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SALL4 promotes gastric cancer progression through activating
CD44 expression
X Yuan2, X Zhang2, W Zhang, W Liang, P Zhang, H Shi, B Zhang, M Shao, Y Yan, H Qian and W Xu

The stem cell factor SALL4 (Sal-like protein 4) plays important roles in the development and progression of cancer. SALL4 is critically
involved in tumour growth, metastasis and therapy resistance. However, the underlying mechanisms responsible for the oncogenic
roles of SALL4 have not been well characterized. In this study, we demonstrated that SALL4 knockdown by short hairpin RNA
greatly inhibited the proliferation, migration and invasion of gastric cancer cells. We further confirmed the inhibitory effects of
SALL4 knockdown on gastric cancer cells by using a tetracycline-inducible system. Mechanistically, SALL4 knockdown
downregulated the expression of CD44. The results of luciferase assay and chromatin immunoprecipitation study showed that
SALL4 bound to CD44 promoter region and transcriptionally activated CD44. The results of rescue study revealed that CD44
overexpression antagonized SALL4 knockdown-mediated inhibition of gastric cancer cell proliferation, migration, and invasion
in vitro and gastric cancer growth in vivo. Collectively, our findings indicate that SALL4 promotes gastric cancer progression through
directly activating CD44 expression, which suggests a novel mechanism for the oncogenic roles of SALL4 in gastric cancer and
represents a new target for gastric cancer therapy.
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INTRODUCTION
Cancer cells share common gene expression signature with stem
cells. The studies on the key genes in the maintenance of stem
cells have led to the identification of factors that are responsible
for the malignant phenotype of cancer cells. SALL4 is a zinc finger
transcription factor that governs the self-renewal and pluripotency
of embryonic stem cells through the constitution of a core
transcriptional circuit with Oct4, Nanog and Sox2.1–3 SALL4 is also
suggested as a key regulator in normal hematopoiesis and liver
development. SALL4 is expressed in hematopoietic and hepatic
stem/progenitor cells and is downregulated after hematopoietic
and hepatic differentiation.4,5 In addition, SALL4 is critical for DNA
damage response in embryonic stem cells.6 SALL4 expression
gradually decreases during development and is even absent in
most adult tissues. However, there is increasing evidence showing
that SALL4 expression is re-stored in cancer.
SALL4 is first found to be aberrantly expressed in human acute

myeloid leukemia (AML) and SALL4 transgenic mice have been
shown to develop AML.7 SALL4 is suggested as a key regulator of
leukemic cell survival and SALL4 downregulation leads to
significant cell apoptosis.8 The roles of SALL4 in AML are
associated with the regulation of β-catenin by protein–protein
interaction,7 the upregulation of Bmi-1 and HOXA9 by transcrip-
tional activation,7,9,10 and the inhibition of PTEN expression by
epigenetic silencing.11 SALL4 is also involved in the maintenance
of leukemic stem cells through the regulation of ABCA3.12

In addition to hematopoietic malignancies, SALL4 is also found
to be upregulated in solid tumours including liver cancer,13,14

colon cancer,15,16 breast cancer,17,18 endometrial cancer,19,20 lung
cancer21,22 and glioma.23 The recent studies also suggest an

oncogenic role of SALL4 in solid tumours. In breast cancer, SALL4
could upregulate the expression of ZEB1 to promote breast
cancer cell migration and invasion through the induction of
epithelial-mesenchymal transition (EMT).24 In endometrial cancer,
SALL4 promotes cell proliferation, migration, invasion and drug
resistance via the upregulation of c-Myc.19 The potent roles of
SALL4 in cancer has made it a novel biomarker for cancer
diagnosis and treatment.25 The elevated expression of SALL4 is
associated with the malignant phenotype of cancer cells and the
adverse prognosis in cancer patients.26 Moreover, targeted
depletion of the expression and the oncogenic activity of SALL4
have shown promising therapeutic effects in the experimental
animal models of AML and liver cancer.27,28 Therefore, better
understanding of the mechanisms responsible for the roles of
SALL4 in cancer would help facilitate cancer diagnosis and
prognosis as well as provide new avenues for anti-cancer therapy.
In our previous study, we have shown that SALL4 is highly

expressed in the tumour tissues of human gastric cancer patients
and the elevated expression of SALL4 predicts poor prognosis.29

However, the underlying molecular mechanisms have not been
well understood. In this study, we reported that SALL4 bound to
the promoter region of CD44 gene and transcriptionally activated
CD44 expression. Stable or inducible knockdown of SALL4
suppressed gastric cancer cell proliferation, migration and
invasion, while CD44 overexpression antagonized these inhibitory
effects. Our findings indicate that SALL4 promotes gastric cancer
growth and metastasis through the activation of CD44, which
represents a new mechanism responsible for the oncogenic roles
of SALL4 in cancer.
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RESULTS
Stable knockdown of SALL4 inhibits the proliferation, migration
and invasion of gastric cancer cells
To demonstrate the biological roles of SALL4 in gastric cancer, we
suppressed SALL4 expression in gastric cancer cells by using two
short hairpin RNAs (shRNAs) that specifically target SALL4. The
knockdown efficacy of shRNAs in SALL4 gene and protein
expression was verified by using quantitative RT-PCR and western
blot (Figure 1a). The knockdown of SALL4 gene by shRNAs
downregulated the expression of both SALL4A and SALL4B
isoforms (Supplementary Figure 1). We observed significant
changes in cell morphology in SALL4 knockdown cells after cell
replating (Figure 1b). We then checked the effects of SALL4
knockdown on the malignant phenotypes of gastric cancer cells.
We examined the role of SALL4 knockdown in gastric cancer cell
growth by using cell counting assay. As shown in Figure 1c, SALL4

knockdown greatly retarded the growth of gastric cancer cells. We
further confirmed the inhibitory effect of SALL4 knockdown on
the growth of gastric cancer cells by using cell colony formation
assay (Figure 1d). We found that SALL4 knockdown induced
apoptosis and cell cycle arrest at G1 phase in gastric cancer cells
(Figures 1e and f). We next detected the effects of SALL4
knockdown on the motility of gastric cancer cells. Compared to
the control cells, SALL4 knockdown cells showed a greatly
reduced motility ability (Figure 1g). Finally, we determined the
effects of SALL4 knockdown on cell migration and invasion. As
shown in Figures 1h and i, SALL4 knockdown greatly reduced the
migration and invasion abilities of gastric cancer cells. We also
observed that SALL4 knockdown sensitized gastric cancer cells to
cisplatin treatment (Supplementary Figure 2). Taken together,
these results indicate that stable knockdown of SALL4 by shRNA
inhibits the proliferation, migration and invasion of gastric
cancer cells.

Figure 1. Stable knockdown of SALL4 by shRNA inhibits the proliferation, migration and invasion of gastric cancer cells. (a) Quantitative
RT-PCR and western blot analyses of SALL4 expression in control and SALL4 knockdown gastric cancer cells. (b) The morphology of control
and SALL4 knockdown gastric cancer cells. (c) Cell counting assay for control and SALL4 knockdown gastric cancer cells. (d) Cell colony
formation assay for control and SALL4 knockdown gastric cancer cells. (e) The percentage of apoptotic cells in control and SALL4 knockdown
gastric cancer cells was detected by using Annexin V/PI double staining followed by flow cytometric analysis. (f) Cell cycle distribution in
control and SALL4 knockdown gastric cancer cells was detected by using PI staining followed by flow cytometric analysis. (g) Wound healing
assay for control and SALL4 knockdown gastric cancer cells. (h) Transwell migration assay for control and SALL4 knockdown gastric cancer
cells. (i) Matrigel invasion assay for control and SALL4 knockdown gastric cancer cells. *Po0.05, **Po0.01, compared to sh-Ctrl group.
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Inducible knockdown of SALL4 inhibits the proliferation and
migration of gastric cancer cells.
To further confirm the biological roles of SALL4 on gastric cancer
cell proliferation, migration and invasion, we established an
inducible SALL4-targeting shRNA-expressing gastric cancer cell
line by using the Tet-on system. In the presence of tetracycline
(Tet), SALL4 gene and protein expression decreased in gastric
cancer cells as shown by the results of quantitative RT-PCR and
western blot (Figure 2a). We next determined the effects of
inducible SALL4 knockdown on gastric cancer cell proliferation,
motility and migration. Compared to the uninduced cells,
Tet-induced SALL4 knockdown cells generated less cell colonies
(Figure 2b). Similarly, Tet-induced knockdown of SALL4
suppressed the motility and migration abilities of gastric cancer
cells (Figures 2c and d). On the contrary, no significant changes
were observed in the control cells with or without tetracycline

treatment. Taken together, these results suggest that inducible
knockdown of SALL4 also inhibits the proliferation and migration
of gastric cancer cells.

SALL4 knockdown inhibits the expression of stemness and
EMT-related genes and suppresses the activation of ERK,
STAT3 and NF-κB pathways
To elucidate the mechanism responsible for the inhibitory roles of
SALL4 knockdown in gastric cancer cell proliferation, migration
and invasion, we detected the expression of stemness and EMT-
related genes since SALL4 has been previously suggested as a
stemness and EMT regulator.25 The results of quantitative RT-PCR
and western blot showed that SALL4 knockdown downregulated
the expression of Oct4, Sox2, Nanog and c-Myc (Figures 3a and b),
which have been previously shown to be the downstream targets
of SALL4. In particular, we found that SALL4 knockdown inhibited

Figure 2. Inducible knockdown of SALL4 inhibits the proliferation and migration of gastric cancer cells. (a) Quantitative RT-PCR and western
blot analyses of SALL4 expression in uninduced and tetracycline (Tet)-induced control and SALL4 knockdown gastric cancer cells. (b) Cell
colony formation assay for uninduced and Tet-induced control and SALL4 knockdown gastric cancer cells. (c) Wound healing assay for
uninduced and Tet-induced control and SALL4 knockdown gastric cancer cells. (d) Transwell migration assay for uninduced and Tet-induced
control and SALL4 knockdown gastric cancer cells. **Po0.01, compared to uninduced group.
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the expression of CD44, a cell adhesion molecule, which has also
been previously shown to be closely associated with cell stemness
and EMT. Consistent with the results from stable knockdown
experiments, inducible SALL4 knockdown also downregulated the
expression of Oct4, Sox2, Nanog, c-Myc and CD44 (Supplementary
Figure 3). We also found that stable and inducible knockdown of
SALL4 upregulated the expression of E-cadherin (Supplementary
Figure 4), which is in support of the finding that SALL4 promotes
EMT in gastric cancer cells. We then detected the influence of
SALL4 knockdown in the pathways that critically regulate tumour
growth and metastasis. As shown in Figure 3c, SALL4 knockdown
greatly inhibited the expression of phosphorylated ERK, STAT3

and NF-κB, suggesting an important role of SALL4 in modulating
the activation of these pathways in gastric cancer cells.
To demonstrate whether SALL4 knockdown affects the expres-

sion of both standard and variant isoforms of CD44, we examined
the expression of CD44s and CD44v6, a CD44 variant that is closely
related to gastric cancer, in SALL4 knockdown gastric cancer cells.
The results of quantitative RT-PCR and western blot showed that
SALL4 knockdown resulted in the decreased expression of both
CD44s and CD44v6 (Figures 3d and e), suggesting a common role
of SALL4 in regulating CD44 family proteins. To reveal the clinical
significance of CD44s and CD44v6 in gastric cancer, we examined
CD44s and CD44v6 expression by using immunohistochemistry in

Figure 3. SALL4 knockdown reduces the expression of stemness and EMT-related genes and the activation of ERK, STAT3 and NF-κB pathways.
(a) Quantitative RT-PCR analyses of Oct4, Sox2, Nanog, c-Myc and CD44 expression in control and SALL4 knockdown gastric cancer cells.
(b) Western blot analyses of Oct4, Sox2, Nanog, c-Myc and CD44 expression in control and SALL4 knockdown gastric cancer cells. (c) Western
blot analyses of p-ERK, ERK, p-p65, p65, p-STAT3 and STAT3 expression in control and SALL4 knockdown gastric cancer cells. (d) Quantitative
RT-PCR analyses of CD44s and CD44v6 expression in control and SALL4 knockdown gastric cancer cells. (e) Western blot analyses of CD44s
and CD44v6 expression in control and SALL4 knockdown gastric cancer cells. (f) CD44s and CD44v6 expression in tumour tissues and
non-tumour tissues was detected in a tissue array by using immunohistochemistry. (g) The patients were divided into high or low group
based on CD44s and CD44v6 expression. The overall survival probability was assessed by using the Kaplan–Meier curve. *Po0.05, **Po0.01,
compared to sh-Ctrl group.
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a tissue array. The 39 gastric cancer patients were divided into
high or low group according to the immunochemical staining
results (Figure 3f). As shown in Figure 3g, high levels of CD44s and
CD44v6 expression were associated with poor survival among the
gastric cancer patients, indicating that CD44s and CD44v6 may
serve as potential prognostic markers for gastric cancer.

SALL4 upregulates CD44 expression in gastric cancer cells
Since CD44 showed a decreased expression in SALL4 knockdown
gastric cancer cells, we then focused on the regulatory role of

SALL4 in CD44 expression. To this end, we cloned CD44 promoter
region and inserted it into a luciferase reporter vector (Figure 4a).
The results of luciferase reporter assay showed that SALL4
overexpression upregulated while SALL4 knockdown down-
regulated the luciferase activity of CD44 promoter (Figures 4b
and c). The − 773 to − 128 bp region in CD44 promoter was critical
for SALL4-mediated transactivation. We further confirmed that
SALL4 knockdown by siRNA downregulated the luciferase activity
of CD44 promoter in a dose-dependent manner, suggesting an
important regulatory role of SALL4 in CD44 gene expression

Figure 4. SALL4 regulates CD44 expression in gastric cancer cells. (a) Schematic image of luciferase reporter vectors under the control of CD44
promoter. (b) HEK293T cells were co-transfected with CD44 luciferase reporter and SALL4 plasmid. The luciferase activity was evaluated by
using dual-luciferase reporter system. (c) SALL4 knockdown gastric cancer cells were transfected with CD44 luciferase reporter as indicated.
The luciferase activity was evaluated by using dual-luciferase reporter system. (d) MGC80-3 cells were co-transfected with CD44 luciferase
reporter and SALL4 siRNA. The luciferase activity was evaluated by using dual-luciferase reporter system. (e) MGC80-3 cells were
co-transfected with CD44 luciferase reporter and different concentrations of SALL4 siRNA. The luciferase activity was evaluated by using
dual-luciferase reporter system. (f) ChIP-PCR analyses of SALL4 binding to CD44 promoter in MGC80-3 cells. (g) ChIP-PCR analyses of SALL4
binding to CD44 promoter in control and SALL4 knockdown MGC80-3 cells. *Po0.05, **Po0.01.

Figure 5. CD44 rescue restores the expression of stemness and EMT-related genes and re-activates ERK, STAT3 and NF-κB pathways in SALL4
knockdown gastric cancer cells. (a) Western blot analyses of Oct4, Sox2, Nanog, c-Myc and CD44 expression in control and SALL4 knockdown
gastric cancer cells with or without CD44 overexpression. (b) Western blot analyses of p-ERK, ERK, p-p65, p65, p-STAT3 and STAT3 expression in
control and SALL4 knockdown gastric cancer cells with or without CD44 overexpression.
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(Figures 4d and e). We then performed a chromatin immuno-
precipitation assay to test the binding of SALL4 protein to CD44
promoter in gastric cancer cells. The chromatin was immuno-
precipitated by IgG or SALL4-specific antibodies for PCR detection.
The results of ChIP assay showed an obvious enrichment of the
chromatin in SALL4 group but not in IgG group (Figure 4f). To
further confirm this, we compared the binding of SALL4 to the
promoter region of CD44 gene between SALL4 knockdown cells

and control cells. As shown in Figure 4g, SALL4 knockdown led to
a decreased binding of SALL4 to the promoter region of CD44
gene. We also found a positive correlation between SALL4 and
CD44 expression in gastric cancer cell lines and gastric cancer
tissues (Supplementary Figure 5), further supporting the regula-
tion of CD44 by SALL4. Taken together, these results suggest that
SALL4 regulates the expression of CD44 in gastric cancer cells
through binding to its promoter.

Figure 6. CD44 rescue antagonizes SALL4 knockdown-mediated inhibition of the proliferation, migration and invasion of gastric cancer cells
in vitro. (a) Cell counting assay for control and SALL4 knockdown gastric cancer cells with or without CD44 overexpression. (b) Cell colony
formation assay for control and SALL4 knockdown gastric cancer cells with or without CD44 overexpression. (c) Wound healing assay for
control and SALL4 knockdown gastric cancer cells with or without CD44 overexpression. (d) Transwell migration assay for control and SALL4
knockdown gastric cancer cells with or without CD44 overexpression. (e) Matrigel invasion assay for control and SALL4 knockdown gastric
cancer cells with or without CD44 overexpression. **Po0.01, compared to sh-Ctrl+Vector group; #Po0.05, compared to sh-SALL4-2
+Vector group.
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CD44 rescue antagonizes SALL4 knockdown-mediated inhibition
of the proliferation, migration and invasion of gastric cancer cells
in vitro
We next performed the rescue study to determine the importance
of CD44 regulation to the oncogenic roles of SALL4 in gastric
cancer. The efficiency of SALL4 knockdown was determined by
using quantitative RT-PCR and western blot (Figure 5a;
Supplementary Figure 6). The restoration of CD44 expression in
SALL4 knockdown cells was verified by using western blot
(Figure 5a). We found that CD44 overexpression re-activated
ERK, STAT3 and NF-κB pathways in SALL4 knockdown cells
(Figure 5b). We next determined the roles of CD44 rescue in the
proliferation, migration and invasion of SALL4 knockdown cells.
The results of cell counting assay showed that SALL4 knockdown
decreased the growth of gastric cancer cells while CD44
overexpression significantly increased the growth of gastric cancer

cells (Figure 6a). The results of cell colony formation assay further
confirmed that CD44 overexpression increased the colony
formation ability of SALL4 knockdown cells (Figure 6b). In
addition, the results of wound healing assay showed that
CD44 overexpression rescued the decreased motility of SALL4
knockdown cells (Figure 6c). Furthermore, the results of transwell
migration and matrigel invasion assays showed that CD44
overexpression rescued the reduced migration and invasion
abilities of SALL4 knockdown cells (Figures 6d and e). In support
of these observations, we found that SALL4 knockdown upregu-
lated the expression of E-cadherin while decreased the expression
of N-cadherin; however, CD44 overexpression led to the opposite
effects on SALL4 knockdown cells (Supplementary Figure 7).
Taken together, these results indicate that CD44 overexpression
antagonizes SALL4 knockdown-mediated inhibition of the
proliferation, migration and invasion of gastric cancer cells in vitro.

Figure 7. CD44 rescue antagonizes SALL4 knockdown-mediated inhibition of tumour growth and metastasis in vivo. (a) Representative images
of tumours from mice injected with control and SALL4 knockdown gastric cancer cells with or without CD44 overexpression. (b) The mean
weight of tumours from mice injected with control and SALL4 knockdown gastric cancer cells with or without CD44 overexpression. (c) The
mean volume of tumours from mice injected with control and SALL4 knockdown gastric cancer cells with or without CD44 overexpression.
(d) HE staining of tumour tissue sections from mice injected with control and SALL4 knockdown gastric cancer cells with or without CD44
overexpression. (e) Immunohistochemical staining for SALL4 in tumour tissue sections from mice injected with control and SALL4 knockdown
gastric cancer cells with or without CD44 overexpression. (f) Immunohistochemical staining for CD44 in tumour tissue sections from mice
injected with control and SALL4 knockdown gastric cancer cells with or without CD44 overexpression. (g) Western blot analyses of Oct4, Sox2,
Nanog, c-Myc and CD44 expression in control and SALL4 knockdown gastric cancer cells with or without CD44 overexpression. *Po0.05,
compared to sh-Ctrl+Vector group; #Po0.05, compared to sh-SALL4-2+Vector group.
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CD44 rescue antagonizes SALL4 knockdown-mediated inhibition
of tumour growth in vivo
To further clarify the importance of SALL4-mediated upregulation
of CD44 in gastric cancer growth in vivo, we implanted SALL4
knockdown cells with or without CD44 overexpression into the
nude mice. The results of tumour growth curve and tumour
weight showed that SALL4 knockdown significantly retarded the
growth of xenograft tumours in mice; however, the simultaneous
overexpression of CD44 greatly accelerated xenograft tumour
growth (Figures 7a–c). The results of hematoxylin-eosin staining
further confirmed the increased malignance in SALL4 knockdown
cells with CD44 overexpression (Figure 7d). The expression of
SALL4 and CD44 proteins in different groups was confirmed by
using immunohistochemical staining (Figures 7e,f). Consistent
with that observed in vitro, CD44 overexpression reversed the
down-regulation of Oct4, Sox2, Nanog and c-Myc by SALL4
knockdown in vivo (Figure 7g). We also confirmed the
re-activation of ERK, STAT3 and NF-κB pathways by CD44
overexpression in SALL4 knockdown cells in vivo (Supplementary
Figure 8). Taken together, these results indicate that CD44
overexpression antagonizes SALL4 knockdown-mediated inhibi-
tion of tumour growth in vivo.

DISCUSSION
In this study we demonstrated that SALL4, a stem cell factor,
promoted gastric cancer progression by activating CD44
expression. We provided evidence that stable and inducible
knockdown of SALL4 greatly reduced the proliferation, migration
and invasion of gastric cancer cells and downregulated the
expression of EMT and stemness-related genes. In particular, we
identified CD44 as a downstream target of SALL4 in gastric cancer
cells. SALL4 bound to the promoter region of CD44 gene and
transcriptionally activated its expression. We further confirmed
that CD44 overexpression could antagonize SALL4 knockdown-
mediated inhibition of gastric cancer cell proliferation, migration
and invasion in vitro and gastric cancer growth in vivo, suggesting
that CD44 contributed, at least in part, to SALL4-mediated gastric
cancer growth and metastasis. Although the association of SALL4
and CD44 expression in cancer has been previously described,14 to
our best knowledge, this is the first report to suggest CD44 as a
direct target of SALL4 and to reveal the functional importance of
CD44 regulation to the oncogenic roles of SALL4 in gastric cancer.
SALL4 is a newly identified oncogene that is involved in

tumorigenesis, tumour growth, tumour metastasis and drug
resistance through the regulation of various downstream
genes.30 In AML, SALL4 directly interacts with β-catenin and
induces the activation of Wnt/β-catenin signalling pathway,
leading to the upregulation of the target genes of Wnt/β-catenin
pathway including cyclin D1 and c-Myc.7 CD44 is also suggested
as a downstream target gene of Wnt/β-catenin signalling. Thus, it
could not be excluded that SALL4 might also activate CD44
expression through the interaction with β-catenin. In addition,
SALL4 could activate its downstream targets by recruiting a
histone methyltransferase complex to specific promoter regions
to mediate H3-K4 trimethylation and transcription activation.11

Yang et al suggest that SALL4 binds to the promoter region of
Bmi-1 and triggers high levels of histone methylation in
hematopoietic and leukemic cells.10 Li et al. suggest that
SALL4 interacts with mixed-lineage leukemia, a histone methyl-
transferase, and co-occupies the HOXA9 promoter region with
mixed-lineage leukemia in AML cells.9 Therefore, the methylated
status of CD44 gene promoter in gastric cancer cells that harbour
high level of SALL4 deserves further investigation.
CD44 is a cell surface adhesion molecule expressed on a variety

of cells and is involved in cell proliferation, differentiation,
adhesion, migration and invasion. CD44 is critical for EMT and

cancer development.31,32 CD44 has also been identified as a
cancer stem cell marker.33 CD44 expression is elevated in gastric
cancer and is positively correlated with tumour stage and tumour
metastasis, serving as an independent prognostic factor for gastric
cancer.34,35 While both SALL4 and CD44 play important roles in
gastric cancer, the connection between them has not been
investigated. In this study, we observed the downregulation of
CD44 in stable and inducible SALL4 knockdown gastric cancer
cells. Moreover, overexpression of CD44 in SALL4 knockdown cells
led to increased gastric cancer cell proliferation, migration and
invasion in vitro as well as increased tumour growth in mouse
models. Clinical studies demonstrated that the expression of
SALL4 and CD44 was positively correlated in gastric cancer patient
samples. Consistent with our previous findings showing that
SALL4 overexpression is associated with poor prognosis, the
elevated expression of CD44 also showed a worse overall survival
in gastric cancer patients, indicating an important role of
SALL4-CD44 signalling pathway in gastric cancer development
and progression. ChIP studies showed that the endogenous SALL4
protein could bind to the specific promoter region of CD44 in
gastric cancer cells, suggesting that CD44 is a direct target of
SALL4. The specific binding site at the promoter regions of SALL4
target genes has not been well characterized. We have compared
the potential SALL4 binding site at the promoter regions of
ABCA3,12 HOXA99 and Oct41 with that of CD44 and observed a
consensus ‘GAAG’ nucleotide sequence at the promoter regions of
these genes. Thus, further study using site mutagenesis will help
confirm the exact binding site for SALL4 at the promoter regions
of its target genes.
In conclusion, our findings suggest that CD44 is a downstream

target gene of SALL4 and is partially responsible for the oncogenic
roles of SALL4 in gastric cancer. Our findings provide a novel
insight into the mechanism responsible for the oncogenic
function of SALL4 in cancer, suggesting that targeted depletion
of the SALL4-CD44 pathway may be a novel avenue for
anti-cancer therapy.

MATERIALS AND METHODS
Cell culture
Human gastric cancer cell line MGC80-3 and human embryonic kidney cell
line 293 T were purchased from the Institute of Biochemistry and Cell
Biology at the Chinese Academy of Sciences (Shanghai, China). Cells were
cultured in high-glucose DMEM (Dulbecco’s modified Eagle’s medium;
Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum
(FBS; Gibco) at 37 °C in humidified air with 5% CO2. Cells have been
regularly tested for Mycoplasma and were free of this contamination.

Gene silencing and gene overexpression
The SALL4-targeting shRNA lentivirus was provided by Genechem
(Shanghai, China). GFP served as a reporter gene in the lentiviral vector.
Cells were transfected with lentivirus at an MOI (multiplicity of infection) of
100 for 24 h and then selected with puromycin (0.8 μg/ml) for 3 days. The
scramble and SALL4 siRNAs were synthesized by Genepharma (Shanghai,
China). Cells were seeded in six-well plates at a density of 1 × 105 cells/well
and transiently transfected with siRNAs by using Lipofectin reagent
(Invitrogen, Carlsbad, CA, USA). The sequences of SALL4 shRNA and
siRNA were listed in Supplementary Table 1. Human CD44 gene
(NM_001001389.1) overexpressing lentivirus was provided by Cyagen
Biosciences (Guangzhou, China). Cells were transfected with the
CD44-overexpressing lentivirus at an MOI of 200 for 24 h.

Inducible gene knockdown
The inducible SALL4 knockdown lentiviral vector was generated by ligating
the Tet-pLKO-puro vector with SALL4 shRNA oligos. The recombinant
lentivirus was produced by co-transfecting HEK293T cells with pLKO-GFP-
shRNA or pLKO-SALL4-shRNA, PU1562, and PU1563 plasmids by using
Lipofectin reagent. The virus-containing supernatant was harvested at
48 and 72 h post-transfection. MGC80-3 cells were transduced with the
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prepared lentivirus and stable cell lines were obtained after selection with
0.8 μg/ml of puromycin for 3 days. The expression of shRNA was induced
by the addition of 5 μg/ml tetracycline (Tet). SALL4 knockdown was
validated by using quantitative RT-PCR and western blot. SALL4 shRNA
oligos were synthesized by Invitrogen and the sequences were listed in
Supplementary Table 1.

RNA extraction, RT-PCR and quantitative RT-PCR
Total RNA were extracted from the cells by using Trizol reagent (Invitrogen)
and one microgram of RNA was reverse transcribed to cDNA by using
reverse transcriptase (Vazyme, Nanjing, China). Quantitative PCR was
performed by using a SYBR Green I real-time detection kit (Cwbio, Beijing,
China) on a Bio-Rad CFX96 detection system. The relative gene expression
was normalized to β-actin. The primers specific for target genes were listed
in Supplementary Table 2.

Western blot
The cells were lysed in RIPA buffer containing proteinase inhibitors. Equal
amount of proteins was loaded and separated on a 12% SDS-PAGE gel.
Following electrophoresis, the proteins were transferred to a PVDF
(polyvinylidene difluoride) membrane, blocked in 5% (w/v) non-fat milk,
and incubated with the primary antibodies at 4 oC overnight. The sources
of primary antibodies were: SALL4 (954-1053; Abnova, Taipei, Taiwan);
CD44 (BS6825; Bioworld technology, Louis Park, MN, USA) and GAPDH
(MB001, Bioworld technology); ERK (4695S; Cell Signaling Technology,
Beverly, MA, USA), p-ERK (4370S; Cell Signaling Technology), NF-κB p65
(8242S; Cell Signaling Technology), p-NF-κB p65 (3033P; Cell Signaling
Technology), STAT3 (4904P; Cell Signaling Technology), p-STAT3
(9145P; Cell Signaling Technology), N-cadherin (13116S; Cell Signaling
Technology), and Oct4 (2750S; Cell Signaling Technology); Sox2 (AB5603;
Merck Millipore, Shanghai, China), c-Myc (10057-1-AP; Proteintech,
Rosemont, IL, USA), Nanog (AF1505; Signalway Antibody, College Park,
MD, USA), E-cadherin (H-108, Santa Cruz Biotechnology, Dallas, TX, USA).
After washing with TBS/T for three times, the membranes were incubated
with HRP-conjugated goat anti-rabbit or anti-mouse secondary antibodies
(Bioworld technology) at room temperature for 1 h. The protein bands
were visualized by enhanced chemiluminescence.

Cell counting and colony formation assays
The stably transfected cells were seeded into 24-well plate (8000 cells/well)
and cultured under standard conditions. Cells were collected and counted
at the indicated time points. The stably transfected cells were seeded into
six-well plates at a density of 500 cells per well. After continuous
incubation for 10 days, the cells were fixed with 4% paraformaldehyde and
stained with 1% crystal violet for 15 min. All the experiments were
performed in triplicates.

Cell apoptosis assay and cell cycle analysis
The stably transfected cells were harvested, washed with phosphate-
buffered saline, and subjected to Annexin V/PI double staining (Invitrogen).
The percentage of apoptotic cells was detected by flow cytometric
analysis. The stably transfected cells were collected and washed with
phosphate-buffered saline twice, and then stained with propidium iodide
for 30 min (Invitrogen). The cell cycle distribution of the stained cells was
assessed on a flow cytometer (BD FACS Calibur).

Wound healing assay
The confluent cell monolayers were wounded by scratching with a 10 μl
pipette tip and then cultured for 36 h. Cell migration over the scraped area
was photographed at 0 and 36 h. At the end of the experiment, the cells
were fixed with 4% paraformaldehyde and stained with 1% crystal violet
for 15 min.

Transwell migration assay
Cells were plated into the top chamber at a density of 1 × 105/well in
serum-free medium. The complete medium was placed into the bottom
chamber. After incubation at 37 °C in 5% CO2 for 12 h, the cells remaining
at the upper surface of the membrane were removed with a cotton swab.
The cells that migrated through the 8-μm sized pores and adhered to the

lower surface of the membranes were fixed with 4% paraformaldehyde,
stained with crystal violet and photographed under a light microscope.

Cell invasion assay
The matrigel (BD Biosciences, San Jose, CA, USA) was diluted with serum-
free medium (1:3) and 50 microlitres of the diluted matrigel were added
into the upper chamber followed by incubation at 37 °C for 1 h. Cells
suspended in serum-free medium were seeded into the upper chamber
containing coagulated matrigel. The complete medium was placed into
the bottom chamber. Cells were incubated at 37 °C for 36 h to allow the
cells to invade into the lower membrane through matrigel. At the end of
the experiment, the invaded cells were fixed with 4% paraformaldehyde,
stained with crystal violet and photographed under a light microscope.

Luciferase reporter assay
CD44 promoter was cloned into the pGL3-Basic vector by proof-reading
PCR. For the luciferase reporter assay, HEK293T cells or MGC80-3 cells were
co-transfected with CD44 promoter luciferase reporter and SALL4 plasmid
or SALL4 siRNA as indicated. The Renilla luciferase reporter was used as
internal control. The activities of firefly luciferase and Renilla luciferase
were quantified by using the dual luciferase reporter assay system
(Promega, Madison, WI, USA).

Chromatin immunoprecipitation assay
The chromatin immunoprecipitation assay was performed in MGC80-3
cells by using a commercial kit (Millipore, Darmstadt, Germany). After
cross-linking with 1% formaldehyde at 37 °C for 10 min, the cells were
harvested in sodium dodecyl sulfate lysis buffer and the DNA was
shredded to fragments of 200 bp by sonication. The pre-cleared chromatin
was incubated with the antibodies against SALL4 or non-specific IgG
overnight. Protein G-agarose beads were added and incubated at 4 °C for
1 h. After reversing the cross-links, the DNA was isolated and used for PCR.
The specific primers for PCR detection of the responsive element in CD44
promoter were shown in Supplementary Table 3.

Animal model
Male BALB/c nude mice aged 4 weeks were purchased from the Laboratory
Animal Center of Shanghai at the Academy of Science (Shanghai, China).
The mice were randomly divided into five groups (five mice/group) as
indicated. Cells (2.0 × 106 per mice) suspended in 100 μl phosphate-
buffered saline were implanted subcutaneously into the right flanks of the
mice. The nude mice were regularly fed and the tumours were measured
twice a week. The tumour volume was calculated by using the following
formula: V(cm3) = 1/2 × length×width2. The animal studies were approved
by the Institutional Animal Care and Use Committee of Jiangsu University.

Tissue array and immunohistochemistry
Tissue array was purchased from Shines Pharmaceuticals (Shanghai, China).
A total of 39 pairs of tumour tissues and non-tumour tissues were included
in the tissue array. Tissue array was incubated with antibodies against
CD44s (MAB7045; R&D Systems, Minneapolis, MN, USA) and CD44v6
(AB2080; Millipore, Billerica, MS, USA). Immunohistochemical staining was
performed as previously described.36 IHC scoring was assessed by two
pathologists in a double-blinded manner. For animal studies, the mice
were sacrificed at 5 weeks after tumour cell implantation and the tumour
tissues were excised. The paraffin-embedded tissue sections were made
and used for HE staining and immunohistochemical staining of SALL4
and CD44.

Statistical analysis
All the data were shown as mean± standard deviation (s.d.). The
statistically significant differences between groups were assessed by
analysis of variance (ANOVA) or t-test using SPSS (Version 22.0, Chicago, IL,
USA). The Kaplan–Meier curve was used to determine survival probability
and differences were assessed by the log-rank test. P value o0.05 was
considered significant.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

SALL4 activates CD44 to promote gastric cancer progression
X Yuan et al

9

Oncogenesis (2016), 1 – 10



ACKNOWLEDGEMENTS
This work was supported by the National Natural Science Foundation of China
(81672416, 81572075, 81201660), the Natural Science Foundation of the Jiangsu
Province (BK20141303), Jiangsu Province for Outstanding Sci-tech Innovation Team
in Colleges and Universities (SJK2013-10), Jiangsu Province’s Outstanding Medical
Academic Leader and Sci-tech Innovation Team Program (LJ201117), Jiangsu
Province’s Major Project in Research and Development (BE2015667), the Key
Research and Development Project of Zhenjiang (SH2015034), the Jiangsu Key
Laboratory of Medical Science and Laboratory Medicine Project (JSKLM-2014-006).

REFERENCES
1 Zhang J, Tam WL, Tong GQ, Wu Q, Chan HY, Soh BS et al. Sall4 modulates

embryonic stem cell pluripotency and early embryonic development by the
transcriptional regulation of Pou5f1. Nat Cell Biol 2006; 8: 1114–1123.

2 Wu Q, Chen X, Zhang J, Loh YH, Low TY, Zhang W et al. Sall4 interacts with Nanog
and co-occupies Nanog genomic sites in embryonic stem cells. J Biol Chem 2006;
281: 24090–24094.

3 Yang J, Chai L, Fowles TC, Alipio Z, Xu D, Fink LM et al. Genome-wide analysis
reveals Sall4 to be a major regulator of pluripotency in murine-embryonic
stem cells. Proc Natl Acad Sci USA 2008; 105: 19756–19761.

4 Aguila JR, Liao W, Yang J, Avila C, Hagag N, Senzel L et al. SALL4 is a robust
stimulator for the expansion of hematopoietic stem cells. Blood 2011; 118:
576–585.

5 Oikawa T, Kamiya A, Kakinuma S, Zeniya M, Nishinakamura R, Tajiri H et al. Sall4
regulates cell fate decision in fetal hepatic stem/progenitor cells. Gastroenterology
2009; 136: 1000–1011.

6 Xiong J, Todorova D, Su NY, Kim J, Lee PJ, Shen Z et al. Stemness factor Sall4 is
required for DNA damage response in embryonic stem cells. J Cell Biol 2015; 208:
513–520.

7 Ma Y, Cui W, Yang J, Qu J, Di C, Amin HM et al. SALL4, a novel oncogene, is
constitutively expressed in human acute myeloid leukemia (AML) and induces
AML in transgenic mice. Blood 2006; 108: 2726–2735.

8 Yang J, Chai L, Gao C, Fowles TC, Alipio Z, Dang H et al. SALL4 is a key regulator of
survival and apoptosis in human leukemic cells. Blood 2008; 112: 805–813.

9 Li A, Yang Y, Gao C, Lu J, Jeong HW, Liu BH et al. A SALL4/MLL/HOXA9 pathway in
murine and human myeloid leukemogenesis. J Clin Invest 2013; 123: 4195–4207.

10 Yang J, Chai L, Liu F, Fink LM, Lin P, Silberstein LE et al. Bmi-1 is a target gene for
SALL4 in hematopoietic and leukemic cells. Proc Natl Acad Sci USA 2007; 104:
10494–10499.

11 Lu J, Jeong HW, Kong N, Yang Y, Carroll J, Luo HR et al. Stem cell factor SALL4
represses the transcriptions of PTEN and SALL1 through an epigenetic repressor
complex. PLoS ONE 2009; 4: e5577.

12 Jeong HW, Cui W, Yang Y, Lu J, He J, Li A et al. SALL4, a stem cell factor, affects the
side population by regulation of the ATP-binding cassette drug transport genes.
PLoS ONE 2011; 6: e18372.

13 Oikawa T, Kamiya A, Zeniya M, Chikada H, Hyuck AD, Yamazaki Y et al. Sal-like
protein 4 (SALL4), a stem cell biomarker in liver cancers. Hepatology 2013; 57:
1469–1483.

14 Zeng SS, Yamashita T, Kondo M, Nio K, Hayashi T, Hara Y et al. The transcription
factor SALL4 regulates stemness of EpCAM-positive hepatocellular carcinoma.
J Hepatol 2014; 60: 127–134.

15 Cheng J, Deng R, Wu C, Zhang P, Wu K, Shi L et al. Inhibition of SALL4 suppresses
carcinogenesis of colorectal cancer via regulating Gli1 expression. Int J Clin Exp
Pathol 2015; 8: 10092–10101.

16 Ardalan Khales S, Abbaszadegan MR, Abdollahi A, Raeisossadati R, Tousi MF,
Forghanifard MM. SALL4 as a new biomarker for early colorectal cancers. J Cancer
Res Clin Oncol 2015; 141: 229–235.

17 Chen YY, Li ZZ, Ye YY, Xu F, Niu RJ, Zhang HC et al. Knockdown of SALL4 inhibits
the proliferation and reverses the resistance of MCF-7/ADR cells to doxorubicin
hydrochloride. BMC Mol Biol 2016; 17: 6.

18 Kobayashi D, Kuribayshi K, Tanaka M, Watanabe N. SALL4 is essential for cancer
cell proliferation and is overexpressed at early clinical stages in breast cancer. Int J
Oncol 2011; 38: 933–939.

19 Li A, Jiao Y, Yong KJ, Wang F, Gao C, Yan B et al. SALL4 is a new target in
endometrial cancer. Oncogene 2015; 34: 63–72.

20 Liu L, Zhang J, Yang X, Fang C, Xu H, Xi X. SALL4 as an epithelial-mesenchymal
transition and drug resistance inducer through the regulation of c-Myc in
endometrial cancer. PLoS ONE 2015; 10: e0138515.

21 Kobayashi D, Kuribayashi K, Tanaka M, Watanabe N. Overexpression of SALL4 in
lung cancer and its importance in cell proliferation. Oncol Rep 2011; 26: 965–970.

22 Yanagihara N, Kobayashi D, Kuribayashi K, Tanaka M, Hasegawa T, Watanabe N.
Significance of SALL4 as a drug resistant factor in lung cancer. Int J Oncol 2015;
46: 1527–1534.

23 He J, Zhang W, Zhou Q, Zhao T, Song Y, Chai L et al. Low-expression of
microRNA-107 inhibits cell apoptosis in glioma by upregulation of SALL4. Int J
Biochem Cell Biol 2013; 45: 1962–1973.

24 Itou J, Matsumoto Y, Yoshikawa K, Toi M. Sal-like 4 (SALL4) suppresses CDH1
expression and maintains cell dispersion in basal-like breast cancer. FEBS Lett
2013; 587: 3115–3121.

25 Zhang X, Yuan X, Zhu W, Qian H, Xu W. SALL4: an emerging cancer biomarker
and target. Cancer Lett 2014; 357: 55–62.

26 Cheng J, Gao J, Shuai X, Tao K. Oncogenic protein SALL4 and ZNF217 as
prognostic indicators in solid cancers: a meta-analysis of individual studies.
Oncotarget 2016; 7: 24314–24325.

27 Yong KJ, Gao C, Lim JS, Yan B, Yang H, Dimitrov T et al. Oncofetal gene SALL4 in
aggressive hepatocellular carcinoma. N Engl J Med 2013; 368: 2266–2276.

28 Gao C, Dimitrov T, Yong KJ, Tatetsu H, Jeong HW, Luo HR et al. Targeting
transcription factor SALL4 in acute myeloid leukemia by interrupting its
interaction with an epigenetic complex. Blood 2013; 121: 1413–1421.

29 Zhang L, Xu Z, Xu X, Zhang B, Wu H, Wang M et al. SALL4, a novel marker for
human gastric carcinogenesis and metastasis. Oncogene 2014; 33: 5491–5500.

30 Tatetsu H, Kong NR, Chong G, Amabile G, Tenen DG, Chai L. SALL4, the missing
link between stem cells, development and cancer. Gene 2016; 584: 111–119.

31 Xu H, Tian Y, Yuan X, Wu H, Liu Q, Pestell RG et al. The role of CD44 in epithelial-
mesenchymal transition and cancer development. Onco Targets Ther 2015; 8:
3783–3792.

32 Gao Y, Ruan B, Liu W, Wang J, Yang X, Zhang Z et al. Knockdown of CD44 inhibits
the invasion and metastasis of hepatocellular carcinoma both in vitro and in vivo
by reversing epithelial-mesenchymal transition. Oncotarget 2015; 6: 7828–7837.

33 Takaishi S, Okumura T, Tu S, Wang SS, Shibata W, Vigneshwaran R et al. Identi-
fication of gastric cancer stem cells using the cell surface marker CD44. Stem Cells
2009; 27: 1006–1020.

34 Jang BI, Li Y, Graham DY, Cen P. The role of CD44 in the pathogenesis, diagnosis,
and therapy of gastric cancer. Gut Liver 2011; 5: 397–405.

35 Wu Y, Li Z, Zhang C, Yu K, Teng Z, Zheng G et al. CD44 family proteins in gastric
cancer: a meta-analysis and narrative review. Int J Clin Exp Med 2015; 8:
3595–3606.

36 Zhao J, Shu P, Duan F, Wang X, Min L, Shen Z et al. Loss of OLFM4 promotes
tumor migration through inducing interleukin-8 expression and predicts lymph
node metastasis in early gastric cancer. Oncogenesis 2016; 5: e234.

Oncogenesis is an open-access journal published by Nature Publishing
Group. This work is licensed under a Creative Commons Attribution 4.0

International License. The images or other third partymaterial in this article are included
in the article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need to
obtain permission from the license holder to reproduce the material. To view a copy of
this license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

Supplementary Information accompanies this paper on the Oncogenesis website (http://www.nature.com/oncsis)

SALL4 activates CD44 to promote gastric cancer progression
X Yuan et al

10

Oncogenesis (2016), 1 – 10

http://creativecommons.org/licenses/by/4.0/

	SALL4 promotes gastric cancer progression through activating CD44 expression
	Introduction
	Results
	Stable knockdown of SALL4 inhibits the proliferation, migration and invasion of gastric cancer cells
	Inducible knockdown of SALL4 inhibits the proliferation and migration of gastric cancer cells.
	SALL4 knockdown inhibits the expression of stemness and EMT-related genes and suppresses the activation of ERK, STAT3 and NF-κB pathways
	SALL4 upregulates CD44 expression in gastric cancer cells
	CD44 rescue antagonizes SALL4 knockdown-mediated inhibition of the proliferation, migration and invasion of gastric cancer cells in vitro
	CD44 rescue antagonizes SALL4 knockdown-mediated inhibition of tumour growth in vivo

	Discussion
	Materials and methods
	Cell culture
	Gene silencing and gene overexpression
	Inducible gene knockdown
	RNA extraction, RT-PCR and quantitative RT-PCR
	Western blot
	Cell counting and colony formation assays
	Cell apoptosis assay and cell cycle analysis
	Wound healing assay
	Transwell migration assay
	Cell invasion assay
	Luciferase reporter assay
	Chromatin immunoprecipitation assay
	Animal model
	Tissue array and immunohistochemistry
	Statistical analysis

	Acknowledgements
	Note
	References




