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Abstract

The SOX genes encode a family of more than 20 transcription factors that are critical regulators of
embryogenesis and developmental processes and, when aberrantly expressed, have been shown to
contribute to tumor development and progression in both an oncogenic and tumor suppressive role.
Increasing evidence demonstrates that the SOX proteins play essential roles in multiple cellular
processes that mediate or contribute to oncogenic transformation and tumor progression. In the
context of breast cancer, SOX proteins function both as oncogenes and tumor suppressors and
have been shown to be associated with tumor stage and grade and poor prognosis. Experimental
evidence demonstrates that a subset of SOX proteins regulate critical aspects of breast cancer
biology including cancer stemness and multiple signaling pathways leading to altered cell
proliferation, survival, and tumor development; EMT, cell migration and metastasis; as well as
other tumor associated characteristics. This review will summarize the role of SOX family
members as important mediators of tumorigenesis in breast cancer, with an emphasis on the triple
negative or basal-like subtype of breast cancer, as well as examine the therapeutic potential of
these genes and their downstream targets.
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Introduction

Breast cancer is the most commonly diagnosed form of cancer and the second leading cause
of cancer related deaths among women in the United States (1). Despite significant advances
in diagnostic and treatment strategies, approximately 270,000 new cases are diagnosed and
40,000 deaths reported annually in the United States (1). The difficulties in detecting and
developing effective therapeutic strategies are due, in part, to the underlying genetic and
molecular heterogeneity that give rise to clinical variability that is characteristic of this
disease (2-5). Clinically, breast cancers are classified on the basis of expression of the
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estrogen receptor (ER), progesterone receptor (PR) and HER2 oncogene as ER positive,
HER2 positive or triple negative (/.e. negative for all three markers) breast tumors (TNBC).
Seminal studies by Perou and colleagues, as well as a multitude of other reports, have
demonstrated additional molecular heterogeneity within breast cancer by identifying
molecular subtypes based on gene expression and genomic or proteomic profiling (4, 6-10).
The PAMS50 subtypes, the most prominent of these classification strategies, identified five
molecular subtypes of breast cancer based on gene expression profiling: basal-like, HER2
enriched (HER2E), luminal A, luminal B, and normal-like. These subtypes, in addition to
the more recently identified claudin-low subtype, differ significantly with respect to
underlying biology, as well as in terms of incidence, response to therapy and clinical
outcomes (2, 6, 8). While the luminal subtypes of breast cancer are predominantly estrogen
receptor positive (ER+), basal-like breast cancers, which account for 70-80% of TNBCs, are
largely negative for ER, PR and HER2 expression and are characterized by high rates of cell
proliferation, aggressive clinical behavior and have the worst prognosis. Basal-like tumors
are predominant in African-American women as well as younger women and have the
shortest overall survival rate and highest incidence of relapse (2, 11, 12). Evidence suggests
that at the molecular level, these tumors are defined by a unique set of genetic alterations
leading to altered cellular signaling and, as such, are highly variable in terms of their
chemotherapy sensitivity (3, 9, 13, 14). Further, gene expression profiling studies from The
Cancer Genome Atlas pan-cancer project clearly demonstrate that basal-like breast cancers
are significantly different from non-basal-like tumors, which is consistent with previous
studies that suggest these two classes of tumors may arise from distinct cellular origins
and/or may evolve to mimic specific cellular states (15-17). Thus, TNBC constitute a unique
disease entity that poses a significant clinical challenge as these cancers do not respond to
hormonal therapy and are largely refractive to available targeted agents. As such, cytotoxic
chemotherapy, despite its limited efficacy and toxic side effects, remains the current
standard-of-care treatment for these patients. Due to the complex and heterogeneous nature
of triple-negative or basal-like breast cancers as well as the lack of effective therapies, there
is an urgent need to better understand the molecular and genetic mechanisms altered in these
tumors in order to enable the development of novel and rational therapeutic strategies based
on the underlying biology of the disease. Consistent with these ideas, a number of recent
studies have demonstrated that multiple members of the SOX transcription factor family are
overexpressed and activated in TNBC or basal-like tumors and emerging data provide
evidence that this family of proteins play an essential role in tumor development and
progression. In this review, we will summarize the functions of each SOX family member
and the role it plays in the development and maintenance of breast cancer, with an emphasis
on the basal-like subtype of breast cancer.

Overview of SOX gene and protein classification, structure and function

The proteins of the SRY-related HMG-box (SOX) family were first identified based on their
sequence similarity with the HMG (high mobility group) DNA-binding domain of the SRY
gene (18-20). The HMG-box is a 79-amino acid domain that allows for interaction of the
SOX proteins with the A/ITA/TCAAA/TG motif in the minor groove of the DNA (21, 22).
Since the discovery of the first SOX proteins in the 1990’s, twenty-one SOX family
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members with overlapping and divergent functions have been identified in the vertebrate
genome and shown to affect various cellular functions, often in a context and tissue-specific
manner (23-49). These proteins have been classified into eight groups based on HMG
domain sequence, protein structure and evolutionary relationships as illustrated in Fig. 1.
These groups are: A, B (comprised of B1 and B2 subgroups), C, D, E, F, G and H (18, 50,
51). In humans, members of each of these groups are: SOXA: SRY: SOXB: SOXI, SOX2,
SOX3, SOX14and SOX21; SOXC: SOX4, SOX11and SOX12, SOXD: SOX5, SOX6and
SOX13, SOX E: SOX8, SOX9and SOX10, SOXF: SOX7, SOX17and SOX18 SOXG:
SOX15and SOX20, and SOXH: SOX30.

Although each of these proteins recognize the same consensus sequence, no common set of
target genes have been identified and no single common biological role has been attributed
to the activity of these proteins. While several studies suggest that some functional overlap
may exist between various SOX family members, the specific mechanisms by which these
proteins affect cellular activities has been found to be unique to each SOX class, and in some
cases, each SOX protein. This is not surprising given that the amino acid sequence outside
the HMG box domain, which determines the transcriptional specificity of the SOX proteins
through interaction with various cofactors or transcriptional regulators, show little to no
overlap between groups (18-20). Interestingly, evidence strongly suggests that many SOX
proteins may function in a tissue-specific and context-specific manner, which may further
complicate our understanding of the impact this transcription factor family has on breast
cancer biology (18, 52). In general, strong evidence demonstrates that SOX proteins are
essential for embryonic and mammary gland development. These data further highlight an
important role - both oncogenic and tumor suppressive - for a subset of SOX transcription
factor family members in regulating critical aspects of breast cancer biology including
multiple facets of breast cancer genesis, progression and therapeutic response (19, 20, 53).

Clinical relationship between SOX proteins and breast cancer

Aberrant SOX gene and protein expression in human breast tumors has been observed in
multiple studies and emerging experimental data suggest that altered activation of this gene
family may contribute to key aspects of breast cancer genesis and progression. We have
illustrated the mMRNA expression patterns of SOX family genes by PAMS50 subtype in 1,052
primary tumors and 94 adjacent normal samples from The Cancer Genome Atlas (TCGA)
project (Fig. 2). These analyses clearly show altered expression of several SOX genes
relative to adjacent normal breast tissue and within the context of the PAM50 molecular
subtypes. Interestingly, studies have suggested both an oncogenic and tumor suppressive role
of specific SOX family proteins and expression of these genes or proteins often corresponds
with clinical characteristics including prognosis and metastasis.

Clinically, increased SOX4 expression has been observed in multiple tumor types including
breast, prostate, bladder, hepatocellular carcinoma, medullobastoma and small cell lung
carcinoma (54-60). In breast cancer, both SOX4 mRNA and protein levels have been found
to be highly upregulated compared to adjacent normal tissue (55) (Fig.2). Additional studies
have shown increased SOX4 expression as well as increased DNA amplification frequency
in human breast tumors and demonstrated that this observation is largely specific to basal-
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like or TNBC tumors (54). Consistent with these data, immunohistochemical (IHC),
proteomic and transcriptomic-based analyses, have reported that SOX4 expression and/or
activity corresponds with a poor overall prognosis for breast cancer patients and, in
particular, for basal-like or TNBC patients (55, 61, 62). These studies collectively indicate
that SOX4 expression corresponds with increased tumor aggressiveness.

Additional SOXC proteins have also been shown to be aberrantly overexpressed in TNBC
tumors and associated with poor survival (32, 34). In particular, SOX11, an oncogene with
increased expression in basal-like tumors (Fig. 2), was identified in a large-scale genetic
screen as an essential transcription factor required for proliferation and metastatic
phenotypes in basal-like tumors. However, consistent with observed patterns of expression
in breast tumors, SOX11 was not found to be essential in other breast cancer subtypes (32).
Not surprisingly, SOX11 has been identified as a marker of poor survival in basal-like
tumors. Finally, SOX12, which is the least studied member of the SOXC family has been
shown to be upregulated in breast cancer patient samples (34), although it does not appear to
be uniformly expressed in any specific subtype as illustrated in Fig. 2.

Beyond the SOXC family members, SOXE proteins have also been shown to be consistently
overexpressed in basal-like tumors (Fig. 2) (33, 44, 63). The best studied of these proteins,
SOX10, was found to be enriched in breast cancer patient samples, particularly basal-like
and TNBCs, as well as metastatic TNBCs and secretory carcinomas (23-25, 27, 28, 30, 37,
42-44). These findings appear to be somewhat controversial, as other studies have reported
lower nuclear SOX10expression in TNBCs compared to ER+/luminal and Her2+ tumors
(36). Likewise, analyses of tumor versus peripheral normal tissue showed no differences in
SOX10expression in early stage (pT1 and pT2 or pNO and pN1) tumors (64). However, the
results of these apparently conflicting studies may be more consistent than expected since
percentages of SOX10 positive TNBC and luminal/HER2+ tumors were more comparable if
strong and mildly positive cases were considered as a single class in the former study and if
it is appreciated that samples analyzed in the latter study were early stage tumors (36, 64). It
is clear however, that additional analyses are needed in early and late stage primary samples
as well as metastatic tissue to determine the distribution of SOX10 in these tumors.

SOX8is the least studied member of the SOXE family in mammary tumorigenesis and its
role in breast cancer biology is poorly understood. However, Dong et a/. have demonstrated
that the SOX8gene is amplified in about 1.6% of breast cancer patient samples from their
dataset and that SOX8 DNA copy number status was indicative of poor overall survival in
these patients (63). Finally, while SOX9is the most well characterized member of the SOXE
family, and is predominantly overexpressed in basal-like tumors (Fig.2), no evidence
currently exists demonstrating its prognostic capacity. However, SOX9is oncogenic and, as
outlined in detail in subsequent sections, has been shown to be essential for lineage
commitment, differentiation and EMT during embryonic development as well as being
crucial for oncogenesis through regulation of cancer stem cell population in breast tumors
(65).

The SOXB family of proteins appears to be somewhat dichotomous with respect to their role
in breast cancer genesis. Recent studies have demonstrated that SOX2is overexpressed in
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early stage breast carcinoma and is positively correlated with tumor size (66). SOX2was
found to be more frequently expressed in tumors with basal-like and TNBC phenotypes
compared to other subtypes, has been shown to promote increased cell proliferation and
metastasis, and is associated with shorter overall and disease-free survival (45, 47, 67).
Collectively, these data suggest that SOXZ, like SOXC and SOXE family members,
functions as an oncogene and is a critical determinant of survival in breast cancer patients.
Conversely, SOX1, like SOXF family members SOX7and SOX1 7 discussed below, appears
to be tumor-suppressive and is frequently down regulated in breast cancer cell lines and
patient tissue samples (31).

Members of the SOXF family of proteins demonstrate opposing roles in breast cancer with
SOX18acting as an oncogene whereas SOX7and SOX1 7 function as tumor suppressors

(38, 40, 46). IHC analysis of clinical samples from 122 Invasive Ductal Breast Carcinoma
cases identified a significant positive correlation between SOX18 expression and malignancy
grade (41). Likewise, SOX18 expression was strongly correlated with HER2 status and
increased expression was observed in HER2+ cell lines compared to TNBC or normal breast
epithelial cell lines (41). In contrast to SOX18, expression of SOX7and SOX17is
significantly decreased in breast cancer cell lines and tumor samples due to promoter
hypermethylation and through regulation by microRNAs (38, 40, 46, 68-71). Importantly,
data demonstrate that higher SOX7and SOX17expression corresponds with increased
metastasis free survival (38, 40, 72, 73). In agreement with this, our own analysis of the
TCGA dataset (Fig. 2) indicate that SOX7and SOXI7are largely expressed at lower levels
whereas SOX18is expressed at higher levels in human tumors relative to adjacent normal
tissue. However, the relationship between the expression of these genes and clinical
characteristics remains to be fully elucidated and additional studies will be necessary to fully
establish the association between SOXF gene and/or protein expression and clinical
characteristics in breast cancer.

The impact of SOX proteins on cancer stem cells

The association between the signaling necessary for embryogenesis as well as mammary
gland development and the reactivation or aberrant activation of these networks in breast
cancer and, in particular, TNBC or basal-like breast cancer genesis has been extensively
investigated (74-78). These studies suggest that many solid tumors, including breast cancers,
arise from cancer stem cells (CSCs) which are analogous to blastocyst derived embryonic
stem cells (ESC), have the capacity to self-renew and give rise to heterogeneous, more
differentiated cells with less proliferative capacity (74, 79). Although many findings in the
CSC field remain to be fully elucidated, a number of studies have proposed that these cells
contribute to the phenotypic and functional heterogeneity observed in different cancer types
(80, 81). Moreover, studies have also shown that CSCs play a critical role in the therapeutic
resistance and relapse observed in breast cancer (29, 77, 82) with several different effector
molecules including transcription factors, chromatin remodelers and microRNAs (miRNAS)
implicated in determining the fate of these cells in cancer (83).

SOX proteins are evolutionary conserved transcription factors and are amongst the earliest
class of transcription factors to be expressed during embryogenesis and development (50,
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83, 84). Increasing evidence supports the role of these factors as critical regulators of stem
cell fate with several members of the SOX family including SOX2 (85), SOX4 (86), SOX9
(87), SOX10 (88, 89), and SOX11 (90) contributing to the regulation of pluripotency in
ESCs. As would be expected, a growing body of evidence strongly implicates the
contribution of SOX protein to CSC phenotypes observed in TNBC or basal-like breast
tumors.

SOXZhas been shown to be expressed early during development and is essential in the
generation and maintenance of the pluripotent stem cell population (85, 91, 92). Deletion of
this essential gene /n vivoresults in embryonic lethality and a failure to generate pluripotent
stem cells during development (92, 93). Moreover, SOX2 in combination with OCT4 and
MYC, has been shown to be essential for the formation of induced pluripotent stem cells
(iPSCs) (92-94). Consistent with its role in maintaining the stemness of embryonic stem
cells, SOXZexpression is altered in several tumor types with varying degrees of
differentiation (85, 95-97). Evidence suggests that this gene plays a role in defining the
characteristics of the less-differentiated ‘stem-cell’ phenotype associated with basal-like
breast tumor (45, 47). Notably, Leis ef al. demonstrated that SOX2 expression was induced
in tumor spheres from natural breast tumor cultures and breast carcinoma cell lines (45).
Overexpression and knockdown studies further showed that SOX2was sufficient to induce
tumor sphere formation and tumor initiation /77 vivo indicating that SOX2 plays an important
role in maintaining the cancer stem cell population (45).

More recently, VEGF was found to promote the breast cancer stem cell population by
upregulating MYCand SOXZ2 expression, leading to the induction of tumor sphere
formation and aldehyde dehydrogenase activity in TNBC tumors and cell lines (79).
Moreover, inhibition of SOXZ2expression by TRPS1 (Transcriptional Repressor GATA
Binding Protein 1) resulted in reduced mammosphere formation /n vitro and decreased
tumor burden in cell line-derived xenograft mouse models. These data indicated that
inhibiting SOX2 activity resulted in suppression of cancer stemness and tumorigenic
capacity (98).

As a key regulator of oncogenesis, SOX2 has been shown to activate the expression of, and
be regulated by, a number of microRNAs (miRs). Recently, Deng et al. showed that breast
cancer cell lines transfected with miR-378 acquire stem cell properties with increased cell
survival and colony formation capabilities (99). In this study, the authors clearly showed that
overexpression of miR-378 resulted in increased SOX2 expression through suppression of
vimentin (V/IM), which has been shown to inhibit SOXZ2 expression in breast cancer cells
(99). Finally, studies by Zhang and colleagues demonstrated that ERa signaling can also
regulate breast cancer stem cells by inhibiting the expression of miR-140 which was shown
to target SOX2 (100). Consistent with these findings, SOX2 was shown to promote
tamoxifen resistance in breast cancer cells (82). In this study, Piva and colleagues
demonstrated that tamoxifen-resistant cells had higher levels of SOXZexpression and
increased stem cell characteristics. The investigators further confirmed that overexpression
of SOX2in MCF7 cells was sufficient to promote tamoxifen resistance while ShRNA-
mediated silencing of SOXZ2expression increased sensitivity (82).
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Finally, it has been well documented that obesity in breast cancer is associated with a more
aggressive phenotype and increased breast cancer mortality (101). In a recent study, Picon-
Ruiz et al. demonstrated that the interaction between cancer cells and adipocytes resulted in
increased expression of pro-inflammatory cytokines leading to up-regulation of oncogenic
signaling in breast cancer. Specifically, the authors demonstrated that cytokines expressed
from adipocytes resulted in activation of SRC in cancer cells, which in turn led to increased
expression of stem cell factors SOX2, NANOG, and MYC. Importantly, SOX2 induction of
miR-302b was found to further stimulate MYCand SOXZ2 expression which potentiated
stem-like characteristics of these cells and contributed to accelerated tumor growth and
progression (101).

Comparable to SOX2, SOX4 is essential for development as SOX4 knockout mice show
embryonic lethality at E14 (49). In addition, SOX4 expression is significantly increased in
normal mammary stem cells isolated from cultured mammaospheres suggesting that SOX4 is
involved in maintaining the CSC population in breast cancer (86). Consistent with these
findings, a number of studies have begun to provide insight into the mechanisms by which
SOX4 contributes to the CSC phenotype. It was recently reported that SOX4 overexpression
in MCF10A cells led to an increase in the CD44NCD24!° population of CSCs (62). While
the exact mechanisms by which SOX4 mediated changes in this cell population remains
unclear, it was determined that SOX4 overexpression led to anchorage independent cell
growth. Moreover, investigators determined that overexpression of SOX4in combination
with Ras was sufficient to induce tumor growth in a xenograft mouse model indicating that
SOX4was essential for tumor initiation (62). Further evidence demonstrated that SOX4
expression was increased when MCF7 cells were cultured in 3D collagen scaffolds and this
increase was concordant with the enrichment of stem cells and pro-angiogenic factors (102,
103).

Interestingly, SOX4 s a direct target of the TGF pathway which has been shown to
increase the stem-like properties of TNBC cells following chemotherapy, thereby
contributing to drug resistance and relapse (104). Consistent with this premise, it was
recently reported that in glioma initiating cells (GICs) SOX4 has been shown to mediate and
maintain stemness of these cells through the TGFB-SOX4-SOX2 signaling axis (105).
Although SOX4 has been shown to regulate expression of both SOX2and OCT4, it remains
to be determined if a similar mechanism is involved in maintaining the stemness of breast
cancer cells.

Given its central role in embryogenesis, SOX9has been proposed to function as a stem cell
factor with important roles in maintaining the stem cell population during embryogenesis
and in adult tissues (19, 106, 107). Consistent with this premise, SOX9 has been shown to
function in lineage commitment and in the maintenance of stem cell populations in the hair
follicles of the adult skin as well as neural crest stem cells (19, 106, 107). In the context of
breast cancer, SOX9nuclear expression was found to be significantly enriched in TNBC
tumors compared to ER+ and HER2+ breast cancers (36). Notably, increased SOX9
expression was associated with upregulation of the CD44"MCD24!°W cancer stem cell
phenotype as well as poor prognosis (33, 65).
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A number of recent studies have begun to investigate the mechanisms by which SOX9
mediates the CSC phenotype and to determine the impact of SOX9expression and SOX9
mediated stemness on tumor development. Guo and colleagues recently demonstrated that
exogenous overexpression of S/ugand SOX9was sufficient to convert differentiated luminal
cells into mammary stem cells (MaSCs) with long term mammary gland-reconstituting
ability (87). This study demonstrated that expression of SOX9promoted the tumorigenic and
metastatic seeding abilities of human breast cancer cells, indicating that SOX9 could confer
stem cell-like properties upon tumor cells (87). More recently, the SOX2-SOX9signaling
axis has been shown to regulate the breast cancer stem cell content and resistance to
endocrine therapy. SOX2was shown to regulate the expression of SOX9and CRISPR/Cas
mediated SOX9silencing impaired stem cell self-renewal and abrogated tamoxifen resistant
breast tumor growth (108). Interestingly, lineage tracing experiments in mice demonstrated
that SOX9 expression distinguishes the mammary ER+ and ER- luminal stem cell
populations and predominantly directs the development and maintenance of ER- luminal
cells (109).

Consistent with these findings, SOX9 has been shown to regulate the expression of FXYD3,
an estrogen inducible gene which is a critical player in the regulation of ER+ breast cancer
CSC function (110). FXYD3 has been shown to interact with SRC and ERa to form an
activated complex and mediate non-genomic estrogen signaling. A number of studies have
now demonstrated that the SOX9/FXYD3/SRC axis is required for maintaining the CSC
population which promotes endocrine resistance in ER+ breast cancer (110, 111). Finally,
SOX9 has been shown to promote the metastatic phenotype in response to mTOR inhibition
by transcriptional upregulation of the key mTOR pathway mediators and stem-cell
signatures in breast tumor cells (112).

Similar to SOX2in ER+ breast cancer, the function and activity of SOX9in breast cancer is
also regulated post-transcriptionally by microRNAs. MiR-140, which has been shown to be
activated by ERa and mediate SOX2 expression (100), was shown to regulate basal CSC
self-renewal and tumor formation /n7 vivo primarily through the miR-140/ALDH1/SOX9
axis (113). Restoration of miR-140 levels, either genetically or pharmacologically, by adding
the epigenetic modulator sulforaphane to cell line media or to mouse diet, decreased SOX9
and ALDH1 levels in vitroand reduced tumor growth /n vivo (113).

Similar to other SOXE family members, SOX10expression has also been shown to correlate
with cancer stem cell signatures and phenotypes. This association has been confirmed by
deletion and overexpression studies using both /n vitro cell line-based studies and /n vivo
murine breast cancer models (88, 89, 114, 115). Recent studies have demonstrated that
SOX10is a marker of TNBCs (44, 116, 117). In TNBC tumors, ectopic SOXI0expression
resulted in upregulation of nestin leading to an increase in CD44"MCD24!° cells and
mammosphere formation (30). The observation that SOX10 positive cells exhibit neural
crest features (88), further implicates this gene as playing a role in maintaining the cancer
stem cell phenotype and suggesting that increased SOXZ0expression may be associated
with poor survival, relapse and drug resistance in these tumors.
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Finally, a single study has assessed the impact of SOXZ1 on CSCs in breast tumors (90).
Like SOX4, overexpression of the SOXC family member SOX11 enhanced the stem cell
phenotype. Specifically, it was demonstrated that overexpression of SOXZ1 in mammary
epithelial cells resulted in up-regulation of the CSC marker, aldehyde dehydrogenase as well
as an increase in the percentage of CD44MNCD24!° expressing cancer stem cells. This study
subsequently demonstrated that SOX11 overexpression was associated with increased
mammosphere formation (90).

Overall, it has been well documented that SOX proteins are essential for embryogenesis and
development and emerging data clearly demonstrate the role of these transcription factors in
promoting the cancer stem cell phenotype in breast cancer. However, significant challenges
remain including elucidating the mechanisms by which SOX2, SOX4, SOX9, SOX10and
SOX11 mediate breast cancer stemness, determining the impact these SOX proteins may
have on mammary stem cells and/or breast cancer stem cells, and investigating the
concordance between mechanisms by which SOX proteins regulate the cancer stem cell
phenotype in breast cancer and cancers in other tissue types. It will be essential to determine
whether these mechanisms are specific to each protein or molecular/clinical subtype of
breast cancer and to demonstrate to what degree tumor development, progression and
therapeutic response are mediated through SOX protein activation of these processes.

Regulation of cellular signaling, cell proliferation and tumor growth

As outlined above, the SOX proteins have divergent functions and in terms of tumor
development can act both in an oncogenic or tumor suppressive role. A number of studies
have demonstrated that overexpression of members of the SOX protein family can mediate
oncogenic transformation in breast cancer through modulation of cellular signaling
pathways that lead to increased cell proliferation and survival. While numerous signaling
pathways play an important role in breast cancer development, dysregulation of the TGFB
and Wnt/p-catenin signaling pathways have been implicated as predominant mechanisms by
which SOX-family proteins mediate cellular transformation, although ample evidence
suggests that additional tumorigenic signaling pathways are regulated by these proteins.

In terms of breast cancer, SOX4 is perhaps the best studied of the oncogenic SOX family
members. SOX4 has been shown to be oncogenic as overexpression of SOX4in combination
with Ras can lead to transformation of mammary epithelial cells /n vitro (62) and SOX4 was
reported to be necessary for tumor development driven by PTEN loss in a prostate cancer
mouse model (118). Likewise, several studies have shown that RNAi-mediated silencing of
SOX4 in vitroor in an in vivo mouse model results in GO/G1 cell cycle arrest and leads to
decreased cell proliferation, increased apoptosis and altered cell migration (119, 120).

SOX4is known to regulate several key oncogenic signaling pathways in breast cancer
including TGFpB, Wnt/B-catenin and PI3K. The effect of SOX4 on TGFp largely contributes
to its role in regulating the Epithelial-to-Mesenchymal Transition (EMT), cell migration, and
metastasis; these aspects of SOX4 activity will be discussed in greater detail in subsequent
sections. However, a number of studies have shown that SOX4 and TGFf can create a
regulatory loop where SOX4 regulates and can be regulated by TGFp activity. SOX4
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overexpression in MCF10A cells was shown to increased 7GFf1and TGFB2expression
leading to activation of TGFp signaling as evident by increased phosphorylated SMAD2
levels; silencing of SOX4 had the opposite effect on down-stream TGFp signaling (62).
Likewise, SOX4 was found to bind to and activate down-stream components of the TGFf
pathway, including SMAD2 and SMAD3 in human mammary epithelial cells. In fact, SOX4
was found to co-localize with SMAD3 at multiple sites involved in metastasis, suggesting
that these interactions may contribute to SOX4 mediated migration (121). Interestingly,
TGFp was also shown to stimulate SOX4 expression in murine breast cancer cells. In this
study, Tiwari and colleagues suggest that the observed increase in SOX4 expression in
response to TGFp activity may occur through non-conical (SMAD-independent) signaling,
possibly through Wnt and Notch activity (120). These data collectively suggest that the
interplay between SOX4 and TGF signaling is more complicated than initially believed and
considerably more work will be required to fully delineate this signaling network in breast
cancer.

Beyond TGFp signaling, SOX4 has been implicated in regulating a number of other
oncogenic signaling networks in breast cancer including the PI3 kinase (54) and Wnt/p-
catenin (122) pathways. Previous studies, including those from the TCGA project and our
own work, have reported increased and uniform activation of PI3K signaling in basal-like
tumors (3, 54, 123, 124). This pathway mediates multiple oncogenic processes including
proliferation, metabolism, motility and genome instability (125-128). Our laboratory
performed an integrated proteogenomic analysis of more than 3,000 human breast tumors
and identified increased DNA amplification frequency and mRNA expression of SOX4in
human breast tumors that had high levels of PI3K activity (54). Analysis of proteomic data
from a subset of more than 700 breast tumors further confirmed that SOX4 DNA copy
number status correlated with protein and phosphoprotein expression of down-stream
components of the PI3K/Akt pathway (54). Importantly, of those tumors that showed SOX4
amplification and overexpression, the vast majority were found to be TNBC or basal-like
tumors. Finally, we validated these /n silico findings through in vitro studies that
demonstrated that sSiRNA-mediated silencing of SOX4 resulted in a reduced Akt
phosphorylation in TNBC or basal-like cell lines with high SOX4 expression and high PI3K
activity (54). While the exact mechanisms by which SOX4 mediates PI3K signaling in
TNBC remain to be elucidated, these findings are consistent with previous studies
demonstrating that SOX4 can mediate Akt activity in prostate cancer and lymphoma models
through tissue-specific mechanisms (118, 129). The Wnt signaling pathway has also been
found to play an important role in breast cancer development (130). Previous studies have
shown that B-catenin nuclear localization is significantly enriched in TNBC cell lines and
tumors, indicating activation of Wnt signaling in these cells (119, 131). Interestingly, SOX4
has been found to stabilize and prevent p-catenin from proteosomal degradation by
upregulating expression of casein kinase 2 (CK2) in colon adenocarcinoma cells, suggestive
of a possible mechanism by which SOX4 induces Wnt/B-catenin signaling in the context of
breast cancer (131).

Consistent with the noted overexpression of SOX2in breast cancers, Chen et al. reported
that SOX2 promotes cell proliferation and tumorigenesis. Evidence indicates that SOX2
mediates this effect in breast cancer by accelerating the G1/S transition of the cell cycle, in
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part, through activation of the Wnt/B-catenin pathway (132). This signaling pathway is
critical for several aspects of tumorigenesis and functions by stabilizing and accumulating p-
catenin in the nucleus where it interacts with TCF/LEF transcription factors to activate
downstream target genes (130). It was recently reported that B-catenin interacts with SOX2
and this interaction mediates SOX2 DNA binding and transcriptional activity in breast
cancer cells. Notably, it was observed that SOX2 is required to interact with p-catenin to
mediate Cyclin D1 (CCNDI) expression in order to modulate accelerated G1/S transition
(132). However, additional studies have provided confounding data regarding the impact of
the interaction between SOX2 and B-catenin. Recent studies by Ye et al. demonstrated that
the nuclear interaction between SOX2 and p-catenin only occurred in a subset of breast
cancer cells that are responsive to SOX2 activity. This study showed that in a small
population of SOX2 responsive cells, p-catenin interacted with and suppressed SOX2
activity which led to decreased SOX2-dependent mammosphere formation. RNAi mediated
knockdown of B-catenin could rescue this effect indicating that p-catenin is an essential
determinant of the DNA binding and transcriptional activity of SOX2(133). Clearly
additional studies will be required to fully delineate the differences between these studies
and to elucidate the relationship between SOX2 and Wnt/B-catenin signaling in TNBC or
basal-like breast cancers.

SOX2 has also been shown to control the expression of a number of microRNAs including
miR-181a-5p and miR-30e-5p, both of which regulate SOX2-mediated oncogenesis by
inhibiting the expression of Tumor Suppressor Candidate 3 (TUSC3) protein in breast
cancer cells (134). TUSC3 expression has been shown to be negatively correlated with
SOX2in human breast cancer samples and evidence indicates that upregulation of TUSC3
inhibits cell proliferation as well as the migration potential of breast cancer cells, suggesting
that this may be a significant mechanism by which SOX2 mediates its effect on these
processes (134). While SOX2 can mediate cellular effects by regulating the expression of
multiple miRNA, it was recently shown that miR-101 can inhibit SOXZ2 activity and that
overexpression of miR-101 resulted in inhibition of SOX2-mediated cell growth,
proliferation, and migration and resulted in the induction of apoptosis in breast cancer cell
lines (135).

In addition to increasing evidence delineating the mechanisms by which SOX4 and SOX2
mediate cellular signaling, proliferation and tumor growth, a limited but rapidly expanding
literature has begun to report the impact of several other SOX proteins on these cellular
processes in breast cancer. In many instances, investigators have found that many SOX
family members alter similar cellular functions and, in some instance, utilize similar
mechanisms to affect these processes.

As previously discussed, increased expression of the SOXE family members SOXZ0and
SOX9, was identified in breast cancers, particularly basal-like and TNBCs, as well as in
metastatic TNBCs and secretory carcinomas (23-25, 27, 30, 35, 37, 42-44). SOX10has been
reported to mediate proliferation through the Notch4-PBP-mediated pathway in mouse
derived mammary epithelial cells in culture (136). In basal-like breast cancer, SOX10 has
been shown to upregulate expression of uridine diphosphate-galactose ceramide
galactosyltransferase (UGT®), a key enzyme in sulfatide biosynthesis. This altered signaling
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resulted in activation of the integrin a V@5 signaling which has been shown to promote
tumor progression (137). Likewise, SOX9 has also been implicated as an oncogene and a
key regulator of stemness in TNBC (33). Similar to other SOX proteins, SOX9 expression
can also be regulated by multiple miRNA including miR-133b (138) and miR-511 (139). Of
particular note, miR-133b was shown to modulate SOX9 expression and regulate SOX%
mediated tumorigenesis including the metastatic phenotype (138). Interestingly, Zhoa et al.
demonstrated that miR-511 inhibits breast cancer cell proliferation by targeting the
expression of SOX9and inactivating the PI3K/AKkt signaling pathway (139). Consistent with
these data, SOX9 inhibition mimicked the tumor suppressive function of miR-511 and
reintroduction of SOX9resulted in activation of the PI3K signaling network (139). These
data suggest that SOX9, similar to SOX4, may play an integral role in regulating activation
of PI3K signaling observed in basal-like or TNBC tumors (138, 139).

While few studies have investigated the role of SOX5 in breast cancer, evidence in other
tissue types such as lung adenocarcinoma (140) and osteosarcoma (141) suggests that this
gene may be essential for breast cancer growth and progression, including metastasis. SOX5
was shown to be significantly upregulated in TNBC cell lines and /n vitro studies clearly
demonstrated that this protein regulates breast cancer cell proliferation (39). Similar to other
SOX proteins, SOX5 expression can be regulated by miRNA (miR-146a-5p) in TNBC
clinical specimens and cell lines (142). This appears to be a significant clinical association
and is likely essential for regulating SOX5 activity since miR-146a-5p is expressed at low
levels in TNBC tumors (142). Given that, /n vitro studies demonstrated that overexpression
of miR-146a-5p in breast cancer cell lines inhibit SOX5-induced cell proliferation (142),
these data suggest that the interplay between miR-146a-5p and SOX5 may be essential for
regulating TNBC growth in a subset of these tumors. These findings are consistent with the
previous studies demonstrating that SOX5 can regulate cell proliferation in lung
adenocarcinoma and osteosarcoma by mediating the G1/S cell cycle transition (140, 141).

Finally, a number of studies have demonstrated that SOX11, SOX12, and SOX18are
overexpressed in human breast cancers (32, 34, 90, 143, 144). In each instance, experimental
evidence indicates that these proteins mediate proliferation, migration, invasion and
induction of apoptosis in both /in vitro and /n vivo models of breast cancer. However, a
limited number of studies have investigated oncogenic signaling mechanisms regulated by
these factors in breast cancer suggesting that this will be an area of interest for future studies
given the impact of these factors on transformation and tumorigenesis in other tissue types.

In contrast to the oncogenic properties demonstrated by the majority of the SOX proteins, a
number of studies have determined that members of the SOXF family (SOX7and SOX17)
as well as SOXZ function as tumor suppressors in breast cancer (31, 38, 40, 46, 70, 73).
Interestingly, little has been reported about the mechanisms by which these proteins mediate
their cellular functions in breast cancer. As previously noted, these proteins are significantly
down-regulated in breast cancer cell lines and tissue samples (31, 38, 40, 46, 71, 73).
Consistent with these findings, ectopic overexpression of SOXZ has been shown to prevent
cell proliferation and invasion and induce apoptosis in breast cancer cells (31).
Mechanistically, SOXZ overexpression results in repression of CTNNBI (B-catenin),
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CCND1 (Cyclin D1) and MYC expression, suggesting that the tumor suppressive properties
of SOX1 are mediated in part by regulating the Wnt/p-catenin pathway (31).

Both SOX7and SOX17 of the SOXF family have been shown to be tumor suppressor
proteins. Similar to SOXZ, both proteins have been found to inhibit activity of Wnt/p-
catenin signaling. In breast cancer cell lines and tumor samples, SOX1 7 expression is
epigenetically inactivated by promoter methylation and was found to be negatively
correlated with Wnt/B-catenin signaling (46). SOX1 7 methylation status was associated with
higher tumor grade, lymph node metastasis and shorter disease-free and overall survival
compared to normal SOX17 expression. Treatment with 5-aza-2’-deoxycytidine, a
demethylating agent, restored SOX17expression at both protein and RNA levels. This was
associated with a significant reduction in B-catenin levels in breast cancer cell lines
suggesting that SOX17 promoter hyper-methylation leads to aberrant activation of Wnt/p-
catenin signaling in breast cancer cells (38, 46).

In addition to promoter methylation, SOX1 7 expression is also subject to regulation by
microRNAs. Yang ef al. showed that miR-194-5p promoted cell proliferation, migration and
invasion in TNBC cell lines by suppressing SOXZ1 7 expression and activating the Wnt/f-
catenin signaling pathway (71). While miR-194-5p acts an oncogene, miR-340 was shown
to act as a tumor suppressor by positively regulating the expression of SOX17and
retinoblastoma (Rb) protein and negatively regulating the expression of SOX2in TNBC cell
lines (68).

Like SOX17, ectopic expression of SOX7 decreased cellular proliferation, metastasis and /n
vivo growth, while inhibiting the expression of this gene enhanced these cellular functions
(40, 70). Similar to SOX17, SOX7 can be regulated by over-expression of an oncogenic
microRNA. Shen et al. demonstrated that ectopic expression of miR-492 led to increased
proliferation and the upregulation of CCND1 (Cyclin D1) and MYC through suppression of
SOX7 activity (69).

Collectively these studies suggest that oncogenic and tumor suppressive SOX proteins
activate and repress many of the same signaling pathways in TNBC or basal-like breast
cancer. As such, understanding the interplay between these proteins in tumor development
and progression as well as the mechanisms by which these proteins regulate various
signaling networks will be necessary to clarify SOX-mediated tumorigenesis.

The role of SOX proteins on EMT, migration and metastasis

Epithelial-to-mesenchymal transition (EMT) is a highly complex and orchestrated trans-
differentiation process that takes place during development and tumorigenesis and involves
the depolarization of epithelial cells into a highly invasive mesenchymal phenotype (145).
EMT is commonly associated with progression of malignancy and tumor metastasis,
characterized by invasion and migration of primary tumor cells into distant sites (145).
Consistent with their role in development, SOX family members have been shown to play an
integral role in regulating EMT as well as tumor migration and invasion.
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SOX2 expression has been shown to be significantly upregulated in early stage and
metastatic breast carcinoma (45, 47, 66, 67). Consistent with these studies, a causal link
between high SOX2expression and EMT has also been established in breast cancer.
Overexpression of SOXZ2in breast cancer cells lines was shown to induce EMT by activating
the Wnt/p-catenin signaling pathway (146). Pang et a/. demonstrated that miR-200 targets
SOX2in TNBC cells and inhibits migration, invasion and mammosphere formation in these
cells (147). These investigators further demonstrated that MYC recruits DNMT3A to the
miR-200 promoter in order to promote CpG island hypermethylation and subsequent
repression of miR-200 expression (147). Interestingly, miR-101 was also shown to inhibit
EMT in breast cancer cells by directly targeting SOX2 expression (135).

SOX4 has also been reported to play a critical role in the regulation of EMT in breast cancer
(62, 120, 148). Constitutive SOX4 expression in a mammary epithelial cell line resulted in
the induction of a mesenchymal phenotype associated with a decrease in E-cadherin and p-
catenin and increase in N-cadherin and vimentin protein and mRNA expression (62).
Interestingly, Tiwari et al. demonstrated that SOX4 regulates EMT through epigenetic
reprogramming by targeting Ezh2, part of the Polycomb repressor complex 2. The authors
demonstrated that Ezh2 reprograms the epigenome by promoting H3K27me3 repressive
marks on the promoter region of epithelial genes and silences them to induce EMT (120).
Consistent with these findings, increased SOX4 expression has been shown to be associated
with invasive cancer subtypes and higher tumor grades (62, 120). Furthermore, the increase
in mesenchymal markers following SOX4 overexpression was dependent on activation of the
TGFp pathway mediated by SOX4 (62, 120, 148). Activation of TGFp signaling is a
common event in human cancer progression and acts as major inducer of EMT (149). As we
have discussed previously, expression of SOX4 also appears to be regulated in response to
TGFp, suggesting an auto-regulatory loop may dictate the expression and activation of these
genes and signaling pathways in breast cancer (62, 120). While the association between
SOX4 and TGFp appears to be well established, additional studies are clearly required to
fully delineate the mechanisms by which each signaling pathway regulates the other and the
impact of these relationships in breast cancer.

Consistent with its role in regulating EMT, SOX4 has been shown to enhance tumor invasion
in multiple tissue types including breast, ovarian, prostate, melanoma, hepatocellular
carcinoma and lung cancer through tissue-specific mechanisms (57, 118, 150-154). In breast
cancer, Tavazoie et al. demonstrated that ShRNA-mediated inhibition of SOX4in a highly
metastatic derivative of MDA-MB-231 (MDA-LM2) cells resulted in decreased lung
metastasis in xenograft mouse models (151). More recently, Lee ef al. showed that SOX4
activated TMEM?Z gene expression in MDA-LM2 cells which promoted tumor cell migration
and invasion (155). In agreement with these findings, Tiwari and colleagues demonstrated
that depletion of SOX4in a murine breast cancer cell line derived tumor model resulted in
loss of tumor metastasis. In this study, investigators showed that ablation of SOX4in Py2T
cell lines resulted in decreased primary tumor growth and metastatic spread to the axillary
and inguinal lymph nodes, lungs and livers of nude mice following subcutaneous
transplantation (120). These studies clearly indicate the essentiality of SOX4in regulating
EMT and promoting tumor invasion in breast cancer.
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SOX4 mediated induction of EMT in breast cancer cells is also subjected to regulation by
microRNAs. SOX4 is a direct target of miR-93, which downregulates proliferation and
differentiation in breast cancer cells, as well as normal breast stem cells isolated from
reduction surgeries (156). Ectopic expression of miR-93 in breast cancer cells reversed the
process of EMT by inducing the mesenchymal-to-epithelial transition (MET) associated
with the loss of TGFp signaling and decrease in cancer stem cell population as well as a
reduction in /n vivo tumor development and metastasis (156). miR-212/miR-132,
miR-338-3p and miR-320, direct targets of SOX4, have been shown to mediate tumor
suppressive effects as overexpression of these miRs resulted in decreased migration and
invasion while inhibiting their expression induced these SOX4-driven phenotypes (157-159).

Beyond direct regulation of SOX4-mediated EMT and cell migration by miRNAs, additional
studies have indicated that SOX4 can be regulated by androgen receptor and CXCL1 activity
(160, 161). These studies indicate that androgen receptor activity repressed the expression of
the long non-coding RNA, ARNILA which has been shown to correlate with EMT, poor
progression-free survival, and metastasis (161). Importantly, it was reported that ARN/LA
could bind to miR-204 which resulted in suppression of miR-204 activity and led to rescue
of SOX4 expression in TNBC cells lines. Furthermore, ARN/LA-mediated rescue of SOX4
expression promoted invasion and metastasis /n vitro as well as in vivo (161). Likewise,
CXCL1, a cytokine secreted by tumor associated macrophages, which is highly expressed in
breast cancer lung metastases, was shown to upregulate SOX4 mRNA and protein
expression levels in tumor epithelial cells (160). In this study, investigators demonstrated
that CXCL1 treatment led to increased enrichment of NFxB at the SOX4 promoter resulting
in increased SOX4 expression. Consistent with these findings, inhibiting the NFxB pathway
using BAY-11-7082 was found to repress SOX4 activity and inhibit the EMT process
modulated by CXCL1 (160).

As previously discussed, SOX5 expression has been reported to be significantly upregulated
in TNBC cell lines and shown to mediate breast cancer cell proliferation, migration and
invasion through induction of EMT (39). Recent studies have indicated that SOX5 is
significantly enriched on the 7TW/ST1 promoter, thereby directly regulating its expression.
Importantly, lentiviral mediated silencing of SOX5 expression inhibited SOX5-mediated
EMT, thereby suppressing the oncogenic activity of the SOX5 protein (39). Interestingly, a
number of subsequent studies have indicated that SOX5 can similarly mediate EMT and cell
migration through TGFp activity and/or Twist or Snail expression in lung, prostate, pituitary
and hepatocellular carcinoma (140, 162-164). Additional studies suggest that changes in
specific miRNA, including miR-139-5p, miR-132, miR-15a, and miR-16 may regulate
SOX5expression and SOX5-mediated EMT (163, 165). These data suggest that SOX5 and
SOX5-mediated EMT may be similarly regulated in breast cancer or TNBC; however
additional studies will be essential to delineate these regulatory mechanisms.

Finally, a number of studies have implicated additional oncogenic SOX proteins including
SOX9 (138, 139), SOX10(88, 89), SOX11(32) and SOX12(34) in the regulation of EMT,
cell migration and metastasis; however additional insight into the mechanism(s) by which
these proteins regulate these processes in breast cancer is needed. SOX9 has been reported to
regulate EMT in TNBC cell lines and tissue samples (138, 139). While the exact

J Mammary Gland Biol Neoplasia. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mehta et al.

Page 16

mechanisms by which SOX9 mediates these processes remains unclear, SOX9activity has
been shown to be regulated by miR-206 as well as miR-113b and miR-511 (138, 139, 166).
Multiple studies have indicated that loss of these miRNAs leads to increased SOX9
expression and results in increased invasion and migration. Limited studies do suggest that
SOX9 may partially mediate this effect on cancer cells via the PI3K/Akt signaling network
(138, 139); however additional studies will be required to fully delineate these mechanisms.
Similarly, SOXZ0was found to be highly expressed in fetal mammary stem cells (fMaSCs),
which closely resemble the MaSC-like cancer cells in breast tumors, and SOXZ0
overexpression in primary organoids resulted in activation of EMT and migration of cells
away from the primary organoids, suggesting that SOX10 may be important for tumor cell
spread (75, 88, 89). Consistent with this idea, ectopic expression of SOXI0was shown to
induce vimentin, Snail2, and Twist1 expression which resulted in increased EMT in breast
cancer models (88). Lastly, SOX12 was also found to regulate the migratory and invasive
phenotypes in breast cancer cell line studies, although the mechanism remains unclear (34).

In summary, the evidence clearly indicates the important role of SOX family members in
promoting breast cancer cell motility, including changes in cell morphology, migration and
invasion. SOX4, SOX2 and SOX5 have been the best studied of these proteins as evidence is
available of the mechanisms by which they mediate phenotypic changes to enhance breast
cancer metastasis and TGFp and Wnt/p-catenin signaling pathways seems to be the
predominant signaling pathways through which SOX proteins mediate EMT. Further studies
are needed to better understand these mechanisms as well as elucidate the role of other SOX
family members in promoting EMT and metastasis.

Therapeutic potential of Sox signaling in breast cancer

Given the noted oncogenic role of SOX family proteins in development and breast cancer
tumorigenesis, these genes, or the down-stream signaling pathways activated by these genes,
represent potential therapeutic targets for breast cancer treatment. In fact, a number of
investigators have begun to address these questions. Compounds that are specific for SOX2
and SOX18 inhibition have been identified and shown to have potential as therapeutic
agents.

A high-throughput fluorescence anisotropy screen identified a Dawson polyoxometalates
(POMs) as a specific inhibitor of SOX2. This compound, KgP2M0130g2, was found to be
highly selective to the DNA binding domain of SOX2 and related HMG-containing proteins
at a nanomolar concentration. Importantly, experimental evidence demonstrated that this
compound inhibited the ability of SOX2 to bind DNA. While additional studies would be
required to alleviate concerns regarding selectivity, the potential clearly exists for this
compound or its subsequent derivatives to be utilized as a framework for the development of
future anticancer therapeutics targeting the similar DNA binding domain of transcription
factors of the SOX protein family (167).

Furthermore, Overman et al. used a combination of genomic, proteomic and biophysical
methods to identify a panel of protein—protein interactions that may be essential for
regulating SOX18 activity. The investigators utilized a natural small molecule inhibitor,

J Mammary Gland Biol Neoplasia. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mehta et al.

Page 17

Sm4, to specifically target these interactions (26). Pharmacological inhibition of SOX18
using Sm4 significantly increased the overall survival of BALB/c mice that expressed
tumors derived from aggressive and highly metastatic 4T1.2 mammary carcinoma cells (26).
Although this compound had no effect on the size of the primary tumor, a significant
reduction in the number of lung metastases was observed. This effect was attributed to the
reduction in tumor induced angiogenesis as demonstrated by an overall reduction in the
volume of blood vessels in the tumors of Sm4 treated animals (26). Consistent with these
findings, it was recently reported that SOX4 mediates angiogenesis in breast cancer by
directly regulating expression of endothelin-1 (ET-1) (61). Given that additional SOX
proteins have been shown to play a role in regulating angiogenesis in lung adenocarcinoma
(168) and melanoma (169), these results suggest that SOX-mediated angiogenesis, either
directly or indirectly, may represent a potential therapeutic opportunity. Future research into
understanding the interacting partners of SOX proteins as well as the mechanisms of SOX-
mediated angiogenesis has the potential to aid in the identification of novel therapeutic
targets to inhibit SOX protein activity and/or SOX-mediated angiogenesis.

Dynamic epigenetic regulation by DNA methylation and histone modification by chromatin
remodeling proteins results in an altered and reversible epigenetic landscape. Emerging
evidence indicates that cancer cells can become addicted to the aberrantly developed
epigenetic landscape in a manner similar to the dependency of tumor cells on specific
oncogenes (/.e. oncogene addiction). These data suggest that cancer cells that are dependent
on this altered epigenomic landscape would be more sensitive than normal cells to
epigenetic therapy. However, inhibitors targeting DNA methyltransferase (DNMT) enzymes
involved in the silencing of tumor suppressive SOX proteins, SOX7 and SOX17, have shown
limited promise in hematological malignancies due to their lack of specificity as well as
cytotoxicity resulting from global hypermethylation (170, 171). Moreover, 3-
deazaneplanocin A (DZNep), a drug targeting EZH2 which is directly regulated by SOX4 in
breast cancer, shows limited specificity towards EZH2 and inactivates multiple histone
methyltransferases resulting in aberrant reactivation of the developmental genes in cancer
cells (172, 173). Thus, although epigenetic therapies hold great promise for development of
anticancer therapies, additional studies are required to address concerns regarding specificity
and cytotoxicity that limit the development of rationally defined epigenetic therapies for
breast tumors.

Given these results, there is a clear potential to develop novels strategies to regulate these
genes directly or indirectly through dependent co-factors or down-stream targets including
TGFp and PI13K-family targeting drugs. While many of the SOX proteins have been shown
to be essential for cell survival, tumor cell proliferation and growth, as well as a multitude of
other tumor characteristics, a number of limitations must be recognized in considering these
genes as potential drug targets. To begin, with few exceptions, transcription factors are
notoriously difficult to inhibit therapeutically. While alternative strategies may exist, as we
have outlined above, developing therapeutic approaches incorporating the inhibition of SOX
proteins may prove to be difficult beyond technical challenges. Most notably, as we have
outlined in this review, a number of functional redundancies exist between different SOX
family members which may limit the ability to develop compounds that directly target any
given SOX protein or SOX family of proteins. However, given the role that these proteins
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play in regulating tumor development and progression, additional studies have the potential
to uncover novel approaches to directly or indirectly inhibit the impact of these proteins in
breast cancer.

Concluding Remarks

It is clear that substantial progress has been made in the past few years in illuminating the
role SOX proteins play in regulating important aspects of breast cancer genesis, stemness,
development and therapeutic resistance (Fig. 3 & Table 1). Although SOX proteins are
known to regulate other important hallmarks of cancer including evasion of growth
suppressors (174, 175), immune modulation (176), deregulation of cellular energetics (177)
and inflammatory processes (178) in other tissue types, additional studies are needed to
assess the role of SOX proteins in regulation of these phenotypic hallmarks in breast cancer
(Fig. 3). It is also apparent from the literature that the activating or repressing functions of
SOX proteins in the developmental processes is highly dependent on their interacting protein
partners, either transcription factors or epigenetic machinery and thus demonstrate high
levels of tissue specificity [extensively reviewed in (18, 20)]. However, with respect to its
function in breast cancer, it is still unclear if any of the SOX protein functional domains,
lying outside the HMG DNA binding domains have any crucial roles in regulating key
aspects of mammary tumorigenesis. Future research will provide more insight into the
interactome and gene regulatory networks of SOX proteins that operate in the context of
breast cancer. These findings will no doubt aid in the development of novel treatment
strategies for this highly heterogeneous disease with limited therapeutic options.
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Figure 1. Groups and phylogenetic tree of human SOX proteins.
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A rooted phylogenetic neighbor-joining tree for the human SOX full-length proteins was
performed based on conserved amino acid sequences during evolution and divergence. To

determine the robustness of the phylogeny relationship, 1000 bootstrap replicates were
carried out. Each (%) bootstrap value is shown at the branch points.
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Figure 2. Analysis of SOX family member mRNA expression by breast cancer subtype.
Patterns of SOX gene expression were determined for 1,052 human breast tumors and 94

adjacent normal samples from the TCGA dataset; red indicates high mRNA expression and
blue depicts low mRNA levels. Samples are organized by PAM50 molecular subtype: Basal-
like (n=185), HER2 Enriched (HERZ2E; n=79), Luminal A (LumA; n=545), Luminal B
(LumB; n=210) and Normal-like (n=33) tumors. SRY, SOX1, SOX3, SOX14, SOX20 and
SOX21 were excluded from this analysis due to missing or insufficient data (expression
values present in >80% of samples).
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Figure 3. Schematic overview of phenotypic functionsrCegulated by SOX proteinsin breast
cancer.

The hallmarks of cancer regulated by SOX proteins in breast cancer are represented. The
hallmarks that are specifically shown to be regulated by SOX proteins are highlighted in
blue while those that have not been reported to be affected by SOX proteins are indicated in
gray. Individual SOX proteins that have been reported to activate (red) or repress (blue) each
of these hallmarks in the context of breast cancer are indicated.
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