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Abstract Although antivascular endothelial growth factor a
(VEGFa) treatment has been well applied in cervical cancer
therapy, the underlying molecular basis has not been precisely
identified. Here, we examined the levels of VEGFa on the
tumor growth and invasion in four commonly used human
cervical cancer cell lines. We found that overexpression of
VEGFa in these lines increased the tumor growth and inva-
siveness, while inhibition of VEGFa decreased the tumor
growth and invasiveness. To figure out the involved signaling
pathways, we applied specific inhibitors for ERK/MAPK,
IJNK, and PI3K/Akt signaling pathways, respectively, to
VEGFa-overexpressing cervical cancer lines and found that
only inhibition of PI3K/Akt signal transduction abolished
VEGFa-induced increases in cell growth and invasiveness.
Inhibition of Akt downstream mTor signaling similarly
inhibited cell growth and invasion in VEGFa-overexpressing
cervical cancer cells, suggesting that VEGFa may activate
PI3K/Akt, and subsequently its downstream mTor signaling
pathway, to promote cervical cancer cell growth and invasion.
Furthermore, the effects of VEGFa-induced activation of
mTor signaling cascades appeared to promote cancer cell
growth through cyclinD1 and CDK4 activation and promote
cancer cell invasion through MMP2 and MMP3. Taken to-
gether, our data suggest that anti-VEGFa treatment in cervical
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Introduction

Cervical cancer is the fourth most common cause of cancer as
well as the fourth most common cause of death from cancer in
women. Many patients experience recurrence after the optimal
treatment [1-3]. Therefore, there is a compelling requirement
for improving our understanding of the precise molecular
mechanism controlling the tumorigenesis, growth, and inva-
sion of cervical cancer.

Although knowledge accumulates on the molecular mech-
anisms underlying carcinogenesis in the cervix, the exact
signal transduction cascades remain undefined.
Angiogenesis plays an essential role in invasion and metasta-
sis of various cancer, including cervical cancer [4—6]. Cancer
angiogenesis is potential for advanced tumor growth, by pro-
vision of oxygen and nutrients, and a path for its metastasis, in
which vascular endothelial growth factor (VEGF) is the most
important signal protein for stimulating vasculogenesis and
angiogenesis [7, 8].

There are six secreted proteins in the VEGF family:
VEGFa, VEGFb, VEGFc, VEGFd, VEGFe, and placental
growth factor, among which VEGFa is the most potential
signal protein for stimulation of vasculogenesis and angiogen-
esis during development, regeneration, and carcinogenesis
[8—11]. In the past years, the promising results of bevacizumab
in therapeutic trials for cervical cancer have highlighted
VEGFa pathway as an attractive therapeutic target [1-3].

Proteins of the matrix metalloproteinase (MMP) family are
involved in the breakdown of extracellular matrix in
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embryonic development, cell regeneration, tissue remodeling,
and tumorigenesis [12, 13]. Based on historical assessment of
the substrate specificity of the MMPs and on their cellular
localization, four groups of MMPs have been defined, includ-
ing the collagenases, the gelatinases, the stromelysins, and the
membrane-type MMPs. MMP1, MMPS, MMP13, and
MMP18 are from the collagenase group and are capable of
degrading triple-helical fibrillar collagens. The main sub-
strates of the gelatinases are type IV collagen and gelatin,
which distinguished these enzymes from others. MMP2 and
MMP9 are major members in this group. The stromelysins
display inability of cleaving the triple-helical fibrillar colla-
gens, and the three members of this group are MMP3,
MMP10, and MMPI11. All six membrane-type MMPs
(MMP14, MMP15, MMP16, MMP17, MMP24, and
MMP25) have a furin cleavage site in the propeptide, which
is a feature also shared by MMP11. However, it is believed
that these groups are arbitrary in that a number of MMPs have
not been included in any of the traditional groups [12, 13].
Overexpression of MMPs has been reported to facilitate met-
astatic spread of different cancer cells and appears to be
important molecules to directly promote cancer metastasis
[14, 15].

Cancer cell growth is controlled by various cell cycle
activators and inhibitors. Cell cycle activators include two
classes of regulatory molecules, cyclins (e.g., cyclinB,
cyclinD1, cyclinE) and cyclin-dependent kinases (CDKs,
e.g., CDK4 and CDK6), which determine the progress of a
cell cycle [16—-19]. Cyclins have no catalytic activity and
CDKs are inactive in the absence of a partner cyclin. When
activated by a bound cyclin, CDKs undergo phosphorylation
to activate or inactivate target proteins to orchestrate an entry
into the next phase of the cell cycle. CDKs are constitutively
expressed in cells whereas cyclins are synthesized at specific
stages of the cell cycle, in response to various molecular
signals [16-19]. Two families of genes, the cip/kip (CDK
interacting protein/kinase inhibitory protein) family and the
inhibitor of kinase 4/alternative reading frame (INK4a/ARF)
family, are responsible for prevention of the cell cycle pro-
gression. The cip/kip family includes the genes p21, p27, and
p57. They may suspend cell cycle in G1 phase, by binding to,
and inactivating, cyclin-CDK complexes [16-20]. p21 is ac-
tivated by p53, while p27 is activated by transforming growth
factor beta.

Here, we examined the levels of VEGFa on the tumor
growth and invasion in four commonly used human cervical
cancer cell lines. We found that overexpression of VEGFa in
these lines increased the tumor growth and invasiveness,
while inhibition of VEGFa decreased the tumor growth and
invasiveness. To figure out the involved signaling pathways,
we applied specific inhibitors for ERK/MAPK, JNK, and
PI3K/Akt signaling pathways, respectively, to VEGFa-
overexpressing cervical cancer lines and found that only
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inhibition of PI3K/Akt signal transduction abolished
VEGFa-induced increases in cell growth and invasiveness.
Inhibition of Akt downstream mTor signaling similarly
inhibited cell growth and invasion in VEGFa-overexpressing
cervical cancer cells, suggesting that VEGFa may activate
PI3K/Akt, and subsequently its downstream mTor signaling
pathway, to promote cervical cancer cell growth and invasion.
Furthermore, the effects of VEGFa-induced activation of
mTor signaling cascades appeared to promote cancer cell
growth through cyclinD1 and CDK4 activation and promote
cancer cell invasion through MMP2 and MMP3. Taken to-
gether, our data suggest that anti-VEGFa treatment in cervical
cancer may inhibit both tumor cell growth and invasion
through PI3k/Akt/mTor signaling pathway.

Materials and methods
Cell lines, transfection, and pathway inhibitors

Four most commonly studied human cervical cancer cell lines
Caski, C33A, Siha, and Hela were all purchased from ATCC
and were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 20 % fetal bovine serum
(Invitrogen, Carlsbad, CA, USA). Caski, C33A, Siha, and
Hela cells were transfected with a VEGFa-overexpressing
plasmid [21] or a small short hairpin interfering RNA for
VEGFa (shVEGFa) [7], as has been previously described
[22]. Briefly, the plasmid construct was generated by
subcloning PCR-amplified full-length human VEGFa cDNA
or shVEGFa sequence (5-TGTGAATGCAGACCAAAGA-
3") into pcDNA3.1-EGFP. Transfection was performed with
Lipofectamine 2000 reagent (Invitrogen), according to the
instructions of the manufacturer. Since the plasmid construct
also contains a gene-encoding GFP under the control of a
CMV promoter, it allows purification of GFP-positive
transfected cells by flow cytometry. LY294002, SP600125,
PD98059, and rapamycin were all purchased from Sigma
(USA).

Cell proliferation assay

For cell proliferation assay, pretreated cells were seeded into
96-well plate at 5,000 cells per well and subjected to a Cell
Proliferation Kit (MTT, Roche, USA), according to the in-
struction from the manufacturer.

Transwell matrix penetration assay

A total of 5x10° cells were plated into the top side of poly-
carbonate 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 h. The
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cells inside the upper chamber with cotton swabs were then
removed. Migratory and invasive cells on the lower mem-
brane 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 VEGFa in the conditioned medium from
cultured cells was determined by a VEGFa ELISA kit
(RayBiotech, Norcross, GA, USA). ELISAs were performed
according to the instructions of the manufacturer. Briefly, the
collected condition medium was added to a well coated with
VEGFa monoclonal antibody, and then immunosorbented by
biotinylated monoclonal antihuman VEGFa antibody at room
temperature for 2 h. The color development catalyzed by
horseradish peroxidase was terminated with 2.5 mol/l sulfuric
acid, and the absorption was measured at 450 nm. The protein
concentration was determined by comparing the relative ab-
sorbance of the samples with the standards.

RT-qPCR

RNA was extracted from the cultured cells with RNeasy kit
(Qiagen, Hilden, Germany) and then used as templates for
reverse transcription for cDNA synthesis. Quantitative real-
time PCR (RT-qPCR) was performed in duplicate with
QuantiTect SYBR Green PCR Kit (Qiagen). All primers were
purchased from Qiagen. Values of genes were normalized
against beta-actin and then were compared with the control.

Statistical analysis

All statistical analyses were carried out using the SPSS 16.0
statistical software package. All data were statistically ana-
lyzed using one-way ANOVA with a Bonferroni correction.
All values are depicted as mean=SD from five individuals and
are considered significant if p<0.05.

Results

Generation of cervical cancer cell lines with adapted VEGFa
levels

In the past years, the promising results of bevacizumab in
therapeutic trials for cervical cancer have highlighted VEGF
signaling pathway as an attractive therapeutic target.
However, the precise molecular mechanism remains not
completely identified. Here, we aimed to examine the effects

of VEGFa on the tumor growth and invasion and tried to
understand the exact regulation pathways. We selected four
commonly used human cervical cancer lines for our study.
Caski, C33A, Siha, and Hela cells were all transfected with
either a VEGFa-overexpressing plasmid, or a small shVEGFa,
resulting in four VEGFa-overexpressing lines and four
VEGFa-knockdown lines, respectively. The VEGFa overex-
pression or knockdown in these lines was assured by exam-
ining mRNA by RT-qPCR (Fig. 1a) and by examining secret-
ed proteins in the conditioned media by ELISA (Fig. 1b).

VEGFa levels affected growth and invasiveness
of the cervical cancer cells

We found that overexpression of VEGFa in all cervical cancer
cell lines significantly increased the tumor growth in an MTT
assay, while inhibition of VEGFa decreased the tumor growth
(Fig. 1c). These data suggest that VEGFa may play an essen-
tial role in the growth of cervical cancer cells. Similarly, we
found that overexpression of VEGFa in all cervical cancer
lines significantly increased the tumor invasiveness in a
transwell matrix penetration assay, while inhibition of
VEGFa decreased the tumor invasiveness (Fig. 1d). These
data suggest that VEGFa may play an essential role in the
invasion of cervical cancer cells.

VEGFa regulated growth of the cervical cancer cells
through PI3k/Akt/mTor pathway

To figure out the signaling pathways through which VEGFa
promoted tumor growth, we applied specific inhibitors for
extracellular-related kinase/mitogen-activated protein kinase
(ERK/MAPK), specific Jun N-terminal kinase (JNK), and
phosphatidylinositol 3-kinase (PI3k)/protein kinase B (Akt)
signaling pathways, respectively, to VEGFa-overexpressing
cervical cancer lines. We found that only use of a specific
PI3k/Akt signaling pathway inhibitor, LY294002 (20 umol/l),
but not use of either a specific ERK/MAPK signaling pathway
inhibitor, PD98059 (10 pwmol/l), or a specific INK pathway
inhibitor, SP600125 (10 pmol/l), substantially abolished the
effect of overexpression of VEGFa on the increase in tumor
growth (Fig. 2a). Moreover, application of a specific mTor
inhibitor, rapamycin (100 ng/ml), similarly inhibited the cell
growth in VEGFa-overexpressing cervical cancer cells, sug-
gesting that VEGFa may activate PI3K/Akt, and subsequently
its downstream mTor signaling pathway, to promote cervical
cancer cell growth (Fig. 2a). We then examined the effects
of VEGFa-induced activation of mTor signaling on cell
cycle activators cyclinB, cyclinD1, cyclinE, CDK4, and
CDK6 and cell cycle inhibitor p27. We found that
cyclinD1 and CDK4 seemed to be activated by
VEGFa downstream signaling (Fig. 2b).
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Fig. 1 VEGFa levels affected
growth and invasiveness of the
cervical cancer cells. a, b
Generation of cervical cancer cell
lines with adapted VEGFa levels.
We selected four commonly used
human cervical cancer lines,
Caski, C33A, Siha, and Hela
cells, and transfected them with
either a VEGFa-overexpressing
plasmid or shVEGFa, resulting in
four VEGFa-overexpressing lines
and four VEGFa-knockdown
lines, respectively. The VEGFa
overexpression or knockdown in
these lines was assured by
examining mRNA by RT-qPCR
(a) and by examining secreted
proteins in the conditioned media
by ELISA (b). ¢ Overexpression
of VEGFa in all cervical cancer
lines significantly increased the
tumor growth in an MTT assay,
while inhibition of VEGFa
decreased the tumor growth. d
Overexpression of VEGFa in all
cervical cancer lines significantly
increased the tumor invasiveness
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VEGFa regulated invasiveness of the cervical cancer cells
through PI3k/Akt/mTor pathway

To figure out the signaling pathways through which VEGFa
promoted tumor invasion, we also applied specific inhibitors
for ERK/MAPK, JNK, and PI3k/Akt signaling pathways,
respectively, to VEGFa-overexpressing cervical cancer lines.
Interestingly, we also found that only use of LY294002
(20 umol/l), but not use of either PD98059 (10 wmol/l), or
SP600125 (10 wmol/l), substantially abolished the effect of
overexpression of VEGFa on the increase in tumor invasive-
ness (Fig. 3a). Moreover, application of rapamycin
(100 ng/ml) similarly inhibited the cell invasion in VEGFa-
overexpressing cervical cancer cells, suggesting that VEGFa
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may activate PI3K/Akt, and subsequently its downstream
mTor signaling pathway, to promote cervical cancer cell inva-
sion (Fig. 3a). Thus, VEGFa appeared to regulate both cell
growth and invasion of cervical cancer through PI3K/Akt/
mTor signaling pathway. We then examined the effects of
VEGFa-induced activation of mTor signaling on the expres-
sion of the MMPs (MMP2, MMP3, MMP7, MMP9, MMP13,
and MMP26) that had been detected in cervical tissues and
cancers before. We found that MMP2 and MMP3 seemed to
be regulated by VEGFa (Fig. 3b) suggesting that VEGFa
may regulate MMP2 and MMP3, and consequently cer-
vical cancer cell invasion, through PI3K/Akt/mTor sig-
naling pathway. Our findings were thus summarized in a
schematic (Fig. 4).
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Fig. 2 VEGFa regulated growth
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Discussion

Poor prognosis and treatment for cervical cancer result largely
from inadequate understanding of its molecular tumorigene-
sis. Angiogenesis is one of the most important process by
which cervical cancer grows and invades. Tumor cells not
only secrete angiogenetic molecules like VEGFa to increase
vessel permeability and promote endothelial cell proliferation
and survival, but also secrete MMPs to degrade extracellular
matrix. All these events are critical for cancer angiogenesis
and metastasis. Although there are six secreted proteins in the
VEGF family—VEGFa, VEGFb, VEGFc, VEGFd, VEGFe,
and placental growth facto—VEGFa has been found to have
the most potential effect on stimulation of vasculogenesis and
angiogenesis during development, regeneration, and carcino-
genesis [8—11]. In the past years, the promising results of
bevacizumab in therapeutic trials for cervical cancer have

highlighted VEGFa pathway as an attractive therapeutic target
[1-3].

MMPs are well-known for their importance in the break-
down of extracellular matrix in embryonic development, cell
regeneration, tissue remodeling, and tumorigenesis [12, 13].
Some studies have demonstrated that overexpression of
MMPs may facilitate metastatic spread of different cancer
cells to promote cancer metastasis, and furthermore, MMPs
levels seem to be regulated by VEGFa in some cancers [14,
15]. Cancer cell growth is directly controlled by various cell
cycle activators and inhibitors. Their regulation by VEGFa,
however, is rarely reported [16—19].

Here, we examined the levels of VEGFa on the tumor
growth and invasion in four commonly used human cervical
cancer cell lines, to exclude a cell line-dependent possibility in
data interpretation. We found that overexpression of VEGFa
in these lines increased the tumor growth and invasiveness,
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Fig. 3 VEGFa regulated
invasiveness of the cervical
cancer cells through PI3k/Akt/
mTor pathway. a, b To figure out
the signaling pathways through
which VEGFa promoted tumor
invasion, we applied specific
inhibitors for ERK/MAPK, JNK,
PI3k/Akt, and mTor signaling
pathways, respectively, to
VEGFa-overexpressing cervical
cancer lines. a Tumor growth was
examined in an MTT assay. b RT-
qPCR on MMPs (MMP2,
MMP3, MMP7, MMP9,
MMP13, and MMP26). *p<0.05.
NS nonsignificant
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Fig. 4 Schematic of the model. VEGFa activates PI3K/Akt/mTor sig-
naling in cervical cancer, which subsequently activates cyclinD1 and
CDK4 to increase cell growth and activates MMP2 and MMP3 to
augment cell invasion
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while inhibition of VEGFa decreased the tumor growth and
invasiveness. Thus, VEGFa appeared to play a pivotal role in
cervical cancer tumorigenesis and appeared to be an essential
trophic factor. These data are consistent with previous findings
and the effective bevacizumab treatment for cervical cancer,
highlighting VEGFa as a potential target for cervical cancer
therapy.

To figure out the involved signaling pathways, we applied
specific inhibitors for ERK/MAPK, JNK, and PI3K/Akt sig-
naling pathways, respectively, to VEGFa-overexpressing cer-
vical cancer lines and found that only inhibition of PI3K/Akt
signal transduction abolished VEGFa-induced increases in
cell growth and invasiveness. Inhibition of Akt downstream
mTor signaling similarly inhibited cell growth and invasion in
VEGFa-overexpressing cervical cancer cells, suggesting that
VEGFa may activate PI3K/Akt, and subsequently its down-
stream mTor signaling pathway, to promote cervical cancer
cell growth and invasion. Furthermore, the effects of VEGFa-
induced activation of mTor signaling cascades appeared to
promote cancer cell growth through cyclinD1 and CDK4
activation and promote cancer cell invasion through MMP2
and MMP3. Taken together, our data suggest that anti-VEGFa
treatment in cervical cancer may inhibit both tumor cell
growth and invasion through PI3k/Akt/mTor signaling
pathway.

In the current study, we have dissected the molecular
mechanism underlying the angiogenesis, growth, and inva-
siveness of cervical cancer. Further delineation of the precise
molecular mechanism that mediates the regulation of MMP2,
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MMP3, cyclinD1, and CDK4 by mTor signaling may sub-
stantially improve our understanding of the controls for the
growth and metastasis of cervical cancer. Our study also shed
light on the exact mechanism of the current anti-VEGFa
cancer therapy.
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