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A transcription factor Sry-related high mobility group box (Sox) 17 is involved in developmental processes including spermatogenesis, cardiovascular system, endoderm formation, and so on. In this article, we firstly review the studies on the relation between the
Sox17 expression and tumor malignancy. Although Sox17 positively promotes various tissue development, most of the cancers associated with Sox17 show decreased expression levels of Sox17, and an inverse correlation between Sox17 expression and malignancy is revealed. We briefly discuss the mechanism of such Sox17 down-regulation by focusing on DNA methylation of CpG sites
located in the Sox17 gene promoter. Next, we overview the function of Sox17 in the fetal hematopoiesis, particularly in the dorsal
aorta in midgestation mouse embryos. The Sox17 expression in hematopoietic stem cell (HSC)-containing intra-aortic hematopoietic cell cluster (IAHCs) is important for the cluster formation with the hematopoietic ability. The sustained expression of Sox17 in
adult bone marrow HSCs and the cells in IAHCs of the dorsal aorta indicate abnormalities that are low lymphocyte chimerism and
the aberrant proliferation of common myeloid progenitors in transplantation experiments. We then summarize the perspectives of
Sox17 research in cancer control.
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INTRODUCTION
A transcription factor Sox17 is a member of Sry-related high
mobility group (HMG) box (Sox) family proteins that is composed of 20 proteins in mouse and human [1]. Sox proteins
contain the HMG box that interacts with DNA containing the
consensus sequences, (A/T)(A/T)CAA(A/T)G [1]. By grouping Sox proteins based on their similarities of their amino acid
sequences in the HMG-box, Sox17 belongs to a subfamily F
that is composed of Sox7, Sox17, and Sox18 [2]. The Sox17
protein contains the transcription activation domain which
includes the region binding to the β-catenin, a component of
the Wingless-related integration site (Wnt) signaling pathway
[3]. Sox17 is known to be a marker of endodermal cells and
expressed in endodermal and mesodermal cell lineages in
the fetal stage [4,5]. Sox17 is firstly identified as an activator

in mouse spermatogenesis [6] and has a function in the development of heart from the endocardium differentiation [7].
Sox17 heterozygous mutant female mice display a failure
of embryo implantation [8]. Moreover, Sox17 heterozygous
mutant embryos cause embryonic cholecystitis [9], defective
gallbladder contraction [9], and gallbladder wall abnormality
[10] in perinatal biliary atresia [11]. In the wild-type mice, a
transient increase in the Sox17 expression in oligodendrocyte
progenitors is required for the oligodendrocyte differentiation
[12,13]. The importance of Sox17 is reported in the fetal and
neonatal hematopoiesis [14,15].
Recently, the relationship between malignancies in cancers
and the expression of Sox17 which is altered by methylation
in the CpG sequences in the Sox17 promoter is reported (reviewed in [16]). The focus of this review is to highlight the function of Sox17 and its role in cancer and fetal hematopoiesis.
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is inversely correlated with the tumor grade in the breast
cancer patients [36] and a reduction of the Sox17 expression
level in primary and metastatic melanomas shows the correlation with disease progression [37].
Increased DNA methylation at CpG sites in gene promoters is generally considered to be important for gene silencing.
The Sox17 promoter methylation status is analyzed in tumor
tissues, revealing the reduction of Sox17 expression. A significant increase in the DNA methylation of the Sox17 promoter
was observed in those cells derived from liver [22], breast
[23,31,34], bile duct [24], colon [25], lung [29], thyroid grand
[30], cervix [33], adenoma [35], and esophagus [38]. Moreover, the promoter methylation status of the Sox17 gene in
various cancers including those of colon [25], breast [31,34],
stomach [32], and esophagus [38], is closely related to their
malignancies [3]. For instance, in the primary esophageal
cancer, the proportion of the methylation in the Sox17 gene
promoter is highly correlated with the grade of dysplasia/cancer [38]. These results are in reasonable agreement with the
observation of the negative correlation between Sox17 expression levels and malignancy. Furthermore, analysis of the
cell-free DNA in plasma from breast and lung cancer patients
[36,39] detects the increase of the promoter methylation at
the Sox17 gene. These data open the possibility for implementing the breast and lung cancer screening at an early
stage.
The molecular mechanism underlying inverse correlation
between Sox17 expression and malignant progression is
attributable to an inhibition of the Wnt signal pathway by
Sox17 (Fig. 1). The Wnt signaling is known to be important

RELATIONSHIP BETWEEN CANCER AND
THE SOX17 EXPRESSION
The expression levels of Sox17 mRNA and protein are examined in various cancer patients (Table 1). Although Sox17
positively promotes various tissue development, the Sox17
expression is upregulated in a few cancer tissues. A high expression level of Sox17 is observed in a seminoma cell line
[17] and knockdown of Sox17 in a seminoma-like cell line
leads to a loss of its pluripotency [18]. Sox17 is expressed
in endothelial cells along with Sox7 and Sox18 of the developing vasculature, and has redundant functions with Sox18
in postnatal angiogenesis and early cardiovascular development [19,20]. In tumor vessels of mice implanted with the
Lewis lung carcinoma and melanoma, the Sox17 expression
level is higher compared to controls [21]. Moreover, endothelial cell-specific Sox17 deletion in mice transplanted with lung
carcinoma cells led to the reduced tumor angiogenesis and
vascular abnormalities, whereas the endothelial cell-specific
overexpression of Sox17 using a doxycycline-inducible gainof-function mice induces tumor progression and angiogenesis
[21].
Conversely, various malignancies exhibit a decrease in the
expression level of Sox17. These include human hepatocellular carcinoma [22], breast cancer [23], cholangiocarcinoma
[24], colorectal cancer [25], gastric cancer [26], ESCC [27],
and endometrial cancer [28] (Table 1) [29-35]. Moreover, a
decrease of the Sox17 expression in various cancer tissues
is closely related to their malignancies and the time of relapse-free survival. For example, the Sox17 expression level

Table 1. Sox17 expression in various cancer cells
Sox17 expression

Methylation

Malignant tissue

Effector modules

Affected pathway/outcome

Reference

Up
Up
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down

ND
ND
Promoter
Promoter
Promoter
Promoter
Promoter
Promoter
Promoter
Promoter
Promoter
Promoter
Promoter
Promoter
Likely promoter
ND
ND
ND
ND

Seminiferous epithelium
Tumor endothelial cells
Adenoma
Bile duct
Breast
Breast
Colon
Esophagus
Esophagus
Hematopoietic cells
Hepatocyte
Lung
Stomach
Thyroid grand
Cervical region
Esophagus
Pigment cell
Stomach
Uterus

Oct4/Sox2
VEGFR2
ND
ND
β-catenin
miR-194-5p
miR-371-5p
β-catenin, miR-141
DNA repair genes
ND
β-catenin
β-catenin
ND
β-catenin
ND
ND
ND
ND
miR-21-5p

17,18
21
35
24
24,31,34,36
51
25,52
38
49
70,71
22
29,39
32
30
33
27
37
26
50

Down

ND

Uterus

ND

Oct4/Pluripotency
VEGF/proliferation
ND
Wnt/proliferation
Wnt/proliferation
Sox17 expression
Sox2/proliferation metastasis
Wnt/proliferation
Activation of DNA repair
ND
Wnt/proliferation
Wnt/proliferation
ND
Wnt/proliferation
ND
ND
ND
ND
Epithelial to mesenchymal
transition
ND

28

Sox, Sry-related high mobility group box; ND, no data; Wnt, Wingless-related integration site.
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for the differentiation and the proliferation of stem cells and
tumor development [40]. The Wnt protein initially binds to
such receptors as Frizzled and the lipoprotein receptor-related protein-5/6. A Wnt downstream effector protein, a serine/
threonine kinase glycogen synthetase 3β (GSK3β), is active
when Wnt is not present and directly phosphorylates β-catenin protein. The phosphorylated β-catenin is then degraded by
the ubiquitin-proteasome system. Following Wnt stimulation,
a reduction of the GSK3β kinase activity induces the accumulation of unphosphorylated β-catenin protein and leads to
the translocation of unphosphorylated β-catenin to the nucleus. The nuclear β-catenin bound to T-cell factor/lymphoid
enhancer factor (TCF/LEF) transcription factors activates the
target gene expression. This Wnt pathway is referred to as
the canonical pathway. Sox17 has the region binding to β-catenin in the transactivation domain, which is conserved among
species [41]. In the muscle satellite cells, SoxF competitively
inhibits the β-catenin-mediated activation of the TCF/LEF
promoter [42]. Enforced expression of Sox17 in cancer cells
represses β-catenin and TCF activity on the promoter [43]
and thereby reduced the Wnt signaling-dependent proliferation of cholangiocarcinoma cells [44]. Treatment of cholangiocarcinoma cells with 5-aza-2’deoxycytidine, which inhibits
the DNA methyltransferase and reduces the methylation in
CpG sites, increases the expression of inhibitory proteins
containing Sox17 for the Wnt signaling pathway [24]. In cervical cancer cells, Sox17 directly binds to the β-catenin gene
promoter and reduces the β-catenin expression followed by
the inhibition of the Wnt signaling [45]. These results indicate
that Sox17 acts as a tumor suppressor in these cancer cells.
In the endometrioid endometrial carcinoma, frameshift mutations in gene encoding Sox17, which cause the deletion of
the transactivation domain containing the β-catenin binding
motif, results in the loss of Sox17 transcriptional activity [46].

A

Normal cells
Wnt

LRP-5/6

There have been several reports describing signal pathways and molecules in cancers associated with the Sox17
expression. In seminoma with low expression of Sox17, Akt-,
Erk-, EphA3-, and Tie2/TEK-signaling pathways are up-regulated [47]. Pancreatic cancer model mice expressing an
activated form of Kras (KrasG12D) exhibit the reduced Sox17
expression [48]. In esophageal squamous cell carcinoma
(ESCC) with decreased expression of Sox17, overexpression
of fibronectin (FN1) and metastasis associated in colon cancer 1 (MACC1), whose expression levels are low in ESCC,
abolishes Sox17-induced migration and invasion, suggesting
that FN1 and MACC1 are downstream effector molecules of
Sox17 [27].
Other mechanisms of cancer progression associated with
the reduction of the Sox17 expression are also reported.
Overexpression of Sox17 in radio-resistant ESCC line cells
decreases the expression of DNA repair and DNA damage response genes and the reduction of tumor growth, suggesting
that cancers with reduced Sox17 expression have increased
expression of DNA repair and DNA damage response genes
[49]. Moreover, functional relationships between microRNAs
and Sox17 in cancer have been reported. Introduction of microRNA-141 in an esophageal cancer induces the reduction
of Sox17 expression and the activation of the Wnt signaling
pathway [38]. Overexpression of miR-21-5p in endometrial
cancer cells promotes epithelial to mesenchymal transition
with a decrease of Sox17 expression [50]. Knockdown of
miR-194-5p, which is a target molecule of Sox17, in breast
cancer inhibits the tumor growth together with an increased
Sox17 expression [51]. In colorectal cancer, the expression of
a microRNA, miR-371-5p, is upregulated by the Sox17-mediated activation of the miR-371-5p promoter. Shutdown of
the Sox17 expression with the short hairpin RNA in colorectal
cancer cells enhances the tumor growth and metastasis in a
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Figure 1. Mechanisms underlying the inverse correlation between Sox17 expression and malignancy. (A) In normal cells, Sox17 protein
binds to β-Cat which is an essential factor in the Wnt signaling pathway, and in turn inhibits the transcription activity of the β-Cat/TCF complex which
normally induces Wnt-dependent gene expression. (B) In various cancer cells, the expression of Sox17 is downregulated by methylation of its
promoter, and the β-Cat/TCF complex induces expression of Wnt-dependent genes. Regulatory factors for increased methylation in the Sox17 gene
promoter are not identified. LRP, lipoprotein receptor-related protein; Wnt, Wingless-related integration site; GSK3-β, glycogen synthetase 3β; β-Cat,
β-catenin; Sox, Sry-related high mobility group box; TCF, T-cell factor.
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transplantation experiment, whereas introduction of the miR371-5p into the cancer cells to block Sox17 expression, leads
to the reduction of tumor proliferation and metastasis [52].

INVOLVEMENT OF SOX17 IN
MIDGESTATIONAL HEMATOPOIESIS
Hematopoietic stem/progenitor cells (HSPCs) are present
in the aorta-gonad-mesonephros (AGM) region in midgestation embryos [53,54]. Hematopoietic cells emerge from
the hemogenic endothelium, which is a common progenitor
of the endothelial cells and hematopoietic cells, and form
the intra-aortic hematopoietic cell clusters (IAHCs) [55,56].
The c-Kit protein, which is a marker of HSPCs in fetal liver
and adult bone marrow, is expressed consistently in cells
of IAHCs [56]. Markers of endothelial cells (vascular endothelial [VE]-cad and CD31) are found in cells located on the
vessel wall side of IAHCs, while the hematopoietic cell marker, CD45, is expressed on cells on the vessel lumen side
of IAHCs [56]. This suggests that hematopoietic cells that
emerge from hemogenic endothelia are differentiated and
matured in IAHCs. Sox17 is found to be expressed in cells located in the vessel wall side of IAHCs as assessed by in situ
hybridization and whole-mount immunohistochemistry [5759]. Researchers have attempted to isolate cells from IAHCs,
which contain HSPCs, and have performed the transplantation experiments. CD45+VE-cad+ cells [60] and CD31+c-Kit+SSEA1+ cells [56] in the AGM region of E11.5 embryos contain

the long-term repopulating HSCs. Moreover, CD45lowc-Kithigh
cells have the highest hematopoietic capacity in AGM cells at
midgestation [61]. When the Sox17 gene is overexpressed in
CD45lowc-Kithigh AGM cells of E10.5 embryos co-cultured with
stromal cells in the presence of cytokines (the main cytokine
is thrombopoietin [62]), the cluster formation of undifferentiated Sox17-expressing cells was found [58]. Blockage of the
Sox17 expression in Sox17-trausduced cells resulted in a
release of differentiated hematopoietic cells from cell clusters
[58]. Lethally irradiated mice transplanted with Sox17-transduced cells by intra-bone marrow injection showed the longterm repopulating ability [58]. This suggests that Sox17
plays a key role in differentiation and self-renewal of HSCs
in IAHCs (Fig. 2A; also see the next section on leukemia-like
abnormalities).
The molecular mechanism responsible for maintaining the
formation of cell clusters and the hematopoietic activity by
the introduction of the transcription factor Sox17 in cells of
IAHCs have been suggested. Sox17 interacts with Notch1
promoter regions of endothelium [57] and induces the Notch1
expression [63]. The Notch1 signaling pathway is known
to regulate cell proliferation, fate, differentiation, and death.
Notch1, Notch4, and the Notch ligand, Delta-like ligand 4,
is expressed in endothelial cells of dorsal aorta as well as
IAHCs [64]. Sox17 directly induces the expression of the
Notch1 gene and the Notch1-downstream molecule Hes1,
and the Sox17-Notch1-Hes1 axis is important for the maintenance of the hematopoietic activity in Sox17-transduced cells

A <Midgestation mouse embryos>
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Figure 2. Effects of manipulated expression of Sox17 on the hematopoiesis in intra-aortic hematopoietic cell clusters in dorsal aorta at
midgestation mouse embryos and adult bone marrow HSPCs. (A) Sox17-transduced intra-aortic hematopoietic cell clusters maintain the cluster
formation with hematopoietic activity and shutdown of the Sox17 expression in Sox17-trausduced clusters results in the dissociation of the cluster
and a release of differentiated hematopoietic cells. In transplantation experiments, Sox17-transduced intra-aortic hematopoietic cell clusters have the
long-term reconstituting activity with low lymphocyte chimerism, and a greater increase of CMPs. (B) Sox17-transduced HSPCs in adult bone marrow
also have the long-term reconstituting activity with low lymphocyte chimerism. Sox, Sry-related high mobility group box; HSPCs, hematopoietic
stem/progenitor cells; LT-HSCs, long-term repopulating hematopoietic stem cells; CMP, common myeloid progenitors; HSPCs, hematopoietic stem/
progenitor cells.
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[59]. Furthermore, adherent molecules, such as endothelial
cell-selective adhesion molecules (ESAM) and VE-cad directly induced by Sox17, are required for the formation of the
cell cluster with the hematopoietic ability in Sox17-transduced
cells [65].
The Sox17 expression is not found in adult bone marrow.
Sox17 deletion in HSCs of neonate mice results in a significant decrease of the HSC number followed by death, whereas the loss of Sox17 in HSCs in adult mice has no effect on
the HSC number [14]. Expression of the Sox17 gene was
found to be decreased with development in several tissues
such as fetal liver, newborn liver, and two week-old bone
marrow [15]. The Sox17 expression depends on the status of
hematopoietic maturation. Ectopic overexpression of Sox17
in HSCs in the bone marrow of adult mice increases the longterm reconstitution ability and induces the fetal-stage-specific
hematopoietic marker expression [15].
The Wnt signaling pathway is important to maintain the
stem cell capacity in adult bone marrow HSCs [66], whereas
HSCs are observed in the mice lacking β-catenin and γ-catenin [67]. These discrepancy is explained by a requirement of
the appropriate signal intensity of the Wnt pathway in the limited stage, but the specific stage has not been clarified [66].
In the fetal liver, Wnt3a-deficient mice reduced the number of
HSCs and the reconstituted capacity in fetal liver [68]. In the
AGM region in midgestation embryos, non-phosphorylated
β-catenin is detected in the hemogenic endothelium of the
dorsal aorta, and the treatment of the explant culture of the
AGM region with the GSK3-β inhibitor, which does not cause
the degradation of β-catenin, leads to an increase in the longterm reconstituting activity of the cells by the transplantation
[69]. In the future, it is necessary to investigate whether
Sox17 directly modulates β-catenin and the Wnt signal pathway.

LEUKEMIA-LIKE ABNORMALITIES OF
SOX17-SUSTAINED EXPRESSION IN
HSPCS IN TRANSPLANTED MICE
Leukemia includes various types of blood cancers. Methylation of CpG sites in the Sox17 gene is reported in patients of
the acute myeloid leukemia (AML) [70]. A quantitative PCR
analysis shows that the expression level of Sox17 in patients
is decreased in AML patients as compared with controls [71].
Ectopic expression of Sox17 in adult bone marrow HSPCs
resulted in low B- and T-lymphocyte chimerism in transplanted mice (Fig. 2B) and the secondary transplantation of
whole bone marrow cells from primary recipients led to death
which was accompanied by a decrease of lymphocytes [15].
Moreover, the splenic hypertrophy is observed in this transplantation experiment [15]. Sox17-transduced IAHCs similarly exhibited the poor lymphocyte differentiation capacity in
transplanted mice (see the “transplantation” part of Fig. 2A)
[58]. However, this study did not explain why B and T lympho-
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cytes derived from Sox17-transduced cells were infrequently
distinguished in the cells of recipient mice.
Linage marker– Sca-1– c-Kit+ cells in adult bone marrow
are classified into three progenitor populations: (1) FcγRlow
CD34+ cells (common-myeloid progenitors; CMPs) which
are capable of generating all types of myeloid lineage, (2)
FcγRhigh CD34+ cells (granulocyte/macrophage progenitors;
GMPs), which generate the granulocyte and macrophage
lineages, and (3) the FcγRlowCD34– cells (megakaryocyte/
erythroid progenitors; MEPs), that generate the megakaryocytic and erythroid lineages. The progenitor of the GMP and
the MEP is the CMP population [72]. When Sox17-transduced IAHCs are transplanted into irradiated mice, the absolute
number of Sox17-transduced-CMPs (Sox17-CMPs) aberrantly increased to a greater extent than that of Sox17-transduced-GMPs (Sox17-GMPs) and Sox17-transduced-MEPs
(Sox17-MEPs; see the “transplantation” part of Fig. 2A) [73].
Three populations of progenitors are observed in an in vitro
culture system in which Sox17-transduced cells are co-cultured with OP9 stromal cells and Sox17-CMPs are maintained at least after five passages [73]. These results indicate
that sustained expression of Sox17 in HSPCs and cells from
IAHCs provokes the leukemia-like abnormalities, and the recipient mice finally die.
As mentioned above, ectopic expression of Sox17 in adult
HSPCs maintains the long-term repopulating ability with less
lymphocytic repopulation capacity and induces the expression of markers associated with fetal HSPCs, for example,
CD34 and VE-cad which are markers of endothelial cells,
Mac-1 and AA4.1 which are markers of linages in blood cells
and fetal HSCs [15]. These maker proteins induced by the
Sox17 induction are not expressed in the adult HSPCs. This
raises the possibility of a reprogramming from the adult HSCs
to fetal HSCs in Sox17-transduced adult HSPCs [74]. Moreover, conditional deletion of Sox17 in the neonate shows a
significantly decreased number of HSPCs with increased S/
G2/M proportions [15]. The result opens up the possibility
of regulating the cell cycle system by Sox17. Furthermore,
Sox17 directly induces the gene expression of Runx1 and
Gata2, which are essential transcription factors, and Notch1,
which is important for the maintenance of the stem cell phenotype [57].

CONCLUDING REMARKS AND
PERSPECTIVES
In this review, we highlight the expression level of the transcription factor Sox17 in cancer cells in conjunction with the
DNA methylation status of the Sox17 gene promoter, and
the function of Sox17 in the hematopoiesis in midgestation
mouse embryos.
In various cancer cells mainly derived from endodermal
tissues, the expression level of Sox17 is often found to be
decreased. This decrease in the Sox17 expression is caused

Sox17 Functions as a Tumor Suppressor

by the DNA methylation in the CpG sites of the Sox17 promoter. Moreover, cancer cells with the decreased expression
of Sox17 show more malignant characteristics. Furthermore,
decreased expression of Sox17 significantly correlates with
shorter relapse-free survival in breast cancer and melanoma
patients. These results raise the possibility that Sox17 functions as a tumor suppressor. Future studies on the Sox17 expression level, the methylation status of the Sox17 promoter,
and the Sox17 mutations in cancer patients are needed to
investigate its relationship to its malignancy. Sox17, through
its transcriptional activation domain, directly interacts with
β-catenin and thereby inhibits the β-catenin-dependent gene
transcription in the Wnt signaling pathway. Factors that induce the methylation and the demethylation of the Sox17
promoter have not been clarified.
Sox17 has a role in the maintenance of the cluster formation with the hematopoietic capability in IAHCs of the dorsal
aorta. The molecular mechanism for maintaining the clusters
and the undifferentiated state by Sox17 is the induction of the
Notch1-gene expression to keep the hematopoietic activity
and the adherent molecule-gene expression to form the cluster. In the dorsal aorta, the expression level of Sox17 is high
in endothelial cells, middle in IAHCs, and null in differentiated
hematopoietic cells. Contrary to the situation in the most cancers with low Sox17 expression, the regulatory mechanism of
a Sox17 expression in the dorsal aorta has not been clearly
elucidated. It remains unknown whether decreased expression of Sox17 in IAHCs and no expression of Sox17 in differentiated hematopoietic cells in the dorsal aorta are caused
by the methylation of the Sox17 promoter region. Analyses of
mice deficient for Notch1 [75] or adherent molecules VE-cad
[76] and ESAM [77] show normal hematopoiesis in the dorsal
aorta of midgestation embryos. It is necessary to clarify new
regulatory molecules by comparing gene expression patterns
in Sox17-expressing cells and non-expressing cells.
In some AML patients, the increased methylation level of
the Sox17 promoter region leads to a decrease in the Sox17
expression [69]. The Sox17 expression is increased in cholangiocarcinoma cells with a 5-aza-2’deoxycytidine, which
reduces the methylation in CpG sites [24]. Since enforced expression of Sox17 in HSPCs and the cells of IAHCs reveals
the leukemia-like abnormalities in the transplanted experiment, simple Sox17 induction strategies may have limitations
in being applied to leukemia. Concerning strategies for the
treatment of other malignancies involving Sox17 downregulation, if its gene promoter methylation is the major cause,
development of drugs that specifically demethylate the Sox17
promoter would be a promising approach [78-83]. If microRNA-mediated Sox17 downregulation is the major cause, biopharmaceuticals including nucleic acid medicine antagonizing
such microRNAs can be applied [84-86]. Further studies will
be necessary to validate the therapeutic effectiveness of restoring Sox17 in cancer patients.
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