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Sex-determining Region of Y Chromosome-related
High-mobility-group Box 2 in Malignant Tumors: Current
Opinions and Anticancer Therapy
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Objective: To gain insight into the mechanism by which sex-determining region of Y chromosome (SRY)-related high-mobility-group
box 2 (SOX2) involved in carcinogenesis and cancer stem cells (CSCs).

Data Sources: The data used in this review were mainly published in English from 2000 to present obtained from PubMed. The search
terms were “SOX2,” “cancer,” “tumor” or “CSCs.”

Study Selection: Articles studying the mitochondria-related pathologic mechanism and treatment of glaucoma were selected and reviewed.
Results: SOX2, a transcription factor that is the key in maintaining pluripotent properties of stem cells, is a member of SRY-related
high-mobility group domain proteins. SOX2 participates in many biological processes, such as modulation of cell proliferation, regulation
of cell death signaling, cell apoptosis, and most importantly, tumor formation and development. Although SOX2 has been implicated
in the biology of various tumors and CSCs, the findings are highly controversial, and information regarding the underlying mechanism
remains limited. Moreover, the mechanism by which SOX2 involved in carcinogenesis and tumor progression is rather unclear yet.
Conclusions: Here, we review the important biological functions of SOX2 in different tumors and CSCs, and the function of SOX2
signaling in the pathobiology of neoplasia, such as Wnt/B-catenin signaling pathway, Hippo signaling pathway, Survivin signaling pathway,
PI3K/Akt signaling pathway, and so on. Targeting towards SOX2 may be an effective therapeutic strategy for cancer therapy.
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INTRODUCTION SOX family member genes encode an 80 amino acid
residues. There are approximately 20 different SOX genes
in the vertebrate genome that are classified into eight
subfamilies according to sequence homologies in their HMG
domains. SOX proteins act in part by remodeling the local
chromatin architecture upon DNA-binding to the HMG
domain that induces DNA bending.

Sex-determining region of Y chromosome (SRY)-related
high-mobility-group box 2 (SOX2) is one of the key
transcriptional factors that maintain the pluripotency and
self-renewal properties of embryonic stem (ES) cells. Recent
studies indicate that SOX2 is widely over-expressed in
various human cancer and cancer stem cells (CSCs) and is
found to contribute to tumorigenesis and recurrence of certain ~ Virtually all members of the SOX family have been found

types of cancer.!"¥) However, the function of SOX2 and its to be deregulated in a wide variety of tumors. It has been

underlying mechanism in cancer cells or CSCs are unclear. acce.p‘Fed that. SOX proteins the.ms.elves do not pOSSess
sufficient affinities for DNA binding, the transcription

Sex-determining region of Y chromosome-related  activity of SOX proteins requires recruitment of other protein
high-mobility-group box 2: amember of sex-determining  partners, such as Nanog, OCT4, Sall4, and so on.[**)
region of y chromosome-related high-mobility group
domain proteins

The highly conserved domain of high-mobility group (HMG)

Sex-determining region of Y chromosome-related
high-mobility-group box 2 highly expression in human
cancers
Previous clinical and experimental evidences have
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squamous cell carcinoma,!” pancreatic cancer,® breast
cancer,” glioblastomal'” and colorectal cancer.!'!! In prostate
cancer, SOX2 promotes tumorigenesis and suppresses
apoptosis'?! and involved in epidermal growth factor
receptor (EGFR)-mediated self-renewal of human prostate
cancer stem-like cells.'¥ In lung and esophagus cancer,
the highly up-regulated SOX2 promotes cell migration and
proliferation by driving cells squamous differentiation and
pluripotency.l'*1%) Animal experiments showed that about
half of the mice expressed the highest levels of SOX2 in
developed carcinoma in the lung. These tumors resemble
adenocarcinoma but express the squamous marker, Trp63. In
breast cancer, it has been demonstrated that SOX2 is likely
to promote cell proliferation and tumorigenesis through
facilitating the G1/S transition of the cell cycle.!!

THe Function oF Sex-DeTermiNING Region ofF Y
CHRoMOSOME-RELATED HiGH-MOBILITY-GROUP Box 2
IN Human Tumors

Sex-determining region of Y chromosome-related
high-mobility-group box 2 and cancer stem cell

The concept of CSC was raised that a small percentage of
cancer cell population has the same characters as ES cells.['”)
CSCs may play a key role in cancer initiation, progression,
and resistance to current treatments. Further studies of CSCs
isolated from human prostate cancer, lung cancer, and some
other cancer cell lines indicated that SOX2 is over-expressed
with other embryonic markers such as Nanog, OCT4, and
the surface marker protein CD44.[819

Sex-determining region of Y chromosome-related
high-mobility-group box 2 is over-expressed in CSCs and
plays a role in tumorigenesis and recurrence. In the study
of glioma blastoma,” it is found that CSCs express SOX2,
and the expression levels were two-fold to more than
200-fold higher in CSCs than those in adherent cells. CSCs
express both tumor-associated antigen and relevant major
histocompatibility complex molecules that are necessary for
cytotoxic T lymphocyte (CTL) recognition and activation. It
may be a novel strategy for cancer immunotherapy by using
CSCs associated antigens SOX2 prolongs survival.

CD133 has been recognized as a specific cell surface marker
for CSCs in various tumors."??! The enhancement of SOX2
and OCT4 expression was required for hypoxia-induced
CD133 expression.) Knockdown of OCT4 or SOX2
expression in N417 cells abolished CD133P1 activity. Thus,
in the hypoxic conditions, OCT4 and SOX2 promote CD133
expression in the lung cancer cells via their direct interaction
with the P1 promoter.

Sex-determining region of Y chromosome-related
high-mobility-group box 2 with cancer metastasis

Previous studies suggest that SOX2 is involved in
tumorigenesis and metastasis. High SOX2 expression is
associated with larger tumor size and positive lymph node
status. Corresponding metastatic lymph nodes showed

higher SOX2 expression and were significantly more
often SOX2 positive than primary tumors.?¥ In colorectal
carcinoma cell lines, SOX2 was validated as a target for
miR-200c. Knockdown of miR-200c significantly enhanced
proliferation, migration, and invasion.’!

Sex-determining region of Y chromosome-related
high-mobility-group box 2 and macrophages
Macrophages promote cancer initiation and malignant
progression. They create an inflammatory environment
that is mutagenic and promotes growth during tumor
initiation.228) As tumors progress, macrophages stimulate
angiogenesis, enhance tumor cell migration and invasion,
and suppress antitumor immunity. Macrophages promote
tumor cell extravasation, survival, and subsequent growth.
Specialized subpopulations of macrophages may represent
important new therapeutic targets.

Macrophages have been reported to promote CSC-like
phenotypes in murine breast cancer cells by upregulating
their expression of SOX2.?! Downregulation of SOX2 in
tumor cells by small interfering RNA blocked the ability
of macrophages to induce these CSC-like phenotypes
and inhibited tumor growth in vivo. Furthermore, a novel
EGFR/signal transducers and activators of transcription
3 (STAT3)/SOX2 paracrine signaling pathway has been
identified. Therefore, the EGFR/STAT3/SOX2 signaling
pathway may be a novel therapeutic target.

THE SIGNALING PATHWAY OF SEX-DETERMINING
Recion oF Y CHROMOSOME-RELATED
HigH-moBiLITY-GROUP Box 2 IN HumAN TumoRs

Wnt/B-catenin signaling pathway

Activation of the Wnt/p-catenin signaling pathway plays an
important role in lung cancer.’” As previously described,
SOX2 promoting tamoxifen resistance in breast cancer cells
may through Wnt/p-catenin signaling pathway.

Moreover, it is disclosed that SOX2 improves metastasis
of breast and prostate cancer cells by promoting
epithelial-to-mesenchymal transition (EMT) through
Wnt/B-catenin. Dual luciferase assay and chromatin
immunoprecipitation revealed activation and binding of
SOX2 on the promoter region of B-catenin.BY In addition,
SOX2 affects the protein expression levels of DKK3, DVL1
and DVL3, which are regulators or downstream molecules
of Wnt signaling. This suggests that B-catenin is one of the
vital downstream molecules that mediate the EMT induced
by SOX2.

Hippo signaling pathway

Yes-associated protein (YAP) is a potent transcription
coactivator acting via binding to the TEAD transcription
factor. In addition to that, there are one or two WW domains
in the central region of YAP, depending on alternative splicing.
Gene expression profiling and chromatin immunoprecipitation
revealed that Hippo signaling negatively regulates a subset
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of Wnt target genes. The Hippo effector YAP interacts with
[-catenin on SOX2 and Snai2 genes.?

In another study,?*! Western blotting for ES cell markers
also showed that SOX2 and OCT protein levels were high
in YAP-overexpressing cells. In line with this ChIP-PCR
data, the SOX2 protein level was changed upon YAP
over-expression and knockdown conditions. It indicates that
SOX2 could be YAP target gene.

Survivin signaling pathway

Expression of survivin correlates with apoptosis,
proliferation, and angiogenesis during human colorectal
tumorigenesis.** In the study of NSCs, it is found that
SOX2 directly up-regulates the expression of survivin,
which inhibits the mitochondria-dependent apoptotic
pathway.® Although over-expression of SOX2 elevates
survivin expression, knockdown of SOX2 results in a
decrease in survivin expression, thereby initiating the
mitochondria-dependent apoptosis related to caspase 9
activation. In short, SOX2/surviving pathway regulates
neural stem cell survival and homeostasis.

Recent studies have found that SOX2 regulates apoptosis
through MAP4K4-survivin signaling pathway in human lung
cancer cells.Y Down-regulation of SOX2 leads to activation
of MAP4K4, tumor necrosis factor o, p53, and inhibition of
survivin. Rescue experiments revealed that SOX2 silencing
mediated killing was blocked by ectopic expression of
survivin, or by reduction of MAP4K4 expression.

PI3K/Akt signaling pathway

In the study of prostate cancer,['? it is found that SOX2 targets
cyclin E, p27 and survivin to regulate androgen-independent
human prostate cancer cell proliferation and apoptosis.
Moreover, transforming growth factor-alpha up

regulated SOX2 and survivin protein expression via the
EGFR/PI3K/Akt pathway.

In another study of laryngeal squamous cell
carcinoma (LSCC),P7 over-expression of SOX2 induced
phosphorylation of Akt and mammalian target of
rapamycin (mTOR), which are downstream effectors
of the PI3K pathway. LY294002, an inhibitor of PI3K,
also markedly abolished SOX2-induced activation of the
Akt/mTOR pathway and increased cell invasion and matrix
metalloproteinase-2 expression.

Hedgehog signaling pathway

The Hedgehog (Hh) signaling pathway is a signaling pathway
that transmits information to embryonic cells required for
proper development. It was found that many diseases
are associated with the malfunction of this pathway, for
example, basal cell carcinoma.® Protein kinase CI (PKCI)
phosphorylates SOX2. PKCI directly phosphorylates and
recruits SOX2 to the HHAT promoter. PRKCI and SOX2
are coamplified and coordinately over-expressed in LSCC
tumors. PKCI and SOX2 activate autocrine Hh signaling to
maintain LSCC stem-like cells.”!

Using the cytokeratin five promoter, Sonic Hh signaling
was activated in both transient and stable transgenic fish.
Transcriptions of radial glia genes cyp19alb, s100b, blbp,
gfap and the stem/progenitor genes Nestin and SOX2 were
significantly upregulated.”*” Inhibition of Hh signaling,
therefore, represents a promising approach toward novel
anticancer therapies.

Signal transducer and activator of transcription
3 signaling pathway

Signal transducer and activator of transcription 3, a member
of a family of DNA-binding molecules, is a potential
target in the treatment of cancer.*!! In cancer cells, the
highly phosphorylated STAT3 contributes to numerous
physiological and oncogenic signaling pathways.!*>44

In recent studies,™! it is reported a novel small molecule
inhibitor of STAT3 dimerization, STX-0119, as a cancer
therapeutic. Notably, STX-0119 demonstrated strong
inhibition of the expression of STAT3 target genes
(c-myec, survivin, cyclin D1, HIF-1o and vascular
endothelial cell growth factor) and stem cell-associated
genes (SOX2, CD44, Nanog, Nestin and CD133) as well as
the induction of apoptosis in one stem-like cell line. STAT3
may regulate the expression of SOX2.

On the other hand, SOX2 regulates the expression of
STAT3 through JAK-STAT signaling pathway. 9! In mouse
embryonic fibroblast cells, n-butylidenephthalide triggers
the up-regulation of SOX2 and OCT4 gene expression
levels. Microarray analysis data identified peroxisome
proliferator-activated receptor, extracellular matrix, and
JAK-STAT signaling as the top three deregulated pathways.
SOX2 can promote the activation of JAK-STAT signaling
pathway.

Sex-determining region of Y chromosome-related
high-mobility-group box 2 and Nanog

Nanog, SOX2, and OCT4 are transcription factors all essential
to maintaining the pluripotent ES cell phenotype.[*’# Using
chromatin immunoprecipitation, OCT4 and SOX2 bind to
the Nanog promoter in living mouse and human ES cells.[*”!
Furthermore, by specific knockdown of OCT4 and SOX2
mRNA by RNA interference in ES cells, we provide genetic
evidence for a link between OCT4, SOX2, and the Nanog
promoter.

Sex-determining region of Y chromosome-related
high-mobility-group box 2 and Nanog, Sall4, OCT4
jointly involved in the maintenance of ES cells without
differentiation.®® Furthermore, the data uncovered an
extensive usage of autoregulatory, feed-forward connections
in ES cells [Figure 1]. The morphologies of cells after Nanog
or Sall4 depletion appeared similar and are distinct from
OCT4 or SOX2 depletion cells.

Sex-determining region of Y chromosome-related
high-mobility-group box 2 and Nestin

Nestin, a class VI intermediate filament, is known to be a CSC
marker. Nestin is thought to regulate tumor cell proliferation,
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Figure 1: Sex-determining region of Y chromosome-related
high-mobility-group box 2 and Nanog, Sall4, OCT4 jointly involved in
embryonic stem.

migration, invasion and CSC properties.’'2 Akt inhibitor
IV effectively decreased Nestin expression via SOX2
downregulation and overcame the enhanced sphere formation
induced by Nestin upregulation.” Thus, regulation of Nestin
via Akt/SOX2 is a promising candidate for novel therapeutic
approaches to eradicate CSCs in lung cancer.

Sex-DETERMINING ReGioN oF Y CHROMOSOME-RELATED
HiGH-moBILITY-GROUP BoX 2 AND ANTICANCER
THERAPY

Sex-determining region of Y chromosome-related
high-mobility-group box 2 with chemo-and radiotherapy
Cancer stem cells have been shown to play roles in
resistance to chemo-and radiotherapy. SOX2 is reported
to be involved in tumor resistance, for example, tamoxifen
resistance of breast cancer.*3) Examination of patient tumors
indicated that SOX2 levels are higher in patients after
endocrine therapy failure. Tamoxifen-resistant cells that
were enriched for stem/progenitors express high levels of
the stem cell marker SOX2. Silencing of the SOX2 gene
reduced the size of the stem/progenitor cell population and
restored sensitivity to tamoxifen. Gene expression analysis
indicated that profiling revealed activation of the Wnt
signaling pathway in SOX2-expressing cells, and inhibition
of Wnt signaling sensitized resistant cells to tamoxifen.
Thus, the development of tamoxifen resistance is driven
by SOX2-dependent activation of Wnt signaling in cancer
stem/progenitor cells.

Radioresistance of tumor cells remains a major therapeutic
problem. In advanced cervical cancer, the percentage of
overexpression of SOX2 and OCT4 in the radiation-resistant
group was much higher than that in the radiation-sensitive
group (P <0.001 and P < 0.001).5* And the patients with
high expression of SOX2 and OCT4 showed a shorter
progression-free survival than those with low expression.
High expression of SOX2 and OCT4 indicates radiation
resistance and an independent negative prognosis in
cervical squamous cell carcinoma. However, in small
(T1/T2) oral squamous cell carcinoma, patients with
higher nuclear SOX2 expression had a remarkable longer

disease-free period if they received adjuvant post-operative
radiotherapy (P = 0.001).5%

Sex-determining region of Y chromosome-related
high-mobility-group box 2 with epidermal growth factor
receptor tyrosine kinase inhibitors resistance
Epidermal growth factor receptor tyrosine kinase
inhibitors (TKIs) have shown favorable efficacy in
nonsmall-cell lung cancer (NSCLC) patients with EGFR
mutation. However, resistance to EGFR TKIs is always seen
in 1-2 years. SOX2 play an important role in EGFR TKIs
resistance. It is showed that knockdown of SOX2 decreased
proliferation in cell lines and increased sensitivity to erlotinib
in HCC827 cells.PY And SOX2 expression can be decreased
by PI3K/Akt inhibitors. PI3K/Akt inhibitors might be useful
to inhibit SOX2 in EGFR TKI resistant tumors. Targeting
SOX2 may provide therapeutic benefit in the EGFR-mutant
tumors with high levels of SOX2.

Sex-determining region of Y chromosome-related
high-mobility-group box 2-based immunotherapy

Immunotherapy has become the fourth therapeutic strategy
of cancer. Targeting to CSCs immunotherapy is especially
promising. SOX2 has been showed to be a newly identified
cancer antigen that was found to be expressed in a wide
variety of human CSCs.F"! It has been proved that SOX2
can stimulate the body to produce an effective CTL and
humoral immune response effects.’®¢! It is showed that
nearly 50% of a cohort of NSCLC patients mounted both
CD4+ and CD8+ T-cell responses against SOX2, and
monoclonal gammopathies of undetermined significance
patients frequently mount a humoral and cellular immune
response against SOX2.1 SOX2-based immunotherapy
will be a novel strategy which will effectively kill the CSCs.

A prognostic marker for detection of early recurrence
Expression of SOX2 is often used to imply stemness
and poor prognosis in cancer. In breast cancer, SOX2
expression was independently associated with increased
risk of recurrence (heart rate [HR] = 2.99; P = 0.004)
as well as nodes status (HR = 2.44; P = 0.009) and
T-size> 1 (HR=1.77; P=0.035) according to multivariate
analysis. A meta-analysis of 926 gastric cancer patients
from 9 studies showed that patients with SOX2 expression
had a significantly worse 5-year overall survival compared
with those with low expression (relative risk = 2.38; 95%
confidence interval = 1.10-5.15; P= 0.03).1! What is more,
SOX2 overexpression was closely correlated with tumor T
stage, lymph node metastasis, and TNM stage.

CoNncLUSION

Sex-determining region of Y chromosome-related
high-mobility-group box 2 expression in cancer cells affects
different patterns of malignant cellular behavior, such as
metastasis, tumor cell apoptosis, and tumor cell proliferation,
depending on its functional diversity. Numerous research
findings indicate that SOX2 is a promising tumor biomarker.
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Figure 2: The signaling pathways of sex-determining region of
Y chromosome-related high-mobility-group box 2: WNT/B-catenin
signaling pathway, Hippo signaling pathway, Survivin signaling pathway,
signal transducers and activators of transcription 3 (STAT3) signaling
pathway, Hedgehog signaling pathway. Downstream regulatory
molecules: Nanog, cMyc, STAT3, Nestin, ABCG2, Survivin, Bcl-2,
Oct4, HHAT, CD133.

Expression of SOX2 is often used to imply stemness and
poor prognosis in cancer. Moreover, the aforementioned
studies indicate that SOX2 may be a potential therapeutic
target in the treatment of malignant disease. Targeting signals
upstream or downstream of SOX2 may prove beneficial in
cancer therapy. However, the precise functions of SOX2 in
different cancers are still poorly understood. The signaling
pathways involved are still not very clear [Figure 2]. The
in-depth study of SOX2 features will help understanding
the mechanism of tumor invasion and tumor metastasis, and
help to open up new paths for the prevention and treatment
of malignant tumors.
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