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Abstract

Background/Aims: Neovascularization and invasion coordinate cancer metastases in non-
small cell lung cancer (NSCLC). However, the underlying molecular mechanisms are poorly
understood. Recently, a substantial role of placental growth factor (PLGF) in cancer cell invasion
has been acknowledged in several types of cancer, whereas a possible involvement of PLGF
in the metastases of NSCLC has not been studied. Methods: Here, we analyzed the levels of
PLGF and matrix metalloproteinase 9 (MMP9) in NSCLC specimens. We modified either PLGF
or MMP9 levels in a NSCLC cell line A549, and examined the effects on the levels of MMP9 and
PLGF. The cell invasiveness was quantified in a transwell cell migration assay. Pathway inhibitors
were applied to determine the molecular mechanisms underlying the control of MMP9 by
PLGF. Results: We found that PLGF and MMP9 levels both significantly increased in the NSCLC
specimens and were strongly correlated. Overexpression of PLGF in NSCLC cells increased the
levels of MMP9 and cell invasiveness, while inhibition of PLGF in NSCLC cells decreased the
levels of MMP9 and cell invasiveness. However, modification of MMP9 levels in NSCLC cells
did not alter the levels of PLGF. These data suggest that PLGF may regulate MMP9 in NSCLC
cells, but not vice versa. Moreover, inhibition of MMP9 in PLGF-overexpressing NSCLC cells
abolished the effects of PLGF on cell invasiveness, suggesting that PLGF increases cell invasion
via MMP9. Furthermore, suppression of MAPK-p38, but not suppression of either MAPK-p42/
p44, or P13k, or JNK signaling, substantially abolished the effect of PLGF on MMP9, suggesting
that PLGF may activate MMP9 via MAPK-p38 signaling pathway. Conclusion: PLGF-stimulated
cancer invasion may be mediated through its effects on MMP9 activation in NSCLC cells.
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Introduction

Non-small cell lung cancer (NSCLC) is a prevalentlung cancer, which has been catalogued
into three subtypes: squamous cell carcinoma, large cell carcinoma, and adenocarcinoma
[1-4]. Most NSCLCs are fast-growing, and are resistant to combined chemotherapy and
radiation therapy [1-5]. Hence, it is critical to develop novel therapy to suppress the growth
and invasion of NSCLCs [6-9].

Cancer-related angiogenesis provides oxygen and nutrients to tumor growth and
metastasis, which are important for cancer invasion and metastasis. Cancer cells not only
secrete proteinases to break through protein barriers in the extracellular matrix [10], but also
secrete angiogenic factors to promote vessel formation [11, 12]. Vascular endothelial growth
factor (VEGF) family is the most important signal protein produced by cells that stimulates
vasculogenesis and angiogenesis [13]. The VEGF family is composed of six secreted proteins:
VEGF-a, VEGF-b, VEGF-c, VEGF-d, VEGF-e and placental growth factor (PLGF) [14-16]. PLGF
plays an important role in the pathological angiogenesis, in a coordinated way with other
VEGF family members [17-20].

The matrix metalloproteinase (MMP) family members are involved in the breakdown
of extracellular matrix in normal physiological processes, such as embryonic development,
reproduction, and tissue remodeling, as well as in disease processes, including cancer
metastasis [21, 22]. MMP9 is a member of MMP family, and is secreted by various cancer cells
to break down extracellular matrix [23-25]. Overexpression of MMP9 has been reported to
facilitate metastatic spread of different cancer cells and appears to be an important molecule
to directly promote NSCLC metastasis. Nevertheless, whether MMP9 may be regulated by
angiogenic factors in NSCLC cells has not been examined before.

Recently, PLGF was shown to regulate MMP3 or MMP9 to control the metastasis of
larynx carcinoma, esophageal cancer and oral squamous cell carcinoma [26-29], as the first
reports to show an interaction between angiogenic factors and proteinases for extracellular
matrix breakdown. However, such regulatory machinery in NSCLC has not been determined.

Here, we found that PLGF and MMP9 levels both significantly increased in the NSCLC
specimens and were strongly correlated. PLGF regulated MMP9 in NSCLC cells, but not
vice versa. Moreover, inhibition of MMP9 in PLGF-overexpressing NSCLC cells abolished
the effects of PLGF on cell invasiveness. Furthermore, suppression of MAPK-p38, but not
suppression of either MAPK-p42/p44, or PI3k, or JNK signaling, substantially abolished the
effect of PLGF on MMPO.

Materials and Methods

Patient tissue specimens

A total of 35 resected specimens from NSCLC patients were collected for this study. All specimens had
been histologically and clinically diagnosed at the Department of Pulmonary Medicine of Shanghai Chest
Hospital from 2010 to 2014. For the use of these clinical materials for research purposes, prior patient's
consents and approval were collected and approved by the Institutional Research Ethics Committee.

Cell lines and reagents

A549 and SW900 are 2 human NSCLC lines were all purchased from American Type Culture Collection
(ATCC, Rockville, MD, USA), and were cultured in Dulbecco’s modified Eagle’s media (DMEM, Invitrogen,
Carlsbad, CA, USA) supplemented with 15% fetal bovine serum (Invitrogen). A549 was first developed in
1972 by Dr. Giard through the removal and culturing of cancerous lung tissue in the explanted tumor a of
58-year-old caucasian male [30]. Another cell line SW900 was also used in the current study, and since we
got similar results compared to A549, only data from A549 has been shown. Inhibitors PD98058 (used at
a dose of 10 pmol/1), LY294002 (used at a dose of 20 umol/l), SB203580 (used at a dose of 1pumol/1) and
SP600125 (used at a dose of 10 pmol/1) were all purchased from Sigma-Aldrich (St. Louis, MO, USA).
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Transfection of NSCLC cells

NSCLC cells were transfected with a PLGF-overexpressing plasmid (PLGF), or a small short hairpin
interfering RNA for PLGF (shPLGF), or MMP9-overexpressing plasmid (MMP9), or a small short hairpin
interfering RNA for MMP9 (shMMP9), as has been previously described [31]. Cells transfected with plasmids
carrying a scrambled sequence (scr) were used as a control. Transfection efficiency is nearly 100%.

Transwell matrix penetration assay

Cells (4 x 10°) were plated into the top side of polycarbonate transwell filter coated with Matrigel in
the upper chamber of the BioCoatTM Invasion Chambers (BD, Bedford, MA, USA) and incubated at 37°C
for 22 hours. The cells inside the upper chamber were then removed with cotton swabs. Migratory and
invasive cells on the lower membrane surface were fixed, stained with hematoxylin, and counted for 10
random 100X fields per well. Cell counts are expressed as the mean number of cells per field of view. Five
independent experiments were performed and the data are presented as mean * standard deviation (SD).

ELISA assay

The concentration of MMP9 in the conditioned media from cultured cells was determined by a MMP9
ELISA Kit (Sigma-Aldrich). The concentration of PLGF in the cultured cells was determined by a PLGF ELISA
kit (Raybio, Norcross, GA, USA). ELISAs were performed according to the instructions of the manufacturer.
Briefly, the collected conditioned media was added to a well coated with MMP9/PLGF polyclonal antibody,
and then immunosorbented by biotinylated monoclonal anti-human MMP9/PLGF antibody at room
temperature for 2 hours. The color development catalyzed by horseradish peroxidase was terminated
with 2.5 mol/I sulfuric acid and the absorption was measured at 450 nm. The protein concentration was
determined by comparing the relative absorbance of the samples with the standards.

Western blot

The protein was extracted from the resected NSCLC from the patient specimen, or from cultured
NSCLC cells in RIPA lysis buffer (1% NP40, 0.1% SDS, 100 pg/ml phenylmethylsulfonyl fluoride, 0.5%
sodium deoxycholate, in PBS) on ice. The supernatants were collected after centrifugation at 12000xg
at 4°C for 20min. Protein concentration was determined using a BCA protein assay kit (Bio-rad, China),
and whole lysates were mixed with 4xSDS loading buffer (125 mmol/l Tris-HCI, 4% SDS, 20% glycerol,
100 mmol/L DTT, and 0.2% bromophenol blue) at a ratio of 1:3. Samples were heated at 100 °C for 5
min and were separated on SDS-polyacrylamide gels. The separated proteins were then transferred to a
PVDF membrane. The membrane blots were first probed with a primary antibody. After incubation with
horseradish peroxidase-conjugated second antibody, autoradiograms were prepared using the enhanced
chemiluminescent system to visualize the protein antigen. The signals were recorded using X-ray film.
Primary antibodies were anti-PLGF, anti-MMP9 and anti-a-tubulin (all purchased from Cell Signaling, San
Jose, CA, USA). a-tubulin was used as a protein loading control. Secondary antibody is HRP-conjugated
anti-rabbit (Jackson ImmunoResearch Labs, West Grove, PA, USA). Images shown in the figure were
representative from 5 repeats. Densitometry of Western blots was quantified with NIH Image] software
(Bethesda, MA, USA). The protein levels were first normalized to loading controls, and then normalized to
experimental controls.

RT-qPCR

RNA was extracted from cultured cells with RNeasy kit (Qiagen, Hilden, Germany) and used for cDNA
synthesis. Quantitative PCR (RT-qPCR) were performed in duplicates with QuantiTect SYBR Green PCR Kit
(Qiagen). All primers were purchased from Qiagen. Values of genes were normalized against a-tubulin and
then compared to controls.

Statistical analysis

All statistical analyses were carried out using the SPSS 19.0 statistical software package. All data were
statistically analyzed using one-way ANOVA with a Bonferoni Correction. Bivariate correlations between
PLGF and MMP9 levels were calculated by Spearman's Rank Correlation Coefficients. All values are depicted
as mean * standard deviation from 5 individuals and are considered significant if p < 0.05. The figures were
generated in Prism 6.0 (GraphPad Software Inc, USA).

KARGER

1212



Cellular Physiology Cell Physiol Biochem 2015;37:1210-1218

DOI: 10.1159/000430244 © 2015 The Author(s). Published by S. Karger AG, Basel

and Biochem'stry Published online: September 30, 2015|www.karger.com/cpb

Zhang et al.: PLGF Regulates Metastasis of NSCLC via MMP9

Results

NSCLC patients have increased serum PLGF levels, which are correlated with MMP9 levels

in NSCLC specimens

We examined the levels of serum PLGF in 30 NSCLC patients, compared to 30 cases
without NSCLC or other cancers. We found that NSCLC patients have increased serum PLGF
levels (Fig. 1A). Since MMP9 has been shown to increase in NSCLC and is critical for cancer
metastases, we analyzed the relationship between PLGF and MMP9 in 30 NSCLC specimens.
We detected a strong correlation between serum PLGF and tissue MMP9 levels (Fig. 1B,
r=0.85, p<0.0001). In addition, patients with metastasis of the primary NSCLC expressed
significantly higher levels of MMPO (Fig. 1C) and PLGF (Fig. 1D). These data suggest a causal
link between PLGF and MMP9 in NSCLC, and a possible role of PLGF and MMP9 in the
metastases of NSCLC.

PLGF activates MMP9-mediated cell invasion in NSCLC cells

Then we analyzed 2 human NSCLC cell lines, A549 and SW900, to examine whether
expression of PLGF and MMP9 may affect each other. Since we achieved very similar data
from both lines, which ruled out a possibility of cell-line dependent results, we only showed
data from A549 here. We transfected the NSCLC cells with either a PLGF expressing plasmid
(PLGF), or a small short hairpin interfering RNA for PLGF (shPLGF), or a control scr plasmid
(scr). First, the modification of PLGF in A549 cells was confirmed by RT-qPCR (Fig. 2A), and
by Western blot (Fig. 2B). Then, we found that overexpression of PLGF in A549 cells increased
MMPO expression, while inhibition of PLGF in A549 cells decreased MMP9 expression, by RT-
qPCR (Fig.2C), by Western blot (Fig. 2B) and by ELISA on secreted protein in the conditioned
media (Fig. 2D). These data suggest that the MMP9 are regulated by PLGF in NSCLC cells.

Fig. 1. PLGF and
MMP9 levels in the
metastasis in NSCLC

*
patients and their i ) %o
correlation. (A) Ser- %, °
um PLGF levels were ° 0 o ¢
measured by ELISA 1 ® ‘%’o o o
in 30 NSCLC pati- &
ents, compared to 30 E ° %e r=0.85 p<0.0001 n=30
CTL

>
O
o
@

N
[e=]
NSCLC tissue
MMP9 levels
<
o

[
o

Serum PLGF
levels (ng/l)

control non-NSCLC 0
cases. (B) A strong
correlation between
PLGF and MMP9

—_—

NSCLC Serum PLGF levels

0
@)

4 4
was detected (¥=
0.85; P < 0.0001), | E .,
i = * 2o
using 30 NSCLC ca- » o >
=35 n *
ses. (C-D) Patients ez 5 | g )
with metastasis of | & 59
. 0] o Q
the primary NSCLC [va —1 o —
had significantly hig-
her levels of MMP9
(B) and PLGF (C). 0 - 01 —0 ves
"p<0.05. N=60. MM == S 0210s Metastasis
A-tUBUIIN | c— — 50kDa
no yes
Metastasis

1213



Cellular Physiology Cell Physiol Biochem 2015;37:1210-1218

. . DOI: 10.1159/000430244 © 2015 The Author(s). Published by S. Karger AG, Basel
and B|ochem|5try Published online: September 30, 2015 | www.karger.com/cpb

Zhang et al.: PLGF Regulates Metastasis of NSCLC via MMP9

Fig. 2. PLGF regula- A c
tes MMP9 in NSCLC 07 = 10
cells. A human NSCLC - %
w
cell line, A549, was | Qg g 2
transfected with eit- Ez;, S 5 =55 |
her a PLGF expressing = g % £
S5 55
plasmid (PLGF), or o &
shPLGE, or scr plas- 0 E * E é
. : — 0 -
mid (scr). (A) RT-qP- Asgy  Asge  Asgg Asgg  Asqg o
CR for PLGF. (B) Wes- Ploe “Ser TShey e Pl Scr L g
tern blot for PLGF and
MMP9. (C) RT-qPCR | B  plor WS o0,
for MMP9. (D) ELISA VMBS
— 92kDa
for secreted MMPO.
(E) The invasion abili- a-tubulin e ——  50kDa
ty of the A549 cells in 599,y 5995, V530,
. Gr o h'nig
a transwell cell migra- ~
tion assay. *p<0.05.
N=5. D 10, E 600 -
*
=g z
=% s 3 300 1
Lo ©
53 g
£5 s
* 2 "
3 LR L
54, 54 54, 54, 54 54,
9y g Osr Q‘ShPLGp Q.p!-GF %5y Q‘Shpic;p

Next, we examined whether the modification of PLGF levels may alter the invasion ability
of the A549 cells in a transwell cell migration assay. We found that PLGF overexpression
significantly increased the invasiveness of A549 cells, while inhibition of PLGF significantly
decreased the invasiveness of A549 cells (Fig. 2E). These data suggest that PLGF regulates
MMP9 levels in NSCLC cells to control the cell metastases.

PLGF is not regulated by MMP9 in NSCLC cells

Next, we examined whether MMP9 may similarly affect the PLGF in NSCLC cells. For this
purpose, we transfected the NSCLC cells with either a MMP9 expressing plasmid (MMP9), or
a small short hairpin interfering RNA for MMP9 (shMMP9), or a control scr plasmid (scr).
First, the modification of MMP9 in A549 cells was confirmed by RT-qPCR (Fig. 3A), and by
Western blot (Fig. 3B). We found that the adaptation of MMP9 levels in NSCLC cells did not
alter the levels of PLGF, by RT-qPCR (Fig. 3C), by Western blot (Fig. 3B) and by ELISA on
secreted protein in the conditioned media (Fig. 3D), suggesting that PLGF is not regulated
by MMP9. Next, we examined whether the modification of MMP9 levels may alter the
invasion ability of the A549 cells in a transwell cell migration assay. We found that MMP9
overexpression significantly increased the invasiveness of A549 cells, while inhibition of
MMP9 in A549 cells decreased it significantly (Fig. 3E). Apparently, the alteration in NSCLC
invasiveness resulted from the changes in MMP9 itself, rather than PLGE.

PLGF regulates cell invasion through MMP9

In order to confirm the increases in cell invasion by PLGF overexpression is through
MMP9, we transfected the NSCLC cells with both PLGF expressing plasmid (PLGF) and a
small short hairpin interfering RNA for MMP9 (shMMP9). The increases in MMP9 by PLGF
overexpression were abolished in these cells (A549-PLGF-shMMP9), by RT-qPCR (Fig. 4A),
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by Western blot (Fig. 4B) and by ELISA on secreted protein in the conditioned media (Fig.
4C). Next, we examined the cell invasiveness of these A549-PLGF-shMMP9 cells in a transwell
cell migration assay. We found that MMP9 suppression completely abolished the increases in
invasiveness by PLGF overexpression (Fig. 4D), suggesting that PLGF regulates cell invasion
through MMPO.

PLGF activates MMP9 through p38-MAPK signaling pathway

We then analyzed the signaling pathway through which PLGF regulates MMPO.
Application of a specific p38-MAPK signaling pathway inhibitor SB203580, but not
application of either a specific p42/p44-MAPK signaling pathway inhibitor PD98059, or a
specific PI3k/Akt signaling pathway inhibitor LY294002, or a specific [NK pathway inhibitor
SP600125, to PLGF-overexpressing A549 cells substantially abolished the effect of PLGF in
activating MMP9, by RT-qPCR (Fig. 4A), by Western blot (Fig. 4B), and by ELISA on secreted
protein in conditioned media (Fig. 4C), resulting in a significantly decrease in the PLGF-
induced augment in NSCLC cell invasiveness (Fig. 4D). These data suggest that PLGF may
increase expression of MMP9 through p38-MAPK signaling pathway in NSCLC.

Discussion

Understanding the molecular mechanism underlying cancer neovascularization and
metastasis may substantially improve the prevention and treatment of NSCLC. Angiogenesis
isacritical process by which NSCLC invade and migrate. NSCLC cells, like other tumor cells, not
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only secrete angiogenic molecules like PLGF to induce new vessel formation, but also secrete
MMPs to degrade extracellular matrix [32]. Although both angiogenesis and extracellular
matrix breakdown are equally important for cancer angiogenesis and metastasis, little is
known about the interaction of angiogenic factors and MMPs. Since several recent reports
have shown a regulation pathway between PLGF and MMPs in the metastasis of some cancers
other than NSCLC, we were prompted to examine whether similar regulatory pathway may

exist in NSCLC as well.

Here we found strong correlation of PLGF and MMP9 levels in the NSCLC. Moreover,
significant higher levels of PLGF and MMP9 were detected in the NSCLC from the patients
with metastasis of the primary cancer, suggesting a possible involvement of PLGF and MMP9
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in the metastasis of NSCLC. To prove this hypothesis, we used 2 human NSCLC cell lines to
examine the interaction of PLGF and MMPO9. In both lines, we reached very similar results in
the scope of the current study. These data thus ruled out a possibility of cell-line dependence.
We only showed data from A549 here.

We found that overexpression of PLGF in NSCLC cells increased expression of MMP9,

while inhibition of PLGF in NSCLC cells decreased expression of MMP9. However, neither
overexpression, nor inhibition of MMP9 in NSCLC cells affected expression of PLGE. These
data suggest that PLGF may function upstream of MMP9 in NSCLC cells. Since MMP9 is a
well-known factor to facilitate cell invasion, we thus studied the regulation pathway between
PLGF and MMP9. For this purpose, we applied specific signal pathway inhibitors to PLGF-
overexpressing NSCLC cells, and found that only application of a specific p39-MAPK inhibitor
substantially abolished the effect of PLGF on MMP9 activation and cell invasion, suggesting
that PLGF may activate MMP9 through p38-MAPK signaling pathway.

Anti-PLGF has been applied in the clinical trials to inhibit cancer-related angiogenesis,

but our understanding of its precise function remains limited. Our study, together with
recent work showing a control panel of PLGF/MMPs in some cancers, illustrates a novel
model of the molecular mechanism underlying the angiogenesis and invasiveness of cancer
cells. Further delineation of the underlying molecular mechanism may substantially improve
our understanding of the cancer metastasis regulation, especially those in NSCLC.
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