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Abstract

Elevated serum interleukin-6 (IL-6) levels correlates with tumor grade and poor prognosis in
cancer patients. IL-6 has been shown to promote tumor lymphangiogenesis through vascu-
lar endothelial growth factor-C (VEGF-C) induction in tumor cells. We recently showed that
IL-6 also induced VEGF-C expression in lymphatic endothelial cells (LECs). However, the
signaling mechanisms involved in IL-6-induces VEGF-C induction in LECs remain incom-
pletely understood. In this study, we explored the causal role of focal adhesion kinase
(FAK) in inducing VEGF-C expression in IL-6-stimulated murine LECs (SV-LECs). FAK sig-
naling blockade by NSC 667249 (a FAK inhibitor) attenuated IL-6-induced VEGF-C expres-
sion and VEGF-C promoter-luciferase activities. IL-6’s enhancing effects of increasing FAK,
ERK1/2, p38MAPK, C/EBP, p65 and STAT3 phosphorylation as well as C/EBP(3-, kB- and
STAT3-luciferase activities were reduced in the presence of NSC 667249. STAT3 knock-
down by STAT3 siRNA abrogated IL-6’s actions in elevating VEGF-C mRNA and protein
levels. Moreover, Src-FAK signaling blockade reduced IL-6’s enhancing effects of increas-
ing STAT3 binding to the VEGF-C promoter region, cell migration and endothelial tube for-
mation of SV-LECs. Together these results suggest that IL-6 increases VEGF-C induction
and lymphangiogenesis may involve, at least in part, Src-FAK-STAT3 cascade in LECs.
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Introduction

Metastatic spread of tumor cells remains the major cause of death in cancer patients [1, 2].
Tumor cells access to the systemic circulation and invade surrounding tissues by releasing
growth factors or cytokines to stimulate angiogenesis and lymphangiogenesis [3]. Angiogenesis
and lymphangiogenesis, the major routes for tumor metastasis, therefore represent rational tar-
gets for therapeutic intervention. In the last decades, there has been a remarkable progress in
identifying the underlying mechanisms of tumor angiogenesis, leading to several novel anti-
angiogenic agents approved by the FDA for cancer treatment [4]. However, lymphangiogen-
esis, in contrast to angiogenesis, has been less thoroughly explored. Similar to angiogenesis,
lymphangiogenesis is defined as the process of newly-formed lymphatic capillaries from exist-
ing vessels. There have been growing evidence that lymphangiogenesis is increased in various
malignancies. Patients with tumor lymphangiogenesis have less favorable outcome [5]. In addi-
tion, suppression of tumor lymphangiogenesis markedly reduced tumor metastasis in xeno-
graft murine models [6]. Therefore, understanding the molecular signaling cascades that
modulate lymphangiogenesis is mandatory for developing novel therapeutic strategies for can-
cer treatment.

It is generally accepted that chronic inflammation plays a pivotal role in promoting cancer
development and progression [1, 7]. One of the best surrogates of chronic inflammation in the
pathogenesis of tumor is interleukin-6 (IL-6), a pleiotropic inflammatory cytokine [8]. Elevated
serum IL-6 levels have been found correlating with poor prognosis of patients with advanced
stages of cancer [9-11]. Many lines of evidence demonstrated that IL-6 exhibits tumor-pro-
moting actions including regulation of tumor growth [12] and chemo-resistance [10], induc-
tion of epithelial-mesenchymal transition [13] and promoting angiogenesis [14] as well as
lymphangiogenesis [15], which contribute to tumor metastasis. Among known lymphangio-
genic factors, vascular endothelial growth factor-C (VEGE-C) is the best-characterized and rec-
ognized as a major regulator of lymphangiogenesis. It has been believed that VEGF-C acts via
VEGEF receptor-3 (VEGFR-3), which is expressed dominantly on lymphatic endothelial cells
(LECGs) [16]. VEGEF-C binds to and activates VEGFR-3 and its downstream signaling pathways
that promoting LEC migration, proliferation, and survival [17]. Many lines of evidence indi-
cated that VEGEF-C plays a pivotal role in promoting tumor lymphangiogenesis and metastasis
[18, 19]. Clinical studies further showed that elevated VEGF-C levels closely correlate with
lymph node metastasis and poor patient prognosis [20, 21]. Shinriki et al. [15] previous dem-
onstrated that IL-6 induces VEGF-C expression and lymphangiogenesis in human oral squa-
mous cell carcinoma. We recently utilized a conditionally immortalized line of murine LECs
(SV-LECs) [22, 23] and showed that IL-6 induces VEGF-C expression not only in tumor cells
but also in LECs [24]. However, the precise mechanisms underlying IL-6-induced VEGF-C
expression in LECs remain incompletely understood.

IL-6 exhibits its pleiotropic functions through IL-6 signaling complex formed by the associ-
ation of IL-6, IL-6 receptor (IL-6R) and glycoprotein130 (gp130). IL-6 activates gp130-me-
diated cis- or trans-signaling via membrane bound or soluble form of IL-6R (sIL-6R) [25]. It
has been postulated that IL-6 trans-signaling is implicated in most of dysregulated inflamma-
tory responses leading to diseases [26]. IL-6 signaling complex activates mainly three major
downstream signaling cascades including the janus tyrosine family kinase (JAK)-signal trans-
ducer and activator of transcription 3 (STAT3) signaling, the phosphoinositide 3-kinase
(PI3-K) signaling, and the Ras-extracellular signal-regulated kinase (ERK) signaling [27]. We
previously demonstrated that Src signaling plays a causal role in VEGF-C induction in IL-
6-stimulated SV-LECs. We also noted that Src mediated IL-6-induced focal adhesion kinase
(FAK) and STAT?3 activation in SV-LECs [24]. However, whether FAK or STAT3 contributes
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to IL-6’s enhancing effects in inducing VEGF-C expression and its underlying mechanisms
remain to be established. In this study, we aimed to explore whether FAK contributes to IL-6
actions in inducing VEGF-C induction and lymphangiogensis in LECs.

Materials and Methods
Reagents

Fetal bovine serum (FBS), DMEM, penicillin, and streptomycin were purchased from Invitro-
gen (Carlsbad, CA, USA). Recombinant IL-6 and soluble IL6Ra (SIL6R) were purchased from
PeproTech (Rocky Hill, NJ, USA). PP2, NSC 667249 and the enhanced chemiluminescence
detection kit were purchased from Millipore (Billerica, MA, USA). Antibodies against Src
phosphorylated at Tyr416, FAK, FAK phosphorylated at Tyr397, p38MAPK, p38MAPK phos-
phorylated at Thr180/Tyr182, ERK1/2, ERK1/2 phosphorylated at Thr202/Tyr204, C/EBPB
phosphorylated at Thr235, and STAT3 phosphorylated at Tyr705 were purchased from Cell
Signaling (Danvers, MA, USA). Antibodies specific for STAT3, C/EBP and p65 and normal
IgG were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-mouse and
anti-rabbit IgG conjugated horseradish peroxidase antibodies and antibodies against p65 phos-
phorylated at Ser536, VEGF-C, Src and a-tubulin were purchased from GeneTex Inc (Irvine,
CA, USA). NF-«B-luc and Renilla-luc reporter constructs and Dual-Glo luciferase assay system
were purchased from Promega (Madison, W1, USA). Turbofect™ in vitro transfection reagent
was purchased from Upstate Biotechnology (Lake Placid, NY, USA). Murine VEGF-C pro-
moter sequence (—370/+1) cloned into pGL4-basic vector (pGL4-VEGEF-C promoter-luc-370)
was constructed as described previously [24]. The C/EBP-luc reporter construct was kindly
provided by Dr Kjetil Tasken (University of Oslo, Oslo, Norway). The STAT3-luc (p4xM67-
tk-Luc, Addgene plasmid 8688) reporter construct containing four copies of STAT-binding
site as described previously [28] was provided by Dr. James E. Darnell Jr. (Laboratory of Molec-
ular Cell Biology, The Rockefeller University, New York, USA). All materials for immunoblot-
ting were purchased from GE Healthcare (Little Chalfont, UK). Negative control siRNA,
mouse STAT3 siRNA and all other chemicals were obtained from Sigma-Aldrich (St. Louis,
MO, USA).

Cell culture

The murine LEC line SV-LEC was kindly provided by Dr. J.S. Alexander (Shreveport, LA,
USA) [22]. SV-LECs were maintained in streptomycin (100 pg/ml), penicillin G (100 U/ml)
and 10% FBS containing DMEM medium in a humidified 37°C incubator.

Immunoblotting

Immunoblotting was performed as described previously [29]. Briefly, cells were lysed in an
lysis buffer (140 mM NaCl, 2 mM phenylmethanesulfonylfluooride (PMSF), 0.5% NP-40, 10
mM Tris (pH 7.0), 0.2 mM leupeptin, and 0.05 mM pepstatin A. Samples with equal amounts
of protein were subjected to SDS-PAGE and transferred onto an nitrocellulose membrane (NC
paper). After blocking using 5% non-fat milk containing TBST buffer, proteins were visualized
by incubating with specific primary antibodies for 2 h followed by horse radish peroxidase-
conjugated secondary antibodies for another 1 h. The enhanced chemiluminescence detection
kit (Millipore, Billerica, MA, USA) was used to detect immunoreactivity according to the man-
ufacturer's instructions. Quantitative data was obtained using a computing densitometer with a
scientific imaging system (Biospectrum AC System, UVP, Upland, CA, USA).
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Gene Suppression

For STATS3 suppression, predesigned siRNA targeting the mouse STAT3 was purchased from
Sigma-Aldrich (St. Louis, MO, USA). The siRNA oligonucleotide targeting the coding regions
of mouse STAT3 was as follows: STAT3 siRNA, 5’'-guugaauuaucagcuuaaa-3'. The negative
control siRNA comprising a 21-bp scrambled sequence with 3'dT overhangs was also pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).

Cell Transfection

SV-LECs were transfected with siRNAs or different constructs as described below using Turbo-
fect transfection reagent (Millipore, Billerica, MA, USA) according to the manufacturer's instruc-
tions. For the reporter assay, cells were transfected with pGL4-VEGF-C-luc-370 [24], C/EBPB-
luc, ¥B-luc or STAT3-Iuc plus Renilla-luc. For immunoblotting or RT-PCR analysis, cells were
transfected with negative siRNA or mouse STAT3 siRNA. Using the same transfection protocol,
we assessed the transfection efficiency based on pEGFP, a green fluorescence protein expression
vector using flow-cytometric analysis with FACScan and Cellquest program (Becton Dickinson).
Transfection efficiency is defined as the percentage of cells expressing green fluorescence. The
compiled results show a transfection rate is approximately 40% (N = 3) (S1 Fig).

Dual luciferase reporter assay

Cells with or without treatments were harvested. The luciferase activity was then determined
using a Dual-Glo luciferase assay system kit (Promega, Madison, WI, USA) according to man-
ufacturer’s instructions, and was normalized on the basis of renilla luciferase activity as
described previously [29].

Reverse-transcription polymerase chain reaction (RT-PCR)

RT-PCR analyses were performed as described previously [24]. Primers used for amplifying the
mouse VEGF-C and GAPDH fragments were as follows: VEGEF-C, sense: 5-AGCCAACAGGG
AATTTGATG-3' and antisense: 5'-CACAGCGGCATACTTCTTCA-3"; GAPDH, sense: 5-CCT
TCATTGACCTCAACTAC-3’ and antisense: 5-GGAAGGCCATGCCAGTGAGC-3’. GAPDH
was used as the internal control. The PCR was performed with the following conditions: 30 cycles
of a 30-s denaturation step at 94°C, a 30-s annealing step at 57°C, and a 45-s extension step at
72°C to amplify VEGF-C and GAPDH c¢DNA. The amplified fragment sizes for mouse VEGF-C
and GAPDH were 239 and 594 bp, respectively. PCR products were subjected to agarose gel elec-
trophoresis, stained with ethidium bromide, and visualized by ultraviolet illumination.

Enzyme-linked Immunosorbent Assay (ELISA)

After treatment as indicated, the cell culture medium was removed and stored at -80°C until the
assay. The concentration of VEGF-C in the culture medium was quantified using a VEGF-C
ELISA kit (Cloud-Clone Corp, Houston, TX, USA), according to the manufacturer’s protocol.

Cell migration assay (Wound-healing cell scratch assay)

SV-LECs were grow to confluence in 12-well tissue culture plates. Cells were then starved with
serum-free DMEM medium for 16 h. After starvation, monolayer SV-LECs were wounded by
scratching with pipette tips and washed with PBS. DMEM medium was added into the wells in
the presence of absence of IL-6/sIL-6R (20 ng/ml). After 24 h treatment, cells were photo-
graphed under an inverted contrast phase microscope (Nikon, Japan). The rate of cell migra-
tion was quantified by counting the number of migrated cells in the scratch area.
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Matrigel tube formation assay

Matrigel, a basement membrane matrix (Becton Dickinson, Mountain View, CA, USA), was
polymerized at 37°C for 30 min. SV-LECs suspended in DMEM medium in the presence or
absence of IL-6/sIL-6R (20 ng/ml) were seeded onto the Matrigel. After 3 h, capillary-like tubes
were photographed under an inverted contrast phase microscope (Nikon, Japan). The total
length of the tubes was measured using pen type digital meter (KOIZUMI Sokki Mfg. Co., Ltd,
Niigata, Japan) for the quantification of tube formation.

Chromatin immunoprecipitation (ChlP) assay

A ChIP assay was performed as described previously [24]. Purified DNA was used for the PCR
in 50 uL reaction mixture. The 170-bp VEGF-C promoter fragment between -198 and -367
(contains putative STAT3 binding sites) was amplified using the primer pair, sense: 5’-cgg gac
gag tgg aac atc-3” and antisense: 5’-agg tac gag cct cac agg aa-3’, in 30 cycles of PCR. This was
done at 95°C for 30 s, 56°C for 30 s, and finally 72°C for 45 s. PCR products were subjected to
agarose gel electrophoresis, stained with ethidium bromide, and visualized by ultraviolet
illumination.

Statistical analysis

Results are presented as the mean + S.E. from at least three independent experiments. One-way
analysis of variance (ANOVA) was followed by the Newman-Keuls test, when appropriate, to
determine the statistical significance of the difference between means. A p value of < 0.05 was
considered statistically significant.

Results

FAK inhibitor NSC 667249 reduced IL-6/sIL-6R-induced VEGF-C
expression in SV-LECs

To determine whether FAK signaling contributes to VEGF-C induction in IL-6/sIL-6R-stimu-
lated SV-LECs, a pharmacological FAK inhibitor NSC 667249 was used. As shown in Fig 1A,
treatment of SV-LECs with IL-6/sIL-6R (20 ng/ml) for 24 h caused a significant increase in
VEGEF-C protein levels. After 24 h of IL-6/sIL-6R exposure, VEGF-C released into cell culture
medium was also increased (Fig 1B). However, IL-6/sIL-6R-induced VEGEF-C induction (Fig
1A) and VEGEF-C release (Fig 1B) were significantly reduced in the presence of NSC 667249.
We next performed reporter assay with murine VEGF-C promoter-luc reporter construct [24]
to explore whether NSC 667249 attenuation of VEGF-C induction at transcriptional level. As
shown in Fig 1C, NSC 667249 significantly reduced IL-6/sIL-6R’s enhancing effects in increas-
ing VEGF-C promoter luciferase activity in SV-LECs. Confirming the inhibitory effects of NSC
667249, a marked reduction in IL-6/sIL-6R-induced FAK phosphorylation was observed in
SV-LECs exposed to NSC 667249 (Fig 1D). These results suggest that IL-6/sIL-6R-induced
VEGE-C expression is attributed to FAK signaling in SV-LECs.

FAK mediated ERK1/2 and p38MAPK phosphorylation in IL-6/sIL-6R-
stimulated SV-LECs

As previous report that ERK1/2 and p38MAPK are implicated in induction of VEGF-C [24],
we next sought to determine whether IL-6/sIL-6R-induced ERK1/2 and p38MAPK phosphory-
lation involves FAK signaling. As shown in Fig 2A, FAK signaling blockade by NSC 667249 sig-
nificantly suppressed ERK1/2 phosphorylation in SV-LECs exposed to IL-6/sIL-6R. Similarly,
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Fig 1. FAK contributed to IL-6/sIL-6R-induced VEGF-C expression in SV-LECs. (A) Cells were pretreated with the vehicle or NSC 667249 (0.3 uM) for
30 min before treatment with IL-6 plus sIL6R (20 ng/ml) for another 24 h. The VEGF-C level and was then determined by immunoblotting. Each column
represents the mean = S.E.M. of eight independent experiments. (B) After treatment as described in (A), cell culture media were collected and VEGF-C in
the media was quantified using a ELISA kit. Each column represents the mean + S.E.M. of four independent experiments. (C) Cells were transiently
transfected with VEGF-C promoter-luc-370 and renilla-luc for 48 h. After transfection, cells were treated with vehicle or NSC 667249 (0.3 uM) for 30 min,
followed by treatment with IL-6 plus sIL6R (20 ng/ml) for another 24 h. Luciferase activity was then determined as described in the “Materials and Methods”
section. Data represent the mean + S.E.M. of three independent experiments performed in duplicate. (D). Cells were pretreated with the vehicle or NSC
667249 (0.3 uM) for 30min followed by treatment with IL-6 plus sIL6R (20 ng/ml) for another 30 min. The extent of FAK phosphorylation was then
determined by immunobilotting. Each column represents the mean + S.E.M. of four independent experiments. *p<0.05, compared to the control group; *
p<0.05, compared to the vehicle-treated group in the presence of IL-6 plus sIL6R.

doi:10.1371/journal.pone.0158839.g001
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Fig 2. FAK mediated IL-6/sIL-6R-induced ERK1/2 and p38MAPK phosphorylation in SV-LECs. Cells
were pretreated with the vehicle or NSC 667249 (0.3 uM) for 30min followed by treatment with IL-6 plus sIL6R
(20 ng/ml) for another 30 min. The extent of ERK1/2 (A), pP38MAPK (B) or Src (C) phosphorylation was then
determined by immunoblotting. Each column represents the mean + S.E.M. of five independent experiments.
*p<0.05, compared to the control group; * p<0.05, compared to the vehicle-treated group in the presence of

IL-6 plus sIL6R.
doi:10.1371/journal.pone.0158839.9002

PLOS ONE | DOI:10.1371/journal.pone.0158839 July 6, 2016

7/18



@’PLOS ‘ ONE

FAK Mediates IL-6- Induced VEGF-C Expression

NSC 667249 also inhibited IL-6/sIL-6R-induced p38MAPK phosphorylation (Fig 2B). In con-
trast, the phosphorylation status of Src was not altered despite the presence of NSC 667249 in
IL-6/sIL-6R-stimulated SV-LECs (Fig 2C). These findings together suggest that Src-mediated
FAK activation may occur upstream of ERK1/2 and p38MAPK signaling cascades in SV-LECs
after IL-6/sIL-6R exposure.

FAK contributed to IL-6/sIL-6R-induced C/EBPf3, p65 and STAT3
phosphorylation in SV-LECs

Transcription factors including NF-xB and C/EBP{3 play pivotal roles in transcriptional induc-
tion of VEGF-C [24]. It has been shown that C/EBPf phosphorylation promotes its transcrip-
tional activity [30]. Moreover, the phosphorylation of NF-«B subunit p65 accounts for its
transcriptional activity [31]. We therefore investigated whether NSC 667249 affects phosphor-
ylation status of C/EBPf and p65 in IL-6/sIL-6R-stimulated SV-LECs. Results from immuno-
blotting analysis demonstrated that NSC 667249 significantly reduced C/EBP83 (Fig 3A) and
p65 (Fig 3B) phosphorylation in SV-LECs exposed to IL-6/sIL-6R. We also examined whether
phosphorylation status of STAT3 is altered in the presence of NSC 667249. As shown in Fig
3C, NSC 667249 significantly inhibited IL-6/sIL-6R-induced STAT3 phosphorylation. Results
from reporter assays further showed that NSC 667249 attenuated IL-6/sIL-6R’s effects of
increasing C/EBPR3- (Fig 3D), NF-«kB- (Fig 3E) and STAT3-luciferase (Fig 3F) activities.
Together these observations suggest that FAK may active downstream transcriptional factors
including C/EBP{3, NF-xB and STAT3 in IL-6/sIL-6R-stimulated SV-LECs.

STAT3 plays a causal role in VEGF-C induction in IL-6/sIL-6R-
stimulated SV-LECs

To confirm whether STAT3 contributes to IL-6/sIL-6R’s actions in inducing VEGF-C expres-
sion, siRNA strategy was used to silence STAT3 expression in SV-LECs. As shown in Fig 4A,
STATS3 siRNA significantly reduced VEGF-C mRNA expression in IL-6/sIL-6R-stimulated
SV-LECs. IL-6/sIL-6R-increased VEGF-C protein level was also suppressed by STAT3 siRNA
(Fig 4B). In addition, basal STAT3 level in SV-LECs was markedly reduced in cells transfected
with STAT3 siRNA (Fig 4B). These results suggest that STAT?3 is responsible for VEGF-C
induction in SV-LECs exposed to IL-6/sIL-6R. Results from TFSEARCH analysis (Yutaka
Akiyama: “TFSEARCH: Searching Transcription Factor Binding Sites”; http://www.rwcp.or.jp/
papia/) [32] showed that putative consensus sequence for STAT3 is included in the 5’-flanking
region (-367 to -198) of the murine VEGEF-C gene3. To determine whether IL-6/sIL-6R
increases STAT3 binding to the endogenous VEGF-C promoter region (-367 to -198), a chro-
matin immunoprecipitation (ChIP) analysis was performed. As shown in Fig 4C. IL-6/sIL6R
increased the recruitment of STAT3 to the VEGF-C promoter region (-367/-198). However,
this enhancing effect of IL-6/sIL6R was abolished in the presence of PP2 (a Src inhibitor) or
NSC 667249 (Fig 4C). These observations suggest that IL-6/sIL-6R-induced STAT3 activation
and VEGEF-C expression through Src-FAK signaling cascade in SV-LECs.

Src-FAK signaling blockade reduced IL-6/sIL-6R-induced cell migration
and tube formation of SV-LECs

Similar to angiogenesis, sprouting from existing lymphatic vessels, migration and forming a
capillary-like structure are required for lymphamgiogenesis [33, 34]. Cell migration assay and
tube-formation assay were employed to explore whether IL-6 exhibits lymphangiogenic prop-
erties. As shown in Fig 5A treatment of SV-LECs with IL-6/sIL-6R (20 ng/ml) for 24 h
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Fig 3. FAK contributed to IL-6/sIL-6R-induced C/EBPB, NF-kB and STAT3 activation in SV-LECs. Cells
were pretreated with the vehicle or NSC 667249 (0.3 uM) for 30min followed by treatment with IL-6 plus sIL6R
(20 ng/ml) for another 30 min. The extent of C/EBPB (A), p65 (B) or STAT3 (C) phosphorylation was then
determined by immunoblotting. Each column represents the mean + S.E.M. of five independent experiments.
*p<0.05, compared to the control group; * p<0.05, compared to the vehicle-treated group in the presence of
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IL-6 plus sIL6R. Cells were transfected with C/EBP1 (D), NF-kB-luc (E) or VEGF-C promoter-luc-370 (F) plus
renilla-luc for 48 h. After transfection, SV-LECs were pretreated with the vehicle or NSC 667249 (0.3 pM) for
30min followed by treatment with IL-6 plus sIL6R (20 ng/ml) for another 24 h. The luciferase activity was then
determined. Each column represents the mean + S.E.M. of at least four independent experiments. *p<0.05,
compared to the control group; # p<0.05, compared to the vehicle-treated group in the presence of IL-6 plus
sIL6R.

doi:10.1371/journal.pone.0158839.g003

significantly increased cell motility as determined by counting migrated cells. However, Src or
FAK signaling blockade using PP2 (Fig 5A) or NSC 667249 (Fig 5B) markedly reduced IL-6/
sIL-6R’s enhancing effects on cell migration. In addition, SV-LECs became elongated and
formed capillary-like structures after exposure to IL-6/sIL-6R for 3 h as determined by two-
dimensional matrigel tube formation assay (Fig 6A). Total tube length was quantified to repre-
sent the degree of tube formation. Similar to the results derived from cell migration assay, PP2
(Fig 6B) and NSC 667249 (Fig 6C) also significantly suppressed IL-6/sIL-6R-induced tube for-
mation of SV-LECs. Taken together, these results indicate that IL-6/sIL-6R may activate, at
least in part, Src-FAK signaling pathway, leading to lymphangiogenesiss.

Discussion

In addition to angiogenesis, it is believed that VEGF-C-associated lymphangiogenesis also con-
tributes to tumor metastasis [19, 35]. VEGF-C signaling thus represents a rational target for
limiting lymphangiogenesis and metastasis. Targeting VEGF-C-VEGFR3 signaling has recently
been shown benefit in reducing tumor lymphatic metastasis [36, 37]. However, reducing
tumor cells- or LECs-derived VEGF-C might be another potential strategy for therapeutic
intervention, although the signaling mechanisms involved in VEGF-C induction remain
largely unclear. Inflammation has long been associated with tumor progression. It appears that
IL-6, of all pro-inflammatory cytokines, plays a major role in modulating tumor progression
[8]. Pro-inflammatory cytokines including tumor necrosis factor-o. [38], RNAKL [39] and IL-6
[15] were reported to induce VEGF-C induction in macrophages, astrocytes, fibroblasts, osteo-
clasts, as well as in tumor cells. We showed that IL-6 also induced VEGF-C expression in
SV-LECs [24], the mechanism of which was further explored in this study. We demonstrated
in this study that IL-6-induced VEGF-C induction and lymphangiogenesis may involve the
activation of Src-FAK-STAT3 signaling in SV-LECs.

Src is often found deregulated in various human cancers. Src promotes tumor progression
by inducing proliferation, migration, as well as angiogenesis via its downstream signaling mole-
cules such as MAPKs and FAK [40-43]. Ou et al [44] have shown that Src and FAK signaling
pathways participate in colorectal cancer lymphangiogenesis. We previously demonstrated
that Src activation is required for IL-6/sIL-6R-induced VEGF-C induction in SV-LECs. We
also found that FAK activation is induced by Src in IL-6/sIL-6R-stimulated SV-LECs [24].
However, the role FAK in modulating lymphangiogenesis remains incompletely understood.
We noted in this study that pharmacological FAK inhibition prevented IL-6/sIL-6R-induced
ERK1/2 and p38MAPK activations. We also noted that FAK activation contributes to VEGEF-C
induction in SV-LEC:s after IL-6/sIL-6R exposure. These observations together suggest that
FAK mediates p38MAPK and ERK1/2 activation and subsequent signaling events in IL-6/sIL-
6R-stimulated SV-LECs. Moreover, Liu et al [45] demonstrated that FAK is required for JNK1/
2 activation in fibroblasts in response to inflammatory stimuli. JNK1/2 activation also contrib-
utes to IL-6’s actions in vascular endothelial cells [46]. It is likely that IL-6/sIL-6R may cause
FAK-medicated JNK1/2 activation in SV-LECs. Further investigations are needed to clarify
whether IL-6/sIL-6R-induced VEGF-C induction involves JNK1/2-associated signaling path-
ways and the underlying mechanisms in SV-LECs.
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Fig 4. STAT3 siRNA suppressed IL-6/sIL-6R-induced VEGF-C expression in SV-LECs. (A) Cells were
transiently transfected with negative control siRNA or STAT3 siRNA for 48 h. After transfection, cells were
treated with IL-6 plus sIL6R (20 ng/ml) for another 6 h. The extent of VEGF-C mRNA was analyzed by
RT-PCR as described in the “Materials and Methods” section. Each column represents the mean + S.E.M. of
five independent experiments. *p<0.05, compared to the control group; # p<0.05, compared to the vehicle-
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doi:10.1371/journal.pone.0158839.9004

Persistent activation of STAT3 is commonly observed in tumor tissues [47] and it is the
core transcription factor that links inflammation to cancer [48]. Similar to the observations
that STAT3 contributes to VEGF-C induction in vascular endothelial cells [49], we noted in
this study that IL-6/sIL-6R-induced VEGF-C induction also involved STAT3 in SV-LECs. It is
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Fig 5. Src-FAK signaling blockade reduced IL-6/sIL-6R-induced SV-LEC migration. SV-LECs were starved in DMEM medium without FBS
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doi:10.1371/journal.pone.0158839.9g005
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Fig 6. Src-FAK signaling blockade suppressed IL-6/sIL-6R-induced tube formation of SV-LECs. (A) SV-LECs were seeded on Matrigel in
the presence of VEGF-C (50 ng/ml) or IL-6 plus sIL6R (20 ng/ml) with or without PP2. Cells were then photographed under phase-contrast after 3
h. A representative microscopic phenotype of the formed tubes is shown (N = 3). (B) Total tube length of the formed capillary-like tube under
different treatments as described in (A) was also measured using pen type digital meter. Each column represents the mean + S.E.M. of three
independent experiments. (C) SV-LECs were seeded on Matrigel in the presence of IL-6 plus sIL6R (20 ng/ml) with or without NSC 667249. Cells
were then photographed under phase-contrast after 3 h. Total tube length of the formed capillary-like tube under different treatments was
measured using pen type digital meter. Each column represents the mean + S.E.M. of three independent experiments. * p<0.05, compared to the
control group; ¥ p<0.05, compared to the vehicle-treated group in the presence of IL-6 plus sIL6R.

doi:10.1371/journal.pone.0158839.9006

believed that IL-6’s pleiotropic tumor-promoting activities are attributable to JAK2-STATS3 sig-
naling cascade [50]. However, tyrosine kinases other than JAK2 may also contribute to IL-
6-induced STAT?3 activation. We showed in the present study that STAT3 phosphorylation
was causally related to FAK activation in SV-LECs after IL-6/sIL-6R exposure. In addition, c-
Src [24], p38MAPK [51] and ERK1/2 [52] have also been shown to mediate STAT3 activation.
The crosstalk between JAK2, Src and FAK signaling links to STAT?3 activation remains to be
resolved in SV-LECs. It appears, at least in part, that activation of FAK by IL-6/sIL-6R results
in ERK1/2 and p38MAPK phosphorylation and subsequent STAT3 activation, as well as
VEGF-C induction in SV-LECs.

The promoter region (-370~+1) of the murine vegf-c gene also contains Sp1, NF-xB, and C/
EBPp binding sites in addition to STAT3. Several lines of evidence demonstrated that activa-
tion of Sp1 is mediated by ERK1/2 or p38MAPK signaling pathway [53, 54]. It raises the possi-
bility that Sp1 may also contribute to VEGF-C induction in IL-6/sIL-6R-stimulated SV-LECs.
Moreover, we recently established that IL-6/sIL-6R activated p38MAPK or ERK1/2 resulting in
NF-kB and C/EBP activation and VEGF-C induction in SV-LECs [24]. Together, these find-
ings support the contention that IL-6/sIL-6R induced VEGF-C induction attributes to not only
STATS3, but also Sp1, NF-kB and C/EBP in SV-LECs. The precise mechanisms by which IL-6/
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Src-FAK signaling cascade, leading to STAT3, C/EBP or NF-kB activation and subsequent VEGF-C
expression SV-LECs.

doi:10.1371/journal.pone.0158839.g007

sIL-6R activates these transcription factors remain to be investigated. It is likely that activation of
these signaling cascades may culminate in VEGF-C induction in SV-LECs. In addition, it is
reported that STAT3 interacts physically and functionally with C/EBP [55]. Snyder et al [56]
recently demonstrated that STAT3-NF-xB complex is essential for target gene expression in met-
astatic breast cancer cells in response to IL-6. Moreover, independent binding of STAT3 and NF-
kB to the promoter region may synergistically enhance its target gene expression [48, 57]. Further
investigations are needed to characterize whether STAT3 cooperates with NF-kB, C/EBP, Sp1 or
other transcription factors in inducing VEGF-C expression in IL-6/sIL-6R-stimulated SV-LECs.
Regulation of cellular VEGF-C may also occur at not only transcriptional, but also post-transcrip-
tional level via microRNAs [58]. Rokavec et al [59] demonstrated that IL-6-STAT3 signaling reg-
ulates microRNAs to promote colorectal cancer cell endothelial-mesenchymal transition (EMT)
and tumor metastasis. It is likely that VEGF-C induction by IL-6/sIL-6R may not only involve
transcriptional, but also post-transcriptional mechanisms. It is worthy to explore the role of
microRNAs in VEGF-C induction in IL-6/sIL-6R-stimulated SV-LECs.

In conclusion, we demonstrated in this study that FAK plays a causal role in IL-6/sIL-6R
activation of the ERK1/2, p38MAPK and STATS3 signaling, leading to VEGF-C expression in
SV-LECs (Fig 7). The present study delineates, at least in part, the signaling pathways involved
in IL-6/sIL-6R-induced VEGF-C expression and lymphangiogenesis in SV-LECs. A better
understanding of these underlying mechanisms may help in developing novel therapeutic
strategies to reduce lymphangiogenesis and tumor metastasis.

Supporting Information

S1 Fig. Transfection efficiency in SV-LECs. SV-LECs were transfected with control vector
(pcDNA) or a green fluorescence protein expression vector pEGFP as described in the

PLOS ONE | DOI:10.1371/journal.pone.0158839 July 6, 2016 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158839.s001

el e
@ ) PLOS ‘ ONE FAK Mediates IL-6- Induced VEGF-C Expression

“Materials and methods” section. After transfection, cells were harvested and resuspended in
PBS. Green fluorescence derived from successful transfected cells were determined by flow-
cytometric analysis with FACScan and Cellquest program (Becton Dickinson). Transfection
efficiency is defined as the percentage of cells expressing green fluorescence (GF). The com-
piled results show a transfection rate is approximately 40% (N = 3).

(PDF)

Acknowledgments

We would like to thank Dr Kjetil Tasken (University of Oslo, Oslo, Norway) for the kind gift of
the C/EBP-luc reporter construct; Dr. James E. Darnell Jr. (Laboratory of Molecular Cell Biol-
ogy, The Rockefeller University, New York, USA) for the kind gift of the STAT3-luc (p4xM67-
tk-Luc, Addgene plasmid 8688) reporter construct.

Author Contributions

Conceived and designed the experiments: YHH HYY YFH MJH. Performed the experiments:
YHH SWH HYY. Analyzed the data: YHH HYY YFH MJH. Wrote the paper: YHH GO YFH
MJH.

References

1. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011; 144(5):646-674. doi:
10.1016/j.cell.2011.02.013 PMID: 21376230

2. Talmadge JE, Fidler IJ. AACR centennial series: the biology of cancer metastasis: historical perspec-
tive. Cancer Res. 2010; 70(14):5649-5669. doi: 10.1158/0008-5472.CAN-10-1040 PMID: 20610625

3. Semenza GL. Cancer-stromal cell interactions mediated by hypoxia-inducible factors promote angio-
genesis, lymphangiogenesis, and metastasis. Oncogene. 2013; 32(35):4057—-4063. doi: 10.1038/onc.
2012.578 PMID: 23222717

4. ChungAS, Lee J, Ferrara N. Targeting the tumour vasculature: insights from physiological angiogene-
sis. Nat Rev Cancer. 2010; 10(7):505-514. doi: 10.1038/nrc2868 PMID: 20574450

5. Stacker SA, Achen MG, Jussila L, Baldwin ME, Alitalo K. Lymphangiogenesis and cancer metastasis.
Nat Rev Cancer. 2002; 2(8):573-583. PMID: 12154350

6. MaengYS, Lee R, Lee B, Choi SI, Kim EK. Lithium inhibits tumor lymphangiogenesis and metastasis
through the inhibition of TGFBIp expression in cancer cells. Sci Rep. 2016; 6:20739. doi: 10.1038/
srep20739 PMID: 26857144

7. Coussens LM, Werb Z. Inflammation and cancer. Nature. 2002; 420(6917):860-867. PMID: 12490959

8. AraT, Declerck YA. Interleukin-6 in bone metastasis and cancer progression. Eur J Cancer. 2010; 46
(7):1223-1231. doi: 10.1016/j.ejca.2010.02.026 PMID: 20335016

9. Belluco C, Nitti D, Frantz M, Toppan P, Basso D, Plebani M, et al. Interleukin-6 blood level is associated
with circulating carcinoembryonic antigen and prognosis in patients with colorectal cancer. Ann Surg
Oncol. 2000; 7(2):133—-138. PMID: 10761792

10. GuoY, XuF, LuT, Duan Z, Zhang Z. Interleukin-6 signaling pathway in targeted therapy for cancer.
Cancer Treat Rev. 2012; 38(7):904—910. doi: 10.1016/j.ctrv.2012.04.007 PMID: 22651903

11. Liao WG, Lin JT, Wu CY, Huang SP, Lin MT, Wu AS, et al. Serum interleukin-6 level but not genotype
predicts survival after resection in stages Il and Il gastric carcinoma. Clin Cancer Res. 2008; 14
(2):428-434. doi: 10.1158/1078-0432.CCR-07-1032 PMID: 18198221

12. QuZ, SunF, Zhou J, LiL, Shapiro SD, Xiao G. Interleukin-6 prevents the initiation but enhances the
progression of lung cancer. Cancer Res. 2015; 75(16):3209-3215. doi: 10.1158/0008-5472.CAN-14-
3042 PMID: 26122841

13. Yadav A, Kumar B, Datta J, Teknos TN, Kumar P. IL-6 promotes head and neck tumor metastasis by
inducing epithelial-mesenchymal transition via the JAK-STAT3-SNAIL signaling pathway. Mol Cancer
Res. 2011;9(12):1658-1667. doi: 10.1158/1541-7786.MCR-11-0271 PMID: 21976712

14. Nilsson MB, Langley RR, Fidler IJ. Interleukin-6, secreted by human ovarian carcinoma cells, is a
potent proangiogenic cytokine. Cancer Res. 2005; 65(23):10794—10800. PMID: 16322225

PLOS ONE | DOI:10.1371/journal.pone.0158839 July 6, 2016 15/18


http://mcb.asm.org/search?author1=James+E.+Darnell+Jr.&sortspec=date&submit=Submit
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1158/0008-5472.CAN-10-1040
http://www.ncbi.nlm.nih.gov/pubmed/20610625
http://dx.doi.org/10.1038/onc.2012.578
http://dx.doi.org/10.1038/onc.2012.578
http://www.ncbi.nlm.nih.gov/pubmed/23222717
http://dx.doi.org/10.1038/nrc2868
http://www.ncbi.nlm.nih.gov/pubmed/20574450
http://www.ncbi.nlm.nih.gov/pubmed/12154350
http://dx.doi.org/10.1038/srep20739
http://dx.doi.org/10.1038/srep20739
http://www.ncbi.nlm.nih.gov/pubmed/26857144
http://www.ncbi.nlm.nih.gov/pubmed/12490959
http://dx.doi.org/10.1016/j.ejca.2010.02.026
http://www.ncbi.nlm.nih.gov/pubmed/20335016
http://www.ncbi.nlm.nih.gov/pubmed/10761792
http://dx.doi.org/10.1016/j.ctrv.2012.04.007
http://www.ncbi.nlm.nih.gov/pubmed/22651903
http://dx.doi.org/10.1158/1078-0432.CCR-07-1032
http://www.ncbi.nlm.nih.gov/pubmed/18198221
http://dx.doi.org/10.1158/0008-5472.CAN-14-3042
http://dx.doi.org/10.1158/0008-5472.CAN-14-3042
http://www.ncbi.nlm.nih.gov/pubmed/26122841
http://dx.doi.org/10.1158/1541-7786.MCR-11-0271
http://www.ncbi.nlm.nih.gov/pubmed/21976712
http://www.ncbi.nlm.nih.gov/pubmed/16322225

@’PLOS ‘ ONE

FAK Mediates IL-6- Induced VEGF-C Expression

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

Shinriki S, Jono H, Ueda M, Ota K, Ota T, Sueyoshi T, et al. Interleukin-6 signalling regulates vascular
endothelial growth factor-C synthesis and lymphangiogenesis in human oral squamous cell carcinoma.
The Journal of pathology. 2011; 225(1):142—150. doi: 10.1002/path.2935 PMID: 21710490

Tammela T, Alitalo K. Lymphangiogenesis: Molecular mechanisms and future promise. Cell. 2010; 140
(4):460—-476. doi: 10.1016/j.cell.2010.01.045 PMID: 20178740

Veikkola T, Jussila L, Makinen T, Karpanen T, Jeltsch M, Petrova TV, et al. Signalling via vascular
endothelial growth factor receptor-3 is sufficient for lymphangiogenesis in transgenic mice. EMBO J.
2001; 20(6):1223-1231. PMID: 11250889

Mandriota SJ, Jussila L, Jeltsch M, Compagni A, Baetens D, Prevo R, et al. Vascular endothelial growth
factor-C-mediated lymphangiogenesis promotes tumour metastasis. EMBO J. 2001; 20(4):672—-682.
PMID: 11179212

Skobe M, Hawighorst T, Jackson DG, Prevo R, Janes L, Velasco P, et al. Induction of tumor lymphan-
giogenesis by VEGF-C promotes breast cancer metastasis. Nat Med. 2001; 7(2):192—198. PMID:
11175850

Schoppmann SF, Tamandl D, Roberts L, Jomrich G, Schoppmann A, Zwrtek R, et al. HER2/neu
expression correlates with vascular endothelial growth factor-C and lymphangiogenesis in lymph node-
positive breast cancer. Ann Oncol. 2010; 21(5):955-960. doi: 10.1093/annonc/mdp532 PMID:
19940005

GuY, Qi X, Guo S. Lymphangiogenesis induced by VEGF-C and VEGF-D promotes metastasis and a
poor outcome in breast carcinoma: a retrospective study of 61 cases. Clin Exp Metastasis. 2008; 25
(7):717-725. doi: 10.1007/s10585-008-9180-4 PMID: 18512120

Ando T, Jordan P, Joh T, Wang Y, Jennings MH, Houghton J, et al. Isolation and characterization of a
novel mouse lymphatic endothelial cell line: SV-LEC. Lymphat Res Biol. 2005; 3(3):105—115. PMID:
16190815

Luo Y, Zhou H, Liu L, Shen T, Chen W, Xu B, et al. The fungicide ciclopirox inhibits lymphatic endothe-
lial cell tube formation by suppressing VEGFR-3-mediated ERK signaling pathway. Oncogene. 2011;
30(18):2098-2107. doi: 10.1038/0onc.2010.590 PMID: 21217783

Huang YH, Yang HY, Hsu YF, Chiu PT, Ou G, Hsu MJ. Src contributes to IL6-induced vascular endo-
thelial growth factor-C expression in lymphatic endothelial cells. Angiogenesis. 2014; 17(2):407-418.
doi: 10.1007/s10456-013-9386-1 PMID: 24048742

Scheller J, Chalaris A, Schmidt-Arras D, Rose-John S. The pro- and anti-inflammatory properties of the
cytokine interleukin-6. Biochim Biophys Acta. 2011; 1813(5):878-888. doi: 10.1016/j.bbamcr.2011.01.
034 PMID: 21296109

Rose-John S. IL-6 trans-signaling via the soluble IL-6 receptor: importance for the pro-inflammatory
activities of IL-6. Int J Biol Sci. 2012; 8(9):1237—1247. doi: 10.7150/ijbs.4989 PMID: 23136552

Heinrich PC, Behrmann |, Haan S, Hermanns HM, Muller-Newen G, Schaper F. Principles of interleukin
(IL)-6-type cytokine signalling and its regulation. Biochem J. 2003; 374 (Pt 1):1-20. PMID: 12773095

Besser D, Bromberg JF, Darnell JE Jr., Hanafusa H. A single amino acid substitution in the v-Eyk intra-
cellular domain results in activation of Stat3 and enhances cellular transformation. Mol Cell Biol. 1999;
19(2):1401-1409. PMID: 9891073

Chang HL, Chen CY, Hsu YF, Kuo WS, Ou G, Chiu PT, et al. Simvastatin induced HCT116 colorectal
cancer cell apoptosis through p38MAPK-p53-survivin signaling cascade. Biochim Biophys Acta. 2013;
1830(8):4053-4064. doi: 10.1016/j.bbagen.2013.04.011 PMID: 23583370

Nakajima T, Kinoshita S, Sasagawa T, Sasaki K, Naruto M, Kishimoto T, et al. Phosphorylation at thre-
onine-235 by a ras-dependent mitogen-activated protein kinase cascade is essential for transcription
factor NF-IL6. Proceedings of the National Academy of Sciences of the United States of America.
1993; 90(6):2207—2211. PMID: 8384717

Li Q, Verma IM. NF-kappaB regulation in the immune system. Nature reviews Immunology. 2002; 2
(10):725-734. PMID: 12360211

Heinemeyer T, Wingender E, Reuter |, Hermjakob H, Kel AE, Kel OV, et al. Databases on transcrip-
tional regulation: TRANSFAC, TRRD and COMPEL. Nucleic Acids Res. 1998; 26(1):362—-367. PMID:
9399875

Adams RH, Alitalo K. Molecular regulation of angiogenesis and lymphangiogenesis. Nat Rev Mol Cell
Biol. 2007; 8(6):464—478. PMID: 17522591

Oliver G. Lymphatic vasculature development. Nat Rev Immunol. 2004; 4(1):35—45. PMID: 14704766
Karpanen T, Egeblad M, Karkkainen MJ, Kubo H, Yla-Herttuala S, Jaattela M, et al. Vascular endothe-

lial growth factor C promotes tumor lymphangiogenesis and intralymphatic tumor growth. Cancer Res.
2001; 61(5):1786—-1790. PMID: 11280723

PLOS ONE | DOI:10.1371/journal.pone.0158839 July 6, 2016 16/18


http://dx.doi.org/10.1002/path.2935
http://www.ncbi.nlm.nih.gov/pubmed/21710490
http://dx.doi.org/10.1016/j.cell.2010.01.045
http://www.ncbi.nlm.nih.gov/pubmed/20178740
http://www.ncbi.nlm.nih.gov/pubmed/11250889
http://www.ncbi.nlm.nih.gov/pubmed/11179212
http://www.ncbi.nlm.nih.gov/pubmed/11175850
http://dx.doi.org/10.1093/annonc/mdp532
http://www.ncbi.nlm.nih.gov/pubmed/19940005
http://dx.doi.org/10.1007/s10585-008-9180-4
http://www.ncbi.nlm.nih.gov/pubmed/18512120
http://www.ncbi.nlm.nih.gov/pubmed/16190815
http://dx.doi.org/10.1038/onc.2010.590
http://www.ncbi.nlm.nih.gov/pubmed/21217783
http://dx.doi.org/10.1007/s10456-013-9386-1
http://www.ncbi.nlm.nih.gov/pubmed/24048742
http://dx.doi.org/10.1016/j.bbamcr.2011.01.034
http://dx.doi.org/10.1016/j.bbamcr.2011.01.034
http://www.ncbi.nlm.nih.gov/pubmed/21296109
http://dx.doi.org/10.7150/ijbs.4989
http://www.ncbi.nlm.nih.gov/pubmed/23136552
http://www.ncbi.nlm.nih.gov/pubmed/12773095
http://www.ncbi.nlm.nih.gov/pubmed/9891073
http://dx.doi.org/10.1016/j.bbagen.2013.04.011
http://www.ncbi.nlm.nih.gov/pubmed/23583370
http://www.ncbi.nlm.nih.gov/pubmed/8384717
http://www.ncbi.nlm.nih.gov/pubmed/12360211
http://www.ncbi.nlm.nih.gov/pubmed/9399875
http://www.ncbi.nlm.nih.gov/pubmed/17522591
http://www.ncbi.nlm.nih.gov/pubmed/14704766
http://www.ncbi.nlm.nih.gov/pubmed/11280723

@’PLOS ‘ ONE

FAK Mediates IL-6- Induced VEGF-C Expression

36.

37.

38.

39.

40.

4.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Lin J, Lalani AS, Harding TC, Gonzalez M, Wu WW, Luan B, et al. Inhibition of lymphogenous metasta-
sis using adeno-associated virus-mediated gene transfer of a soluble VEGFR-3 decoy receptor. Can-
cer research. 2005; 65(15):6901-6909. PMID: 16061674

Roberts N, Kloos B, Cassella M, Podgrabinska S, Persaud K, Wu Y, et al. Inhibition of VEGFR-3 activa-
tion with the antagonistic antibody more potently suppresses lymph node and distant metastases than
inactivation of VEGFR-2. Cancer research. 2006; 66(5):2650-2657. PMID: 16510584

JiH, CaoR, Yang Y, Zhang Y, lwamoto H, Lim S, et al. TNFR1 mediates TNF-alpha-induced tumour
lymphangiogenesis and metastasis by modulating VEGF-C-VEGFRS3 signalling. Nat Commun. 2014;
5:4944. doi: 10.1038/ncomms5944 PMID: 25229256

Zhang Q, Guo R, Lu Y, Zhao L, Zhou Q, Schwarz EM, et al. VEGF-C, a lymphatic growth factor, is a
RANKL target gene in osteoclasts that enhances osteoclastic bone resorption through an autocrine
mechanism. J Biol Chem. 2008; 283(19):13491-13499. doi: 10.1074/jbc.M708055200 PMID:
18359770

Chang YF, Hsu YF, Chiu PT, Huang WJ, Huang SW, Ou G, et al. WMJ-S-001, a novel aliphatic hydro-
xamate derivative, exhibits anti-angiogenic activities via Src-homology-2-domain-containing protein
tyrosine phosphatase 1. Oncotarget. 2015; 6(1):85-100. PMID: 25415226

Jean C, Chen XL, Nam JO, Tancioni |, Uryu S, Lawson C, et al. Inhibition of endothelial FAK activity
prevents tumor metastasis by enhancing barrier function. J Cell Biol. 2014; 204(2):247-263. doi: 10.
1083/jcb.201307067 PMID: 24446483

Whyte J, Bergin O, Bianchi A, McNally S, Martin F. Key signalling nodes in mammary gland develop-
ment and cancer. Mitogen-activated protein kinase signalling in experimental models of breast cancer
progression and in mammary gland development. Breast Cancer Res. 2009; 11(5):209. doi: 10.1186/
bcr2361 PMID: 19818165

Summy JM, Gallick GE. Src family kinases in tumor progression and metastasis. Cancer Metastasis
Rev. 2003; 22(4):337-358. PMID: 12884910

Ou JJ, Wei X, Peng Y, Zha L, Zhou RB, Shi H, et al. Neuropilin-2 mediates lymphangiogenesis of colo-
rectal carcinoma via a VEGFC/VEGFRS3 independent signaling. Cancer Lett. 2015; 358(2):200-209.
doi: 10.1016/j.canlet.2014.12.046 PMID: 25543087

Liu S, Xu SW, Kennedy L, Pala D, Chen Y, Eastwood M, et al. FAK is required for TGFbeta-induced
JNK phosphorylation in fibroblasts: implications for acquisition of a matrix-remodeling phenotype. Mol
Biol Cell. 2007; 18(6):2169-2178. PMID: 17409352

Andreozzi F, Laratta E, Procopio C, Hribal ML, Sciacqua A, Perticone M, et al. Interleukin-6 impairs the
insulin signaling pathway, promoting production of nitric oxide in human umbilical vein endothelial cells.
Mol Cell Biol. 2007; 27(6):2372—-2383. PMID: 17242212

Buettner R, Mora LB, Jove R. Activated STAT signaling in human tumors provides novel molecular tar-
gets for therapeutic intervention. Clin Cancer Res. 2002; 8(4):945-954. PMID: 11948098

Yu H, Pardoll D, Jove R. STATs in cancer inflammation and immunity: a leading role for STAT3. Nat
Rev Cancer. 2009; 9(11):798-809. doi: 10.1038/nrc2734 PMID: 19851315

Miyazaki T, Taketomi Y, Saito Y, Hosono T, Lei XF, Kim-Kaneyama JR, et al. Calpastatin counteracts
pathological angiogenesis by inhibiting suppressor of cytokine signaling 3 degradation in vascular
endothelial cells. Circ Res. 2015; 116(7):1170-1181. doi: 10.1161/CIRCRESAHA.116.305363 PMID:
25648699

Knupfer H, Preiss R. Significance of interleukin-6 (IL-6) in breast cancer (review). Breast Cancer Res
Treat. 2007; 102(2):129-135. PMID: 16927176

Che KF, Shankar EM, Muthu S, Zandi S, Sigvardsson M, Hinkula J, et al. p38 Mitogen-activated protein
kinase/signal transducer and activator of transcription-3 pathway signaling regulates expression of
inhibitory molecules in T cells activated by HIV-1-exposed dendritic cells. Mol Med. 2012; 18:1169—
1182. doi: 10.2119/molmed.2012.00103 PMID: 22777388

Chelsky ZL, Yue P, Kondratyuk TP, Paladino D, Pezzuto JM, Cushman M, et al. A Resveratrol Ana-
logue Promotes ERKMAPK-Dependent Stat3 Serine and Tyrosine Phosphorylation Alterations and
Antitumor Effects In Vitro Against Human Tumor Cells. Mol Pharmacol. 2015; 88(3):524—-533. doi: 10.
1124/mol.115.099093 PMID: 26138072

Barbier D, Garcia-Verdugo |, Pothlichet J, Khazen R, Descamps D, Rousseau K, et al. Influenza A
induces the major secreted airway mucin MUC5AC in a protease-EGFR-ERK-Sp1 dependent pathway.
Am J Respir Cell Mol Biol. 2012; 47(2):149-157. doi: 10.1165/rcmb.2011-04050C PMID: 22383584

Lin HH, Lai SC, Chau LY. Heme oxygenase-1/carbon monoxide induces vascular endothelial growth
factor expression via p38 kinase-dependent activation of Sp1. J Biol Chem. 2011; 286(5):3829-3838.
doi: 10.1074/jbc.M110.168831 PMID: 21115498

PLOS ONE | DOI:10.1371/journal.pone.0158839 July 6, 2016 17/18


http://www.ncbi.nlm.nih.gov/pubmed/16061674
http://www.ncbi.nlm.nih.gov/pubmed/16510584
http://dx.doi.org/10.1038/ncomms5944
http://www.ncbi.nlm.nih.gov/pubmed/25229256
http://dx.doi.org/10.1074/jbc.M708055200
http://www.ncbi.nlm.nih.gov/pubmed/18359770
http://www.ncbi.nlm.nih.gov/pubmed/25415226
http://dx.doi.org/10.1083/jcb.201307067
http://dx.doi.org/10.1083/jcb.201307067
http://www.ncbi.nlm.nih.gov/pubmed/24446483
http://dx.doi.org/10.1186/bcr2361
http://dx.doi.org/10.1186/bcr2361
http://www.ncbi.nlm.nih.gov/pubmed/19818165
http://www.ncbi.nlm.nih.gov/pubmed/12884910
http://dx.doi.org/10.1016/j.canlet.2014.12.046
http://www.ncbi.nlm.nih.gov/pubmed/25543087
http://www.ncbi.nlm.nih.gov/pubmed/17409352
http://www.ncbi.nlm.nih.gov/pubmed/17242212
http://www.ncbi.nlm.nih.gov/pubmed/11948098
http://dx.doi.org/10.1038/nrc2734
http://www.ncbi.nlm.nih.gov/pubmed/19851315
http://dx.doi.org/10.1161/CIRCRESAHA.116.305363
http://www.ncbi.nlm.nih.gov/pubmed/25648699
http://www.ncbi.nlm.nih.gov/pubmed/16927176
http://dx.doi.org/10.2119/molmed.2012.00103
http://www.ncbi.nlm.nih.gov/pubmed/22777388
http://dx.doi.org/10.1124/mol.115.099093
http://dx.doi.org/10.1124/mol.115.099093
http://www.ncbi.nlm.nih.gov/pubmed/26138072
http://dx.doi.org/10.1165/rcmb.2011-0405OC
http://www.ncbi.nlm.nih.gov/pubmed/22383584
http://dx.doi.org/10.1074/jbc.M110.168831
http://www.ncbi.nlm.nih.gov/pubmed/21115498

@’PLOS ‘ ONE

FAK Mediates IL-6- Induced VEGF-C Expression

55.

56.

57.

58.

59.

Shackleford TJ, Zhang Q, Tian L, Vu TT, Korapati AL, Baumgartner AM, et al. Stat3 and CCAAT/
enhancer binding protein beta (C/EBP-beta) regulate Jab1/CSN5 expression in mammary carcinoma
cells. Breast Cancer Res. 2011; 13(3):R65. doi: 10.1186/bcr2902 PMID: 21689417

Snyder M, Huang J, Huang XY, Zhang JJ. A signal transducer and activator of transcription 3.Nuclear
Factor kappaB (Stat3.NFkappaB) complex is necessary for the expression of fascin in metastatic
breast cancer cells in response to interleukin (IL)-6 and tumor necrosis factor (TNF)-alpha. J Biol
Chem. 2014; 289(43):30082—-30089. doi: 10.1074/jbc.M114.591719 PMID: 25213863

Lee H, Deng J, Xin H, Liu Y, Pardoll D, Yu H. A requirement of STAT3 DNA binding precludes Th-1
immunostimulatory gene expression by NF-kappaB in tumors. Cancer Res. 2011; 71(11):3772-3780.
doi: 10.1158/0008-5472.CAN-10-3304 PMID: 21502401

HuJ, Cheng Y, LiY,JinZ,PanY, Liu G, et al. microRNA-128 plays a critical role in human non-small
cell lung cancer tumourigenesis, angiogenesis and lymphangiogenesis by directly targeting vascular
endothelial growth factor-C. Eur J Cancer. 2014; 50(13):2336—2350. doi: 10.1016/j.ejca.2014.06.005
PMID: 25001183

Rokavec M, Oner MG, Li H, Jackstadt R, Jiang L, Lodygin D, et al. IL-6R/STAT3/miR-34a feedback
loop promotes EMT-mediated colorectal cancer invasion and metastasis. J Clin Invest. 2014; 124
(4):1853-1867. doi: 10.1172/JCI73531 PMID: 24642471

PLOS ONE | DOI:10.1371/journal.pone.0158839 July 6, 2016 18/18


http://dx.doi.org/10.1186/bcr2902
http://www.ncbi.nlm.nih.gov/pubmed/21689417
http://dx.doi.org/10.1074/jbc.M114.591719
http://www.ncbi.nlm.nih.gov/pubmed/25213863
http://dx.doi.org/10.1158/0008-5472.CAN-10-3304
http://www.ncbi.nlm.nih.gov/pubmed/21502401
http://dx.doi.org/10.1016/j.ejca.2014.06.005
http://www.ncbi.nlm.nih.gov/pubmed/25001183
http://dx.doi.org/10.1172/JCI73531
http://www.ncbi.nlm.nih.gov/pubmed/24642471

