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SP1 promotes tumor angiogenesis and invasion
by activating VEGF expression in an acquired
trastuzumab-resistant ovarian cancer model
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Abstract. Ovarian cancer is one of the most common gyne-
cologic cancers and the leading cause of mortality in women
worldwide. HER2/neu is overexpressed in various types of
cancers and is most commonly associated with decreased
survival. Trastuzumab is a humanized anti-HER2 monoclonal
antibody for the treatment of HER2-positive breast cancers.
However, primary and/or acquired resistance occurs in up
to 62% patients during the first year of treatment. Vascular
endothelial growth factor (VEGF) is a well-known angiogen-
esis factor involved in many physiological and pathological
processes. Its significance has been implicated in promoting
tumor growth and metastasis via angiogenesis. In the present
study, we demonstrated that the upregulation of SP1 enhanced
expression of VEGF promoting the angiogenesis and migration
of trastuzumab-resistant ovarian cancer cell line SKOV3-T.
Our in vitro and in vivo results both gave evidence that the
SP1-VEGF axis was responsible for the enhanced malignancy,
angiogenesis and migration in the acquired trastuzumab-
resistant ovarian cancer cell model.

Introduction

Trastuzumab is a humanized anti-HER2 monoclonal anti-
body, which was approved for the treatment of HER2-positive
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cancers. Although trastuzumab is effective in various clinical
cases, it eventually fails as primary and/or acquired resistance
occurs in up to 62% of patients during the first year of treat-
ment (1-3). For instance, many HER2/neu-positive cancers do
not respond to trastuzumab treatment (de novo resistance),
while many trastuzumab-responsive patients develop resis-
tance after continuous trastuzumab infusion within 1 year
(acquired resistance) (4-7).

Vascular endothelial growth factor (VEGF) is a valid
proangiogenic factor that stimulates endothelial cell prolifera-
tion/growth, migration and increases vascular permeability (8).
Its significance has been implicated in promoting solid tumor
growth and metastasis via stimulating tumor-associated
angiogenesis. Thus, blocking the activity of VEGF results in
the starvation of tumors. Actually the function of VEGF in
cancer is not limited to angiogenesis or vascular permeability
as VEGF-mediated signaling also contributes to tumorigen-
esis, including the function of cancer stem cells and tumor
initiation.

In our previous study, we induced an acquired trastuzumab
resistance cell model SKOV3-T by long-term trastuzumab
treatment of ovarian cancer cell line SKOV3 (9). In the present
study, we found that the proliferation of SKOV3-T cells was
much more rapid than that noted in SKOV3 both in vitro and
in vivo. The microvessel counts were significantly higher in
the SKOV3-T tumor tissues. The expression of VEGF was
significantly upregulated in SKOV3-T. SP1,known as a VEGF-
upregulating molecule, was also found to be upregulated in
SKOV3-T cells. The results suggest a possible SP1-VEGF axis
which may be beneficial for angiogenesis and cell growth/
migration. Then, we explored the function of SP1 as well as
downstream VEGF in resistant SKOV3-T cells using both
in vitro assays. The results revealed that SP1 promoted tumor
angiogenesis and invasion by activating VEGF expression in
the acquired trastuzumab-resistant ovarian cancer model.

Materials and methods

Reagents. Trastuzumab (Herceptin®) was obtained from
F. Hoffmann-La Roche Ltd. (Shanghai, China). Antibodies



2678

of HIF-a, STAT3, p-STAT3, P65, p-P65, SP1, histone H3,
GAPDH and corresponding secondary antibodies were
purchased from Cell Signaling Technology (Boston, MA,
USA). Electrophoresis reagents and hybridization nitrocellu-
lose filter membranes were obtained from Bio-Rad (Hercules,
CA, USA). PE, DAPI, FITC and human VEGF-A Platinum
ELISA kit were obtained from eBioscience (San Diego,
CA, USA). Goat anti-human CD31 antibody was obtained
from Abcam Biotechnology (Cambridge, MA, USA). BCA
protein assay kit and enhanced chemiluminescent (ECL)
reagents were purchased from Pierce (Rockford, IL, USA).
Cell culture medium Dulbecco's modified Eagle's medium
(DMEM) and fetal bovine serum (FBS) were purchased from
HyClone (Logan, UT, USA). SP1 interference plasmids, SP1
shRNAs (1-4), were purchased from GeneChem (Shanghai,
China). Female 6-week-old BALB/c nude mice were purchased
from the Vital River Laboratory (Beijing, China). TransiT-
2020 transfection reagent was purchased from Mirus Bio LLC
(Madison, WI, USA). Transwell chamber was obtained from
Merck Millipore (Darmstadt, Germany). All other chemicals
were obtained from commercial sources of analytical grade.

Cell culture. Human ovarian cancer cell line SKOV3 was
obtained from the American Type Culture Collection (ATCC;
no. HTB-77) (Manassas, VA, USA). Acquired trastuzumab-
resistant ovarian cancer cell line SKOV3-T was developed
by continuously culturing SKOV3 cells in the presence of
20 pg/ml trastuzumab as previously described (9). SKOV3-T
cells were maintained in the presence of 10 pug/ml trastu-
zumab (9). SKOV3 and SKOV3-T cells were cultured in
DMEM supplemented with 10% heat-inactivated FBS and
100 U/ml penicillin and streptomycin. Cells were cultured
at 37°C in 5% CO,. Human umbilical vein endothelial cells
(HUVECsSs) were obtained from human umbilical veins as
previously described (10).

HUVEC proliferation assay. HUVECs were suspended
at a density of 1x10°/ml and were seeded in a 96-well plate
(100 pl/well). After serum-free starvation overnight, the cells
were treated with 4 or 8 times diluted cell culture superna-
tant of SKOV3 or SKOV3-T cells. After cultivation for 10 h
at 37°C, 10 ul/well of Cell Counting Kit-8 (CCK8; Dojindo
Laboratories, Kumamoto, Japan) was added, and the plate was
incubated for another 4 h. The absorbance was measured using
a spectrophotometer at 450 nm to determine the cell viability.

Immunohistochemistry (IHC). A week after the lastobservation,
mice were sacrificed, and the tumors were separated and fixed
with 10% formaldehyde. Paraffin-embedded tissue sections
were processed, deparaffinized, rehydrated and quenched
for endogenous peroxidase activity. Sections were stained
with anti-CD31 antibody (dilution 1:100), and then incubated
with horseradish peroxidase-conjugated secondary antibody.
Finally, the sections were developed with diaminobenzidine
and counterstained with hematoxylin. Images were captured
using an Olympus BXS5 microscope with an UPlanFL N
digital camera (10x0.13 numeric aperture objective). Any
single brown-stained cell or cluster of endothelial cells that
was clearly separated from adjacent microvessels, tumor cells
and other connective tissue elements was considered a vessel.
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The number of CD31-positive capillaries was counted from
5 randomly chosen fields.

Transwell assay. The migration and invasion capacity of
the SKOV3-T and SKOV3 cells was quantified by Transwell
assays using a permeable membrane system plate with 8-ym
pore size (Corning Costar; Corning, Inc., Corning, NY, USA).
SKOV3-T and SKOV3 cells were starved in serum-free
DMEM overnight and resuspended in DMEM at a density of
4x10%/ml. Then, 250 ul cells were seeded in the top chambers;
meanwhile, 750 1 FBS was added to the bottom chamber. The
cells were induced to migrate towards medium containing 0,
10 or 100 ug/ml Avastin. After 6, 12 or 24 h of incubation
at 37°C, non-migrated cells on top of the upper membrane
were removed thoroughly with cotton swabs. The migrated
cells below the membrane were fixed with 4% paraformalde-
hyde, stained with Giemsa solution, and then analyzed by a
bright-field microscopy. Cell images were captured using an
Olympus BX5 microscope with an UPlanFL N digital camera
(10x0.13 numeric aperture objective). The number of migrated
cells was counted from 5 randomly chosen fields.

SPI silencing in SKOV3-T cells. SP1-silencing shRNA
plasmids (1-4) were used to knock down SP1 expression in
the SKOV3-T cells. SKOV3-T cells (2.5x10° cells/well) were
seeded into a 6-well plate and cultured overnight. SP1-silencing
shRNA plasmid (2.5 ug) and 7.5 pl TransIT-2020 transfection
reagent were added into 250 pl Opti-MEM I reduced-serum
medium, mixed well and the mixture was placed at room
temperature (RT) for 15-30 min. Then, the TransIT-2020
reagent-DNA complexes were added to the cell supernatant
for 72 h of incubation. The transfectants were treated using
12 pg/ml puromycin (Sigma-Aldrich, St. Louis, MO, USA) for
7 days to obtain SP1 silenced clones.

Western blotting. SKOV3 cells were seeded into 6-well plates
at a density of 5x10° cells/ml. Meanwhile, SKOV3-T cells were
seeded into 6-well plates at a density of 3x10° cells/ml. After
being serum-starved overnight, cells were collected and the
supernatant of the cell lysate was subjected to SDS-PAGE
analysis using 10% gel. Samples were transferred from the gel
onto a nitrocellulose membrane. The membrane was blocked
with non-fat 5% milk for 1 h at RT, and then incubated with
anti-HIF-a, STAT3, p-STAT3, P65, p-P65, SP1, GAPDH and
histone H3 antibodies (1:1,000 dilution) overnight at 4°C,
respectively. After washes with Tris-buffered saline with
Tween-20 (TBST) 3 times, the membranes were incubated
with the appropriate secondary antibodies conjugated with
HRP (dilution 1:2,500) for 1 h at RT. Signals on the membrane
were detected and visualized by enhanced chemilunimescence
(ECL) detection system and autoradiography. Relative protein
expression in whole cells or the cytoplasm was normalized
to GAPDH intensity and SP1 expression in the nucleus was
normalized to H3 intensity.

RT-PCR. Total RNA was isolated from the cells using a total
RNA isolation kit (RNAgents; Promega, Madison, WI, USA).
The total RNA (1.0 ug) was reverse transcribed using an
oligo(dT) 18-mer and reverse transcription system (Promega).
PCR was carried out using selective primers for human VEGF
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(sense primer, 5'-GCTACTGCCATCCAATCGAG-3' and
antisense primer, 5"TGCATTCACATTTGTTGTGC-3"); and
GAPDH (sense primer, 5-"-TCCAAGGGTCCGCTGCAGTC-3'
and antisense primer, 5-CGTTCACCTTGATGAGCCCACG
TTCACCTTGATGAGCCCATT-3"). PCR was carried out for
35 cycles under the following conditions: denaturation at 95°C
for 30 sec, annealing at 58°C for 30 sec, and elongation at 72°C
for 30 sec.

Xenograft mouse model. Six-week-old female BALB/c nude
mice were purchased from Vital River Laboratory, housed in
a barrier environment with 12:12 h light-dark cycle, and fed
normal mouse laboratory diet. Thirty-two mice were divided
randomly into 4 groups (n=8). Each mouse was subcutane-
ously inoculated on the back with 2x10°/0.1 ml SKOV3-T,
SKOV3, 1F10 or 3D7 cells on day 0. Mice were observed
twice a week and the perpendicular tumor dimensions were
measured using a Vernier scale caliper. The tumor volumes
were calculated according to the following equation: Tumor
volume (mm?®) = 1/2 x (length) x (width)>. A week after the
last observation, the mice were sacrificed and the tumors were
separated for IHC analysis. All procedures were administered
in strict agreement with international guidelines for the care
and use of laboratory animals and approved by the Animal
Ethics Committee of the Institute of Basic Medical Sciences,
Academy of Military Medical Sciences, Beijing.

Enzyme-linked immunosorbent assay (ELISA). First, we
prepared all reagents and standard samples following the
instructions of the human VEGF ELISA kit. ELISA plates
were blocked, diluted cultured media were added and anti-
body was detected following 2 h of incubation at 37°C. After
washing, horseradish peroxidase-conjugated goat anti-human
IgG was added for 45 min of incubation at RT. The peroxidase
reaction was developed with substrate solution provided in
the ELISA kit and the light absorbance was measured with an
ELISA reader at 450 nm.

Confocal microscopy. Cell monolayers were washed with
phosphate-buffered saline (PBS) before being fixed with 4%
paraformaldehyde for 10 min. After washing with PBS, the
samples were permeabilized with 0.25% Triton-PBS for 8 min
at RT. The culture dishes were blocked with 10% FBS for
1 h at RT, and then incubated with various antibodies (dilu-
tion 1:100) overnight at 4°C. Then, the samples were incubated
with secondary antibody with fluorescence (PE, DAPI) for
30 min at RT. Finally, samples were washed and visualized by
laser scanning confocal microscope (LSCM).

Statistical analysis. Data are expressed as the mean + SD.
Pairwise differences between several groups were compared.
Significant differences were analyzed by the one-way analysis
of variance (ANOVA), and P-values of <0.05 were taken as
statistically significant.

Results
Herceptin-resistant SKOV3-T cells possess enhanced

tumorigenesis and angiogenesis. HER2/neu-positive SKOV3
cells were continuously cultured in the presence of 20 pg/ml
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trastuzumab for 8 months, resulting in trastuzumab-resistant
SKOV3-T cells. The xenograft model results revealed that the
in vivo tumor growth rate of SKOV3-T was significantly more
rapid than that of the SKOV3 cells. Meanwhile, the shape of
SKOV3-T xenografts seemed more irregular than SKOV3.
The results suggested the possibility of enhanced migration
of SKOV3-T cells (Fig. 1A; P<0.001). Tumor sections were
then stained with anti-CD31 (a vascular endothelial marker)
antibody for IHC assay. As shown in Fig. 1B, a significant
increase in microvessel density was observed in the xenograft
tumors of SKOV3-T cells, which may facilitate the faster
growth of SKOV3-T xenografts. Therefore, we assumed
that trastuzumab treatment may induce the upregulation of
angiogenesis factors in SKOV3-T cells in order to accelerate
vessel formation and tumor growth in vivo.

Overexpression of VEGF in SKOV3-T cells accelerates the
migration of SKOV3-T cells. VEGF is the most important
proangiogenic factor, which enhances the proliferation of
endothelial cells. As shown in Fig. 2A, the proliferation of
HUVEGC:s cultured in the SKOV3-T supernatant was markedly
increased, suggesting higher VEGF secretion in the supernatant
of SKOV3-T cells (P<0.01). ELISA assay results confirmed the
VEGEF overexpression in the SKOV3-T cells, which was nearly
3 times higher than that in the SKOV3 cells (Fig. 2B). RT-PCR
analysis results (Fig. 2C) were consistent with the protein
detection results; VEGF was overexpressed in the SKOV3-T
when compared to the expression noted in the SKOV3 cells.

Endothelial cell migration is the essential/functional
process in angiogenesis. Thus, a Transwell assay was employed
to evaluate the difference in cell migration between the two cell
lines. As shown in Fig. 2D, SKOV3-T cells exhibited a markedly
stronger migration ability (P<0.001). The number of migratory
SKOV3-T cells was >6 times that of the SKOV3 cells after
6 or 24 h. Meanwhile, along with the increased concentration
of Avastin, the migration capacity of the SKOV3-T cells was
inhibited in a dose-dependent manner (Fig. 2E). These results
indicate that the enhanced migration activity of the SKOV3-T
cells was induced by the overexpression of VEGF, which also
explained why this cell line proliferated much faster than
SKOV3 as well as had enhanced angiogenesis.

SPI1 promotes VEGF overexpression in SKOV3-T cells. The
5'-flanking region of the VEGF gene contains the binding sites
of several transcription factors, which play an important role
in regulating the transcription of the VEGF gene. Western
blot results revealed that SP1 expression was upregulated,
while the levels of other transcription factors were identical
to those in the SKOV3 cells (Fig. 3A). SP1 seemed to respond
to VEGF overexpression in the trastuzumab-resistant ovarian
cancer SKOV3-T cells. Furthermore, the SP1 level in the
cytoplasm appeared to be identical between the SKOV3-T and
SKOV3 cells (Fig. 3B, left panel; P<0.01), and the level of SP1
localized in the nucleus of SKOV3-T cells was much higher,
suggesting its possible function to enhance the transcription
level of VEGF (Fig. 3B, right panel; P<0.01). Confocal micros-
copy observation also showed the similar consequence of SP1
overexpression in SKOV3-T cells , and we observed more
SP1 gathered in the nucleus in contrast to that observed in the
SKOV3 cells (Fig. 3C).
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Figure 1. In vivo tumorigenesis and angiogenesis are enhanced in SKOV3-T cells. (A) SKOV3-T xenografts were obviously larger than those derived from
SKOV3, while the shape was irregular to suggest possible enhanced angiogenesis (““P<0.01). (B) The microvessel density of SKOV3-T xenografts was higher
than that of SKOV3 tumor specimens (“P<0.01). Female nude mice were subcutaneously inoculated with SKOV3 or SKOV3-T cells (2x10°) into the fat pad at
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Figure 2. VEGF is upregulated in SKOV3-T cells, and anti-VEGF antibody (Avastin) inhibits the enhanced migration activity of SKOV3-T cells. (A) HUVEC
proliferation was enhanced by SKOV3-T cell supernatant; “P<0.01. (B) VEGF secretion in SKOV3-T cells was higher than that in SKOV3 cells. (C) VEGF
expression in SKOV3-T cells was also higher than that in SKOV3 cells. (D) The migration ability of SKOV3-T cells was higher than that noted in the SKOV3
cells; ““P<0.001. (E) Avastin inhibited the migration ability of the SKOV3-T cells in a dose-dependent manner, which suggests that the enhanced migration
of SKOV3-T was induced at least partially by upregulation of VEGF.



ONCOLOGY REPORTS 38: 2677-2684, 2017

SKOV3-T SKOV3

HIF-a ‘ ‘

Cytoplasm
SKOV3-T SKOV3

2681

Nucleus
SKOV3-T SKOV3

P-STAT3 S — SP1

se1 |

s-rA'rsl T ‘
GAPDH

Histone H3

P-P65

Pes |

SP1 | emm— c—

©
o

@
o

SP1/GAPDH (%)
F
[=]

(5]
(-1

GAPDH | o —
¢ SP1-PE
SKOV3-T
SKOV3
Vehicle

o
o

-]
o

SP1/GAPDH (%)
Y
=1

L5
o

SKOV3 SKOV3

SKOV3-T

DAPI Merge

20 pm

Figure 3. Upregulation of SP1 in the nucleus may be the key transcriptional factor to induce the overexpression of VEGF in SKOV3-T cells. (A) Expression
of possible VEGF-associated transcriptional factors in SKOV3-T and SKOV3 cells, while SP1 level was different. (B) SP1 expression in the cytoplasm (left)
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SP1 knockdown inhibits VEGF-mediated migration in
SKOV3-T cells. In order to evaluate and confirm whether
SP1 influences VEGF expression as well as VEGF-induced
migration in SKOV3-T cells, we synthesized SP1 shRNAs (1-4)
and transfected the SKOV3-T cells, respectively, to knock down
SP1 expression. Then, the cells were collected for western
blot analysis to confirm the markedly reduced SP1 (Fig. 4A).
Along with SP1 knockdown, the VEGF expression level in
the supernatant was lower in the SKOV3-T cells, indicating
the importance of SP1 to upregulate VEGF (Fig. 4B; P<0.01);
Furthermore, SP1 knockdown by SP1 shRNA inhibited the
migration capacity of the SKOV3-T cells, which confirmed the
presence of an ‘SP1-VEGF axis’ to induce enhanced migration
following long-time trastuzumab treatment of SKOV3
cells (Fig. 4C; P<0.01).

After subcloning, we screened two SPI1-knockdown
SKOV3-T cell clones, named 3D7 and 1F10, for next-step

in vivo assays. As shown in Fig. 4D, the SP1 expression in
the 3D7 and 1F10 cells was low. The clone 1F10 had a lower
expression of SP1 compared with 3D7, thus 3D7 was set as
a ‘partially knocked down’ clone with medium SP1 expres-
sion level between SKOV3-T and SKOV3 cells (Fig. 4D).
The difference between the two clones in regards to VEGF
secretion was detected by ELISA. The results revealed that
the concentration of VEGF was higher in 1F10 than that in the
3D7 cell line (Fig. 4E; P<0.01, P<0.001).

SPI1-knockdown inhibits the tumor growth and angiogenesis
of SKOV3-T cells in vivo. Six-weeks old female nude mice were
randomly divided into 4 groups with 8 mice/group (n=8), and
were subcutaneously inoculated with SKOV3-T, SKOV3, 1F10
or 3D7 cells (2x10%mice) and the xenografts were allowed
to grow for 28 days. The tumor size was measured twice a
week. As shown in Fig. SA-C, the mean tumor size/weight of
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Figure 4. SP1 promotes VEGF-related migration in SKOV3-T cells. (A) Western blot analysis of SP1 expression in SKOV3-T cells transfected with SP1-
knockdown shRNA 1-4 or control shRNA, respectively. (B) VEGF expression in the supernatant of SKOV3-T cells was lower due to SP1-knockdown, suggesting
the importance of SP1in VEGF overexpression; “P<0.01. NS, not significant. (C) VEGF-induced migration of SKOV3-T cells was inhibited by SP1-knockdown
“P<0.01. NS, not significant. (D) Western blot analysis of SP1 in SP1-knockdown cell clones. (E) The VEGF concentration in the SP1-knockdown cell clones
(3D7 and 1F10) was obviously decreased in contrast to that in the SKOV3-T cells. ““P<0.01, ““P<0.001.

the 1F10- and 3D7-derived tumors were significantly smaller
than the tumors derived from the SKOV3-T cells, indicating
that SP1-knockdown reversed trastuzumab-resistance to
inhibit the carcinogenicity of the SKOV3-T cells. However,
the ‘partial knockdown’ clone 3D7 xenografts were slightly
larger than 1F10, while 1F10 tumors were similar to those
derived from the SKOV3 cells, which was consistent with
the in vitro assay trend. Furthermore, the microvessel density
assay showed that SP1 knockdown inhibited the angiogenesis
of tumors, confirming the importance of the SP1-VEGF axis
in trastuzumab-resistant SKOV3-T cells (Fig. 5D).

Discussion

Ovarian cancer is the fourth common cancer in terms of
mortality among women, and is the leading cause of death
from gynecologic malignancies worldwide (11,12). HER2
is overexpressed in ~25-30% of ovarian cancer patients, yet
anti-HER?2 therapies display limited clinical response in the
treatment of HER2-positive ovarian cancer (13). It has been
reported that many HER2/neu-positive cancer patients indeed
do not respond to trastuzumab treatment (de novo resistance),
or develop resistance after continuous trastuzumab infusion
within 1 year (acquired resistance) (4-7), which may be the
reason why trastuzumab therapy for ovarian cancer patients
usually fails in clinical trials.

Previously, we established in vitro an acquired trastu-
zumab-resistant ovarian cancer cell model, SKOV3-T,

as previously described (9). SKOV3-T cells possessed
enhanced proliferation and carcinogenesis characteristic
in vivo (Fig. 1A). We found overexpression of IGF-1R and
HERS3 in the resistant cells (9). However, IGF-1R and HER3
were not the key overexpressed biomarkers of the resistant
cell model. Anti-IGF-1R treatment only partially inhibited
the cell growth, and the treated cells maintained rapid growth
either in vitro or in vivo, therefore it failed to reverse the
trastuzumab resistance thoroughly (14).

Recently, we noted the enhanced angiogenesis and
migration characteristics in the in vivo xenograft assays, by
which we inferred the overexpression of VEGF in SKOV3-T
cells. It was reported that ovarian tumors usually contain a
rich vascular network and are highly dependent on VEGF-
mediated angiogenesis (15). Angiogenesis is the progression
of new blood vessel formation, which plays a key role in
physiological and pathological processes (16,17). VEGF plays
a pivotal role in human tumorigenesis and angiogenesis of
cancer. In the present study, as shown in Fig. 1B, the SKOV3-T
xenograft tumors contained more microvessels, as the density
was higher than SKOV3. The HUVEC-based cell proliferation
assay indicated the presence of higher VEGF in the SKOV3-T
cell culture (Fig. 2A). ELISA and RT-PCR also provided iden-
tical data (Fig. 2B and C). At the same time, we also noted
that the edges of the SKOV3-T tumors were markedly more
irregular, suggesting possible enhanced migration activity
of the SKOV3-T cells probably due to the overexpression of
VEGF. A Transwell assay was used to confirm the assumption
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Figure 5. SP1-knockdown inhibits the tumor growth and angiogenesis of SKOV3-T cells in vivo. (A) Average volume of SKOV3-T cell-derived tumors was
larger than SP1-knockdown xenografts. (B) Tumor image of the xenografts. (C) Tumor weight of the xenografts, showing that the SP1-VEGF axis was key to
controlling the tumor growth in vivo. (D) Microvessel density of SP1-knockdown xenografts was also lower than SKOV3-T, showing that SP1 may be a good

target with which to kill trastuzumab-resistant ovarian cancer cells (SKOV3).

concerning cell migration (Fig. 2D), and anti-VEGF antibody,
Avastin, showed specific inhibitory function against migration
in a dose-dependent manner (Fig. 2E), suggesting the impor-
tance of higher VEGEF to induce stronger migration activity in
the SKOV3-T cells.

Furthermore, we analyzed the possible translational factors
of VEGF, e.g. HIF-1a, STAT3, P65 and SP1. According to
western blotting of whole cells (Fig. 3A), SP1 was upregulated,
particularly in the nuclei of SKOV3-T cells (Fig. 3B and C).
Spl is well-known as a transcription factor which binds to
the promoters of many target genes and is implicated in the
regulation of multiple essential biological processes, including
cell apoptosis and growth, cell cycle progression, angiogenesis
and metastasis (18-20). Spl not only regulates the expression
of multiple genes, but also the Spl gene itself. Spl levels
often correlate with tumor stage and poor prognosis (21).
Constitutive activation of SP1 plays a critical role in VEGF
expression (22,23). SP1 was found to enhance cell invasion by
upregulating VEGF in lung cancer and LKBI, an inhibitor of
SP1, suppressed the invasion (22). In colon cancers, SP1 was
confirmed as a predominant factor required for AKT-mediated
induction of VEGF (24). The self-renewal ability, drug resis-
tance, and metastasis potential of colon CSCs may be partially
due to preferentially high expression of SP1 (24).

In the present study, we used shRNAs to knock down
SP1 (Fig. 4A) to identify the function of the SP1-VEGF axis in

cell migration and angiogenesis of SKOV3-T cells, which was
found to downregulate the corresponding VEGF expression
in SKOV3-T cells (Fig. 4B) and inhibit VEGF-induced migra-
tion in vitro (Fig. 4C). Then, we screened two SP1-knockdown
clones, 3D7 and 1F10, in which 3D7 was set as a ‘partial knock-
down’ clone (Fig. 4D). Similar to the trend in SP1 expression,
the VEGF secretion in the two clones was decreased; more
importantly, VEGF in the 1F10 supernatant was lower than
that in 3D7 (Fig. 4D), indicating that SP1 was pivotal in the
regulation of migration and VEGF, and influenced malignancy
and enhanced the angiogenesis of tumors.

In vivo experiments also confirmed SP1 as the core factor
to control VEGF-related tumor growth and microvessel
formation. Notably, the average tumor size of the 1F10 cell-
derived xenografts was almost as small as those derived from
the SKOV3 cells, indicating that SP1 knockdown successfully
inhibited the growth of trastuzumab-resistant SKOV3-T
xenografts (Fig. 5B). Meanwhile, IHC analysis showed
reduced microvessel density in the 1F10 tumors which showed
that SP1 knockdown inhibited VEGF-dependent angiogenesis,
and therefore, reversed the trastuzumab resistance in the
ovarian cancer cells (Fig. 5D). Although further investigation
is warranted to understand the related mechanism, the in vitro
and in vivo data provide evidence of the SP1-VEGF axis
that induced malignancy, angiogenesis and migration in the
acquired trastuzumab-resistant ovarian cancer cell model.
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