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ABSTRACT. Vascular endothelial growth factor (VEGF) has been
found responsible for the induction of proliferation and differentiation
in granulosa cells. We constructed four short hairpin RNA (shRNA)
expression plasmids targeting the mouse VEGFA gene, and examined
their effect on VEGF expression in mouse granulosa cells (MGC) in
vitro. Four different shRNA oligonucleotides targeting the coding
sequence of mouse VEGFA mRNA and one negative control (shNC)
were designed and cloned into a pGPU6/GFP/Neo siRNA expression
vector, and transiently transfected into MGC. At 48 h post-transfection,
total RNA was extracted from the cells and subjected to qRT-PCR
analysis. The most effective interference vector, sShVEGF1487 was
chosen for lentiviral construction. The recombinant plasmid was then
transfected into 293FT cells via Lipofectamine™ 2000-mediated
gene transfer, for the production of lentivirus, and then concentrated
via ultracentrifugation. This lentiviral vector was then used for the
transduction of MGC. VEGFA gene expression, apoptosis genes
and VEGFA receptor genes were detected by qRT-PCR, the VEGFA
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protein level in culture media by ELISA assay and protein levels in
MGC by Western blot analysis. The four VEGFA expression plasmids
were successfully constructed and the most effective interference
vector, sShVEGF 1487, was chosen for lentiviral production and MGC
transduction. There was significant knockdown of the VEGFA gene,
receptor genes and apoptosis genes for all the shVEGF constructs,
compared with the shNC and Mock controls. The lentiviral vector
also gave significant knockdown of the VEGFA gene. Protein levels
were lower for most of the shVEGFs based on Western blot analysis
with exception of VEGF1359; in this case, it was higher than shNC
but lower than for the Mock group. Lentivector-transduced MGC also
gave lower levels of protein. We conclude that shVEGF expression
plasmids and lentivector carrying RNAi are promising tools for the
inhibition of VEGF, the corresponding receptor genes, and apoptosis
gene expression in MGC.

Key words: VEGF; siRNA; shRNA; MGC; Apoptosis;
Gene and protein expression

INTRODUCTION

Over the last two decades, the vascular endothelial growth factor (VEGF) family
and its receptors have been well characterized and are part of the most important sig-
naling pathway in angiogenesis. Seven family members have been identified, VEGFA,
VEGFB, VEGFC, VEGFD, VEGFE, and placental growth factor (PIGF1 and PIGF2), all
of which signal through three tyrosine kinase receptors, VEGFR-1 (Flt-1, fms-induced ty-
rosine kinase receptor), VEGFR-2 (Flk-1, fetal liver kinase; KDR, kinase insert domain-
containing receptor) and VEGFR-3 (Flt-4) (Klagsbrun and D’ Amore, 1996; Terman and
Dougher-Vermazen, 1996; Ferrara, 2002; Hicklin and Ellis, 2005). VEGFA is the most
prominent and biologically active member of the VEGF family and is thought to play a
pivotal role in the regulation of angiogenesis in the ovary (Tamanini and De Ambrogi,
2004) and granulosa cells. Its expression in ovarian follicles depends on follicular size.
Previous research with bovine and porcine follicles has shown that VEGFA is weakly
expressed during early ovarian follicular development and becomes more pronounced
in granulosa and theca cells, along with dominant follicle development (Barboni et al.,
2000; Greenaway et al., 2004). The rat ovary also shows similar characteristics, with some
secondary follicles displaying extremely strong VEGFA immunoreactivity in the zona
pellucida (Celik-Ozenci et al., 2003).

RNA interference (RNAI) is a sequence-specific post-transcriptional gene silencing
mechanism, which is initiated by double-stranded RNA (dsRNA) of ~21 nucleotides long,
and causes degradation of messenger RNA (mRNA) homologous in sequence to the dsSRNA
(Elbashir et al., 2001, 2002; Hannon, 2002; McManus and Sharp, 2002; Shi, 2003). Plasmid-
based systems using RNA polymerase 11, such as H1 and U6, promoters to drive short hairpin
RNA (shRNA) molecules, were established to stably produce short interfering RNA (siRNA)
(Brummelkamp et al., 2002; Lee et al., 2002; Paul et al., 2002). These promoters are easily
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cloned and placed into vectors of limited carrying capacity, because of their short lengths
of few hundred base pairs. These transcription initiation and termination sites are well de-
fined, facilitating accurate shRNA design (Giering et al. 2008). These siRNAs are transcribed
as short hairpin precursors (~70 nucleotides), generated by the cellular enzymes Dicer and
Drosha, to yield active 21-nucleotide RNAs that recognize target mRNAs via base-pairing
interactions. Afterwards, mature siRNAs and miRNAs (micro-RNAs) associate with proteins
to create an RNA-induced silencing complex (RISC) (Wolters and MacKeigan, 2008). The
mechanism for this selection is not yet fully understood, but it is thought that once a strand is
selected and loaded into RISC, the other strand is destroyed (Petersen et al., 2006).

Recent studies have shown that inhibition of VEGF in vivo and in vitro causes
blockade of neovascularization and decreases granulosa and theca cell proliferation in the
rat (Abramovich et al., 2010) and primate (Wulff et al., 2002), while improving follicu-
lar ultrastructural integrity and promoting follicular growth in goat ovary (Bruno et al.,
2009). VEGF alone does not have an effect on cell proliferation and apoptosis, but this
factor intensifies the cytoprotective effect of FSH and estradiol in granulosa cells in cul-
ture (Irusta et al., 2010). VEGF and its receptor VEGFR-2 play important roles in mediat-
ing and/or enhancing the effects of gonadotropins on granulosa cells (Doyle et al., 2010).
Research shows that RNAi of VEGF using a plasmid-based strategy can stably silence
VEGF expression in keloid fibroblasts (Zhang et al., 2008), decrease tumor vascularity
and growth in vivo (Shen et al., 2007) and inhibit the growth of murine ovarian cancer cell
lines in vitro (Zhang et al., 2003). Using oncolytic adenovirus to express shRNA also has
antitumor effects through inhibition of VEGF expression (Yoo et al., 2007). In this study,
we used, for the first time, a lentivector-mediated RNAi system, to construct four cell-
specific shRNA expression plasmids targeting the mouse VEGFA gene to inhibit VEGFA
in vitro in mouse granulosa cells (MGC). We also assessed their effects on the expression
of the VEGFA gene, the receptor genes VEGFR-1 and VEGFR-2, and apoptosis genes at
the mRNA and protein levels. We further used the most effective shRNA to construct the
lentivirus and check its effect on VEGFA mRNA and protein levels.

MATERIAL AND METHODS
Construction of shRNA plasmid

The mRNA sequence of mouse VEGFA (Mus musculus, VEGFA, NM_009505) was
sent to the Dharmacon siDESIGN Center (http://www.dharmacon.com/sidesign/) to design
siRNAs. These siRNAs were selected on the basis of the ranking criteria described previously
by Reynolds et al. (2004). Four siRNA target sequences were selected for this study (Table
1). One negative control siRNA containing a scramble sequence with the same nucleotide
composition was also selected and termed shNC. A 9-nucleotide loop (TTCAAGAGA) was
chosen for all the shRNAs. The Vienna RNA Secondary Package (http://www.tbi.univie.ac.at/
cgi-bin/RNAfold.cgi) was used to predict the secondary structure of the antisense strand of
the shRNA. The shRNA-annealed oligonucleotides were ligated into pGPU6/GFP/Neo siRNA
expression vectors between the Bbsl and BamHI sites by T4 DNA ligase (TaKaRa), where
these shRNA constructs were made by GenePharma. All constructs were verified by restric-
tion and sequence analysis.

Genetics and Molecular Research 11 (4): 4019-4033 (2012) ©FUNPEC-RP www.funpecrp.com.br



N. Ally et al. 4022

Table 1. Hairpin short interfering RNA (siRNA) inserts.

siRNA Sequence (loop in bold letters) Location
VEGFA1359 CACCGCCAGCACATAGGAGAGATGATTCAAGAGATCATCTCTCCTATGTGCTGGCTTTTT 1359-1379
TGGATCCGGTCGTGTATCCTCTCTACTAAGTTCTCTAGTAGAGAGGATACACGACCGAAA
AAACCTAG

VEGFA1462 CACCGCGGAGAAAGCATTTGTTTGTTTCAAGAGAACAAACAAATGCTTTCTCCGCTTTTTTG — 1462-1482
CGCCTCTTTCGTAAACAAACAAAGTTCTCTTIGTTTGTTTACGAAAGAGGCGAAAAAACCTAG

VEGFA1051 CACCGACCCTGGCTTTACTGCTGTATTCAAGAGATACAGCAGTAAAGCCAGGGTCTTTTTTG  1051-1071
CTGGGACCGAAATGACGACATAAGTTCTCTATGTCGTCATTTCGGTCCCAGAAAAAACCTAG

VEGFA1487 CACCGATCCGCAGACGTGTAAATGTTTCAAGAGAACATTTACACGTCTGCGGATCTTTTTTG 1487-1507
CTAGGCGTCTGCACATTTACAAAGTTCTCTTGTAAATGTGCAGACGCCTAGAAAAAACCTAG

Scramble CACCGTTCTCCGAACGTGTCACGTCAAGAGATTACGTGACACGTTCGGAGAATTTTTTG
CAAGAGGCTTGCACAGTGCAGTTCTCTAATGCACTGTGCAAGCCTCTTAAAAAACCTAG

The sequence of each insert is shown here as the form of double-strand, and underlined letters mean the sense
sequence and anti-sense sequence of each siRNA.

Laboratory animals and granulosa cell culture

All animal procedures for these experiments were approved by the Nanjing Agricultural
University Institutional Animal Care and Use Committee. Mice, 21 days old, were purchased
from Qing Long Shan Co., China, and housed in the laboratory on a 14-h light/10-h dark cycle
for 1 week and then treated with 10 IU pregnant mare serum gonadotropin (Ningbo Sansheng,
China) to stimulate preovulatory follicular development. After 44-48 h, the mice were killed and
the ovaries removed and punctured with a 0.5-mm diameter needle to release MGC, which were
collected in DMEM/F12 (Gibco) with 10% fetal bovine serum (Gibco) and medium supplements.
Granulosa cells were cultured in 75-mL flask with DMEM/F12 for 5-6 days in 5% CO, at 37°C.
The medium was then discarded and the cells washed twice with PBS to remove unattached cells.
Trypsin was added at 2 mL per flask, and after 2 min at 37°C, MGC were harvested. Cells were
seeded (1 x 10° cells/well) on 6-well plates (Costar) and cultured in DMEM/F12 without antibiot-
ics to achieve greater than 90% confluence on the day of transfection.

Transfection of MGC with shRNA plasmids

For transfection, 4 pg each shRNA expression construct was used per well of a 6-well plate.
Lipofectamine 2000™ (Invitrogen) was used as the transfection reagent at a ratio of 1 ug DNA:1.5 uLL
Lipofectamine, according to manufacturer instructions. Transfected cells with transfecting reagent
alone, termed Mock, and shNC-scrambled shRNA vector were used as controls. Lipofectamine/
DNA complexes were removed after 6 h and replaced with fresh medium with antibiotics.

RNA isolation and quantitative real-time PCR analysis (QRT-PCR)

Total RNA was isolated from cultured cells 48 h after transfection using the Trizol®
reagent (Invitrogen). RNA was converted to cDNA using oligo(dT) primers and M-MLV
Reverse Transcriptase (Promega) according to manufacturer instructions. Primers (Table
2) were designed for VEGFA, VEGF receptor genes Flt-1 and Flk-1, and apoptosis genes
(Bax, FasL, TRAIL, and FoxO4), across introns to prevent amplification of genomic DNA,
using the Primer 3 software. FastStart Universal SYBR Green Master (Roche) was used
to perform qRT-PCR (ABI PRISM 7300) following the manufacturer protocol. The RNA
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expression of genes of interest was determined by normalization of the threshold cycle of
these genes to that of the control GAPDH and displayed as the percentage change relative
to the control group.

Table 2. Primers for real-time PCR.

Gene Sequence (5'-3") Location Product size (bp) Accession No.

VEGFA F: 5-GGAGATCCTTCGAGGAGCACTT-3' 1740-1761 130 NM_009505
R: 5-GGCGATTTAGCAGCAGATATAAGAA-3' 1845-1869

mGAPDH F: 5-CCTGCACCACCAACTGCTTA-3' 496-515 76 NM_008084
R: 5-TCATGAGCCCTTCCACAA-3' 553-570

TRAIL F: 5-GAGGGTATTGACTACACCAGCC-3' 456-477 101 NM_020275
R: 5'-ATGTTGCATCGGGTTTCTACG-3' 536-556

Bax F: 5-~AGACAGGGGCCTTTTTGCTAC-3' 185-205 137 NM_007527
R: 5'-AATTCGCCGGAGACACTCG-3' 303-321

FasL F: 5-GGCTCTGGTTGGAATGGGATT-3' 480-500 85 NM_010177
R: 5-TTGGTTGGTGAACTCACGGAG-3' 544-564

FoxO4 F: 5-CTGGATGGGCTCAATCTCGC-3' 1215-1234 57 NM_018789
R: 5-GGAGAGACCGCTCCTAGAGAG-3' 1251-1271

Flt-1 F: 5-ACCCTGGTAAAGCAACTAA-3' 1060-1078 145 NM_010228
R: 5-CCACTCTTCACGCGACAG-3' 1187-1204

Flk-1 F: 5-GCCCTGCTGTGGTCTCACTAC-3' 4544-4564 114 NM_010612
R: 5-CAAAGCATTGCCCATTCGAT-3' 4638-4657

All primers were used at annealing temperature of 60°C. F = forward primer; R = reverse primer.

ELISA

The MGC culture supernatants at 48 h transient transfection were centrifuged for
5 min to remove cells and cell debris. Secreted VEGFA in culture medium was assessed by
Solomon Biotechnology Co., China, according to the company procedure.

Western blotting

Granulosa cells were washed twice with PBS and lysed in 10 mM Tris-HCI, pH 7.4,
10 mM NaCl, 0.5% NP-40, 3 mM MgCl,, 5 mM DTT, and 1 mM PMSF for 1 h on ice. Nuclei
and precipitates were removed by centrifuging the lysates at 14,000 g for 10 min at 4°C. Su-
pernatant protein concentrations were measured using the Bio-Rad protein assay with bovine
serum albumin in lysis buffer as the standard and stored at -80°C until analysis of VEGFA
expression. Lysate protein, 20 pg per lane, equally used for each blot, was separated by SDS-
PAGE and transferred to a nitrocellulose membrane as described elsewhere (Danforth et al.,
2003). A primary anti-VEGFA antibody (Abcam, ab51745, 0.1 pg/mL) and anti-a-tubulin an-
tibody at 1:2000 dilution (Sigma-Aldrich) were used in the Western blotting. After washing
three times with TBST (10 min each wash), the membranes were incubated with secondary
antibody linked to horseradish peroxidase (HPR) at 1:2000 dilution. HPR activity was detect-
ed using Western blot chemiluminescence detection reagents (Promega), according to manu-
facturer instructions and subsequently exposed to X-ray film and scanned using the Visioneer
Paperport software (Visioneer, Inc., Pleasanton, CA, USA). The quantification of VEGFA
bands (27 kDa) relative to a-tubulin levels was done by densitometry analysis with the Image
J software (NIH, Bethesda, MD, USA).
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Construction of lentivirus vector for the delivery of shRNA

First, the PcmvIE-GFP-SV40 poly-shRNA-U6 cassette was amplified by PCR from
VEGF1487 vector (the one that worked efficiently) using the following primers: anti-VEGF-F:
5'-GCTGACTTCTGCAGTCCTGTCGGGTTTC-3, anti-VEGF-R: 5~ AGTACACTCGAGC
CCTATCTCGGTCTATT-3". Primers have incorporated Pstl and X#hol restriction sites
(underlined), respectively. PCRs were performed in accordance with standard procedures
with a thermostable PrimeSTARTM HS DNA polymerase (TaKaRa) under the following
conditions: an initial denaturation at 95°C for 4 min, followed by 35 cycles of 98°C
for 10 s, 60°C for 15 s, and 72°C for 2 min 30 s, and a final extension at 72°C for 10
min. The PCR products (2371 bp) were separated by 1.0% agarose gel electrophoresis
and stained with ethidium bromide. The band of the expected size was excised and the
fragment was recovered with the Gel Extraction Mini kit (Watson Biotechnologies, Inc.).
The resulting PCR fragment was digested with Pstl and Xhol enzymes and subcloned
into a lentivector backbone. The lentivector backbone was released by Pstl/Xhol from
pLenti-U6-shRNA (vector was kept in our Laboratory). The final construct was termed
pL-VEGF1487.

Production of lentivirus in 293FT cells

Lentiviruses were generated by transfecting 293FT cells with 9 pug ViraPower
Packaging mix (Invitrogen) along with 4 pg pLenti-U6-shVEGF1487 plasmid. The
transfection mix was replaced with fresh culture medium (without antibiotics) at 6-12
h post-transfection. Supernatant containing infectious lentiviruses was harvested 72 h
post-transfection, centrifuged (3000 rpm/min, 15 min, and 4°C) and filtered through a
0.45-um filter (Millipore). Lentivirus aliquots were prepared and stored at -80°C until
use in transductions.

Transduction of MGC with lentivirus vector

MGC were seeded on 6-well plates at 1 x 10° cells/well and grown overnight prior
to transduction. Cells were transduced with 10 pg per well virus-containing supernatant from
the above procedure. Controls include transduction of MGC with plasmid lacking siRNA (pL-
eGFP) and transduction with transducing reagent alone (Mock). At 24 h post-transduction,
the medium was changed and replaced with medium without antibiotics. At 48 h, cells were
removed using the Trizol® reagent, and RNA was converted to cDNA, and then subjected to
qRT-PCR analysis or lysed for Western blotting as described above.

Statistical analysis

Statistical analyses were performed using the SPSS 13.0 software (SPSS Inc., Chi-
cago, IL, USA). The Student z-test was used to test the significance of difference in gene
expression level between groups of data. Results are reported as means + SD. The level
of significance to determine whether treatments were significantly different from controls
was P <0.05.
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RESULTS
Construction of shRNA expression vector against VEGF

It has been reported that vector-based siRNA can successfully knockdown specific
gene expression in mammalian cells, including granulosa cells (Zhang et al., 2003; Kosaka et
al., 2007). In this study, we constructed four shRNA expressing plasmids targeting the mouse
VEGFA gene (VEGF1051, VEGF1359, VEGF1462, and VEGF1487) with the highest score
and an shNC (Table 1) as negative control. All siRNAs constructed formed secondary struc-
tures in their antisense strands when checked (Figure 1).

shVEGF1051 shVEGF1359 shVEGF1462 shVEGF1487

AGGg AE Gy
fe & €.
£ g { ¢ ‘fx N%u‘ ro
herf 3 ECI & N
u\— A“‘Auecu ”g%:‘ Aeﬁ(z M&&&A
siVEGF1051  siVEGF1359 siVEGF1462 siVEGF1487 shNC

Figure 1. Secondary structures of antisense strands of anti-VEGF siRNAs. shVEGF and siVEGF = short hairpin
and short interfering vascular endothelial growth factor, respectively; shNC = the negative control.

Inhibition of VEGF expression by shRNA plasmid constructs and lentivirus

The four expression plasmids and shNC were transiently transfected into MGC (Fig-
ure 2A) to examine their efficacy in silencing VEGFA expression and cells transfected with
transfecting reagent alone (Mock) (Figure 2A). Total RNA was isolated 48 h post-transfection
and converted to cDNA, and the mRNA levels for the different transfected cells were measured
using qRT-PCR against the housekeeping gene GAPDH mRNA. All four shRNA plasmids in-
hibited the expression of the VEGFA gene significantly (19, 46, 29, and 24%, respectively)
as compared to shNC and Mock, which showed similar levels of VEGFA expression (Figure
2B). This experiment was repeated several times, and shVEGF1487 was found to be the most
stable in its knockdown efficacy; hence, it was subcloned into a lentiviral backbone (Figure
3A and B) for the production of lentivirus (pL-VEGF1487) and a further 48-h transduction
of MGC (Figure 4A), RNA extraction and cDNA production. Using the qRT-PCR procedure
described above with Mock cells and pL-eGFP as controls, pL-VEGF1487 also showed a
significant knockdown of 52% in MGC (Figure 4B). A significant proportion of VEGF mRNA
may have been from untransfected cells because of the transient transfection procedure.
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Figure 2. Inhibition of vascular endothelial growth factor (VEGF) expression in mouse granulosa cells (MGC)
by shRNA expression vectors. A. Normal resolution and GFP resolution of MGC at 100X magnification of cells
transfected for 48 h on a 6-well plate with 4 ng per well transfecting reagent alone (Mock), and two VEGF (other
two VEGF were not shown), GFP-positive cells in dark green. B. Analysis of VEGF mRNA levels: shNC, 4 VEGF
shRNAs and transfecting reagent alone (Mock) were co-transduced into MGC, and 48 h after transfection, RNA
was extracted and synthesized to cDNA. gRT-PCR analysis was performed to analyze the level of VEGF mRNA.
Results are reported as means + SEM and are standardized as a percentage of control. **P <0.01 vs negative control
(shNC) and ***P < (0.001 vs negative control (shNC).

UG ¢ onA RS s cpiope Ustopy| pLenti-UG-shRNA

A U3/3’LTR
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8615 bp

Figure 3. Structure of the pLenti-U6-shVEGF1487 lentiviral transfer vector. A. The pLenti-U6-shVEGF1487 vector
expresses the short hairpin form of VEGF siRNA under the control of human U6 promoter and blasticidin resistance
gene under the control of SV40 promoter. P, = RSV enhancer promoter; 5'-LTR = HIV-1 5'-long terminal repeat; V' =
HIV-1 packaging signal; RRE = HIV-1 Rev response element; PSV40 = SV40 early promoter and origin; EM7 = EM7
promoter; Blasticidin = blasticidin resistance gene; AU3/3'-LTR = HIV-1 self-inactivating 3'-LTR; SV40 pA = SV40
polyadenylation signal. B. Agarose gel electrophoresis (0.8%) of plasmid pLenti-U6-shRNA. Lane M = molecular
marker; lane 1 = pLV-VEGF1051; lane 2 = pLV-VEGF1462; lane 3 = pLV-VEGF1359; lane 4 = pLV-VEGF1487.
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Figure 4. Effective inhibition of vascular endothelial growth factor (VEGF) expression in mouse granulosa cells (MGC)
by using lentivectors for shRNA delivery. A. Normal resolution and GFP resolution of MGC at 100X magnification of
cells transduced for 48 h on a 6-well plate with 10 pL of virus containing supernatant per well transduction reagent alone
(Mock) and pL-eGFP as controls and pL-VEGF1487, GFP-positive cells in dark green. B. Analysis of VEGF mRNA
levels. pL-eGFP and pL-VEGF 1487 shRNAs and transduction reagent alone (Mock) were co-transduced into MGC, and
48 h after transduction, RNA was extracted to produce cDNA. qRT-PCR analysis was performed to analyze the level
of VEGF mRNA. Results are reported as means = SEM and are standardized as a percentage of control. *P < 0.05 vs
negative control (pL-eGFP).

Effect of shRNA plasmid constructs on VEGF receptor gene expression

VEGEF receptor genes (Flt-1 and Flk-1/KDR) have also been shown to be expressed in
granulosa cells (Einspanier et al., 2002; Greenaway et al., 2004). Hence, we investigated the
effects of the shRNAs on both Flt-1 and Flk-1 mRNA levels, against housekeeping GAPDH
mRNA, and found that there was significant knockdown of all shRNA constructs compared to
the shNC (Figure 5A and B). shVEGF1359 had a knockdown efficacy of 3%, while the other
three shVEGF showed a knockdown below 0% in MGC for both receptor genes.

Effect of shRNA plasmid constructs on VEGF apoptosis gene expression

The effects of VEGFA expression on MGC apoptosis were also determined by investi-
gating the mRNA level of five VEGFA apoptosis genes (Bax, FasL, TRAIL, and FoxO4) against
the housekeeping gene GAPDH mRNA. It was found that the expression of these genes was also
significantly knocked down compared to the shNC for most of the ShRNA constructs except for
FoxO4, which showed no significant inhibitory effect in shiVEGF1359 (111%) (Figure 6).
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Figure 5. Inhibition of vascular endothelial growth factor (VEGF) receptor gene expression in mouse granulosa
cells (MGC) by shRNA expression vectors. A. Analysis of the Flt-1 mRNA levels. B. Analysis of the Flk-1 mRNA
levels. shNC, 4 VEGF shRNAs and transfecting reagent alone (Mock) were transfected into MGC on a 6-well
plate at 4 pg per well, and 48 h after transfection, RNA was extracted to produce cDNA. qRT-PCR analysis was
performed to analyze the level of Flt-1 and Flk-1 mRNA. Results are reported as means + SEM and are standardized
as a percentage of control. ***P < 0.001 vs negative control (shNC).

Effect of shRNA plasmid constructs and lentivirus on VEGF protein levels

Similar to the above experimental protocol, MGC was transfected with the shRNA
expression plasmids and the conditioned media was used to perform ELISA (Solomon Bio-
technology, Co.). This was to quantify the amount of VEGF protein present in the conditioned
media for MGC transfected with the four sShRNAs constructs, shNC and Mock cells. There
was significant knockdown efficacy in the level of VEGFA protein concentration in the cul-
ture media for the four shVEGF compared to the controls (Figure 7A). These results were in
agreement with those analyzed by qRT-PCR experiments for mRNA levels of VEGFA, VEGF
receptor genes and apoptosis genes.

VEGFA protein levels were measured by Western blotting in lysates collected from
MGC transfected for 48 h with the four sShRNA constructs, shNC and Mock cells, as well as
lysates from MGC transduced for 48 h with lentiviral vector pL-VEGF1487 and Mock cells
used as control. All wells were loaded with an equal amount of protein. Densitometric analysis
of VEGFA expression level was performed by calculating the band intensity of the purified
VEGFA protein for experimental groups versus o-tubulin. Protein concentration was found
to be higher only in shVEGF1359 versus shNC but 17% lower versus Mock, which suggests
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that there may be some levels of protein in the supernatant before the cells were lysed. All
other shVEGFs [VEGF1051 (43%), VEGF1462 (59%), and VEGF1487 (64%)], as well as
pL-VEGF 1487 with 86%, expressed lower levels of protein as compared to shNC and Mock
(Figure 7B and C) with similar trends as in the qRT-PCR results. These data indicated that
VEGEF expression can be strongly inhibited at both the mRNA and protein levels by vector-
based RNAI in agreement with Zhang et al. (2008).
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Figure 6. Inhibition of vascular endothelial growth factor (VEGF) apoptosis gene expression in mouse granulosa
cells (MGC) by shRNA expression vectors. A. Analysis of the Bax mRNA levels. B. Analysis of the FasL mRNA
levels. C. Analysis of the TRAIL mRNA levels. D. Analysis of the FoxO4 mRNA levels. shNC, 4 VEGF shRNAs
and transfecting reagent alone (Mock) were transfected into MGC on a 6-well plate at 4 pug per well, and 48 h after
transfection, RNA was extracted to produce cDNA. qRT-PCR analysis was performed to analyze the level of Bax,
FasL, TRAIL, and FoxO4 mRNA. Results are reported as means + SEM and are standardized as a percentage of
control. ¥**¥P < 0.01 vs negative control (shNC) and ***P < 0.001 vs negative control (shNC).
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Figure 7. Protein expression level. A. shNC, 4 VEGF shRNAs and transfecting reagent alone (Mock) at 4 pg per
well on a 6-well plate were transfected into mouse granulosa cells (MGC), and 48 h after transfection, protein
concentration in the MGC culture media was analyzed by ELIZA. Results are reported as means + SEM and are
standardized as a percentage of control. ¥*P < 0.05 vs negative control (shNC) and **P < 0.01 vs negative control
(shNC). B. Western blot analysis of MGC transfected for 48 h with 4 pg per well on a 6-well plate; shVEGF interfering
vector, shNC and transfecting reagent alone (Mock) as control. C. Western blot analysis of MGC transduced for 48 h
with 10 pg per well on a 6-well plate, lentiviral vector and transfecting reagent alone (Mock) as control.

DISCUSSION

In this research, we present a strategy to knockdown the VEGFA gene in MGC using
shRNA expression plasmids and lentiviral vector RNAi. This method provides a novel tool to
study the function of VEGFA and its receptors and apoptosis genes of MGC in vitro. Previous
reports have indicated that VEGF and its receptors, VEGFR-1 and VEGFR-2, are expressed
in pig follicle cells (Barboni et al., 2000), bovine granulosa cells (Einspanier et al., 2002;
Greenaway et al., 2004) and MGC (Wulff et al., 2002) in a coordinated fashion in which they
protect these cells from apoptosis, which demonstrates that VEGF functions as a survival fac-
tor for ovarian follicle and granulosa cells (Kosaka et al., 2007). Therefore, the inhibition of
the VEGF gene by RNAI strategy to study its function in MGC requires an understanding of
the related effects of this strategy downstream of the VEGF-related genes.

Our study showed that RNAi using a plasmid-based and lentivector strategy can stably
silence VEGFA in MGC. We first constructed four plasmid-based expression systems, targeting
the VEGFA gene and transfected MGC to test the efficacy of the vector by qRT-PCR measure-
ment of mRNA levels of VEGF and its receptor genes and apoptosis genes, and found that all
constructs demonstrated successful knockdown of the genes. Hence, we further checked the
effects on the protein level of the transfected culture medium, by ELISA, and on protein level
in MGC by Western blotting and found that both results were in agreement, except only for

Genetics and Molecular Research 11 (4): 4019-4033 (2012) ©FUNPEC-RP www.funpecrp.com.br



Inhibition of VEGFA expression in MGC by RNAi 4031

VEGF1359, which showed higher levels of protein that might have been in the supernatant be-
fore cells were lysed. Repeated experiments indicated that shVEGF 1487 was the most stable in
its knockdown efficiency and was thus chosen for further lentiviral production. This was done
by transcribing the sense and antisense strands of anti-VEGF siRNA into hairpin structures
under the control of the U6 polymerase III promoter (Zhang et al., 2008) and then processed
into a lentiviral backbone. This lentiviral vector was transduced in MGC, and VEGF mRNA
levels and protein level results were also in agreement with results of transduction of MGC by
expression plasmid compared to the control group (Figure 4B). These results demonstrated that
the current VEGF siRNA sequence can completely inhibit VEGFA mRNA expression in MGC.

Unlike VEGF, which is produced by most cell types, research has previously dem-
onstrated that the VEGF receptors Flt-1 and Flk-1 are coexpressed in vascular cells (Ferrara,
2002) including granulosa cells in which they interact to protect these cells against apoptotic
cell death, and inhibition of VEGF causes a decrease in Flt and Flk expression (Greenaway et
al., 2004; Kosaka et al., 2007). Flt-1 is believed to be expressed in ovarian follicles that consist
of oocyte, granulosa cells and the cells of the internal and external theca layer (Okamura et al.
2001). Therefore, in this research after successful knockdown of the VEGFA gene by shRNA
expression plasmids, we checked the mRNA level of Flt-1 and Flk-1 and found similar inhibi-
tion of over 97% knockdown efficiency. This further supports the hypothesis that siRNAs with
specific sequences can be an effective tool to inhibit related genes downstream of a target gene.

VEGEF is also known to be involved in the regulation of granulosa cell apoptosis when
its treatment was found to reduce the incidence of apoptosis and activate caspase-3 expression
in granulosa cells but not fibroblast cells, because of the absence of VEGF receptors (Green-
away et al., 2004). Apoptosis is known to be regulated by two ways so far, by targeting the
functions of the mitochondrion or using adapter proteins to transduce signals to the apoptotic
mechanism. Bax is said to be responsible for the formation of pores on the mitochondrion by
regulating the voltage-dependent anion channel. Our result showing significant inhibition of
Bax by VEGFA knockdown was contrary to findings of Kosaka et al. (2007), who showed
no significant difference. The tumor suppressor protein pS3, which has a transcription-inde-
pendent role in apoptosis, also interacts with Bax to promote its activation as well as inser-
tion into the mitochondrial membrane. Trimeric receptor with bound specific ligands such
as FasL and TRAIL is an adapter protein that leads to the formation of the death-inducing
signaling complex, which contains the FADD, caspase-8 and caspase-10 (Chang et al. 1998).
Therefore, inhibition of the binding of these ligands, as our result indicates, would also in-
hibit caspase expression downstream, which suggests that VEGFA is also associated with the
mitochondrial pathway. Forkhead transcription factors (FoxO) are a family of proteins found
in the cytoplasm and nucleus of cells, which function as sensors of signaling pathways and
play important roles in cell cycle arrest, apoptosis, angiogenesis, stress resistance, and energy
metabolism, through the regulation of gene expression (Accili and Arden, 2004). Previous
research has indicated that nuclear expression of FoxO4 suppresses VEGF in the PI3K/AKT
pathway (Tang and Lasky, 2003). Our results indicated that the inhibition of VEGF expression
also reduces FoxO4 gene expression, which demonstrates that FoxO4 plays an important role
in signal regulation of VEGF through the P13K/AKT pathway.

In conclusion, these findings suggest that RNAi mediated by shVEGF expression
plasmids and lentivector is a promising tool for inhibiting the gene expression of VEGFA of
the VEGF family, its related receptors and apoptosis components in MGC in vitro. Cell trans-
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fection and transduction by expression plasmids and lentiviral vectors, respectively, resulted
in selective inhibition of VEGFA gene expression, leading to knockdown of VEGF receptor
genes and apoptosis genes and reduction in protein levels when checked both in the culture
medium and MGC. This research indicates that RNAi with lentiviral vector can be used to
study and understand the relationship of different VEGF family members or specific isoforms
within the VEGF gene and genes of their related receptors or apoptosis genes in MGC in vitro.
Presently, research is in progress to further study follicle development in vivo with the sShRNA
packaged in a tissue-specific lentiviral vector.
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