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Abstract. Human four-and-a-half LIM domains protein 1 
(FHL1) is a member of the FHL protein family, which serves 
an important role in multiple cellular events by interacting 
with transcription factors using its cysteine‑rich zinc finger 
motifs. A previous study indicated that FHL1 was downregu-
lated in several types of human cancer and served a role as a 
tumor suppressive gene. The overexpression of FHL1 inhibited 
tumor cell proliferation. However, to the best of our knowl-
edge, there is no evidence to confirm whether FHL1 affected 
glioma growth, and the molecular mechanisms through which 
FHL1 represses tumor development remain unclear. In the 
present study, the expression level of FHL1 was determined 
using immunohistochemical staining in 114 tumor specimens 
from patients with glioma. The results indicated that FHL1 
expression was negatively associated with the pathological 
grade of gliomas. Furthermore, Kaplan-Meier survival curves 
demonstrated that the patients with an increased FHL1 expres-
sion exhibited a significantly longer survival time, suggesting 
that FHL1 may be a prognostic marker for glioma. The protein 
level of FHL1 was relatively increased in the U251 glioma cell 
line compared with that in the U87 cell line. Therefore, FHL1 
was knocked down in U251 by siRNA and overexpressed in 
U87, and it was identified that FHL1 significantly decreased 
the activation of PI3K/AKT signaling by interacting with AKT. 

Further experiments verified that FHL1 inhibited the growth 
of gliomas in vivo by modulating PI3K/AKT signaling. In 
conclusion, the results of the present study demonstrated that 
FHL1 suppressed glioma development through PI3K/AKT 
signaling.

Introduction

Gliomas are the most aggressive, clinically intractable and 
unfortunately the most common type of primary tumors of the 
central nervous system. Following decades of advancements in 
the diagnosis and combined modality therapy of gliomas, the 
median survival following initial diagnosis of their most aggres-
sive form, glioblastoma multiforme, WHO grade IV, remains at 
~14.6 months, and the 5-year survival rate at 9.8% (1,2).

Human four-and-a-half LIM domains protein 1 (FHL1) is a 
member of the FHL protein family, and is characterized by its 
possession of four and a half LIM domains. The LIM domain 
was first identified during the isolation and identification of the 
lin1 gene in Caenorhabditis elegans, the isl‑1 gene in rats, and 
the mec‑1 gene in C. elegans. It was named after the first letter 
of each gene mentioned above (3,4). The LIM domain has 
protein-protein binding interfaces that possess cysteine-rich 
zinc finger motifs. Therefore, FHL1 serves an important role 
in cellular events, such as skeletal muscle growth, by inter-
acting with transcription factors using its cysteine-rich zinc 
finger motifs (5). 

Recently, FHL1 has been implicated in cancer. FHL1 is 
downregulated in several types of human cancer; the greatest 
levels of downregulation are observed in widely invasive 
and metastatic cases and associated with poor clinical prog-
nosis (6-15). FHL1 overexpression suppresses cell growth 
through cyclin D1 and E and p27 in head and neck squamous 
cell carcinoma (16). FHL1 may also be converted from a 
tumor suppressor to a cell growth accelerator, when FHL1 is 
phosphorylated by cytosolic tyrosine kinase Src (17). However, 
its exact role and molecular mechanism in gliomas is poorly 
understood.

PI3K/AKT signaling controls diverse cellular functions in 
glioma, including proliferation, survival and migration (18,19). 
When the activation of the PI3K/AKT pathway is inhibited, 
the levels of cell proliferation and cycle arrest are signifi-
cantly decreased (20). The PI3K inhibitor combined with 
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adenovirus-mediated PTEN could further suppress malignant 
glioma cell growth in vitro and in vivo (21). These studies 
indicated that PI3K/AKT signaling may be a key topic in the 
study of malignant glioma cell growth.

The present study explored the exact role of FHL1 in glioma 
and the molecular interactions between FHL1 and PI3K/AKT 
signaling. The results demonstrated that the expression of 
FHL1 was able to inhibit glioma cell growth in vitro and 
in vivo by modulating PI3K/AKT signaling through its inter-
action with AKT. FHL1 was also negatively associated with 
histological grades of glioma, suggesting that decreased FHL1 
expression was associated with poor prognosis. In conclusion, 
the data from the present study provide evidence for a novel 
diagnostic and prognostic marker and a new target for glioma 
treatment in the future.

Materials and methods

Cell lines and animals. The human glioblastoma U251 cell 
line and a glioblastoma of unknown origin U87 cell line were 
purchased from the Cancer Institute of Fudan University. 
The U87 cell line was authenticated by STR profiling. All 
cells were cultured in Dulbecco's modified Eagle medium 
(Sigma-Aldrich; Merck KGaA )supplemented with 10% 
heat‑inactivated fetal bovine serum (Thermo Fisher Scientific, 
Inc.) and 1% penicillin and streptomycin at 37˚C in an incu-
bator supplied with 5% CO2.

Male BALB/cA-nu 6-week-old nude mice were purchased 
from the Shanghai Laboratory Animal Center, Chinese 
Academy of Sciences, and maintained under specific 
pathogen-free conditions. A total of 12 mice were randomly 
divided into two groups. The U87 cells stably expressing 
FHL1 or vehicle controls were injected subcutaneously into 
one side of the flank of each mouse with 5x105 cells in each 
group. A total of 7 days after the injection, the tumor size was 
monitored every 3 or 4 days using sliding caliper measure-
ments, and tumor volumes were calculated according to the 
formula: Volume=0.51 x length x width2. The mice in the 
present study were sacrificed after 24 day by cervical dislo-
cation under intraperitoneal sodium pentobarbital anesthesia 
(60 mg/kg) to minimize discomfort. The tumors were excised 
for further experiments. No significant differences in the body 
weights of the experimental mice compared with those of mice 
prior to tumor cells inoculation were observed. The results  
demonstrated that the largest tumor volume observed in mice 
was 3.5x103 mm3.

The animal studies were approved by the Animal 
Experiment Administration Committee of the Fourth 
Military Medical University (approval no., 20190211), and in 
accordance with the recommendations of Guide for the Care 
and Use of Laboratory Animals prepared by the National 
Academy of Sciences and published by the National Institutes 
of Health (22).

Patients and tissue specimens. Frozen and paraffin‑embedded 
glioma tissues (n=114) were obtained from the Department 
of Neurosurgery of Xijing Hospital, Fourth Military Medical 
University. Tumors were graded according to current World 
Health Organization guidelines (23). All patients involved in 
the study provided written informed consent for the use of their 

samples, and the protocols involvi0ng human samples were 
approved by the Ethics Committee of Xijing Hospital, Fourth 
Military Medical University (approval no., KY20183175-1). 
The clinical data of the patients are summarized in Table SI.

Immunohistochemistry. FHL1 expression was detected 
using immunohistochemical staining of the clinical samples, 
according to standard protocol. The glioma tissues were fixed 
within 30 min following resection using 10% formalin at room 
temperature for 24 h. Block of tissue was cut into 5 µm-thick 
sections that were heated at 67˚C for 120 min. Sections were 
then deparaffinized twice with xylene for 5 min, rehydrated 
with gradient ethanol (100% for 5 min twice, 95% for 5 min 
twice, 90% for 5 min, 85% for 5 min and 80% for 5 min) and 
washed with pure water for 1 h. Sections were then pretreated 
with 3% H2O2 for 15 min at 4˚C to block endogenous peroxi-
dase activity. Antigens were retrieved by pressure cooker 
treatment for 100 sec in 0.01 mmol/l citrate buffer (pH 6). 
The primary antibody against FHL1 (cat. no. 10991-1-AP; 
Wuhan Sanying Biotechnology) was diluted at 1:150 and 
then incubated with tissue sections overnight at 4˚C. Normal 
rabbit IgG isotype was used as the negative control. The 
next day, the tissue sections were incubated with horseradish 
peroxidase (HRP)-conjugated secondary antibodies (Wuhan 
Boster Biological Technology, Ltd. cat. no. BM3894; 1:500) 
for 2 h at room temperature. Samples were visualized using 
a 3'-diaminobenzidine kit (OriGene Technologies, Inc.), and 
hematoxylin was used for counterstaining. Images were 
captured using a BX51 fluorescence microscope with a CCD 
camera (DP70; Olympus Corporation). Five randomized sights 
were selected (at least 1,000 tumor cells per slide) under a 
high-power microscope. The percentage of positive cells was 
calculated as ‘positive cells’ number/‘all cells’ number.

According to the percentage of FHL1 expression in total 
cells, tumors were classified into two categories: 0‑20% FHL1 
positive staining in tumor cells, negative/low FHL1 expres-
sion; >20% FHL1 positive staining in tumor cells, high FHL1 
expression.

Western blot analysis. Western blot analysis was performed 
according to standard procedure as previously described (24). 
Cell or tissue lysates were obtained from clinical specimens 
and glioma cell lines by using lysis buffer (Beyotime Institute 
of Biotechnology) supplemented with complete protease 
inhibitor cocktail (Roche Diagnostics). The bicinchoninic acid 
protein assay kit (Thermo Fisher Scientific, Inc.) was used to 
measure protein concentration. Proteins (25 µg) were sepa-
rated by 10% SDS-PAGE and transferred onto polyvinylidene 
difluoride membranes. The membranes were blocked with 5% 
non-fat dried milk in PBST for 2 h and incubated overnight 
with primary antibodies at an appropriate dilution at 4˚C. 
Following washing with PBST buffer, the membranes were 
then incubated with HRP-conjugated secondary antibodies 
for 1 h at room temperature and detected by an enhanced 
chemiluminescence detection system (Multi Science (Lianke) 
Biotech Co., Ltd). Primary antibodies including anti-FHL1 
(1:1,200), anti-AKT (1:500), anti-phospho-AKT (p-AKT), 
which detects the endogenous levels of AKT with phosphory-
lation at threonine 308 (1:500; Signalway Antibody LLC), 
anti-β-actin (1:1,000; Merck KGaA) and anti-FLAG (1:1,000; 
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Merck KGaA). As secondary antibodies, HRP-conjugated 
goat anti-rabbit IgG and goat anti-mouse IgG (Wuhan Boster 
Biological Technology, Ltd.) antibodies were used.

Cell transfection. Lentiviral vectors expressing FHL1 were 
constructed using lentiviral packaging systems as previously 
described (24). Briefly, a polymerase chain reaction (PCR) was 
performed by using the PCR kit (Takara Biotechnology Co., 
Ltd.) to amplify human FHL1 open read frame with human 
cDNA library as the template. The PCR thermocycling condi-
tions were as follows: Initial denaturation at 95˚C for 5 min, 
35 cycles of denaturation at 95˚C for 30 sec, annealing at 58˚C 
for 30 sec, elongation at 72˚C for 45 sec and final extension 
at 72˚C for 5 min. Human FHL1 fragment was inserted into 
the multiple cloning sites of the pENTR-3C plasmid (Thermo 
Fisher Scientific, Inc.), and then the pLenti6.3/V5-FHL1 
plasmid (3 µg) was constructed by EcoR I/Sal I restriction 
digestion and ligation (Takara Biotechnology Co., Ltd.). Next, 
the pLenti6.3/V5-FHL1 plasmid (3 µg) was co-transfected 
with the packaging plasmid psPAX2 (2.25 µg) and envelope 
plasmid pMD2.G (0.75 µg) Promega Corporation) into 293T 
cells (ATCC). Following transfection by using Lipofectamine 
LTX™ (Invitrogen; Thermo Fisher Scientific, Inc.) for 48 h, the 
supernatant was collected for the infection of the U87 cells, and 
then the stable FHL1 overexpression cell line was constructed 
through 1,000 µg/ml blasticidin selection. The sequences of 
the primers were as follows: FHL1, forward 5'-CAT GGC GGA 
GAA GTT TGA CTG-3' and reverse 5'-CCT ATT GAT GGT ATA 
GGG CAG AAA G-3'; and β-actin, forward 5'-CTG GGA CGA 
CAT GGA GAA AA-3' and reverse 5'-GCC CAA TAC GAC CAA 
ATC C-3'. β-actin was used as the internal control.

Next, a cell line with stable FHL1 knockdown was estab-
lished. Small interfering RNA (siRNA) targeting the sequence 
of FHL1 and the control were inserted into the pLKO.1 
vector (Addgene, Inc.), and the infection was performed 
following the recommended protocols (Shanghai GeneChem) 
by using Lipofectamine LTX™ (Invitrogen; Thermo Fisher 

Scientific, Inc.). Cells were seeded in 6-well plates at the 
density of 1x106 cells per well. Transfection was performed 
when cells have reached ~80% confluence the next day by 
using Lipofectamine LTX™. Briefly, 2 µg plasmid and 5 µl 
Lipofectamine LTX™ were mixed gently and incubated for 
30 min at room temperature before transfection. The mixture 
was subsequently added to the cells at 37˚C. After 6 h, culture 
medium was refreshed and cells were further cultured for 
48 h before subsequent experiments. The sequence of siRNA 
targeting to FHL1 was AAG GAG GTG CAC TAT AAG AAC. 
The sequence of control siRNA was UUC UCC GAA CGU GUC 
ACG UTT. The cell line then underwent 400 µg/ml puromycin 
selection. FHL1 overexpression or knockdown was confirmed 
by western blot analysis.

Reverse transcription (RT)‑PCR. Total RNA was extracted 
from the 2 glioma U87 and U251 cell lines using TRIzol® 
reagent (Thermo Fisher Scientific, Inc.) quantified using 
NanoDrop™ (Thermo Fisher Scientific, Inc.) and transcribed 
using a kit from Toyobo Life Science. RT-PCR and semi-quan-
titative PCR were performed by using a PrimerScript RT 
Reagent Kit (Takara Biotechnology Co., Ltd.) as previously 
described (24). β-actin was used as the internal control. Primer 
sequences were as follows: β-actin forward, CTG GGA CGA 
CAT GGA GAA AA; β-actin reverse, GCC CAA TAC GAC CAA 
ATC C; FHL1 forward, CTG AAG TGC TTT GAC AAG TTC; 
and FHL1 reverse, GTG CCA GTA GCG ATT CTT AT.

Cell proliferation and cell cycle assay. Cell proliferation was 
analyzed using an MTT colorimetric assay (Sigma-Aldrich; 
Merck KGaA). Briefly, cells were counted and seeded in 4 
96-well plates at a density of 2x103 cells/well. Each day, 1 plate 
was selected and 20 µl MTT (5 mg/ml) was added to each well, 
and then the cells were incubated at 37˚C for 4 h. Following 
this, the medium was removed and 150 µl dimethyl sulfoxide 
was added to solubilize the formazan precipitate. Absorbance 
was measured at 490 nm using a microplate reader.

Figure 1. Expression of FHL1 in human glioma specimen is negatively associated with pathological grades and survival time. (A) The expression of FHL1 in 
different pathological grades of glioma specimen (grades I-IV) was determined by immunohistochemistry staining. Its expression was indicated by brown 
staining in the cytoplasm (n=114). Magnifications, x100 and x400 (white boxes). (B) Overall survival curves of patients with glioma with high or low/negative 
expression of FHL1 were calculated using the Kaplan-Meier method. The difference in survival time between the two groups was examined using a log-rank 
test, and low expression of FHL1 was identified to be significantly associated with poor prognosis. FHL1, four‑and‑a‑half LIM domains 1.
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The cell cycle analysis was performed as previously 
described (24). Briefly cells were resuspended in PBS and 
fixed in 70% ethanol for 2 h. They were then stained with 
20 mg/ml propidium iodide in PBS containing 0.1% Triton 
X-100 and 0.2 mg/ml RNase A for 30 min on ice. The cells 
were the analyzed by a FACSCalibur flow cytometer (BD 
Immunocytometry Systems). The data were analyzed using 
CellQuestTM Pro software (version 5.1; Becton, Dickinson and 
Company).

Co‑immunoprecipitation (IP). PCR-amplified human 
FHL1 fragment was inserted into the multiple cloning 
sites of pCMV-FLAG vector and then confirmed by DNA 
sequencing. Cells were transfected with pCMV-FLAG-FHL1 
or pCMV-FLAG using Lipofectamine® LTX &Plus Reagent 
(Thermo Fisher Scientific, Inc.). Co-IP was performed as 
previously described (17), with an anti-FLAG monoclonal 
antibody (Merck KGaA; cat. no. F1804; 1:1,000.). Western 
blot analysis was performed using anti-FHL1 or anti-AKT 
antibody as aforementioned.

Statistical analysis. Statistical analysis was performed using 
Student's t-test and one-way analysis of variance with Least 
Significant Difference post hoc test, as appropriate. The 
association between FHL1 expression and clinicopathological 
variables was examined by Chi-square tests. The Kaplan-Meier 
method was used to calculate overall patient survival, while 
the difference in survival time between the two groups was 
examined using log-rank test. All P-values are two-tailed. 
P<0.05 was considered to indicate a statistically significant 
difference. Data were analyzed using SPSS v.13.0 software 
(SPSS, Inc.).

Results

FHL1 expression in patients with glioma is negatively associ‑
ated with prognosis. The expression of FHL1 was detected 
in 114 glioma specimens by immunohistochemistry. FHL1 
was distributed in both the cytoplasm and the nucleus, but 
primarily in the cytoplasm. In all 114 glioma specimens, a 
high FHL1 expression was detected in low-grade glioma 
tissues while a low or no expression of FHL1 was detected in 
high-grade glioma tissues (Fig. 1A). No association was identi-
fied between FHL1 expression and sex, age, tumor position and 
extent of resection. However, FHL1 expression was negatively 
associated with histological grades (Table SI). The association 
between the survival time in patients with glioma following 
surgery and FHL1 expression was further analyzed. The data 
indicated that the low FHL1 expression was significantly asso-
ciated with poor prognosis. When the expression of FHL1 was 
increased, the patients exhibited a longer survival time. These 
results suggested that the expression level of FHL1 in glioma 
was significantly associated with poor prognosis (Fig. 1B).

FHL1 inhibits glioma cell growth in vitro. Western blot anal-
ysis and RT-PCR were used to examine the expression level 
of FHL1 in 2 glioma cell lines (U87 and U251). The mRNA 
and protein expression levels of FHL1 were not detected in 
U87 cells, whereas FHL1 was highly expressed in U251 cells 
(Fig. 2A). As expected, FHL1 siRNAs specifically suppressed 
the endogenous expression of FHL1 in U251 cells and the 
overexpression of FHL1 also increased the protein level in U87 
cells (Fig. 2B). The effects of FHL1 overexpression or knock-
down of endogenous FHL1 protein on glioma cell growth 
were also investigated (Fig. 2C). MTT assay data indicated 

Figure 2. FHL1 inhibits the proliferation of glioma cells in vitro. (A) The mRNA and protein levels of FHL1 in 2 glioma U87 and U251 cell lines were exam-
ined using an reverse transcription polymerase chain reaction assay and western blot analysis, respectively. The expression of β-actin was used as an internal 
control. (B and C) The (B) stable FHL1‑overexpressing U87 cell line and (C) stable FHL1‑knockdown U251 cell line were confirmed by western blot analysis 
with anti-FHL1 antibody. These experiments were repeated 3 times. (D) Cell proliferation was examined every 24 h in the stable FHL-overexpressed U87 cells 
and stable FHL1‑knockdown U251 cells using an MTT assay. (E) Cell cycle progression of 2 stable cell lines was determined by fluorescence‑activated cell 
sorting following propidium iodide staining. The error bars represent the mean ± standard deviation. *P<0.05, **P<0.01 and ***P<0.001. FHL1, four-and-a-half 
LIM domains 1; siRNA, small interfering RNA.
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that U87 cells transfected with FHL1 expression vector grew 
more slowly compared with those transfected with the empty 
vector. By contrast, U251 cells transfected with FHL1 siRNAs 
grew at an increased rate compared with those transfected 
with control siRNA (Fig. 2D). The cell cycle assays indicated 
that FHL1 may inhibit cell growth by maintaining cells in the 
G0/G1 phase and FHL1 knockdown in U251 may promote cell 
proliferation by prompting cells into the S phase (Fig. 2E). 
These results suggested that FHL1 may inhibit glioma cell 
growth by maintaining cells in the G0/G1 phase.

FHL1 inhibits glioma growth by modulating PI3K/AKT 
signaling by interacting with AKT. Previous studies have 
indicated that PI3K/AKT signaling controls diverse cellular 
functions in gliom\a, including proliferation, suggesting that 
it may serve a crucial role in modulating in the studies of 
glioma cell proliferation (18,19). The phosphorylation levels 
of AKT at Thr308 were therefore detected by western blot 
analysis, which may significantly increase the activity of AKT 
protein. The expression levels of p-AKT were decreased in 
the FHL1-overexpressed U87 cell line, as compared with the 
control cells (Fig. 3A). By contrast, the expression levels of 
p-AKT were increased when FHL1 was knocked down in the 
U251 cell line, as compared with the control cells (Fig. 3A). 
In order to investigate the association between FHL1 and 

PI3K/AKT signaling, Co-IP assays were performed to 
examine whether FHL1 may modulate PI3K/AKT signaling 
by interacting with kinase PI3K-p110α or AKT. U87 cells 
were transfected with the FLAG-FHL1 expression or empty 
vectors, and Co-IP assays were performed with each antibody. 
The results demonstrated that FLAG-FHL1 interacted with 
AKT, subsequently preventing the binding of AKT and PI3K 
and further phosphorylation, as demonstrated by the lack of 
interaction between FLAG-FHL1 and PI3K (p110α). β-actin 
was considered as a randomized controlled protein and no 
detectable interaction was found between FLAG-FHL1 and 
β-actin (Fig. 3B). These data indicated that FHL1 inhibited 
glioma growth by modulating PI3K/AKT signaling by inter-
acting with AKT.

FHL1 represses glioma growth in vivo through PI3K/AKT 
signaling. The effects of FHL1 on glioma growth in vivo were 
studied by subcutaneously injecting U87-FHL1 overexpres-
sion and U87 control stable cell lines. In the control group, 
the tumors gradually grew over time (Fig. 4A), suggesting that 
FHL1 overexpression may significantly inhibit tumor growth. 
The biggest tumor in the FHL1 overexpression group exhib-
ited a volume of 499 mm3 (length=15.3 mm; width=8.00 mm), 
however the biggest tumor in control group exhibited a 
volume of 198 mm3 (length=10.1 mm; width=6.20 mm). 
(Fig. 4B and C). In addition, western blot analysis of the protein 
extracted from the subcutaneous transplantation of tumor 
tissues indicated that FHL1 overexpression was maintained 
in the transplanted tumors of the nude mice, and the levels 
of p-AKT (Thr308) expression decreased in transplanted 
tumor tissues formed by the U87-FHL1 overexpression cells, 
as compared with the control cells (Fig. 4D). The results 
indicated that FHL1 was responsible for the inhibition of 
transplanted tumor growth in nude mice by modulating 
PI3K/AKT signaling through the decrease in phosphorylation 
at Thr308 of AKT.

Discussion

A growing body of evidence has demonstrated FHL1 to 
be significantly downregulated in various types of cancer, 
including hepatocellular carcinoma, as well as lung, bladder, 
gastric, prostate and breast cancer (6-13). In gastric and lung 
cancer, patients with a decreased expression of FHL1 suffer 
from significantly shorter survival times compared with those 
with increased FHL1 expression levels (7,12). Furthermore, 
tumors with a decreased FHL1 expression level are generally 
more invasive (11,12,15). Consistent with the data described 
for other types of cancer, the present study demonstrated 
for the first time, to the best of our knowledge, that gliomas 
with a decreased FHL1 expression level are more malignant 
compared with those with an increased FHL1 expression level, 
and that decreased FHL1 expression levels predicted shorter 
survival in patients with glioma.

FHL1 is regarded as a tumor suppressor by functions 
downstream of Src and Cas to suppress non-anchored tumor 
growth (6). In addition, FHL1 has been demonstrated to 
inhibit growth of various cancer cells by physically and 
functionally interacting with transcription factors. For 
example, Ding et al (8) demonstrated that FHL1 may inhibit 

Figure 3. FHL1 affects glioma cell growth through PI3K/Akt signaling. 
(A) Western blot analysis for the phosphorylation levels of Akt and total AKT 
expression in the two types of stable cell lines and corresponding control cell 
lines, with β-actin as an internal control. (B) FHL1 interacts with AKT in 
U87 cells. U87 cells were transfected with 0.5 µg FLAG-FHL1 expression 
vector or 0.5 µg FLAG empty vector. The IP analysis was performed with 
anti-FLAG antibody, and the WB was performed with anti-AKT antibody 
and anti-p110α antibody. FHL1, four-and-a-half LIM domains 1; p, phos-
phorylated; siRNA, small interfering RNA; IP, immunoprecipitation; WB, 
western blot analysis.
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hepatocellular carcinoma cell growth by interacting with 
Smad proteins, including Smad2-4, which are mediators of 
transforming growth factor-β (TGF-β) signaling. The interac-
tion between FHL1 and Smad complexes in the nucleus has 
been demonstrated to regulate TGF-β-responsive target gene 
transcription, including the activation of p21 and repression 
of the oncogene c-myc (8). Furthermore, Ding et al (10) also 
verified that FHL1 serves an important role in suppressing 
breast cancer cell growth by regulating estrogen receptor 
signaling and FHL1 interaction with ERs to repress the 
transcription of estrogen-responsive genes, trefoil factor 1 
(TFF1) and cathepsin D (10). FHL1 can also interact with 
receptor-interacting protein of 140 kDa, a repressor for ER, 
to inhibit the transcription of the TFF1 gene in breast cancer 
cells (9) and FHL1 may downregulate estrogen receptor α 
activity by repressing AKT phosphorylation in human breast 
cancer cells. It should be noted that the human glioblastoma 
U251 cell line is PTEN‑deficient and exhibits high level of 
phosphorylated AKT (25). In the present study, we hypothe-
sized that the interaction between FHL1 with AKT may affect 
the spatial structure of AKT and decrease, at least partially, 

the phosphorylation efficiency of AKT by PI3K. Therefore, 
following disruption of the binding of FHL1 and AKT by 
FHL1 silencing, normal PI3K/AKT signaling was restored and 
activated, as demonstrated by the increased levels of p-AKT in 
FHL1-knockdown U251 cells. A recent study by Niu et al (12) 
indicated that FHL1 may also inhibit lung cancer cell growth 
by markedly inhibiting the expression of cyclin A, B1 and D 
and inducing the expression of cyclin-dependent kinase inhibi-
tors p21and p27, which lead to G1 and the G2/M cell cycle 
arrest. Similarly, the present study identified that FHL1 may 
inhibit glioma cell proliferation in vitro and impede tumori-
genesis in vivo.

Previous studies have indicated that PI3K/AKT signaling 
affects cell growth, proliferation and survival in numerous 
types of cancer, including glioma (26). The inactivation of 
PI3K/AKT signaling inhibits glioma cell growth (27). In addi-
tion, Cyr61-modulated hepatocyte growth factor-dependent 
tumor cell growth is regulated by AKT (28), which results in 
PI3K/AKT signaling as the principal target in the studies of 
glioma cell proliferation. The present study also demonstrated 
that FHL1 inhibits proliferation in vivo and in vitro through its 

Figure 4. FHL1 overexpression inhibits tumor growth in vivo through PI3K/AKT signaling. (A) U87 cells stably transfected with FHL expression or control 
vector were inoculated subcutaneously in nude mice respectively (n=6). (B) The tumor growth was monitored by measuring tumor size twice a week from the 
7th day after tumor cell inoculation. (C) Tumors were dissected from mice on the last day of the experiments and images were captured. (D) Tumor tissue was 
lysed using lysis buffer, and the expression level of FHL1 and phosphorylated AKT (p-AKT) was analyzed by western blot analysis. Scale bars represent the 
mean ± standard deviation. *P<0.05 and **P<0.01. n=6. FHL1, four-and-a-half LIM domains 1; p, phosphorylated.
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interaction with AKT, following decreased phosphorylation at 
Thr308 of AKT. However, only co-immunoprecipitation has 
been performed to demonstrate the interaction between FHL1 
and AKT. Additional experiments are required for further 
functional studies.

The present study indicated that FHL1 may be a tumor 
suppressor in glioma. Firstly, FHL1 was downregulated in 
high-grade glioma tissues with more malignant biological 
behaviors, as compared with low-grade glioma tissues. 
Secondly, the downregulation of FHL1 predicted shorter 
survival in patients with glioma. Thirdly, the overexpres-
sion of FHL1 suppressed cell growth in human glioma cell 
lines and endogenous FHL1 knockdown promoted glioma 
cell growth. It was also identified that FHL1 may inhibit 
glioma cell growth in nude mice. Finally, the mechanism of 
action of the inhibitory effect of FHL1 on the proliferation 
of glioma cells was demonstrated to function through the 
regulation of PI3K/AKT signaling, through direct interac-
tion with AKT. Therefore, these data suggested that FHL1 
may serve an important role in the development and progres-
sion of glioma, and that FHL1 may be a new diagnostic and 
prognostic marker and novel target for glioma treatment in 
the future.
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