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Abstract. Spalt-like transcription factor 4 (SALL4) is essen-
tial for the maintenance of the self-renewal and pluripotent 
properties in embryonic stem cells. Although the detailed 
mechanism remains unclear, dysregulation of SALL4 has been 
detected in various malignancies. Previously, the authors' of 
the present study reported that the expression level of SALL4 
was associated with the poor prognosis of glioblastoma 
multiforme (GBM). The present study aimed to investigate 
the function of SALL4 in U251 human glioblastoma cells, 
including apoptosis and invasion inhibition. It was revealed 
that knockdown of SALL4 expression through RNA interfer-
ence induced cell cycle arrest, enhanced early apoptosis and 
significantly inhibited invasion. Furthermore, downregulation 
of SALL4 was associated with a significantly lower expression 
level of the core transcription factors, including POU class  
5 homeobox 1, SRY-box 2 and Nanog homeobox. In addition, 
inhibition of SALL4 significantly reduced the concentration 
of chemotherapeutic agent temozolomide required to inhibit 
cell growth by 50%, which decreased from 113.66±23.07 and 
114.93±20.91 µg/ml to 68.34±3.52 and 67.44±4.71 µg/ml in 
two independent short interfering RNA transfected groups. 
These results indicate that SALL4 serves an important role 
in the GBM pathophysiology and targeting SALL4 may be a 
potential approach to the treatment of GBM.

Introduction

Glioma is the most common subgroup type of brain tumor, 
with an incidence of 5-6/100,000 cases/year in the United 

States (1). Among all types of glioma, glioblastoma multi-
forme (GBM) accounts for ~50% of cases and has the most 
malignant phenotype (2). Despite the extensive developments 
that have been invested in surgical techniques and therapeutic 
agents, 88% of patients with GBM succumb to this disease 
within 3 years (3). GBM remains one of the most challenging 
malignancies worldwide.

Embryonic stem cells (ESCs) are known for their potent 
pluripotency and are able to differentiate into >220 cell types 
in the adult body. The human homologue of the drosophila 
spalt-like transcription factor 4 (SALL4) is a zinc-finger 
transcription factor, which is responsible for maintaining pluri-
potency and longevity of ESCs (4-6). Previously, cancer stem 
cells (CSCs) have been identified in various types of malignan-
cies (7,8) and demonstrate high self-renewal capabilities able to 
sustain tumor growth (9). Thus far, ESCs and CSCs have been 
revealed to share numerous biological similarities with the 
SALL4 expression pattern being one of them. In various types 
of tumors, high SALL4 expression level has been associated 
with increased malignancy, including increased metastasis, 
enhanced proliferation (10-12) and poor differentiation (13,14).

In the authors' previous study, it was demonstrated that 
SALL4 was highly expressed in glioma and significantly 
associated with poor survival (15). The present study further 
investigated the biological role of SALL4 in the tumorigenesis 
of glioma and explored the underlying mechanism of action. It 
was revealed that SALL4 regulated the cell cycle, apoptosis, 
tumor cell invasion and temozolomide (TMZ) treatment 
response in the U251 GBM cell line. Furthermore, decreased 
SALL4 expression level was associated with a decreased 
expression level of core transcription factors, including 
POU class 5 homeobox 1 (OCT4), SRY-box 2 (SOX-2) and 
Nanog homeobox (NANOG). Additionally, knockdown of 
SALL4 inhibited O-6-methylguanine-DNA methyltrans-
ferase (MGMT) and adenosine triphosphate-binding cassette 
subfamily G member 2 (ABCG2) expression levels, which may 
serve essential roles in GBM chemoresistance. These results 
suggest that SALL4 serves an important role in tumorigenesis 
and may be a useful therapeutic target for GBM.

Materials and methods

Cell culture, construction and transfection. The human 
malignant glioma cell line U251 was purchased from the 
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Type Culture Collection of the Chinese Academy of Science 
(Shanghai, China). Cells were cultured in Dulbecco's modified 
Eagle's medium (DMEM; Invitrogen; Thermo Fisher Scien-
tific, Inc., Waltham, MA, USA) containing 8% fetal bovine 
serum (Gibco; Thermo Fisher Scientific, Inc.) and antibiotics 
(100 U/ml penicillin G and 100 µg/ml streptomycin). A total of 
four different short interfering RNA (siRNA) sequences against 
SALL4 (GeneBank accession no. NM-020436) and one scram-
bled siRNA were purchased from Shanghai GenePharma Co. 
Ltd. (Shanghai, China). The siRNA sequences were as follows: 
siRNA-1, 5'-GCT AGA CAC ATC CAA GAA AGG-3'; siRNA-2, 
5'-GCC GAA AGC ATC AAG TCA AAG-3'; siRNA-3, 5'-GCC 
GAC CTA TGT CAA GGT TGA-3'; siRNA-4, 5'-GGA AGT TGG 
CCA TCG AGA ACA-3'; and scrambled siRNA, 5'-TTC TCC 
GAA CGT GTC ACGT-3'. Cells were transfected with siRNAs 
using Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scien-
tific, Inc.), according to the manufacturer's protocol. Following 
knockdown efficacy evaluation, the 3rd and 4th siRNA vari-
ants at 72 h were selected for subsequent experiments. The 
groups were named as blank control (BC; untransfected), 
negative control (NC; scrambled siRNA), SALL4/siRNA-1 
and SALL4/siRNA-2. Details of cell culture, construction and 
transfection siRNA, and evaluation of the siRNAs intervention 
efficacy were performed as previously described (15).

Protein extraction and western blotting. U251 cells were washed 
with 1X PBS and pelleted at 12,000 x g for 10 min at 4˚C. Total 
protein concentration was measured using a Bicinchoninic 
Assay Protein Assay kit (Beyotime Institute of Biotechnology, 
Haimen, China). Proteins extracted from cells (40 µg per lane) 
were separated using 10% SDS-PAGE gel (Beyotime Institute 
of Biotechnology) and transferred to a polyvinylidene fluoride 
membrane (EMD Millipore, Billerica, MA, USA) at 100 V for 
1 h. Following blocking with 5% non‑fat milk in PBS with 0.1% 
Tween (PBST) for 1 h at room temperature, the membranes were 
incubated at 4˚C overnight with primary antibodies and washed 
three times with 1X TBST. Next, cells were incubated at room 
temperature for 2 h with the secondary antibody. The primary 
antibodies used were as follows: Mouse polyclonal anti-SALL4 
(Abgent, Inc., San Diego, CA, USA; cat no. AP1488b, dilution, 
1:500); mouse polyclonal anti-OCT4 (cat no. 11263-1-AP), 
mouse polyclonal anti-NANOG (cat no. 14295-1-AP), mouse 
polyclonal anti-SOX2 (cat no. 20118-1-AP), mouse polyclonal 
anti-ABCG2 (cat no. 10051-1-AP) and mouse polyclonal 
anti-MGMT (cat no. 17195-1-AP) (all from ProteinTech Group, 
Inc., Chicago, IL, USA; dilution, 1:500); and polyclonal rabbit 
anti-β-actin (Santa Cruz Biotechnology, Inc., Dallas, TX , USA; 
cat no. sc-130656, 1:1,000) used as a gel loading control. The 
secondary antibody used was horseradish peroxidise-conju-
gated Goat Anti-Rabbit IgG (H&L) AP (BioVision, Inc., San 
Francisco, CA, USA; cat no. 93‑6923‑100, dilution, 1:2,000). 
Immunoblotting bands were visualized visualized using ECL 
Substrates (Tanon Science and Technology Co., Ltd, Shanghai, 
China) and quantified using ImageJ software version 1.48 
(National Institutes of Health, Bethesda, MA, USA).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was extracted from U251 
glioma cells using TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA). Reverse transcription 

was performed using the Thermoscript RT-PCR system (Invi-
trogen; Thermo Fisher Scientific, Inc.) with random hexamer 
primers and the Superscript II Reverse Transcriptase kit (Invi-
trogen; Thermo Fisher Scientific, Inc.), for 30 min at 25˚C, 
30 min at 42˚C and 10 min at 85˚C. qPCR was performed 
using the quantitative Real Time PCR 7500 sequence detection 
system (Applied Biosystems, Foster city, CA, USA). RT-qPCR 
was performed as follows: 40 cycles of denaturation at 95˚C 
(12 sec) and annealing/extension at 60˚C (40 sec). Primers 
were designed using Primer 5.0 software (Applied Biosys-
tems). The primer sequences were as follows: SALL4 forward 
(F), 5'‑ATA GTC AAG CCG AAA GCA TCA AGTC‑3' and 
reverse (R), 5'-CTC CGA CCT TCC ATC TCA GTGC-3'; OCT4 
F, 5'‑ACC TAT TCA GCC AAA CGA CCAT‑3' and R, 5'‑CTG 
CTT CCT CCA CCC ACT TCT‑3'; SOX2 F, 5'‑GCT CGC AGA 
CCT ACA TGA AC-3' and R, 5'-GGG AGG AAG AGG TAA CCA 
CA‑3'; NAN OGF, 5'‑ATA CCT CAG CCT CCA GCA GATG‑3' 
and R, 5'-TTC TGC CAC CTC TTA GAT TTC ATTC-3'; MGM T 
F, 5'‑TCT TCA CCA TCC CGT TTT CCAG‑3' and R, 5'‑CTT 
CTC CGA ATT TCA CAA CCT TCAG‑3'; ABCG2 F, 5'‑GAA 
ACC TGG TCT CAA CGC CATC-3' and R, 5'-ACTT GGA TCT 
TTC CTT GCA GCT AAG‑3'; and GAP DH F, 5'‑CAT GAG AAG 
TAT GAC AAC AGC CT-3' and R, 5'-AGT CCT TCC ACG ATA 
CCA AAGT-3'. SALL4 mRNA expression was normalized to 
GAPDH and analyzed using the 2-ΔΔCq method (16).

Cell cycle analysis. Cell cycle analysis was performed by 
flow cytometry using transfected and control U251 cells in 
log‑phase growth. Cells were washed with PBS, fixed with 
90% ethanol overnight at 4˚C and incubated with RNase at 
37˚C for 30 min. Cell nuclei were stained with propidium 
iodide (PI) at 4˚C for an additional 30 min. The stained nuclei 
were then analyzed using a FACSCalibur flow cytometer (BD 
Biosciences, Franklin Lakes, NJ, USA). The populations of 
cells distributed in the G0/G1, S and G2/M cell cycle phases 
were evaluated using WinMDI version 2.9 software (The 
Scripps Research Institute, San Diego, CA, USA).

Apoptosis assay. Apoptosis was evaluated using an annexin 
V fluorescein isothiocyanate (FITC)/PI apoptosis detection 
kit (Thermo Fisher Scientific, Inc.), according to the manufac-
ture's protocol. Briefly, following incubation (16 h) at 37˚C in a 
5% CO2 humidified atmosphere, U251 cells cultured in 6‑cm 
dishes were digested with trypsin without EDTA, washed 
twice with PBS and suspended in 100 µl binding buffer, 
followed by staining with 5 µl Annexin V‑FITC and 5 µl PI for 
15 min in the dark at room temperature and then analyzed by 
flow cytometry as aforementioned.

Invasion assay. Equal numbers (1x105) of transfected and 
control U251 cells were seeded in separate 24-well cell culture 
inserts coated with Matrigel with 8 µm pores. 500 µl DMEM 
supplemented with 10% FBS was added into the lower chamber 
as a chemoattractant. Following a 24‑h incubation at 37˚C with 
5% CO2, cells that were adhered to the upper surface of the 
filter were removed using a cotton applicator. The cells on the 
lower surface of the membrane (the migrated cells) were fixed 
with 3.7% formaldehyde for 10 min at ‑20˚C, stained with 0.1% 
crystal violet (Beyotime Institute of Biotechnology) for 30 min 
at 37˚C. The cell number was determined in at least five 
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randomly selected fields under a light microscope (magnifica-
tion, x200; SZ61; Olympus, Tokyo, Japan). The invasion rate 
was determined for three independent experiments as follows: 
No. of migrated cells/total no. of cells x100.

Cytotoxicity assay. The cytotoxicity of TMZ (Merck & Co., 
Inc., Whitehouse Station, NJ, USA) on glioma cells was 
detected using a Total Superoxide Dismutase Assay kit and 
WST‑8 assay according to manufacturers' protocol. Briefly, 
U251 cells were plated at a density of 5x103 cells/well in 
96‑well plates and allowed to attach overnight at 37˚C. Various 
concentrations of TMZ (2, 4, 8, 16, 32, 64, 128 and 256 µg/ml) 
were subsequently added, and the cells were cultured for 72 h 
at 37˚C. A total of 4‑h prior to harvest, 10 µl/well of the Cell 
Counting kit-8 reagent (Dojindo Molecular Technologies, Inc., 
Kumamoto, Japan) was added and the cells were incubated for 
2 h at 37˚C. The optical density (OD) at 450 nm was recorded 
using a microplate reader (Bio-Rad). The cell survival rate was 
determined by comparing the OD values of the treated samples 
with those of the untreated controls within each group. The 
concentration of TMZ required to inhibit cell growth by 50% 
(the toxic concentration, TC50) was evaluated using survival 
curves.

Statistical analysis. Data are expressed as the mean ± standard 
deviation of three independent experiments. Statistical 
analysis was performed using the Student's t-test between 
two groups, whereas the comparison between ≥ three 
groups was performed using one-way analysis of variance. 
Post hoc tests were used for comparisons between groups. 
Student-Neuman-Keuls method was used when equal vari-
ances assumed. If equal variances not assumed, Dunnett's T3 
method was used. All analyses were performed using SPSS 
version 13.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 
was considered to indicate a statistically significant differ-
ence.

Results

SALL4 knockdown induces cell cycle arrest, enhances 
apoptosis and invasion inhibition. The cell cycle distribu-
tion in various transfection groups of U251 glioma cells 
were analyzed by flow cytometry 72 h after transfection. 
No significant differences in the fraction of G1 phase cells 
were identified between the NC group (52.11±1.92%) and 
BC group (42.30±0.42%) (P=0.14; Fig. 1A). However, 
following treatment with siRNAs, the G1 phase cell fraction 
in the SALL4/siRNA-1 (77.17±1.77%) and SALL4/siRNA-2 
(76.67±1.12%) groups were significantly higher compared 
with that of the BC (both P<0.001) and NC groups (siRNA-1, 
P=0.002; siRNA-2, P=0.005) (Fig. 1A). Correspondingly, the 
fraction of cells in the S phase were 36.75±0.95, 31.03±3.88, 
10.54±1.08 and 9.76±1.16% in the BC, NC, SALL4/siRNA-1, 
and SALL4/siRNA-2 groups, respectively. Additionally, 
the reduction in the fraction of cells in the G2-M phase 
were 18.41±2.10, 17.17±2.01, 12.28±2.84 and 13.58±1.10% 
in the BC, NC, SALL4/siRNA-1, and SALL4/siRNA-2 
groups, respectively. SALL4/siRNA-1 and SALL4/siRNA-2 
demonstrated significantly lower S phase cell proportions 
compared with those in the BC (both P<0.001) and NC groups 

(siRNA‑1, P=0.047; siRNA‑2, P=0.041). However, no signifi-
cant differences in the G2‑M cell cycle phase were identified 
in the SALL4/siRNA-1 and SALL4/siRNA-2 groups, when 
compared with the BC (siRNA-1, P=0.24; siRNA-2, P=0.21), 
and NC (siRNA-1, P=0.39; siRNA-2, P=0.36) groups.

Subsequently, the present study compared the apoptosis 
rate prior to and following SALL4 knockdown (Fig. 1B). 
It was revealed that SALL4/siRNA-1 (85.88±0.54%) and 
SALL4/siRNA-2 (86.41±0.87%) induced significantly 
increased early apoptosis rates compared with that in the BC, 
and NC groups (all P<0.001).

The Transwell migration was performed to further examine 
the effect of SALL4 on glioma cell invasion (Fig. 1C). The mean 
invasion cell number was 94.33±3.51 and 91.33±1.53 in the 
BC, and NC groups, respectively, compared with 45.00±1.00 
and 47.67±3.06 in the SALL4/siRNA-1, and SALL4/siRNA-2 
groups, respectively. The siRNA treatment groups significantly 
reduced the migratory ability of cells compared with that in 
BC (siRNA-1, P=0.005; siRNA-2, P<0.001) and NC (siRNA-1, 
P=0.001; siRNA-2, P<0.001) groups.

The Janus kinase (Jak)‑signal transducer and activator of 
transcription 3 (Stat3) signaling pathway is utilized by SALL4 
to fulfill its function. In order to investigate the reduction of 
malignancy of glioma detected in the present study, the expres-
sion levels of OCT4, SOX2 and NANOG were analyzed, which 
are essential factors of the Jak-Stat3 signaling pathway. It was 
demonstrated that SALL4/siRNA-1 and SALL4/siRNA-2 
suppressed the expression levels of OCT4, SOX2 and 
NANOG, which were all statistically lower compared with the 
BC and NC groups (Fig. 2A). Compared with the BC group, 
the inhibition rates of SALL4/siRNA-1 on OCT4, SOX2 and 
NANOG mRNA expression levels were 59% (P=0.004), 
38% (P=0.001) and 39% (P=0.002), respectively, whereas the 
inhibition rates of SALL4/siRNA-2 were 65% (P<0.001), 26% 
(P=0.038) and 29% (P=0.036), respectively. Compared with 
the NC group, the inhibition rates of SALL4/siRNA-1 were 
65.54% (P<0.001), 37.37% (P=0.038) and 40.20% (P=0.013), 
respectively, whereas the inhibition rates of SALL4/siRNA-2 
were 70.59% (P<0.001), 25.25% (P=0.037) and 30.40% 
(P=0.032) (Table I; Fig. 2A). Western blot analysis revealed 
similar results (Fig. 2B).

SALL4 knockdown increases chemosensitivity to TMZ. 
Subsequently, the present study aimed to investigate 
the effect of SALL4 on chemotherapeutic TMZ during 
glioma treatment. It was revealed that the TC50 of TMZ 
in SALL4/siRNA-1 and SALL4/siRNA-2 groups were 
68.34±3.52, and 67.44±4.71 µg/ml, respectively. Compared 
with that in the BC (113.66±23.07 µg/ml) and NC groups 
(114.93±20.91 µg/ml), the TC50 value of SALL4/siRNA-1 
(BC, P=0.047; NC, P=0.030) and SALL4/siRNA-2 were 
significantly decreased (BC, P=0.043; NC, P=0.026) (data not 
shown).

In order to describe this phenomenon, the present study 
hypothesized that the knockdown of SALL4 suppressed 
glioma tumor resistance via MGMT and ABCG2 down-
regulation. The present study revealed that SALL4/siRNA-1 
decreased MGMT and ABCG2 mRNA expression levels by 
39, and 28%, respectively, which were significantly lower 
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Figure 1. SALL4 knockdown induced cell cycle arrest, enhanced early apoptosis and inhibited invasion. (A) Inhibition effects of SALL4 on cell cycle distribu-
tion. The cells were analyzed by flow cytometry at 72 h after transfection. Histograms reveal G0/G1 cell cycle phase arrest and a decline in S phase in siRNA 
groups. (B) Knockdown of SALL4 increased the early apoptosis rate in U251 cells. Apoptosis rate was evaluated in fluorescein isothiocyanate‑annexin V 
and propidium‑stained cells by flow cytometry. Apoptotic cell numbers were significantly higher in siRNA groups. (C) Knockdown of SALL4 expression 
level decreased cell invasive capacity of U251 cells. Matrigel assays demonstrate the effect on the invasive potential in each group. The histogram indicated 
the mean number of invaded cells at 72 h after top‑side cell seeding, which revealed that the capacity of invasion was significantly suppressed in both siRNA 
groups. BC: untransfected; NC: scrambled siRNA. *P<0.05 siRNA-1 vs. BC, ▲P<0.05 siRNA-1 vs. NC, §P<0.05 siRNA-2 vs. BC, #P<0.05 siRNA-2 vs. NC. 
SALL4, spalt-like transcription factor 4; siRNA, short interfering RNA; BC, blank control; NC, negative control.
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compared with that of the BC (MGMT, P=0.021; ABCG2, 
P=0.032) and NC (MGMT, P<0.001; ABCG2, P=0.024) groups 
(Table I; Fig. 2A). Similarly, when compared with the BC 
and NC groups, SALL4/siRNA-1 decreased MGMT protein 

expression level significantly (BC, P=0.009; NC, P=0.010), 
and SALL4/siRNA‑2 significantly decreased expression levels 
of MGMT (BC, P=0.007; BC, P=0.009) and ABCG2 (BC, 
P=0.009; BC, P=0.006) (Fig. 2B).

Figure 2. SALL4 knockdown altered the expression levels of OCT4, SOX2, NANOG, MGMT and ABCG2. (A) The mRNA expression levels of OCT4, SOX2, 
NANOG, MGMT and ABCG2 in siRNA groups was markedly lower compared with in BC and NC groups at 72 h post‑transfection. (B) Western blotting 
revealed that changes in expression levels at the protein level were qualitatively similar to the changes in mRNA expression levels. BC group; NC group; 
SALL4/siRNA-1 group; SALL4/siRNA-2 group. *P<0.05 siRNA-1 vs. BC, ▲P<0.05 siRNA-1 vs. NC, §P<0.05 siRNA-2 vs. BC, #P<0.05 siRNA-2 vs. NC. 
SALL4, spalt-like transcription factor 4; OCT4, POU class 5 homeobox 1; SOX2, SRY-box 2; NANOG, Nanog homeobox; MGMT, O-6-methylguanine-DNA 
methyltransferase; ABCG2, adenosine triphosphate-binding cassette subfamily G member 2; siRNA, short interfering RNA; BC, blank control; NC, negative 
control.
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Discussion

Since SALL4 was first detected as an oncogene in 
leukemia (17), the function of SALL4 had been studied 
in various types of cancer. For example, in lung, breast, 
gastric and colorectal cancer cells (10-12), SALL4 has been 
demonstrated to regulate cell viability, apoptosis, and tumori-
genicity (12). In the authors' previous study, it was reported 
that SALL4 served an essential role in glioma and its expres-
sion was negatively associated with prognosis (15); however, 
the detailed mechanisms remain unclear. The present study 
aimed to investigate the detailed mechanisms underlying 
SALL4 in glioma tumorigenesis. Following knockdown 
of SALL4, cell cycle arrest, significantly increased levels 
of early apoptosis and invasion inhibition were observed in 
GBM cells. Furthermore, decreased SALL4 expression level 
significantly decreased mRNA and protein expression levels 
of OCT4, SOX2, and NANOG. In addition, inhibition of 
SALL4 decreased the TC50 of chemotherapeutic agent TMZ. 
These results partially elucidated the specific mechanisms 
utilized by SALL4, indicating that SALL4 may serve an 
important role in GBM tumorigenesis.

The CSC theory hypothesizes that CSCs and ESCs share 
numerous malfunctioned proliferation signal pathways (18), 
and the Jak-Stat3 signaling pathway is considered as one of 
the most important (19). At the top hierarchy of the Jak-Stat3 
signaling pathway, OCT4, SOX2 and NANOG, are consid-
ered to serve the most important function in maintaining ESC 
properties (20). Previously, increased glioma progression was 
identified to be associated with upregulated OCT4, SOX2 
and NANOG (21,22). Additionally, combinatorial expression 
levels of OCT4, NANOG and SOX2 were positively associ-
ated with increasing glioma malignancy (22). The present 
study demonstrated that knockdown of SALL4 significantly 
downregulated the mRNA and protein expression levels 
of OCT4, SOX2, and NANOG, which supports the results 
regarding SALL4 involvement in cell cycle arrest, enhanced 
apoptosis and invasion inhibition. These data suggest that 
SALL4 inhibits glioma tumorigenesis by participating in 
the Jak-Stat3 signaling pathway. However, it remains unclear 
how and which factors SALL4 interacts with in the Jak-Stat3 
signaling pathway; therefore, further research is required for 
elucidation.

Notably in the present study, the knockdown of SALL4 
significantly reduced the TMZ TC50. As previously demon-
strated, cancer utilizes various mechanisms enabling 
resistance to anticancer drugs, including DNA repairing 
and reducing toxin uptake via pumping-out chemotherapeu-
tics (23). TMZ is a classical chemotherapy drug for glioma, 
which is normally used by patients with GBM followed 
by surgical resection and radiotherapy (24). However, the 
majority of patients with glioma develop resistance to TMZ 
during treatment (25). Thus, it was hypothesized that glioma 
may use or develop ‘DNA repairing’ and ‘toxin pumping-out’ 
strategies to remain resistant. MGMT is a DNA repair protein, 
which removes alkylating adducts from the O6 position of 
guanine and protects cells from cytotoxic, and mutagenic 
effects, resulting in a resistance of tumor cells to alkylating 
agent-based chemotherapy (26). Following the knockdown 
of SALL4, a significant decrease in the TC50 of TMZ with 
simultaneous inhibition of MGMT expression was observed. 
A previous study demonstrated that the expression level of 
SALL4 was positively associated with histone deacetylase 
activity in EpCAM-positive hepatocellular carcinomacell 
Hep3B and HuH7 cell lines (27). As the present study knocked 
down SALL4 in glioma cells, there would be less potent 
histone deacetylase activity, which may inhibit various 
protein expression levels. Although it remained unclear 
whether MGMT promoter would be deacetylated, the present 
study observed a lowered TC50 for TMZ as well as decreased 
MGMT protein expression levels simultaneously. Thus, it 
was reasonable to hypothesize that the knockdown of SALL4 
decreased histone deacetylase activity, which inhibited 
MGMT expression and the subsequent TMZ TC50 in glioma 
cells. This hypothesis is supported by the results of a previous 
study that also used glioma cells (28) and the results of the 
present study. Additionally, pumping out chemotherapeutics 
is another popular mechanism used by various types of 
cancer. ABC drug transporters have been accepted to reduce 
the efficacy of chemotherapeutics by pumping out toxic drugs 
and thus contribute to aggressive tumor behaviors, and poor 
prognosis (29). As previously demonstrated to be enriched in 
GBM (30), ABCG2, which is a member of the ABC family, 
could also be involved in tumor resistance. The present study 
demonstrated that following knockdown of SALL4, ABCG2 
exhibited significantly reduced expression levels, which may 

Table I. mRNA expression levels relative to GAPDH.

 Gene
 ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Group SALL4 OCT4 SOX2 NANOG MGMT ABCG2

BC 1 1 1 1 1 1
NC 0.81±0.05 1.19±0.11 0.99±0.02 1.02±0.08 1.02±0.08 1.35±0.16
SALL4/siRNA-1 0.39±0.03 0.41±0.08 0.62±0.02 0.61±0.01 0.61±0.01 0.72±0.09
SALL4/siRNA-2 0.36±0.05 0.35±0.02 0.74±0.04 0.71±0.05 0.71±0.05 0.61±0.07

SALL4, spalt-like transcription factor 4; OCT4, POU class 5 homeobox 1; SOX2, SRY-box 2; NANOG, Nanog homeobox; MGMT, 
O-6-methylguanine-DNA methyltransferase; ABCG2, adenosine triphosphate-binding cassette subfamily G member 2; BC, blank control; NC, 
negative control.
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explain the reduction of TMZ TC50. Thus, the results of the 
present study suggest that MGMT and ABCG2 serve impor-
tant roles in GBM resistance, and SALL4 is responsible for 
maintaining high expression and activity levels of MGMT 
and ABCG2. Further studies should focus on where and how 
SALL4 interacts with MGMT and ABCG2.

In conclusion, the present study revealed that the knock-
down of SALL4 significantly decreased the malignancy 
and increased the sensitivity of TMZ to U251 cells. These 
results indicate that SALL4 may serve an essential role in the 
tumorigenic properties of glioma cells. Thus, SALL4 may 
be a potential therapeutic target for glioma, particularly for 
GBM.
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