immunoreactivity with nonimmune IgG in control (E) and IPF (H) lungs. One rep-
resentative image from control (n = 6) and IPF (n = 6) lungs was shown. Scale bars: 50 μm.
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although it might simply reflect the bio-
logical variations among different cell
types. Further studies are warranted to
elucidate the underlying mechanisms for
VEGF-D–associated cell cycle regulation
and identify the downstream molecular
targets of endogenous VEGF-D.

VEGF-D levels are increased in LAM
and serve as a potential diagnostic and
prognostic biomarker (58). LAM cells,
characterized most commonly by muta-
tion of the TSC2 gene, are thought to be
the source of increased VEGF-D. Our
data show that, in fibroblasts, silencing
TSC2 and inhibiting the PI3K/AKT path-
way do not result in increased VEGF-D
levels at baseline or after TGF-β1 stimu-
lation. These data suggest that the mech-
anisms controlling VEGF-D expression
may differ in fibroblasts and LAM cells.

IPF is a disease characterized by in-
creased TGF-β1 activity and aberrant fi-
broblast proliferation (59). Our analysis
of IPF lung tissue homogenates shows a
decrease in the mature form of VEGF-D
compared with controls. Immunohisto-
chemical analysis of IPF and normal lung
sections shows that IPF lung fibroblasts
have a marked decrease in VEGF-D im-
munoreactivity, whereas alveolar epithe-
lial cells and alveolar macrophages show
intense immunoreactivity for VEGF-D.
The decreased VEGF-D expression by
IPF lung fibroblasts is consistent with
our previous findings that lymphatic
vessels are absent within fibroblastic foci
in IPF (60). Previous reports have shown
that concentrations of VEGF-D in bron-
choalveolar lavage fluid (60) and serum
(61) are not significantly different be-

tween subjects with IPF and controls.
Taken together, these data suggest that
there are distinct variations among pul-
monary interstitial, alveolar and systemic
distribution patterns of VEGF-D in pa-
tients with pulmonary fibrosis.

CONCLUSION
In summary, we present evidence that,

in human lung fibroblasts, TGF-β1
downregulates VEGF-D expression
through the TGF-β receptor and JNK sig-
naling pathway. We demonstrate the
functional roles of intracellular VEGF-D
in fibroblast biology, and we correlate
our in vitro findings with the distribution
of VEGF-D expression in pulmonary fi-
brosis. Further delineation of the mecha-
nisms through which VEGF-D exerts its
intracellular functions may lead to the

R E S E A R C H  A R T I C L E

M O L  M E D  2 0 : 1 2 0 - 1 3 4 ,  2 0 1 4  |  C U I  E T  A L .  |  1 3

Figure 6. VEGF-D expression is decreased in human IPF lung tissues. (A) Equal amounts of protein from human lung homogenates were
analyzed by Western blotting with antibodies against VEGF-D and β-actin. (B) Densitometric analysis of (A). Ratio of VEGF-D to β-actin
density was expressed as the fold-change relative to control lung. Data are presented as means ± SEM (n = 6). *P < 0.05, compared
with control, by Student t test. (C–H) Immunoreactivity for VEGF-D visualized with diaminobenzidine (DAB) is observed in alveolar
macrophages (red arrow) and epithelial cells (blue arrow) in both control (C) and IPF lungs (F). In IPF lung sections (G), fibroblastic foci
(area enclosed by black dotted lines) showed very weak VEGF-D immunoreactivity, whereas VEGF-D was present within alveolar inter-
stitial cells (black arrow) in control lungs (D). Absence of immunoreactivity with nonimmune IgG in control (E) and IPF (H) lungs. One rep-
resentative image from control (n = 6) and IPF (n = 6) lungs was shown. Scale bars: 50 μm.



development of novel therapeutic targets
for fibrotic lung disorders.
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