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Abstract: Glioblastoma multiforme (GBM) is the deadliest and most common form of malignant primary brain tumor
in humans. However, until now, little is known about the glioma genesis and progression at the molecular level.
Here we report that overexpression of sine oculis homeobox homolog 1 (Six1), a developmental transcription factor
implicated in tumor onset and progression, can significantly promote glioblastoma cell proliferation and invasion
by upregulating connective tissue growth factor (CTGF). Our results revealed that expression of Six1 mRNA was
increased and small hairpin RNAI silencing of Six1 could dramatically inhibit cell proliferation and invasion in GBM.
Moreover, it was found that CTGF gene could be transcriptionally regulated by Six1. Its overexpression induced CTGF
up-regulation in GBM at both the mRNA and protein level, and significantly enhanced the activity of CTGF promoter
in these tumor cells, while decreasing CTGF expression impeded Six1-induced cell proliferation and invasion, reveal-
ing that CTGF is required for Six1-mediated GBM growth and metastasis. Collectively, these findings suggest that
Six1 overexpression may contribute to cell proliferation and invasion via upregulation of CTGF in GBM. Our study
provides new insights into the important roles of Six1 and CTGF in tumor regulation, suggesting that Six1 might be

a potential therapeutic target for preventing proliferation and metastasis of GBM.
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Introduction

Glioblastoma multiforme (GBM) is the most
common and most aggressive malignant pri-
mary brain tumor in adults, with a median sur-
vival of 15 months post-diagnosis [1]. Despite
advances in surgery, chemotherapy and radia-
tion, treatment of GBM still remains a big chal-
lenge in clinical oncology [2]. One of the most
challenging problems in therapy of GBM is its
extremely complex and heterogeneous molecu-
lar biology [3]. However, very little is known
about the processes by which it develops until
now. Therefore, the identification of new molec-
ular pathways involved in tumor biology and
invasiveness, as well as novel therapeutic tar-
gets for GBM is desperately needed.

Six1 belongs to sine oculis homeobox (SIX) pro-
tein family and is highly conserved from

flatworms to humans [4, 5]. It plays pivotal roles
in the development of various organs including
head, retina, brain, ear, nose, and kidney [6].
Also, Six1 has been implicated in the tumor
onset and progression [4]. It is aberrantly
expressed in a variety of human cancers, includ-
ing breast cancer [7, 8], ovarian cancer [9],
pancreatic cancer [10] etc. where it leads to
increased cell proliferation, survival and metas-
tasis. Recently, it was reported that Six1 and its
cofactors, EYA1 and DACH2, were dysregulated
in glioma tumor progenitor cells [11]. These
findings suggest that Six1 may play a critical
role in glioma genesis or progression.

In this study, we detected a high level of Six1 in
GBM, and Six1 overexpression promoted glio-
blastoma cell proliferation and invasion. In
addition, Six1 directly regulated the expression
of connective tissue growth factor (CTGF) in the
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tumor cells. Our findings suggest that Six1 may
promote glioblastoma cell proliferation and
invasion through upregulation of CTGF.

Materials and methods
Cell lines and tissue samples

Human glioblastoma cell lines U-118 (HTB-15)
and U-87 (HTB-14) were obtained from
American Type Culture Collection ATCC
(Rockville, MD, USA). All cell lines were cultured
in  Dulbecco’s modified Eagle’s medium
(Hyclone, Logan, UT, USA) supplemented with
10% fetal bovine serum (Hyclone, Logan, UT,
USA), 100 units/ml penicillin, and 0.1 mg/ml
streptomycin (Invitrogen, California, USA) in 5%
CO, atmosphere at 37°C. Fresh GBM tissue
samples (n = 55) and adjacent normal tissues
(n = 35) were collected at the Yichang Central
People’s Hospital and The First Affiliated
Hospital of China Three Gorges University
between 2013 and 2014. These tissue sam-
ples were frozen in liquid nitrogen and stored at
-80°C immediately after surgery until RNA
extraction. The collection of tissue samples
was approved by the Research Ethics
Committee of Three Gorges University. Written
informed consents were obtained from all
patients.

Stable transfection of glioblastoma cells

The human Six1 cDNA was subcloned into plas-
mid pcDNA4/TO according to previous report
[10]. U-118 and U-87 cells were transfected
with pcDNA4/TO-Six1 or control vector for sta-
ble transfection. Stably transfected cell lines
were isolated by 100 pg/ml Zeocin selection.

Lentivirus-mediated shRNA knockdown of Six1
or CTGF expression

Lentiviral production, titration, and infection
were performed as previously described [12].
Briefly, lentiviral plasmids expressing Six1 shR-
NAs or scrambled shRNA were co-transfected
with pHelper plasmids in 293T cells. Lentiviral
particles were harvested from the media 48
hours after transfection, and purified with ultra-
centrifugation. Cells were infected with lentivi-
ruses encoding Six1 shRNAs or a scrambled
shRNA as control. Cells were harvested at 72
hours after infection and the knockdown effi-
ciency was evaluated by quantitative PCR and
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western blot analysis. Similar to Six1 knock-
down, lentiviral constructs expressing CTGF
shRNA (RHS3979-962913, Open Biosystems)
was used for knockdown of CTGF and subse-
quently used for further experiments.

RNA extraction and real-time PCR

Total RNA was isolated using the RNeasy mini
kit (Qiagen, Germany) and the cDNA was pre-
pared using the SuperScript® Il First-Strand
Synthesis System (Invitrogen, California, USA).
Quantitative PCR was performed using SYBR
Green dye on an Applied Biosystems 7300
Real-time PCR system (Applied Biosystems,
Foster City, CA). Primer sets were used as previ-
ously reported.

Analysis of microarray data

Oncomine Cancer Microarray database (http://
www.oncomine.org) [13] was used to study
gene expression of Six1 in glioblastoma sam-
ples as we previously described. Gene expres-
sion data were also obtained from NCBI Gene
Expression Omnibus (GEO) database (accession
numbers: GSE4290, GSE7696 and GSE4536)
[14-16]. Expression data for Six1 were log-
transformed, median centered per array, and
the standard deviation was normalized to one
per array.

Western blot analysis

Western blot analysis was performed as we
previously described [17]. Briefly, cells were
lysed in cold lysis buffer, proteins (20-30 ug)
were resolved on SDS-PAGE, transferred onto
PVDF membranes, and probed with antibodies
for Six1 (sc-9709, santa cruz), CTGF (sc-14939,
santa cruz), and GAPDH (sc-32233, santa cruz)
at 4°C overnight. Detection was performed
with the SuperSignal West Femto Maximum
Sensitivity Substrate Trial Kit (Pierce, Rockford,
IL, USA). The band images were digitally cap-
tured and quantified with a FluorChem FC2
imaging system (Alpha Innotech, San Leandro,
CA, USA).

MTT assay

Cells plated in 96-well plates were incubated
for different periods of time and then added 20
pL of MTT (tetrazolium bromide, 5 mg/mL, GE
Healthcare) into each well. After incubation for
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Figure 1. Expression of Six1 in GBM. A. The relative expression of Six1 mRNA was determined by quantitative PCR
in primary GBM (n = 55) and adjacent non-tumor brain tissue samples (n = 35). B. ONCOMINE database was used
to analyze previously published microarray data (GSE4290, GSE7696 and GSE4536). All results, including P-values,

were calculated using ONCOMINE data.

4 h, 150 pL of DMSO was added to solubilize
the crystals for 20 min at room temperature
and the absorbance at 570 nm was read by an
ELISA plate reader (Model 680, Bio-Rad, CA).

Colony formation assay

Cells were seeded into 6-well plates. Two weeks
later, cells were stained by 0.5% crystal violet
(Sigma-Aldrich, St. Louis, MO, USA) in methanol
for 10 min. Colonies (more than 50um diame-
ter) were counted directly on the plate.

Cell invasion assays

The Boyden chamber and polycarbonate mem-
brane precoated with matrigel (BD Biosciences)
was used to evaluate invasion ability of glio-
blastoma cells. DMEM with 10% fetal bovine
serum was added to the lower compartment as
a chemoattractant. Cells suspended in 50 pL
DMEM with 0.5% BSA was loaded onto the
upper compartment of each chamber. After an
incubation of 24 hours at 37°C, cells migrated
through the chamber were stained by hema-
toxylin and eosin (H & E) and subsequently
counted under the microscope.

Gene reporter assays

Gene reporter assays were performed as previ-
ously reported. Cells were transfected with
expression vectors (empty vector or Six1), the
human CTGF promoter pGL3-CTGF (-2000 bp
nucleotides) and renilla reniformis luciferase.
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After 24 hours, luciferase activities were mea-
sured using the Dual Luciferase Reporter Assay
System (Promega, Madison, WI, USA), accord-
ing to the manufacturer’s instructions.

Statistical analysis

All data were expressed as mean + standard
error of the mean (SEM). Between groups and
among groups comparisons were conducted
with Student t test and ANOVA, respectively.
Mann-Whitney U test was used for nonpara-
metric variables. Statistical analysis was per-
formed using GraphPad Prism software version
4.0 (PRISM4) (GraphPad Software Inc, LaJolla,
CA), and P < 0.05 was considered significant.

Results
Six1 was overexpressed in glioblastoma cells

To determine the relative expression of Six1 in
human normal brain and GBM tissues, we used
semi-quantitative PCR specific Six1 primers. As
shown in Figure 1A, the relative expression of
Six1 mRNA in GBM samples (n = 55) was sig-
nificantly higher than in adjacent non-tumor
brain tissues (n = 35) after normalization using
GAPDH (P =0.0004). Furthermore, we analyzed
the expression of Six1 by querying the
ONCOMINE database. In three microarray
expression studies (GSE4290, GSE7696 and
GSE4536), the expression of Six1 mRNA was
dramatically elevated in GBM tissues than in
normal brain tissue; the mRNA levels increase
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Figure 2. Six1 promotes glioblastoma cell growth and invasion. (A and B) The effect of Six1 overexpression on
glioblastoma cell proliferation was measured by MTT assay (A) and colony formation assay (B). (C) MTT assay was
performed to determine the effect of Six1 knockdown on cell growth rate in U-118 cells. (D) Cell invasion was deter-
mined by matrigel-coated transwell assay. Cells crossed the Matrigel-coated filter were fixed, stained and counted.
*P < 0.05. Data represent the mean + SEM of three independent experiments.

between 1.95 to 8.70 fold (P < 0.05; Figure
1B-D).

Six1 promoted glioblastoma cell proliferation
and invasion

To determine the functional role of Six1 in GBM,
we examined the effect of Six1 overexpression
on the cell proliferation of U-87 and U-118
cells. These cells were stably transfected with
either pcDNA4/TO-Six1 or control vector plas-
mids. Cell proliferation was assessed by MTT
assay and colony formation assay. As shown in
Figure 2A, MTT assays showed that cell growth
rate of U-87 cells with overexpressed Six1 was
significantly higher than that of the control cells
at 5 and 6 days after plating (*, P < 0.05). In the
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colony formation assay, stable overexpression
of Six1 in U-87 and U-118 cells caused a signifi-
cant increase in anchorage dependent growth
as evidenced by an increase in the number of
colonies compared with control cells. In colony
formation assay for U-87 cells, the numbers of
colonies formed for vector control and pcDNA4/
TO-Six1 group were 45.0 + 8.5 and 88.5 +
18.6, respectively (*, P < 0.05, Figure 2B).
Similar results of colony formation assay were
also obtained in U-118 cells (*, P < 0.05, Figure
2B). These results suggest that overexpression
of Six1 increases the anchorage dependent
growth of human glioblastoma cells. To deter-
mine whether Six1 is required for the glioblato-
ma cell growth, we silenced Six1 in U-118 cells
using Small hairpin RNAi (shRNA) silencing

Am J Cancer Res 2015;5(5):1823-1830
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Figure 3. Six1 upregulates CTGF expression in glioblastoma cells. (A) Six1 correlates with CTGF in GBM tissue
samples as determined by quantitative PCR (r = 0.325, P = 0.020). (B and C). The effect of Six1 on the expression
of CTGF protein (B) and mRNA (C) was examined in U-87 and U-118 cells. GAPDH was used as an internal control.
(D). CTGF promoter activity is shown to be responsive to increased amounts of a Six1 expression vector, using a
luciferase reporter. *P < 0.05. Data represent the mean + SEM of three independent experiments.

method. We found that cell proliferation was
significantly reduced after knockdown of Six1
in U-118 cells (Figure 2C). We next evaluated
the effect of Six1 on the cell invasion using
matrigel-coated transwell assay. As shown in
Figure 2D, overexperssion of Six1 significantly
enhanced cell invasion ability of U-118 cells.
Invaded cells of control and Six1 group were
221 + 2.6 and 31.1 + 3.6, respectively.
Conversely, suppression of endogenous Six1
attenuated the cell invasion ability of U-118
cells. Invaded cells of control shRNA, Six1
shRNA-1 and Six1 shRNA-2 were 23.2 + 2.5,
14.1 + 1.6 and 12.5 + 4.6, respectively (*, P <
0.05, Figure 2D). Collectively, these data sug-
gest that Six1 may be involved in promoting
glioblastoma cell proliferation and invasion.

Six1 upregulated CTGF expression in glioblas-
toma cells

Previous reports showed that CTGF played a
key role in the development and tumor progres-
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sion of GBM [18-20]. Here we found that Six1
was coordinately expressed with CTGF in GBM
samples as shown in Figure 3A (r = 0.325, P =
0.020). We also found that forced expression of
Six1 in U-87 cells significantly increased the
expression of CTGF protein and mRNA (Figure
3B and 3C). Conversely, inhibition of Six1
expression dramatically decreased the expres-
sion of CTGF protein and mRNA in U-118 cells
(*, P < 0.05, Figure 3B and 3C). Since Sixl is a
transcription factor, we next asked whether
Six1 could directly regulate the activity of CTGF
promoter. U-87 cells were transfected with the
human CTGF promoter reporter in the presence
of increasing concentrations of human Six1
expression plasmid. It showed that Six1 signifi-
cantly enhanced the luciferase activity of CTGF
promoter reporter in a dose-dependent man-
ner (*, P < 0.05, Figure 3D). These results indi-
cate that Six1 could upregulate CTGF expres-
sion at both the mRNA and protein level in
GBM.

Am J Cancer Res 2015;5(5):1823-1830
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Figure 4. Knockdown of CTGF expression inhibits Six1-induced glioblastoma cell growth and invasion. (A) Suppres-
sion of CTGF decreases Six1-induced cell growth as determined by MTT (A) and colony formation assay (B) in U-87
cells. (C) Knockdown of CTGF inhibits Six1-induced U-87 cell invasion as determined by matrigel-coated transwell
assay. (D) Western blot was performed to determine the protein level of Six1 and CTGF in U-87 cells. *P < 0.05. Data
represent the mean £ SEM of three independent experiments.

CTGF was essential for Six1-induced glioblas-
toma cell proliferation and invasion

To address the role of CTGF in the Six1-induced
glioblastoma cell proliferation and invasion, we
used RNAi techniques to knock down the CTGF
expression in U-87 and U-118 cells stably
transduced with Six1. Both MTT and colony for-
mation assay showed that shRNA-mediated
silencing of CTGF gene significantly attenuated
the growth advantage conferred by Six1 in U-87
cells (*, P < 0.05, Figure 4A and 4B). As shown
in Figure 4C, Six1 overexpression enhanced
the invasive ability of U-87 cells (control group
and Six1 alone group, 19.2 + 3.2 and 29.8 £
3.5, respectively; *, P < 0.05). However, Six1-
induced cell invasion was significantly inhibited
after silencing of endogenous CTGF expression
than Six1 alone group in U-87 cells (16.3 + 4.2
versus 29.8 + 3.5, *, P < 0.05, Figure 4C).
Western blot was performed to determine the
protein level of Six1l and CTGF in U-87 cells
(Figure 4D). Taken together, these results sug-
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gest that CTGF is essential for Six1-induced
glioblastoma cell proliferation and invasion.

Discussion

Six1 has been reported to be dysregulated in a
variety of human tumors [4, 5]; however, the
expression of Six1 and its role in GBM develop-
ment and progression are not well understood.
In this report, we show that Six1 is overex-
pressed in GBM. Furthermore, by querying
three independent datasets from ONCOMINE
database, we confirmed the elevated expres-
sion of Six1 gene in GBM. However, the clinical
significance of Six1 dysregulation and its prog-
nostic value in GBM need to be further
studied.

Six1 belongs to the SIX protein family, which is
a group of evolutionarily conserved transcrip-
tion factors found in diverse organisms [5, 6].
Six1 is expressed in various tissues including
the nervous system during ontogenesis [21],
and members of the SIX protein family play piv-

Am J Cancer Res 2015;5(5):1823-1830



Six1 and glioblastoma

otal roles in the development of brain [22, 23].
More recently, gene expression microarray of
glioma tumor progenitor cells uncovered the
critical and unrecognized role of Six1 signaling
in glioma genesis or progression [11]. In this
study, we demonstrate that forced overexpres-
sion of Six1 enhances glioblastoma cell prolif-
eration and invasion, while inhibition of Six1
expression significantly reduces cancer cell
proliferation and invasion. Our results suggest
that Six1 might play an essential role in tumor
growth and clinical progression of GBM. This is
in agreement with previous report that SIX1-
EYA1-DACH2 transcriptional complex plays a
significant role in glial tumorigenesis [11].

CTGF belongs to the CCN (Cyr61/Cefl0,
connective tissue growth factor [CTGF],
neuroblastoma overexpressed gene [Nov])
family [24]. It has been implicated in various
biological processes, including stimulation of
cell proliferation, invasion, angiogenesis and
tumorigenesis [25, 26]. Studies suggest that
CTGF plays a key role in glioma progression by
supporting tumor cells survival, invasion and
drug resistance [20, 27, 28]. In this study, we
find that Six1 promotes glioblastoma cell prolif-
eration and invasion through upregulation of
CTGF. Firstly, we show that Six1 induces CTGF
expression and directly regulates CTGF promot-
er activity. Secondly, Six1l expression signifi-
cantly correlates with CTGF in GBM samples.
Lastly, knockdown of CTGF expression inhibits
Six1-induced glioblastoma cell proliferation
and invasion.

Taken together, these findings demonstrate
that Six1 is overexpressed in GBM and its over-
expression may promote glioblastoma cell pro-
liferation and invasion by upregulation of CTGF.
Our study provides new insights into the impor-
tant roles of Six1 and CTGF in tumor regulation,
suggesting that Six1 might be a potential thera-
peutic target for preventing proliferation and
metastasis of GBM.
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