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Abstract
Differentiation status significantly affects the properties of malignant glioma cells, with non-stem cells inducing tumor
enlargement and stem-like cells driving tumor initiation and treatment resistance. It is not completely understood how the
same protein can have a distinct role in these cell populations. Here, we report that four and a half LIM domain protein 3
(FHL3) has an inhibitory effect on proliferation in non-stem glioma cells and a non-proliferative effect in glioma stem cells
(GSCs). In GSCs, we show that FHL3 interacts with the Smad2/3 protein complex at the SOX4 promoter region, inhibits
SOX4 transcriptional activity by recruiting PPM1A phosphatase to Smad2/3, and then suppresses GSC tumor sphere
formation and self-renewal in vitro and in vivo via downregulation of SOX2 expression. Altogether, these findings highlight
the role of FHL3 as a stemness-suppressor in regulation of the Smad2/3–SOX4–SOX2 axis in glioma.

Introduction

Gliomas account for 27% of all brain tumors and 80% of all
malignant brain tumors. WHO grade III anaplastic

astrocytomas (AAs) and grade IV glioblastoma multiforme
(GBMs) are highly invasive tumors and make up approxi-
mately three-quarters of all gliomas [1]. Cell populations of
different proliferative, stem-like and tumorigenic states
frequently coexist in GBM. Enrichment of glioma stem
cells (GSCs) may occur as a result of either self-renewal via
symmetric divisions or the conversion of non-stem glioma
cells to stem-like cells. GSCs were among the first cancer
stem cells to be described for solid tumors and the existence
of GSCs is now widely accepted [2]. The clinical cancer
relevance of GSCs relies on the observation that the GSC
population is more resistant to frequently used anti-glioma
therapies than the non-stem glioma cell population [3].

GSCs are functionally distinct from non-stem glioma
cells and share several common characteristics with stem
cells including the ability to self-renew as well as an
increased capacity to form glioma spheres, express stem cell
markers (such as CD133, NESTIN, and SOX2), differ-
entiate into multiple lineages (i.e., neurons or glial cells),
and regenerate the original tumor in vivo. The functional
diversity that exists between GSCs and non-stem glioma
cells can derive from genetic, epigenetic, and metabolic
environmental differences among tumor cells [4–6].
Therefore, an understanding of the specific functions of
non-stem and stem-like glioma cells as well as the
mechanisms regulating oncogenes and tumor suppressor
genes in these two cell types will help to develop a more

These authors contributed equally: Wei Han, Peishan Hu.

Edited by P. Salomoni

* Boqin Qiang
chiangbq@imicams.ac.cn

* Xiaozhong Peng
pengxiaozhong@pumc.edu.cn
peng_xiaozhong@163.com

1 State Key Laboratory of Medical Molecular Biology, Department
of Molecular Biology and Biochemistry, Institute of Basic Medical
Sciences, Medical Primate Research Center, Neuroscience Center,
Chinese Academy of Medical Sciences, School of Basic Medicine
Peking Union Medical College, 100005 Beijing, China

2 Institute of Medical Biology, Chinese Academy of Medical
Sciences, Chinese Academy of Medical Science and Peking Union
Medical College, 650118 Kunming, China

3 Department of Neurosurgery, Beijing Tiantan Hospital, 100050
Beijing, China

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/s41418-018-0152-1) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-018-0152-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-018-0152-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-018-0152-1&domain=pdf
mailto:chiangbq@imicams.ac.cn
mailto:pengxiaozhong@pumc.edu.cn
mailto:peng_xiaozhong@163.com
https://doi.org/10.1038/s41418-018-0152-1


effective glioma treatment. However, the signaling
mechanisms by which GSCs promote their own survival
within the greater non-stem glioma cell population are not
well understood. In a previous study, we reported for the
first time that four-and-a-half LIM-only protein 3 (FHL3) is

a novel target gene of PCBP2 and is downregulated in
glioma tissues [7]. FHL3 mainly displayed proapoptotic
activity and inhibited glioma growth in vivo, however the
detailed mechanism driving FHL3 downstream regulation
in gliomas and its role in GSCs remained unknown.

Fig. 1 FHL3 regulates the target genes SOX4, CAV1, and DDIT3 in
glioma cells. a Glioma cell lines (T98G, U87MG, and U251) were
transfected with PLVX empty vector (−) or FHL3 overexpression
plasmid (+). Lysates were collected 48 h post-transfection and immu-
noblotted for the indicated proteins. β-Actin was used as a loading
control. The bar graph shows cell viability relative to the control groups
96 h post-transfection. b Schematic illustration of the procedure used to
screen and refine the set of FHL3-regulated target genes identified by
three independent glioma microarray data replicates. c Twenty-eight
indicated genes reported to be involved in glioma were assessed by
microarray (gray bars) and real-time PCR (black bars). GAPDH was
used as a housekeeping gene. d Heatmaps illustrating the expression

profiles of the 11 differentially expressed genes verified by microarray
experiments (n= 3 for each biological replicate). e Soluble chromatin
was subjected to immunoprecipitation with IgG or anti-FHL3 antibodies
in T98G cells. We designed two pairs of primers (P1 and P2) to amplify
the predicted binding regions upstream of each gene, as peaks were
identified in these regions in the ChIP-on-chip assay. The locations of the
peaks identified by the ChIP-on-chip assay are denoted as short red bars.
Immunoprecipitated DNA was PCR amplified with primers (locations
indicated with short green bars) that annealed to the proximal region of
the DDIT3, CAV1, or SOX4 promoters. The lengths of the amplified
fragments are 247 bp (DDIT3-P1), 237 bp (DDIT3-P2), 263 bp (CAV1-
P1), 219 bp (CAV1-P2), 288 bp (SOX4-P1), and 210 bp (SOX4-P2)
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Fig. 2 FHL3 inhibits glioma cell proliferation mainly through the
downregulation of SOX4 expression. a Representative western blot
showing CAV1, DDIT3, SOX4, and FHL3 protein levels in FHL3-
overexpressing (+) glioma cell lines. b, c Western blot analysis of
T98G, U87MG, and U251 glioma cell lines transfected with
pcDNA6.0-Flag-CAV1 (b), pcDNA6.0-Flag-DDIT3 (c) or control
vector (−). An anti-Flag antibody was used to detect target gene
overexpression. Bar graphs show the results of MTS assays in the
same three glioma cell lines 96 h after transfection with plasmids. d, e
Western blot analysis of SOX4 knockdown and overexpression in
T98G, U87MG, and U251 glioma cell lines following lentiviral

infection with shSOX4 (d), LV-3Flag-SOX4 (e), or a control (−).
Anti-SOX4 and anti-Flag antibodies were separately used to detect
SOX4 knockdown and overexpression, respectively. Bar graphs show
the results of MTS assays performed 96 h after lentiviral infection in
the same three glioma cell lines. f Western blot showing SOX4 and
FHL3 protein levels in T98G and U251 glioma cell lines over-
expressing either FHL3 or SOX4 alone or co-overexpressing FHL3
and SOX4. g Growth curves in T98G and U251 glioma cells over-
expressing either FHL3 or SOX4 alone or co-overexpressing both
FHL3 and SOX4. Data are presented as the mean ± SD of three
independent experiments. *P < 0.05
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Here, we have assessed the FHL3 target gene SOX4 by
gene expression microarray and ChIP-on-chip analysis in
non-stem glioma cells and glioma stem cells. We showed
that FHL3 overexpression prevented the proliferation of
non-stem glioma cells but not glioma stem cells. We found
that FHL3 diminished the self-renewal capacity of GSCs
and interacted with the transcription factors Smad2/3 and
phosphatase PPM1A, thus inhibiting the Smad2/
3–SOX4–SOX2 axis. In general, our results shed light on
some crucial functions of FHL3 in mediating the self-
renewal of glioma stem cells and regulating the growth of
non-stem glioma cells through SOX4.

Results

SOX4 is a novel FHL3 target gene in glioma cells

We transfected either an FHL3-overexpression construct or
an empty vector control into T98G, U87MG, and U251
glioma cell lines (Fig. 1a). In agreement with our previous
results [7], an MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt) assay showed that the viability of glioma cells
was reduced to 65–72% following 96 h of FHL3 over-
expression (Fig. 1a). To investigate FHL3 target genes in
glioma cells, we conducted a gene expression microarray
analysis. The FHL3 overexpressed T98G glioma cell line
was used as the experimental model. We conservatively
established a minimum of a twofold difference between the
FHL3 and control groups with an FDR (false discovery
rate)-adjusted P value of <0.05 and identified 285 upregu-
lated and 420 downregulated genes that met the threshold in
all microarray analyses from three independent groups
(Fig. 1b). The differentially expressed genes were analyzed
by gene ontology (Supplementary Figure 1) for association
with the 12 biological processes. Among these biological
processes, 98 differentially expressed genes, including 51
upregulated and 47 downregulated genes, were enriched for
cell proliferation and cell death processes (Fig. 1b). We
searched the literature related to the genes enriched in these
two biological processes and found that 28 genes were
reported to be associated with glioma (Fig. 1b). Then, we
selected these 28 genes for confirmation by real-time PCR
analyses. Although the results for CDK6, GLI3, HIPK2,
PAFAH1B1 and VAV3 were unexpectedly contradictory to
previous microarray results, most of the results were con-
sistent (Fig. 1c). Eleven genes displayed the same trend and
a greater than twofold difference by both real-time PCR and
microarray analysis. The nine upregulated genes were
SOCS3, CAV1, CD70, FST, CADM1, DDIT3, TGM2,
ADRB2, and GADD45B, and the two downregulated genes
were SOX4 and ANGPT1 (Fig. 1d).

FHL3 comprises four and a half LIM domains, which
mediate interactions with some transcription factors such as
CREB [8], BKLF/KLF3 [9], MZF-1 [10], and MyoD [11].
These factors can form complexes that increase promoter
occupancy in order to regulate the transcription of down-
stream genes. Therefore, we hypothesized that FHL3 could
also regulate the transcription of these 11 genes by binding
to their promoter regions via complexes with other tran-
scription factors. Interestingly, the upstream sequences of
SOX4, CAV1, and DDIT3 were highly enriched in ChIP-on-
chip assays (data not shown). ChIP-PCR was used to detect
FHL3 occupancy within the regions flanking the SOX4,
CAV1, or DDIT3 promoters. Six pairs of primers were
designed to amplify the six peaks that were enriched in the
ChIP-on-chip assays (Fig. 1e).

FHL3 suppresses glioma cell proliferation by
inhibiting SOX4

We next examined the effect of FHL3 overexpression on
SOX4, CAV1, and DDIT3 protein expression in three
glioma cell lines. As shown in Fig. 2a, upregulation of
FHL3 resulted in the significant downregulation of SOX4
expression and the upregulation of CAV1 and DDIT3
protein expression. Then, we determined which proteins
could affect glioma cell proliferation. Compared to CAV1
or DDIT3 overexpression, SOX4 knockdown in glioma
cells significantly hindered cell growth within 96 h
(Fig. 2b–d). We also found that SOX4 overexpression could
promote cell growth (Fig. 2e). We then asked whether
SOX4 is involved in mediating FHL3-induced inhibition of
glioma cell proliferation. For these assays, we chose the two
cell lines with the highest SOX4 overexpression, T98G and
U251. Western blotting revealed that Flag-tagged SOX4
and FHL3 were overexpressed and simultaneously upre-
gulated, respectively, following lentiviral infection (Fig. 2f).
MTS assays demonstrated that cell proliferation following
co-overexpression of FHL3 and Flag-SOX4 was closer to
the proliferation of control cells than FHL3-overexpressing
cells (Fig. 2g). These data indicate that the inhibitory effect
of FHL3 is dependent on SOX4 downregulation in glioma
cells.

FHL3 negatively regulates SOX4 transcriptional
activity and TGF-β-responsive transcription in TGF-
β1-dependent and TGF-β1-independent manners

How does FHL3 block SOX4 expression? It has previously
been reported that FHL1, FHL2, and FHL3 physically and
functionally interact with Smad2, Smad3, and Smad4 to
increase transforming growth factor-β1 (TGF-β1) respon-
sive transcription [12]. SOX4 is a downstream target of
TGF-β1 signaling [13]. Thus, we examined whether FHL3
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could regulate the activity of the SOX4 promoter using a
reporter gene assay (Fig. 3a) with or without TGF-β1. FHL3
overexpression decreased the activity of a SOX4 promoter
reporter in a TGF-β1-independent manner (Fig. 3b). To

further confirm this result, we synthesized 2 siRNAs
(siFHL3-1 and siFHL3-2) that specifically targeted FHL3,
as previously reported [12, 14]. Either 48 or 72 h after
transfection in T98G glioma cells, knockdown of
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endogenous FHL3 enhanced SOX4 promoter reporter
activity (Fig. 3c). Both with and without TGF-β1, FHL3
weakened the activity of p3TP-Lux (a TGF-β1–responsive
reporter) in glioma cells (Fig. 3d). Consistent with this
result, FHL3 decreased Smad2/3 phosphorylation (Supple-
mentary Figure 2a). siRNA-mediated knockdown of FHL3
increased phosphorylated Smad2/3 protein levels (Supple-
mentary Figure 2b). In addition to SOX4, we also found
that some other genes downstream of the TGF-β1 signaling
pathway (e.g., CDKN1A, ID2, FN1) are downregulated in
FHL3 overexpression microarrays (Fig. 3e).

Once we confirmed that FHL3 expression is decreased in
the glioma tissues, consistent with our previous report, and
that FHL3 negatively regulated SOX4 RNA and protein
levels, we expected to observe enhanced SOX4 expression
in glioma tissues and cell lines. Congruent with previous
reports [15, 16], the SOX4 mRNA and protein expression
was increased in a total of 54 glioma tissue samples of
different grades compared with 7 normal brain tissue con-
trol samples (Supplementary Figure 3a, b). Compared with
3 normal human astrocyte cell lines (HA, HAc, and HAsp),
SOX4 expression was upregulated in 9 glioma cell lines
(Supplementary Figure 3c, d). SOX4 was highly expressed
in all FHL3-downregulated cell lines (Supplementary Fig-
ure 3d). Next, we used GEPIA to detect SOX4 expression
levels in samples from The Cancer Genome Atlas (TCGA)
and Genotype-Tissue Expression (GTEx) program [17].

Compared to normal tissues, SOX4 expression levels were
significantly increased in GBM and low-grade glioma
(LGG) patient samples (Supplementary Figure 3e). Using
the LinkedOmics database [18], we identified a negative
correlation between FHL3 and SOX4 RNA levels in the
TCGA GBM samples (n= 153). (Spearman’s correlation=
−0.3226, P= 4.751e–05) (Fig. 3f). We also observed a
strong inverse correlation between SOX4 and FHL3 protein
levels in high-grade glioma samples (Fig. 3g).

FHL3 decreases the self-renewal, not proliferation,
of glioma stem cells

Does FHL3 also inhibit the proliferation of glioma stem
cells? To test this hypothesis, we used patient-derived
glioma stem cells. These cells, called GSC2 cells, were
cultured in serum-free neurobasal medium. In addition, we
enriched two glioma stem-like cell lines from U87MG and
U251 cells; these were strictly kept under non-
differentiating growth conditions and are referred to as
U87MG stem-like cells (U87MG-SLC) and U251 stem-like
cells (U251-SLC). All three cell lines were able to self-
renew, differentiate into multiple lineages and form brain
tumors in nude mice [19]. Unexpectedly, though FHL3
overexpression inhibited proliferation of glioma cells, this
effect was not observed in U251-SLCs. We even found that
FHL3 promoted the growth of U251-SLCs after 48 h of
transfection (Fig. 4a). However, in GSC2 cells, the cell
growth curve was almost unaffected by FHL3 (Supple-
mentary Figure 4a). Stable SOX4 overexpression and
knockdown produced an increase and decrease, respec-
tively, in the proliferation of GSC2 cells (Supplementary
Figures 4b, c). Annexin V-fluorescein isothiocyanate
(FITC)/phosphatidylinositol (PI) double staining was per-
formed to detect apoptosis induced by FHL3 over-
expression. Flow cytometric results showed an increase in
the percentage of FITC- and PI-positive apoptotic cells from
24.8 to 42.3% in U251 cells; however, there was no dif-
ference in the percentage of apoptotic U251-SLCs (19.3%
± 3.0% FITC- and PI-positive cells versus 21.9% ± 6.7%, P
> 0.05) (Fig. 4b). Similarly, overexpression of FHL3
increased levels of cleaved caspase-3 and cleaved poly-
ADP-ribose polymerase (PARP) in U251 cells but not in
U251-SLCs (Fig. 4c).

As there are significant differences in epigenetic reg-
ulation between non-stem glioma cells and glioma stem
cells [5], we repeated our ChIP-PCR experiment to detect
FHL3 occupancy in the regions upstream of the DDIT3,
CAV1, and SOX4 genes in GSC2 cells. In GSCs, we found
that FHL3 binding regions were lost upstream of DDIT3
and CAV1, however the binding sites upstream of SOX4
were retained (Fig. 4d). Further, we verified that Smad2/3
complexes were directly bound to the SOX4 promoter

Fig. 3 FHL3 suppresses SOX4 transcriptional activity and TGF-β-
responsive transcription in a TGF-β1-independent manner. a Sche-
matic diagram of the SOX4 promoter reporter construct. b, c T98G
cells were co-transfected with an FHL3 overexpression construct (b)
or FHL3 siRNAs (c), and either the dual luciferase reporter vector
pEZX-PG04 or a SOX4 promoter reporter. Cells were treated with (+)
or without (−) TGF-β1 and analyzed for Gaussia Luciferase (GLuc)
and Secreted Alkaline Phosphatase (SEAP) activities, using the SEAP
signal as an internal control. The normalized signals (ratio of GLuc to
SEAP activities) are represented as the mean ± SD of three indepen-
dent experiments. *P < 0.05 versus empty vector (b) or control siRNA
(c) without TGF-β1. #P < 0.05 versus empty vector (b) or control
siRNA (c) with TGF-β1. d T98G cells were co-transfected with the
TGF-β signaling pathway reporter p3TP-Lux and either an FHL3
overexpression construct or empty vector. Cells were treated with (+)
or without (–) TGF-β1 and analyzed for luciferase activity. Values are
presented as the mean ± SD of three independent experiments. *P <
0.05 versus empty vector without TGF-β1. #P < 0.05 versus empty
vector with TGF-β1. e Microarray results showing changes in the
expression of TGF-β-responsive genes upon FHL3 overexpression.
Red represents upregulated genes, while blue represents down-
regulated genes. f The correlation between FHL3 and SOX4 mRNA in
TCGA GBM samples was analyzed on the LinkedOmics website using
a Spearman correlation test. g Relative SOX4 and FHL3 protein levels
in 13 grade II, 13 grade II–III, 7 grade III, 5 grade III–IV, and 16 grade
IV glioma tissues compared with 7 normal brain tissue controls.
Western blotting results were quantified using ImageJ software and are
shown as the relative ratios of SOX4/β-Actin or FHL3/β-Actin protein
levels (average values shown above the blots). *P < 0.05. P values
were generated using an unpaired t-test
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Fig. 4 FHL3 inhibits the self-renewal of glioma stem cells. a MTS
assays demonstrating the growth of U251 (left) glioma cells and U251-
SLC (right) stem cell-like glioma cells after transfection with either an
FHL3 overexpression plasmid or a control vector (PLVX). b Flow
cytometry-based quantification of apoptosis by Annexin V/PI staining in
U251 and U251-SLC cells ~72 h following transfection. Early end stage
apoptotic cell ratios were calculated and plotted on the histogram. c
Representative western blot showing (cleaved) caspase-3 and its sub-
strate, (cleaved) poly (ADP-ribose) polymerase (PARP) in transfected
U251 and U251-SLC cells. d ChIP-PCR assays in GSC2 glioma stem
cells. Soluble chromatin was prepared from GSC2 cells and subjected to
immunoprecipitation with rabbit IgG (as a negative control) or the
indicated antibodies. An anti-Smad2/3 antibody was used as a positive
control for enrichment of the SOX4 promoter. PCR primers were
designed to amplify the DDIT3, CAV1, or SOX4 promoter regions, as
described previously. eWestern blot analysis of FHL3 and SOX4 protein

levels in HA normal human astrocytes, U87MG and U251 glioma cell
lines, and U87MG-SLC, U251-SLC, and GSC2 stem cell-like glioma
cells. f U87MG stem cell-like glioma cells were cultured in pH 7.4 or pH
6.8 medium. Western blot showing GFAP, SOX2, and FHL3 protein
levels under these pH conditions. g Western blot showing FHL3 protein
levels during the differentiation of U87MG stem cell-like glioma cells.
GFAP was used as a marker of cell differentiation. SOX2 was used as a
marker of stemness. h Western blot analysis of FHL3 expression in
GSC2 cells infected with PLVX (control) or FHL3-overexpressing len-
tivirus. i Sphere formation assay in GSC2 cells infected with PLVX
(control) or FHL3-overexpressing lentivirus. Neurospheres (diameter ≥
50 μm) were counted. j GSC2 self-renewal capacity was measured using
a limiting dilution assay. Cells infected with PLVX lentivirus were used
as controls. For each cell plating density, wells not containing spheres
(diameter ≥ 50 μm) were quantified. Data are presented as the mean ± SD
of three independent experiments. *P < 0.05
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Fig. 5 FHL3 regulates Smad2/3 phosphorylation and suppresses the
Smad2/3–SOX4–SOX2 axis. a For coimmunoprecipitation assays,
GCS2 cells were fractionated and proteins were immunoprecipitated
using anti-Smad2/3 or anti-FHL3 antibodies or pre-immune control
serum (IgG). Precipitates were analyzed by western blotting with the
indicated antibodies. b Representative western blot showing levels
of FHL3 and Smad2/3–SOX4–SOX2 axis-related proteins in GSC2
cells infected with PLVX or PLVX-FHL3 lentivirus. c Non-infected
and Flag-FHL3 adenovirus-infected GSC2 cells were fractionated
and proteins were immunoprecipitated with an anti-FHL3 antibody
and an anti-Flag antibody, respectively. Anti-PPM1A and anti-CK1δ
antibodies were used to detect interactions with FHL3 protein by
western blot. d GSC2 cells infected with PLVX (−) or PLVX-FHL3
(+) lentivirus were immunoprecipitated with an anti-Smad2/3

antibody or IgG. Precipitates were analyzed by western blotting with
the indicated antibodies. e GSC2 cells were infected with adenovirus
at 10, 20, and 100 multiplicities of infection (MOI). An anti-Flag
antibody was used to detect increases in Flag-FHL3 levels. Adv-NC
was used as a control. f ChIP-PCR assays in GSC2 cells infected
with adenovirus at the indicated MOI. Soluble chromatin was sub-
jected to immunoprecipitation with rabbit IgG or anti-Flag anti-
bodies. Immunoprecipitated DNA was subjected to PCR to amplify
the SOX4 promoter region using the primers described previously. g
Representative western blot showing Smad2/3–SOX4–SOX2 axis-
related proteins and FHL3 protein levels in GSC2 cells infected with
Adv-NC or Adv-Flag-FHL3 at the indicated MOI. h Proposed model
of FHL3 modulation of the Smad2/3–SOX4–SOX2 axis
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(Fig. 4d), which is in line with what has been previously
reported in other GSCs [20]. To test whether FHL3 main-
tains its negative regulation of SOX4 in GSCs, we further
examined their expression by western blot. The results
showed that lower FHL3 protein levels correlated with
higher SOX4 levels, an effect mainly observed in stem-like
glioma cells (Fig. 4e).

Exposure to low pH promotes malignancy through the
induction of a glioma stem cell phenotype [21]. U87MG-
SLCs were exposed to standard pH (7.4) or an acidic pH
(6.8). Cells grown in low pH conditions displayed a
decrease in FHL3 levels along with lower expression levels
of the astrocyte marker GFAP and higher expression levels
of the stemness marker SOX2 (Fig. 4f). We removed
cytokines EGF and bFGF from the medium and added 10%
serum to the medium for 8 days in order to induce U87MG-
SLC differentiation. During this differentiation process,
FHL3 levels increased, whereas SOX2 levels decreased
(Fig. 4g). FHL3-overexpressing glioma stem cells displayed
less self-renewal capacity by sphere formation and limiting
dilution assays (Fig. 4h-j), Similar results were obtained in
U87MG-SLCs and U251-SLCs (Supplementary Figure 5a-

5b). Taken together, these data suggest that FHL3 does not
alter glioma stem cell proliferation but rather affects the
self-renewal capacity of GSCs.

FHL3 suppresses the Smad2/3–SOX4–SOX2 axis
through dephosphorylation of Smad2/3

SOX4 is involved in the Smad2/3–SOX4–SOX2 axis in
glioma-initiating cells [20]. Further, SOX2, a marker of
stemness, is one of the core transcription factors that can
reprogram differentiated glioblastoma cells to glioblastoma
stem-like cells [22]. We were interested in whether FHL3
was also involved in this pathway and whether it regulated
the stemness of glioma cells. We verified the FHL3–Smad2/
3 protein interaction in GSC2 cells by immunoprecipitation
assay (Fig. 5a). We found that knockdown of either Smad2
or Smad3 led to a decline in Smad2 and Smad3 phos-
phorylation and the inhibition of SOX4 and SOX2
expression. Simultaneous knockdown of Smad2 and Smad3
more significantly inhibited the Smad2/3–SOX4–SOX2
axis but did not inhibit Smad4 (Supplementary Figure 5c).
We next tested the ability of FHL3 to affect the Smad2/

Fig. 6 FHL3 antagonizes TGF-β1-mediated activation of the Smad2/
3–SOX4–SOX2 axis. a Representative western blot showing Smad2/
3–SOX4–SOX2 axis-related proteins and FHL3 protein levels in
GSC2 cells infected with PLVX vector or PLVX-FHL3 lentivirus with
or without 1 ng/ml TGF-β1. b Sphere formation assay in GSC2 cells
with or without 1 ng/ml TGF-β1. c Limiting dilution neurosphere
assay in GSC2 cells infected with PLVX vector or PLVX-FHL3
lentivirus with or without 1 ng/ml TGF-β1. d GSC2 cells after

infection with either the control shRNA lentivirus (LV) or an shFHL3
lentivirus (shFHL3-1 and shFHL3-2) were cultured with a TGF-β1
inhibitor (SB431542, 1 µM) for 0, 3, and 24 h. Representative western
blot showing Smad2/3–SOX4–SOX2 axis-related proteins and FHL3
protein levels in these stem cell-like glioma cells. e Sphere formation
assay in infected GSC2 cells treated with a TGF-β1 inhibitor
(SB431542, 1 µM) for 0 and 7 days. Data are presented as the mean ±
SD of three independent experiments. *P < 0.05
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3–SOX4–SOX2 axis. Stable overexpression of FHL3
in GSC2 cells and U251-SLCs produced a marked
decrease in phospho-Smad2/3, SOX4, and SOX2 (Fig. 5b,
Supplementary Figure 5d). These observations suggest
that FHL3 has an inhibitory effect on the Smad2/
3–SOX4–SOX2 axis.

How does FHL3 block Smad2/3 phosphorylation? One
might envision that FHL3 directly competes with kinases
for Smad2/3 protein binding or that FHL3 recruits phos-
phatases to the Smad2/3 protein complex. Previous studies
have shown that CK1δ directly phosphorylates Smad2/3
proteins [12] and that PPM1A dephosphorylates Smad2/3

Fig. 7 SOX4 rescues FHL3-mediated inhibition of SOX2 (stemness
marker) expression and sphere-forming ability in glioma stem cells.
a Following infection with PLVX vector or PLVX-FHL3 lentivirus,
GSC2 cells were re-infected with control or Flag-SOX4 lentivirus.
Representative western blot showing expression of FHL3 and
Smad2/3–SOX4–SOX2 axis-related proteins in the infected GSC2
cells. b Sphere formation assay in the infected GSC2 cells. c Lim-
iting dilution neurosphere assay in the infected GSC2 cells. d Fol-
lowing infection with control shRNA lentivirus (LV) or shFHL3
lentivirus (shFHL3-1 and shFHL3-2), GSC2 cells were re-infected
with control or shSOX4 lentivirus. Representative western blot
showing expression levels of Smad2/3–SOX4–SOX2 axis-related

proteins and FHL3 in the infected GSC2 cells. e Sphere formation
assay in the shRNA lentivirus-infected GSC2 cells. f Limiting
dilution assay showing rescue of GSC2 tumor-initiating capacity by
SOX4 in vivo. Limiting dilutions of the infected GSC2 cells were
subcutaneously implanted into nude mice. The table shows the
number of mice that grew tumors at week 10 (out of a total of 5 mice
per group). Tumor-initiating frequency (TIF) was calculated using
ELDA software. P < 0.05 was used as the significance threshold for
comparisons between the FHL3-overexpression group and the con-
trol group as well as the FHL3 and SOX4 co-overexpression group
and the FHL3-overexpression group. Data are presented as the mean
± SD of three independent experiments. *P < 0.05
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[23]. We used an immunoprecipitation assay to identify the
association between FHL3 and both CK1δ and PPM1A
(Fig. 5c). Importantly, increasing the expression of FHL3
enhanced the binding of the Smad2/3 protein complex to
PPM1A and reduced the formation of Smad2/3 and Smad4
complexes (Fig. 5d). We therefore postulate that FHL3
dephosphorylates Smad2/3 through an interaction with the
Smad phosphatase PPM1A. Meanwhile, we also found that
FHL3 overexpression increased SOX4 promoter occupancy
(Fig. 5e, f) and decreased phosphorylated Smad2/3, SOX4
and SOX2 protein levels in a dose-dependent manner
(Fig. 5g). Altogether, we concluded that FHL3 perturbs the
Smad2/3–SOX4–SOX2 axis through interactions with
dephosphorylated Smad2/3, forming a transcriptional
repressor complex that binds to the SOX4 promoter and
inhibits the expression of SOX4 and, subsequently, SOX2
(Fig. 5h).

FHL3 antagonizes TGF-β1-mediated activation of
the Smad2/3–SOX4–SOX2 axis

SOX4 expression can be directly induced by Smad2/3,
which is downstream of TGF-β1 signaling [13, 24]. TGF-β1
increased the protein expression levels of phosphorylated
Smad2/3, SOX4, and SOX2 in GSC2 cells. However, even
in the presence of TGF-β1, this Smad2/3–SOX4–SOX2
axis was inhibited in cells stably overexpressing FHL3
(Fig. 6a). We observed similar results in glioma SLCs
(Supplementary Figures 6a-b). FHL3 also antagonized
TGF-β1-mediated increases in the sphere-forming ability
and self-renewal capacity of glioma stem cells (Fig. 6b, c).
SB431542 can inhibit signaling through the TGF-β1
receptor ALK5 [25]. We found that the Smad2/
3–SOX4–SOX2 axis was suppressed by SB431542 after
only a 3 h treatment in GSC2 cells and U251-SLCs (Fig. 6d,
Supplementary Figure 6c). Inhibition of FHL3 increased the
expression of phosphorylated Smad2/3, SOX4, and SOX2
in untreated GSCs and partly restored the activity of the
Smad2/3–SOX4–SOX2 axis in the presence of SB431542
(Fig. 6d, Supplementary Figure 6c). Stable knockdown of
FHL3 also promoted sphere formation in GSC2 cells and
U251-SLCs both with and without SB431542 (Fig. 6e,
Supplementary Figure 6d). These results support our
hypothesis that FHL3 suppresses the maintenance of
stemness by downregulating the Smad2/3–SOX4–SOX2
axis in GSCs.

SOX4 rescues FHL3-mediated maintenance of
stemness in vitro and in vivo

To further test the above hypothesis, we performed co-
overexpression or co-knockdown of FHL3 and SOX4 for
rescue studies. Western blot analyses revealed that SOX4

rescued SOX2 downregulation due to overexpression of
FHL3 (Fig. 7a). Utilizing sphere formation and limiting
dilution assays, we also observed that SOX4 overexpression
reversed the effects of FHL3 on the sphere-forming ability
and self-renewal capacity of GSCs (Fig. 7b, c). Similar
rescue results were observed in U251-SLCs (Supplementary
Figure 7a, b). Knockdown of SOX4 inhibited SOX2
expression but had no obvious effect on Smad2/3 phos-
phorylation. Further, decreases in SOX4 expression reduced
the FHL3 knockdown-mediated increase in SOX2 expres-
sion (Fig. 7d). GSCs infected with shSOX4 lentivirus
formed glioma spheres with lower efficiency. In contrast to
knockdown of FHL3 alone, a decreased number of glioma
spheres were formed by GSC2 cells with co-knockdown of
FHL3 and SOX4, suggesting impaired self-renewal
(Fig. 7e). In U251-SLCs, similar rescue effects were
shown (Supplementary Figure 7c, d). To study the role of
FHL3-mediated regulation of SOX4 in the maintenance of
stemness in vivo, we examined the effects of FHL3 and
SOX4 on GSC tumorigenicity in nude mice. Accordingly,
control GSC2 cells as well as cells overexpressing SOX4 or
FHL3 alone or co-overexpressing SOX4 and FHL3 were
injected into immunodeficient mice in limiting dilutions.
Cells overexpressing FHL3 alone displayed a threefold
reduction in tumor-initiating frequency (TIF), confirming
that FHL3 reduces the maintenance of tumor cell stemness
(Fig. 7f). Although there was no significant change in the
TIF of cells overexpressing SOX4 alone, the overexpression
of SOX4 could restore the TIF of FHL3-overexpressing
cells by more than twofold (Fig. 7f). Altogether, these data
indicate that FHL3 inhibits GSC stemness by reducing the
expression of SOX4 in vitro and in vivo.

Discussion

In this study, we tested 11 candidate target genes regulated
by FHL3 in non-stem glioma cells. Of these, SOX4, CAV1,
and DDIT3 were confirmed by ChIP-PCR and western
blotting. Interestingly, unlike in non-stem glioma cells,
CAV1 and DDIT3 were unable to cooperate with FHL3 in
GSCs. Further, we found that FHL3 could not impede GSC
growth as in non-stem glioma cells. Although SOX4 can
affect GSC proliferation, its influence is not as pronounced.
Our results suggest that FHL3 modulates cell growth in
non-glioma cells but controls self-renewal in GSCs. This
could be due to the fact that GSCs display more “stemness”
features but a limited proliferative ability. Many proteins
have been reported to perform distinct functions in stem and
non-stem cells. For example, Sema3C depletion induces
apoptosis in GSCs but not in non-stem glioma cells [26].
The variable responses to FHL3 in different cells indicate
that it has a suppressive role in glioma initiation.
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TGF-β1 signaling induces SOX4 expression via Smad2/3
[20]. Then, SOX4 induces the expression of the stem cell
marker SOX2 through cooperative binding with Oct4 at the
SOX2 promoter. This process is critical for TGF-β1-
mediated maintenance of stemness in glioma stem cells
[27, 28]. We demonstrated for the first time that SOX4 is
regulated by FHL3 at the transcriptional level and that
FHL3 suppresses the stemness of glioma stem cells by
inhibiting the Smad2/3–SOX4–SOX2 axis. The stemness
marker SOX2 is increased in glioma stem cells and may
drive the oncogenic transformation of mouse astrocytes
[29].

FHL3 can act as either a transcriptional co-activator or
co-repressor. Ding et al. demonstrated that the FHL3–Smad
interaction enhances p3TP-Lux reporter activity in hepato-
cellular carcinoma cells, while we observed that a tran-
scription complex containing similar components abates
p3TP-Lux and SOX4 promoter reporter activity in glioma
cells. In accordance with previous results, we also found
that FHL3 can interact with CK1δ. Further, we detected an
interaction between FHL3 and PPM1A. PPM1A functions
as a Smad phosphatase to enable the nuclear export of
Smad2/3 [30] and also has tumor suppressor-like activity
[31]. Our data suggest that the mechanism of FHL3-
mediated regulation of Smad2/3 phosphorylation has two
sides. We believe that this is due to tissue specificity and
tumor specificity in human cancers.

SOX4 also has disparate roles as either a tumor sup-
pressor or an oncogene and affects key processes related to
tumor biology including cell proliferation, apoptosis,
migration, metastasis, and cancer stemness [24]. In primary
hepatocellular carcinoma, SOX4 acts as a tumor suppressor
through interactions with the DNA-damage pathway [32].
In addition to glioma, SOX4 has been reported to contribute
to cell survival in other cancers, such as prostate cancer [33]
and adenoid cystic carcinoma [34]. SOX4 deletion could
contribute to a strong resistance to tumor development [35].
SOX4 was previously reported to inhibit glioma cell growth
and induce cell cycle arrest [36]; however, our results
showed that SOX4 can drive glioma progression.

Perturbations in transforming growth factor-β (TGF-β)
signaling are central to tumorigenesis and tumor progres-
sion through effects on cellular processes [37]. In high-
grade glioma, TGF-β–Smad2/3 activity and stem cell mar-
kers are frequently upregulated and correlate with worse
patient survival [38, 39]. In GSCs, the TGFβ signaling axis
is activated by the αvβ8 integrin to drive tumor initiation
and progression [40].TGF-β signaling has crucial roles in
the maintenance of self-renewal and tumorigenicity in
glioma stem cells through the induction of LIF, SOX4, and
SOX2 [20, 41]. Accordingly, we found that FHL3 could
antagonize TGF-β–Smad2/3 activity by inhibiting the
expression of SOX4–SOX2. What is particularly

noteworthy is that combined treatment with TGF-β inhibi-
tors and radiation can improve therapeutic responses in
patients with GBM [42, 43]. We believe that FHL3 may be
a key gene involved in glioma susceptibility to radio-
therapy. Altogether, our results shed light on some crucial
functions of the FHL3 protein in glioma initiation and
progression.

Materials and Methods

Tissue samples

Normal brain and glioma tissues were obtained from the
human brain bank of the Institute of Basic Medical Sci-
ences, Chinese Academy of Medical Sciences and the
Department of Neurosurgery, Beijing Tiantan Hospital. All
samples were classified according to the third edition of the
histological grading of tumors of the nervous system pub-
lished by the WHO in 2000. Informed consent for the use of
samples was obtained from all patients before surgery and
approval was obtained from the Medical Ethics Committee
of the Beijing Tiantan Hospital (Beijing, China).

Cell lines and cell culture

The human glioma cell lines T98G, U87MG, and A172
were purchased from ATCC and cultured according to the
guidelines recommended by the ATCC. The U251, Hs683,
SHG-44, SF126, SF763, and SF767 cell lines (from the Cell
Center of Peking Union Medical College) were cultured in
minimum essential medium and Iscove’s modified Dul-
becco’s medium supplemented with 10% FBS. All cells
were maintained at 37 °C with 5% CO2. The HA, HAc and
HAsp cell lines were purchased from ScienCell Research
Laboratories and cultured in astrocyte medium. The isola-
tion, culture, and identification of GSC2 cells and the
enrichment of glioma stem-like cells (U87MG-SLCs and
U251-SLCs) were performed as described previously [19].
GSCs and SLCs were digested with 0.05% trypsin (Life
Science), washed twice with PBS and subsequently cultured
in serum-free stem cell medium (Neuralbasal (Life science,
USA) containing 20 ng/ml basic fibroblast growth factor
(bFGF) (Peprotech, USA), 20 ng/ml epidermal growth fac-
tor (EGF) (Peprotech), 10 μg/ml heparin (Sigma), 2% B27
Supplement (Life Science), and 2 mmol/l L-glutamine (Life
Science)).

Plasmids, siRNAs, and transfection

The FHL3 expression construct and the p3TP-Lux reporter
were gifts from Qinong Ye of the Beijing Institute of Bio-
technology (Beijing, China). The CAV1 and DDIT3 coding
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regions were amplified by PCR and inserted into the
pcDNA6.0-Flag-tagged vector. The FHL3 siRNA
(shRNAs) sequences for FHL3 have been described pre-
viously [12, 14]. The SOX4 shRNA sequences were as
described previously [34]. All of the plasmids were purified
using the EndoFree Plasmid Maxi Kit (QIAGEN) and
transfected into T98G cells using FuGENE6 (Promega).
siRNAs were synthesized by the Shanghai GenePharma
Company and transfected into glioma cell lines using
INTERFERin reagent (Ployplus) at a final concentration of
50 nM.

Lentiviral and adenoviral production and infection

Construction of the PLVX plasmids and packaging of the
FHL3 overexpression lentiviruses were performed at
Shanghai Chempartner. Construction of the SOX4 and
FHL3 knockdown plasmids and the construction and
packaging of the SOX4 overexpression lentiviruses were
performed at GeneChem. Flag-FHL3 overexpression ade-
noviruses were also synthesized at GeneChem. Infected
cells were selected with puromycin (2 μg/ml) for 14 days.
SOX4 overexpression lentiviruses expressed GFP and a
fusion-Flag-tagged protein. The FHL3-knockdown lenti-
virus expressed GFP, while the SOX4-knockdown lenti-
virus expressed red fluorescent protein. These fluorescent
markers were used to select stably-infected cells. Lentiviral
particles were added to the cells with 5 μg/ml polybrene to
increase the efficiency of virus infection.

Immunoprecipitation and western blot analysis

Whole cells or tissues were collected and homogenized with
TNTE lysis buffer containing protease inhibitors. After
incubation for 30 min on ice, the homogenate was cen-
trifuged at 18,000×g for 20 min. The supernatants were
stored at −80 °C until the immunoprecipitation assay was
performed. For the immunoprecipitation assay, equal
amounts (1200–1500 μg) of cell lysates were incubated with
1/100 (wt/wt) of anti-Smad2/3 antibody (Cell Signaling
Technology, 3102), anti-FHL3 antibody (Proteintech,
11028-2-AP), or anti-Flag antibody (Sigma, USA, F7425)
overnight at 4 °C. Subsequently, the lysates were incubated
with Protein A Sepharose (GE Healthcare, UK) while
rotating for 3 h at 4 °C. Immunoprecipitates were washed
four times with lysis buffer, eluted in 20 μl of 6 × loading
buffer at 98 °C and analyzed by western blotting. For
western blot analyses, the protein samples were separated
on a 10% SDS-PAGE gel, transferred to a nitrocellulose
membrane (Amersham, USA) and blotted with anti-FHL3
(Proteintech, 11028-2-AP), anti-Smad2/3 (Cell Signaling
Technology, 3102), anti-Smad4 (Santa Cruz, sc7154), anti-
p-Smad2/3 (Santa Cruz, sc11769), anti-p-Smad2 (Bioworld,

BS4172), anti-p-Smad3 (Bioworld, BS64037), anti-CK1δ
(Bioworld, BS5640), anti-PPM1A (Bioworld, BS8366),
anti-Caspase-3 (Cell Signaling Technology, 9665), anti-
cleaved Caspase-3 (Cell Signaling Technology, 9661), anti-
PARP (Cell Signaling Technology, 9542), anti-SOX4
(Santa Cruz, sc20090), anti-SOX2 (Abcam, ab97959),
anti-GFAP (Covance, PRB-571C), anti-CAV1 (Santa Cruz,
sc894), anti-DDIT3 (Santa Cruz, sc7351), anti-Flag tag
(Sigma, USA, F7425), or anti-β-actin(Sigma, USA, A5441)
antibodies.

Real-time PCR

Total RNA was purified using Trizol reagent (Invitrogen).
Total RNA was used for cDNA synthesis with TransScript
First-Strand cDNA Synthesis SuperMix (TransGen). Real-
time PCR assays were performed with SYBR Premix EX
Taq (TaKaRa). Ct values of target genes were normalized to
those of the GAPDH gene. The ΔΔCt method was used to
determine the relative expression levels of the target genes.
All samples were run in triplicate in each experiment. Each
assay was repeated three times. The sequences of the pri-
mers used are listed in Supplementary Table S1.

Microarray analysis

Total RNA was extracted from approximately 106 T98G
cells transfected with vector or FHL3 using Trizol reagent
(Invitrogen). RNA integrity was measured using an Agilent
Bioanalyzer 2100 instrument (Agilent Technologies, Santa
Clara, CA). Gene expression microarrays, including three
technical replicates of FHL3 overexpression versus the
empty vector, were performed at the ShanghaiBio Cor-
poration. We conservatively established a threshold of at
least a twofold difference, with an FDR-adjusted P value of
<0.05. Biological functions (gene ontology) of the FHL3-
regulated genes identified by microarray analysis were
determined using the web-based SBC analysis system.

Dual luminescence promoter reporter assay

These assays were carried out using GeneCopoeia GLuc-
ONTM Promoter Reporter Clones containing Gaussia
Luciferase (GLuc) and Secreted Alkaline Phosphatase
(SEAP). The SOX4 promoter clone contains a 1473 bp
insert, corresponding to the 5′-flanking sequence located
approximately 1247 bp upstream of the transcription
initiation site and 225 bp downstream of the transcription
initiation site. This insert was placed upstream of the GLuc
reporter gene. Both GLuc and SEAP are secreted reporter
proteins. Samples can be easily obtained from the cell
culture medium. At 48–72 h after transfection, the cell
culture medium was gently collected for GLuc and SEAP

808 W. Han et al.



luminescent assays. Using the SEAP signal as an internal
control, signals were normalized (ratio of GLuc and SEAP
activities) to eliminate the impact of transfection efficiency
variations.

ChIP-PCR

For ChIP assays, approximately 1 × 107 glioma cells were
harvested in medium and fixed with 1% formaldehyde.
Glycine solution was added at a final concentration of 0.125
M to quench unreacted formaldehyde. Fixed cells were
collected by spinning at 700 × g for 5 min. Five micrograms
of anti-FHL3 (Santa Cruz) or anti-Flag antibody (Sigma) or
the isotype-control antibody (rabbit IgG, Zhongshan) was
used in the assay. ChIP experiments were performed using
the Magna ChIP™ A/G Chromatin Immunoprecipitation Kit
(Invitrogen) according to the manufacturer’s protocol. The
resulting ChIP products were used for PCR. The PCR pri-
mers are listed in Supplementary Table S2.

Cell proliferation and apoptosis analysis

The MTS assay (Promega, USA) was used to evaluate the
effects of FHL3, CAV1, DDIT3, and SOX4 on the pro-
liferation of non-stem glioma cells and GSCs. Cells were
seeded at a density of 3000 cells per well and 100 μl of
medium per well in 96-well plates. Twenty microliters of
MTS (2 mg/ml DPBS)/PMS (0.92 mg/ml DPBS) detection
solution was added to each well and incubated for 2 h.
Absorbance was measured—with a test wavelength of 490
nm and a reference wavelength of 630 nm—to obtain
sample signal. Cell apoptosis was assessed using the
Annexin V-FITC/PI Detection Kit I (BD Pharmingen)
according to the manufacturer’s instructions.

Neurosphere-formation and limiting dilution assays

The neurosphere-formation and limiting dilution assays
were performed as described previously [19]. In brief,
sphere-forming GSCs or SLCs were dissociated into single
cells. Cells were diluted to 1000–5000 cells/ml, and 100 μl
of the cell solution was added into each well of a 96-well
plate. Cells were allowed to grow for 6–8 days, with 50 μl
of fresh medium added at day 3 or 4. Then, the number of
neurospheres in each well ≥50 μm in diameter were counted
under a microscope. In the in vitro limiting dilution assays,
sphere cells were dissociated into a single-cell suspension
and plated in 96-well plates in 100 μl of culture medium.
Final cell densities ranged from 500 to 3 cells per well in a
volume of 100 μl per well. Fresh medium was added every
4 days. After 12 days, the percentage of wells not con-
taining spheres (diameter ≥ 50 μm) was calculated for each
cell plating density.

In vivo limiting dilution assay

Four- to five-week-old male BALB/c athymic nu/nu mice
were randomly divided into four groups with 15 mice in
each group, as described in Fig. 7f. Serial dilutions of GSC2
cells (5 × 103, 5 × 104, 1 × 105) were subcutaneously injec-
ted in 0.1 ml of PBS into replicates of 5 mice. After
10 weeks, the number of mice with tumors in each group
was quantified. TIF was calculated using ELDA Software.
All animal studies were approved by the IACUC of the
Center for Experimental Animal Research (China), and all
animal experiments were performed in accordance with
institutional guidelines and abided by the declaration of
ethical approval for experiments.

Statistical analysis

Data are presented as the mean ± standard deviation of at
least three independent experiments. Comparisons were
determined using a paired or unpaired two-tailed Student’s
t-test using SPSS 17.0 software, and a P value of <0.05 was
considered statistically significant (*). The investigators
were not blinded to allocation during experimentation and
outcome assessment. No samples or animals were excluded
from the analyses.

Accession numbers

The accession number for the microarray data reported in
this paper is NCBI GEO: GSE109988.
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