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Abstract
Advanced, recurrent, or persistent cervical cancer is often incurable. Therefore, in-depth insights into the molecular
mechanisms are needed for the development of novel therapeutic targets and the improvement of current therapeutic
strategies. In this study, we investigated the role of GLI2 and GLI3 in the regulation of the malignant properties of cervical
cancer. We showed that down-regulation of GLI2, but not GLI3, with an inducible GLI2 shRNA inhibited the growth and
migration of cervical cancer cell lines, which could be rescued by ectopic expression of GLI2. GLI2 appeared to support cell
growth by regulating the mitosis, but not the apoptosis, of the cervical cancer cells. Mechanistically, these functions of GLI2
were in part mediated by the activation of AKT pathway. Knockdown of GLI2, but not GLI3, also inhibited xenograft
growth of cervical cancer cells in vivo. Finally, analysis of TCGA data showed that high levels of GLI2, but not GLI3,
conferred a poor prognosis in cervical cancer patients. These observations for the first time suggest that GLI2, but not GLI3,
exerts a tumor-promoting role in cervical cancer and may be targeted as a novel therapeutic strategy.

Introduction

Cervical cancer remains a major health problem worldwide
[1]. It is the second most commonly diagnosed cancer and
third leading cause of cancer death among females in
developing countries. Even in the United States with the
widespread undertake of screening for the prevention and

early detection of cervical cancer, ∼12,900 new cases and
4100 deaths from cervical cancer were estimated for 2015
[1]. Though early-stage cervical cancer is typically amen-
able to cure, the diagnosis of advanced, recurrent, or per-
sistent cervical cancer is often incurable. Therefore, the in-
depth insights into the molecular mechanisms that con-
tribute to its progression are needed for the development of
novel therapeutic targets and the improvement of current
strategies to cure cervical cancers.

The Hedgehog (Hh) pathway is an evolutionarily con-
served pathway responsible for many aspects of embryonic
development and stem cell maintenance. Recently, this
pathway is found to be aberrantly activated in a spectrum of
malignancies [2]. In the absence of the Hh ligands, the
Patched 1 protein (PTCH1) represses the activity of
smoothened (SMO), thus silencing intracellular signaling.
On ligand binding, PTCH1 relieves the inhibition of SMO
resulting in SMO activation [3–5]. Activated SMO sti-
mulates a singling cascade that eventually results in acti-
vation and translocation of the GLI transcription factors into
nucleus, where they activate the expression of Hh target
genes [3–5].

There are three members in the GLI transcription factor
family in vertebrates, i.e. GLI1, GLI2, and GLI3 [6]. These
three GLI transcription factors are likely derived from
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duplications of a single ancestral GLI gene [6]. All GLI
proteins contain a C-terminal activator domain, whereas
GLI2 and GLI3 possess an N-terminal repressor domain [4].
Thus, while GLI1 exclusively acts as a transcription acti-
vator, GLI2 and GLI3 can act either as repressors or
activators. GLI family has been reported to be over-
expressed in cervical cancer [7–9]. The expression of GLI1
correlated with the late clinical stage, poor differentiation
and lymph node metastasis [8] and co-inhibition of GLI1
and E6 in cervical cancer cells showed additive anti-cancer
effects [10]. In contrast to GLI1, there is less data to
implicate GLI2 and GLI3, which act either as repressors or
activators, in cervical cancer. Therefore, in this study, we
investigated the role of GLI2 and GLI3 in the regulation of
the malignant properties of cervical cancer and whether
knockdown of GLI2/3 can suppress cervical cancer growth
both in vitro and in vivo. We demonstrated that down-
regulation of GLI2, but not GLI3, inhibited cervical cancer
growth both in vitro and in vivo. Mechanistically, these
functions were in part mediated by the activation of AKT.
Moreover, analysis of TCGA data revealed that high levels
of GLI2, but not GLI3, conferred a poor prognosis in cer-
vical cancer patients. These observations suggest that GLI2,
but not GLI3, exerts a tumor-promoting role in cervical
cancer.

Materials and methods

Cell cultures

Human cervical cancer cell lines, HeLa, Caski, and C-4I,
were originally obtained from the American Type Culture
Collection (ATCC). All three cell lines were authenticated
with the DNA markers used by ATCC. The cultures were
maintained in RPMI 1640 medium (Invitrogen, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum
(FBS) and 0.1% penicillin in 5% CO2 at 37 °C.

Construction of the Tet inducible GLI2/3-specific
short hairpin RNA expression plasmid

The lentiviral vector Tet-pLKO-puro (Addgene plasmid
21915) was used to generate inducible GLI2 or GLI3-
targeting shRNA constructs. In brief, DNA oligos targeting
human GLI2 (5′CCGGCCTGGCATGACTACCACTATG
CTCGAGCATAGTGGTAGTCATGCCAGGTTTTTG 3′)
or GLI3 (5′CCGGCGGAAATCAATAGGAGTTGAACTC
GAGTTCAACTCCTATTGATTTCCG TTTTT3′) were
designed and cloned into the Tet-pLKO-puro cloning vector
digested with AgeI and EcoRI. The recombinant plasmid
was named pTet-GLI2shR (GLI2 shR) or pTet-GLI3shR
(GLI3 shR2). To construct a control vector, Tet-pLKO-puro

vector was digested with AgeI and EcoRI to release the
stuffer segment, following which 5′ overhang ends were
blunted with Klenow DNA polymerase (New England
Biolabs) and the segment was then ligated using T4 ligase
(New England Biolabs). This vector was named pTet-ctl
(Ctl shR1). The recombinant construct was co-transfected
together with two packaging vectors psPAX2 and pMD2.G
into 293T cells. Lentiviral particles were harvested and
filtered to infect cervical cancer cell lines followed with
puromycin selection for stably infected cells.

GLI2/3-specific short hairpin RNA expression
plasmid

Plasmids pLKO.1-GLI3 (GLI3 shR1), pLKO.1-GLI2
(GLI2 shR2), and the matched vector pLKO.1 (Ctl shR2)
were purchased from Sigma (St. Louis, MO). These vectors
were co-transfected together with two packaging vectors
psPAX2 and pMD2.G into 293T cells. Lentiviral particles
were harvested and filtered to infect cervical cancer cell
lines followed by puromycin selection. The sequence of
GLI3 shR1 as following: CCGGACAAGAGGTCCA
AGATCAAACCTCGAGGTTTGATCTTGGACCTCT TG
TTTTTTTG. The sequence of GLI2 shR2 as following:
CCGGCTGGACAGGGATGACTGTAAGCTCGAGCT
TACAGTCATCCCTGTCCAGTTTTTG.

Construction of ΔN-GLI2 expression and Myr-AKT
plasmid

ΔN-GLI2 cDNA or myr-AKT cDNA were subcloned into
the Pmel site of the pSDM101-green fluorescent protein
(GFP) vector. ΔN-GLI2-pSDM-GFP, myr-AKT-pSDM-
GFP (AKT cDNA), and Psdm101-GFP (Ctl vector) lenti-
viral supernatants were produced in 293T cells as described
above. ΔN-GLI2 is the full length GLI2 lacking 328 amino
acid at its N terminus that has repressor activity [11]. It is
more transcriptionally active than full length GLI2 without
the repressor domain.

Western immunoblotting analysis

Both cell and tissue samples were homogenized and lysed
in Laemmli buffer with a cocktail of protease inhibitors.
The total protein concentrations were quantified by the
bicinchoninic acid protein assay (Thermo Scientific, Rock-
ford, IL). Equal amounts of total protein were resolved by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis,
transferred to a nitrocellulose membrane under constant
voltage and blocked with Tris buffered saline with Tween
(TBST) containing 5% non-fat dried milk. Primary anti-
bodies and secondary antibodies were diluted in TBST or
3% non-fat dried milk and applied with a washing step in
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between. Proteins were detected using the Amersham ECL.
Western blotting detection kit (GE Healthcare, Piscataway,
NJ). Primary antibodies used including: GLI2 (Novus
Biologicals, Littleton, CO), GLI3 (Fisher Scientific, Wal-
tham, MA, both the full length (GLI3FL) and repressor
(GLI3R) versions of GLI3 protein can be detected by this
antibody), p21 (Santa Cruz Biotechnology, Santa Cruz,
CA), p27 (Santa Cruz Biotechnology, Santa Cruz, CA),
Cyclin D1 (Santa Cruz Biotechnology, Santa Cruz, CA), p-
AKT (Ser473, Cell signaling, Danvers, MA), total-AKT
(Cell signaling, Danvers, MA), GAPDH and Tublin (Santa
Cruz Biotechnology, Santa Cruz, CA).

RNA extraction and quantitative real-time PCR

The mRNA levels were measured by quantitative real-time
PCR. RNA extracted from the cultured cells or xenograft
tumors was treated with DNase1 (Invitrogen, Grand Island,
NY) to remove genomic DNA contamination. Total RNA
(2 μg) was reverse-transcribed into cDNA using random
primers and M-MLV reverse transcriptase from Invitrogen
Life Technology (Grand Island, NY). Quantitative real-time
PCR (qRT-PCR) was performed using Power SYBR Green
PCR Mix from Life Technologies. All primers used in this
study were designed by Primer Blast of NCBI and syn-
thesized by Integrated DNA Technologies (Coralville, IA).
Primer pair specificity was determined by generation of a
single peak for dissociation curve (melting curve) at the end
of real-time PCR cycling program. GAPDH was used as the
internal control. The primers used in this study are as fol-
lows: GLI1-forward primer, 5′-CAT CAACAGCGAGCA
CATCC-3′, GLI1-reverse primer, 5′-ACATACATACGGC
TTCTCATTGG-3′; GLI2- forward primer, 5′-GGGTCAA
CCAGGTGTCCAGCACTGT-3′, GLI2-reverse primer,
GATGGAGGGCAGGGTCAAGGAGTTT; GLI3-forward
primer, 5′-TGGTCGAAGAGAGCTGAA GTA-3′; GLI
3-reverse primer, 5′-CTGTGGCTGCATAGTGATTGC-3′.

Cell proliferation assay

Cells were plated in a 96-well plate at 2000 cells/well with
or without 1 μM doxycycline in triplicates. After every
consecutive day for 5–7 days, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenylte-trazolium bromide solution (MTT, 2 mg/ml
in PBS) was added and the plates were incubated at 37 °C
for 2 h in a tissue incubator. The blue colored formazan
product was dissolved in dimethyl sulfoxide (DMSO) and
measured at 595 nm wavelength on a Biotek plate reader.

Soft-agar colony formation assay

Cells in 250 µl 0.4% soft agarose (Life Technologies,
Carlsbad) mixed with 10% FBS-containing medium were

plated at 2000/well on top of a 500 μl solidified underlayer
of 0.8% agarose in the same medium in a 24-well tissue
culture plate. Doxycycline (1 μM) or equivalent control
vehicle, DMSO, were administrated after 5 days when
small colonies formed. After 2–3 weeks of incubation,
cell colonies were visualized by overnight staining with 1
ml p-iodonitrotetrazolium violet staining (Sigma, St. Louis,
MO, USA). Then, we scanned stained soft agarose plates
with a scanner and colony number was quantified using
Image J.

Cell migration assay

Cell migration assays were performed in 24-well transwells
with 8-μm pore polycarbonate membranes (BD Bios-
ciences, San Diego, CA). Cells at a density of
20,000–40,000 cells/well in serum-free medium were see-
ded in the upper insert in triplicates. The lower chamber
contained the medium with 10% of FBS as chemoattractant.
After incubation with 5% CO2 at 37 °C for 18 h (Caski, C-
4Icell) or 6 h (HeLa cell), the cells that did not migrate
across the membrane were removed with a cotton swab and
the migrated cells were stained with the Hema 3 Stain 18 kit
(Fisher Scientific, Waltham, MA) according to the manu-
facturer’s protocol. Migrated cells were counted under a
microscope with 100× magnification.

Cell cycle analysis

Cells were plated at 5 × 105 cells/dish in 60 mm dishes with
or without 1 μM doxocycline treatment for 48 h, followed
by collection by trypsinization. The cells then were fixed
with 100% ethanol, stained with 10 μg/ml propidium iodide
in the presence of 5 μg/ml RNase A and analyzed for
fluorescence using a FACScan flowcytometer (Becton
Dickinson, San Diego, CA).

ELISA

Cells were plated at 5 × 105 cells/dish in 60 mm dishes and
harvested after various treatments. Cell pellets were washed
with cold 1× PBS twice, lysed with 40 μl apoptosis lysis
buffer and apoptosis was assayed using an apoptosis
detection kit (Roche Applied Science, Indianapolis, IN),
which is based on the measurement of histone-complexed
DNA fragments in the cytoplasm of apoptotic cells,
according to the manufacture’s protocol.

Annexin-V FITC staining

Cells were plated at 5 × 105 cells/dishes into 60 mm dishes.
After reaching 70–80% confluence during exponential
growth, cells were harvested, washed with cold PBS and
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resuspended with binding buffer at a concentration of 2 ×
106 cell/ml. Cells were analyzed by using the ApoTarget™
Annexin-V FITC Apoptosis kit (Invitrogen, Grand Island,
NY) according to the manufacture’s protocol.

Immunohistochemistry

Immunohistochemistry staining was performed on paraffin-
embedded 4 μm tissue sections mounted on poly-L-lysine-
coated slides. Briefly, after deparaffinization in xylenes and
rehydration through graded ethanol solutions, antigen
retrieval was performed by submerging the sections into a
sodium citrate solution (10 mM, pH 6.0) or a EDTA solu-
tion (1 mM, pH 8.0) at 95 °C for 15 or 30 m, in a microwave
oven. The tissue sections were then treated with 3%
hydrogen peroxide in methanol to suppress the endogenous
peroxidase activity. Tissue sections were then incubated
with antibodies to GLI2 (Novus Biologicals, Littleton, CO),
and Ki-67 (BD Pharmingen, San Diego, CA), at 4 °C
overnight. After washing, the sections were incubated with
pre-diluted secondary antibody (BD Pharmingen, San
Diego, CA), followed by further incubation with 3,3-dia-
minobenzidine tetrahydrochloride. Finally, the slides were
counterstained with hematoxylin and mounted in an aqu-
eous mounting medium. Appropriate positive and negative
controls were stained in parallel. For negative controls,
primary antibodies were replaced with PBS.

Animal studies

Four-week-old female nude mice were used for in vivo
animal experiments. The animals were housed under spe-
cific pathogen-free condition. Exponentially growing Caski
GLI2 shR cells or Ctl shR1 cells (1.6 × 106 cells/120 µl/
mouse) suspended in cold PBS were injected sub-
cutaneously into the right flank of the mice. After tumor cell
inoculation for 1–2 weeks, growing tumors were observed
and their size was recorded twice a week. The length and
width of each tumor were measured using a caliper, and the
volumes were calculated by the following formula: volume
(mm3)= length × width × width/2. After another 2–3 weeks,
mice with tumor burden ≥100 mm3 in volume were ranked
and divided into two groups (10 mice for each group) with
matched mean tumor volumes and treated as follows: 2.5%
sucrose-containing drinking water with or without 1 mg/ml
of doxycycline. Doxycycline was administered via drinking
water. Water was replenished every 4 days. After treatment
for 18 days (Ctl shR1) or 33 days (GLI2 shR), xenograft
tumors were isolated from mice. A portion of the tumor
tissue was fixed in 4% paraformaldehyde for histological
study, and the rest was frozen for other experiments.

Similarly, exponentially growing Caski GLI3 shR1 cells
or Ctl shR2 cells (1.6 × 106 cells/120 μl/mouse) suspended

in cold PBS were injected subcutaneously into the right
flank of the mice. After tumor cell inoculation for 2 weeks,
growing tumors were observed and their size was recorded
twice a week. Forty-eight days later, all the mice were
sacrificed. A portion of the tumor tissue was fixed in 4%
paraformaldehyde for histological study, and the rest was
frozen for other experiments.

The Cancer Genome Atlas (TCGA) dataset

The Cancer Genome Atlas (TCGA) database (https://gdc-
portal.nci.nih.gov/) was downloaded for RNA sequencing
data, including 307 cervical cancer samples (there are no
GLI2/3 expression data for three patients). After normal-
ization, Limma and edgeR packages in R language were
used to identify the genes differential expression. R lan-
guage was used to get Kaplan–Meier survival plots to
explore the association between individual GLIs mRNA
levels and overall survival (OS) of cervical cancer patients.
The downloaded TCGA data is shown in supplementary
Table 1 and our R code is in supplementary Table 2.

Statistical analyses

Two-tailed Student’s t-test was used to compare the means
of two groups. One-way ANOVA analysis of variance with
Tukey–Kramer post hoc test was used for analyzing data
when means from more than two groups were compared.
Results are expressed as mean ± SEM. P < 0.05 was con-
sidered to be statistically significant. All the statistical
analyses were performed with Graph Pad Prism
3.03 software.

Results

GLI transcription factors are expressed in cervical
cancer

In order to determine the role of GLI family in the cervical
carcinogenesis, we first examined mRNA levels of the three
GLI transcription factors, GLI1, GLI2, and GLI3, in three
human cervical cancer lines, by using qRT-PCR. As shown
in Fig. 1, certain mRNA levels of GLI1, GLI2, and GLI3
were observed in all three cervical cancer cell lines. It was
remarkable that the expression of GLI2 and GLI3 was much
higher than GLI1. We further analyzed the mRNA levels of
GLI transcription factors in 304 human cervical cancer
tissues using TCGA database. Similarly, we observed that
mRNA levels of GLI2 and GLI3 was significantly higher
than GLI1 (Fig. 1d). Clearly, these results indicated that
GLI transcription factors were expressed in cervical cancer
and GLI2/3 mRNA levels were much higher than GLI1.
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Knockdown of GLI2 inhibits cell proliferation and
migration in vitro

To determine whether GLI2 and GLI3 promoted cervical
cancer progression, we first used a doxycycline inducible
shRNA targeting GLI2 (GLI2 shR) and a matched control
shRNA (Ctl shR1) to knockdown GLI2 expression in var-
ious cervical cancer cell lines. Reduced expressions of GLI2
was confirmed by qRT-PCR in mRNA level and by western
blotting in protein level after the cells were treated with
doxycycline (Fig. 2a, b). MTT assays revealed that deple-
tion of GLI2 significantly inhibited the growth of cervical
cancer HeLa and Caski cells on day 5 and 7 while the effect
on C-4I cell growth was less dramatic (Fig. 2c). The
malignancy-promoting role of GLI2 was further demon-
strated with soft agar colony formation assay in HeLa cell
line (Fig. 2d). Additionally, GLI2 knockdown also sig-
nificantly inhibited migration in all of the three cervical
cancer cell lines (Fig. 2e). To verify these results, we also
used a second GLI2 shRNA (GLI2 shR2) lenti vector,
which was stably transduced in the HeLa cell line and
confirmed that knockdown of GLI2 inhibited cell pro-
liferation on plastic and in soft agar, as well as migration of
the cervical cancer cells (Supplementary Figure 1).

Re-expression of GLI2 rescues the GLI2 knockdown-
associated phenotypes

We next investigated whether ectopic expression of GLI2
by lentiviral delivery could promote the malignant pheno-
types and rescue the effect of GLI2 knockdown by shRNA.
We first transfected the GLI2-shRNA-HeLa and GLI2-
shRNA-Caski cell lines with GLI2 cDNA or a matched

control vector (Ctl vector), and then treated the cells with or
without doxycycline for 48 h to induce the knockdown of
GLI2. Over-expression and knockdown of the GLI2 protein
and mRNA were confirmed by western blotting analysis
and qRT-PCR respectively (Fig. 3a, b). As expected, over-
expression of GLI2 in HeLa and Caski cells promoted the
proliferation by MTT assays and migration by transwell
assays (Fig. 3c, d). Importantly, GLI2 expression partly
rescued the effects of GLI2 knockdown by shRNA, indi-
cating the specificity of the shRNA approach and pointing
to GLI2 as a key regulator of cell proliferation and migra-
tion in cervical cancer cells.

Knockdown of GLI2 induces cell-cycle arrest at G0/
G1 phase

The above results demonstrated GLI2 expression might
increase the proliferative capacity of cervical cancer
cells. To extend these findings, we performed cell cycle
analysis by flow cytometry and apoptosis analysis
by ELISA assay and Annexin-V FITC staining. Flow
cytometry analysis of cell-cycle distribution revealed
that depletion of GLI2 led to a G0/G1 arrest, with an
increase in the percentage of cells in the G0/G1 phase
of the cell cycle and a concomitant decrease in the number
of cells in the S phase (Fig. 4a). Furthermore, silencing
GLI2 increased the expression of p21 and p27, and
decreased the expression of cyclin D1 (Fig. 4b). Interest-
ingly, depletion of GLI2 did not affect apoptosis by ELISA
assay (Fig. 4c) and Annexin-V FITC staining (Fig. 4d).
Thus, silencing GLI2 regulated cervical cancer cell growth
by inducing G0/G1 cell cycle arrest, but not inhibiting
apoptosis.

Fig. 1 GLI1, GLI2, and GLI3
were expressed in cervical
cancer cell lines and cervical
cancer tissues. Transcript levels
of (a) GLI1, (b) GLI2, and
(c) GLI3 were illustrated for the
three cervical cancer cell lines,
HeLa, Caski, and C-4I. Data
presented were mean ± SEM of
three replicate measurements.
d Plot of log2 transformed and
mean ± SEM centered GLI1,
GLI2, and GLI3 mRNA levels
in 304 human cervical cancer
tissues using TCGA database.
Data presented were mean ±
SEM. ***P < 0.001 with one-
way ANOVA and
Tukey–Kramer post hoc test
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Fig. 2 Knockdown of GLI2 inhibited proliferation and migration
in vitro. Inducible GLI2 shRNA and matched control shRNA were
transfected into HeLa, Caski, and C-4I cells via lentiviral infection.
a Confirmation of GLI2 stable knockdown in cervical cancer cell lines
in its transcription level with qRT–PCR. GAPDH transcript was used
for normalization. b GLI2 knockdown was confirmed in its protein

level with Western blotting. GAPDH protein level was used to validate
equal sample loading. GLI2 knockdown inhibited cervical cell growth
in MTT assay (c), anchorage-independent growth in soft agar assay
(d), and migration in transwell assay (e). Data presented were mean ±
SEM from triplicate measurements. *P < 0.05; **P < 0.01; ***P <
0.001 with one-way ANOVA and Tukey–Kramer post hoc test
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Fig. 3 Restoration of the
phenotypes by re-expression of
GLI2 in HeLa and Caski cells.
Protein (a) and mRNA (b) levels
of GLI2 in GLI2 shR-expressing
HeLa and Caski cells transfected
with a control vector (Ctl vector)
or a GLI2 cDNA expression
vector in the presence or absence
of doxycycline. Tublin protein
level was used to validate equal
sample loading in the western
blotting, whereas GAPDH
transcript was used for
normalization in the qRT-PCR
assay. c MTT assay was
performed to obtain OD values
reflecting relative cell numbers
of GLI2 knockdown and
overexpressing cells described
above. d Migration of GLI2
knockdown and overexpressing
cells described above was
measured after seeding for 6 h
(HeLa) or 16 h (Caski) in
Transwell assay. Data presented
were mean ± SEM from
triplicate measurements. *P <
0.05; **P < 0.01; ***P < 0.001
with one-way ANOVA and
Tukey–Kramer post hoc test
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Knockdown of GLI2 suppresses cell growth via
inhibition of AKT activation

Aberrant over-activation of AKT via phosphorylation at Thr
308 is a common feature in both early and advanced cer-
vical cancers [12–15]. To elucidate potential mechanistic
pathways responsible for the malignant phenotypes induced
by GLI2, we examined p-AKT status in Caski cell. While
the total AKT level was basically the same in the
GLI2 shRNA and Ctl shRNA Caski cell, its phosphoryla-
tion was noticeably reduced in GLI2 knockdown Caski cells
(Fig. 5a). To further study whether AKT activation was
necessary for GLI2-mediated promotion of cervical cancer
cell growth, we stable transfected GLI2-shRNA-Caski cells
with myr-AKT expression vector or a matched control
vector (Ctl vector), and then treated with or without dox-
ycycline (Fig. 5b). As shown in Fig. 5c, we noticed that
myr-AKT-cDNA expression stimulated cell growth. Fur-
thermore, co-transfection with GLI2 shRNA and myr-AKT-
cDNA rescued the phenotype due to GLI2 deprivation.
Thus, the data was consistent with the conclusion that GLI2
promotes cell growth via activation of AKT.

Stable knockdown of GLI3 has no effect on
proliferation and migration

To examine the role of GLI3 on proliferation and migration,
HeLa, Caski, and C-4I were transfected with a shRNA
targeting GLI3 (GLI3 shR1) and a matched control shRAN

(Ctl shR2) (Fig. 6a, b). Intriguingly, knockdown of GLI3
had no significant effect on cell growth and migration of all
the three cervical cancer cells tested (Fig.6c, d). To verify
these results, we also used a Tet-inducible GLI3 shRNA
(GLI3 shR2) stably transduced in Caski and C-4I cell lines
and confirmed that knockdown of GLI3 did not affect the
growth and migration of the cervical cancer cells (Supple-
mentary Figure 2). These data suggested that GLI2 was
specifically required for proliferation and migration in cer-
vical cancer whereas GLI3 appeared dispensable.

Knockdown of GLI2, but not GLI3, inhibits tumor
growth in vivo

To further substantiate the tumorigenic role of GLI2 in
cervical cancer. We next developed a cervical cancer
xenograft animal model by subcutaneous inoculation of
shRNA-mediated GLI2 stable silencing Caski cells and a
matched control shRNA Caski cells in female nude mice.
Mice bearing growing GLI2-shR-Caski or Ctl-shR1-Caski
xenografts were divided into two groups with similar mean
tumor volumes of greater than 100 mm3 and then treated
with or without doxycycline. As shown in Fig. 7a, b, while
Caski Ctl shR1 (Ctl-shR1) treatment with or without dox-
ycycline showed no effect on tumor growth, the tumor
volumes of the Caski GLI2 shR treated with doxycycline
were significantly lower than that of Caski GLI2 shR
without doxycycline and the tumor volumes at the last two
measurements were statistically different (Fig.7a). Tumor

Fig. 4 Knockdown of GLI2
induced cell-cycle arrest at G0/
G1 with no effect on apoptosis.
a Knockdown GLI2-induced
cell cycle arrest at G0/G1 in
caski cells. b Knockdown of
GLI2 increased the expression
of p21 and p27, and decreased
the expression of cyclin D1 in
Caski cells. GAPDH was used to
validate equal sample loading.
c, d Knockdown GLI2 had no
effect on cells apoptosis by
ELISA assay (c) and Annexin-V
FITC staining (d). Data
presented were mean ± SEM
from triplicate measurements.
***P < 0.001 with one-way
ANOVA and Tukey–Kramer
post hoc test
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weight was also recorded when mice were euthanized.
Consistent with final tumor volume, tumor weight of Caski
GLI2 shR with doxycycline group was significantly reduced
compared with Caski GLI2 shR without doxycycline group
(Fig. 7b). Consistent with the inhibition of cell cycle pro-
gression in vitro (Fig. 4a) and tumor growth in vivo
(Fig. 7a, b), GLI2 knockdown also reduced the number of
cells undergoing proliferation, which showed positive Ki-67
immunohistological (IHC) staining (Fig. 7c). We also
confirmed the sustained knockdown of GLI2 in the tumors
formed by Caski GLI2 shR cells treated with doxycycline.
The number of nuclear GLI2-positive cells with IHC
staining were significantly lower in doxycycline-treated
Caski GLI2 shR cell-formed tumors than those in other
cells-formed tumors (Fig. 7c). Taken together, these find-
ings indicated that GLI2 contributes to the growth of cer-
vical cancer in vivo.

We then determined whether GLI3 was capable of
effecting tumor growth in vivo. Transfected Caski cells
(GLI3-shR1-Caski and Ctl-shR2-Caski cells) were injected
subcutaneously into the right flank of nude mice. Consistent
with the data obtained from in vitro studies, depletion of
GLI3 showed no effect on tumor growth in Caski xenograft
tumors (Fig. 7d, e) and on the number of proliferative tumor
cells stained with Ki-67 (Fig. 7f). We also confirmed that
the tumors formed by GLI3-shR1-Caski cells had sustained
GLI3 knockdown as reflected by significantly reduced GLI3
mRNA measured with qRT-PCR (Fig. 7g), confirming that
the similar tumorigenic property between the control and
GLI3-shR cells was not due to the loss of GLI3 knockdown.
Taken together, these findings further support the notion
that GLI3 is not a tumor promoter in cervical
carcinogenesis.

High expression of GLI2, but not GLI3, is associated
with an unfavorable prognosis in patients with
cervical cancer

We then investigated the association between the expression
of GLI2/3 and clinical outcome of cervical cancer in TCGA
dataset. High expression of GLI2 was found to be related to
a poor overall survival of cervical cancer, whereas
GLI3 showed no effect on overall survival of cervical
cancer (Fig. 8a, b).

Discussion

The genes involved in the Hh signaling pathway have
been shown to be upregulated in cervical carcinoma [9]
and treatment with the Hh pathway inhibitor, KAAD-
cyclopamine, induced a significant inhibition of cell pro-
liferation in four cervical cancer cell lines [16]. GLI2, a

Fig. 5 Knockdown of GLI2 suppressed cell growth via inhibition of
AKT. a Protein levels of phosphorylated (p-AKT, Ser473) and total
(T-AKT) AKT in GLI2 knockdown and the matched control Caski
cells. GAPDH level was used to validate equal sample loading.
b Protein levels of p-AKT (Ser473) and T-AKT in GLI2 shR-
transfected Caski cells without or with overexpression of myr-
AKTcDNA in the presence or absence of doxycycline. GAPDH
level was used to validate equal sample loading. c MTT assay was
performed to obtain OD values reflecting relative cell numbers of
GLI2 transfected cells described above. Data presented were mean ±
SEM from triplicate measurements. ***P < 0.001 with two-way
ANOVA and Tukey–Kramer post hoc test
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primary mediator of Hh signaling, was reported to be
over-expressed in cervical cancer compared with normal
cervical tissues. Indeed, our present data also showed
that GLI2 mRNA and protein are readily detectable in
both cervical cancer cell lines and cervical cancer
tissues. However, the function of GLI2 in the cervical
carcinogenesis and whether lowering the expression of

GLI2 can suppress tumor growth have not been reported.
Our current results, for the first time, showed that depletion
of GLI2 could suppress the proliferation and migration of
cervical cancer cells in vitro and their tumorigenicity
in vivo. These data were in line with previous observations
in other cancer models, where the inhibition of GLI2 was
efficient in suppressing tumorigenic properties of prostate

Fig. 6 Stable knockdown of GLI3 had no effect on proliferation and
migration in vitro. GLI3 shRNA or matched control shRNA vector
were transfected into HeLa, Caski and C-4I cells via lentiviral infec-
tion. (a) Confirmation of GLI3 stable knockdown in transcript level by
qRT–PCR and (b) in protein level by western blotting. Tublin level
was used to validate equal sample loading for the western blotting and

GAPDH transcript was used for normalization of the qRT-PCR assay.
Both the full length (GLI3FL) and repressor (GLI3R) versions of GLI3
protein were detected. c GLI3 knockdown had no effect on cell growth
by MTT assay. d GLI3 knockdown had no effect on migration in
cervical cancer cells. Data presented were mean ± SEM. *P < 0.05;
*** P < 0.001 with two-tailed Student’s t-test
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cancer cells [17] and hepatoma cells both in vitro and
in vivo [18, 19].

Mounting evidence implicates GLI2 in cell-cycle pro-
gression at the restriction point. Nagao et al. reported that
silencing GLI2 prevented human osteosarcoma growth by
inducing a G1 cell-cycle arrest via p21 (cip1) upregulation
with a subsequent inhibition of cyclin D1, SKP2, and

phosphorylated Rb [20]. Zhang et al. reported that knock-
down of GLI2 resulted in G1 arrest with concomitant
reduction of cyclin D1 and cyclin E2 and up-regulation of
p21 (WAF1) levels in human hepatocellular carcinoma cells
[19]. Similar effects involving a G0/G1 arrest caused by
silencing of GLI2 have been reported in human vascular
smooth muscle cells [21] and myofibroblasts [22]. Clearly,
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our current results were consistent with all of these findings
that knockdown GLI2 resulted in cell-cycle arrest at G0/G1,
with reduction of cyclin D1 expression and upregulation of
p21 and p27 levels, whereas overexpression of GLI2
increased proliferation. Intriguingly, while previous studies
reported that GLI2 gene silencing sensitized human hepa-
toma cells [18, 19] and basal cell carcinoma [23] to tumor
necrosis factor-related apoptosis by downregulating c-FLIP
and Bcl-2, our result showed that GLI2 knockdown showed
no effect on apoptosis using two apoptosis assays, including
ELISA assay and Annexin-V FITC staining. Future studies
are needed to determine whether GLI2 are necessary for
preventing apoptosis of cervical cancer cells when exposing
to apoptosis-inducing agents.

The AKT pathway plays a pivotal role in the etiology
and progression of cancer by affecting cell metabolism,
growth, survival, proliferation, migration, and angiogenesis
[24, 25]. Aberrant over-expression of p-AKT is a common
feature in both early and advanced cervical cancers [12–15].
Du et al. reported that the positive staining frequency of p-
AKT in chronic cervicitis tissues, cervical intraepithelial
neoplasia, and cervical carcinoma tissues was 21.05%,
66.67%, and 92.31%, respectively, suggesting p-AKT
expression increased as tumor state progressed from low-
grade cervical intraepithelial neoplasia to high-grade cer-
vical intraepithelial neoplasia to cancer [12]. Furthermore,
high p-AKT expression was a risk factor for disease-free
survival and overall survival of cervical cancer [13]. Con-
sistent with the previous data, our results showed that
ectopic expression of AKT with an increased p-AKT level
promoted cervical cancer proliferation. Furthermore, AKT
expression rescued the cells’ growth arrest caused by low-
ing GLI2 expression confirming that AKT signaling was a
downstream target of GLI2 mediating its growth-promoting
activity.

Because both GLI2 and GLI3 are over-expressed in
cervical cancer and can act as repressors or activators, we
initially hypothesized that knockdown of either GLI2 or
GLI3 might have the same effect on cervical cancer growth.
While GLI2 knockdown inhibited cervical cancer cell pro-
liferation and migration in vitro and xenograft growth
in vivo, GLI3 knockdown did not affect cervical cancer cell
proliferation and migration. In vivo study further demon-
strated that lowering the expression of GLI3 did not sup-
press cervical cancer xenograft growth. This observation is
in contrast to the only previous report from Wen et al. [26].
A probable explanation could be due to off-target effects of
various sequences of the GLI3 siRNA and shRNAs used in
the two studies. On the other hand, the clinical data from
TCGA dataset showed that the expressions of GLI2, but not
GLI3, in the cervical cancer tissues was associated with a
worse overall survival by Kaplan–Meier analysis, which
supported the notion that GLI2, but not GLI3, functioned as

Fig. 7 Knockdown of GLI2, but not GLI3, inhibited tumor growth
in vivo. a Growth curve of tumors formed by GLI2 shRNA and
matched Ctl shRNA Caski cells in female nude mice treated with or
without doxycycline in drinking water. The tumor volume was cal-
culated using the formula: v= length × width × width × 0.5. Each data
point represented the mean ± SEM of ten tumors. b Tumors excised
from euthanized mice were weighed at the end of experiment. Each dot
represented a tumor. Mean ± SEM was also presented. c IHC staining
of Ki-67 and GLI2 in tumor sections from the four groups of
experimental mice. Representative IHC pictures were presented for
each staining from tissue sections of three tumors in each group. Scale
bar, 100 μm. Percent of Ki-67 or GLI2-positive cells were plotted. **P
< 0.01; ***P < 0.001; with one-way ANOVA and Tukey–Kramer post
hoc test. d Tumor volumes of GLI3 shRNA and matched Ctl shRNA
Caski cell-formed tumors were calculated using the formula: v=
length × width × width × 0.5. Each data bar represented the mean ±
SEM of ten tumors. e Individual tumor weights from the two group
mice at the end of experiment along with the mean ± SEM were pre-
sented. f Representative IHC staining for Ki-67 in xenograft tumor
sections from the two experimental groups were presented. Scale bar,
100 μm. g qRT-PCR analysis for GLI3 in five GLI3 shRNA and
matched Ctl shRNA Caski xenograft tumors were plotted. *P < 0.05;
with two-tailed Student’s t-test

Fig. 8 Kaplan–Meier analysis of GLI2 and GLI3 mRNA expression
and overall survival of 304 cervical cancer patients from TCGA
datasets. High expression of GLI2 was related to a poor overall sur-
vival of cervical cancer (a), whereas GLI3 showed no association with
overall survival of cervical cancer (b)
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a tumor-promoter in cervical cancer. Taken together, our
results directly implicated GLI2, but not GLI3, as a
potential therapeutic target in cervical cancer.
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