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The transforming growth factor � , Hedgehog, Notch,
and Wnt signaling pathways all play critical roles in
the development and progression of prostate cancer.
It is becoming increasingly apparent that these path-
ways may intersect with developmentally important
transcription factors such as the sex-determining re-
gion Y-box 4 (SOX4), homeobox C6, enhancer of
zeste 2, and ETS-related gene, which are up-regulated
in prostate cancers. For example, identification of the
downstream targets of SOX4 and homeobox C6 sug-
gests that these factors may cooperate to activate the
Notch pathway and the PI3K/AKT pathway, possibly
in response to Wnt signals. PI3K/AKT activation likely
occurs indirectly via up-regulation of growth factor
receptors, while Notch activation is secondary to up-
regulation of Notch pathway components. In addi-
tion, SOX4 may affect terminal differentiation via reg-
ulation of other transcription factors such as NKX3.1
and MLL, and regulation of components of the mi-
croRNA pathway such as Dicer and Argonaute 1. The
evidence supporting activation of these pathways in
prostate cancer progression suggests that combina-
tions of compounds targeting them may be of benefit
to patients with aggressive, metastatic disease. (Am J
Pathol 2010, 176:518–527; DOI: 10.2353/ajpath.2010.090657)

Prostate cancer is the most prevalent noncutaneous ma-
lignancy in American men, with estimates for 2009 at over
192,000 new cases and 27,000 deaths.1 The majority of
patients with prostate cancer are clinically asymptomatic
with early-stage, organ-confined disease, and in fact,
more than 80% of men who reach the age of 80 develop

this less aggressive type of prostate cancer. However, a
subpopulation of patients with prostate cancer progress
to highly invasive, androgen-independent metastatic dis-
ease, which is commonly fatal.

In males, the prostate develops in the presence of
androgens from obligatory interactions between the uro-
genital sinus epithelium and the urogenital sinus mesen-
chyme.2 Several key developmental pathways, including
the androgen receptor (AR),2 fibroblast growth factor
(FGF),2 transforming growth factor � (TGF�),3 Hedge-
hog,4 Notch,5 and Wnt pathways,6 play critical roles in
normal prostate development as well as the progression
of prostate cancer. Both processes depend on key para-
crine effects mediated by stromal-epithelial interactions.
For example, FGF7 and FGF10 are secreted by the
stroma, while prostate epithelia express the FGF receptor
2 (FGF2R).7 Conversely, prostate epithelia express sonic
hedgehog ligand, while the Patched receptor is ex-
pressed mainly in the stroma.8 Both FGF and Hedgehog
signaling are important for prostatic growth, ductal
branching, and differentiation (reviewed in Cunha et al2).
Notch signaling is also essential for prostate epithelial
proliferation9 and stromal cell survival.10
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Many key components of the Hedgehog, TGF�, and
Wnt pathways are up-regulated in embryonic and adult
prostate stem cells relative to differentiated prostate ep-
ithelial cells.11 Comparison of the expression signatures
of fetal and adult prostate stem cells to signatures ob-
served in prostate cancer suggests that these malignan-
cies may activate self-renewal properties via these de-
velopmental pathways.11 The potential dependence of
prostate cancers on these pathways also suggests that
they are ripe for therapeutic intervention, and many
teams are actively pursuing novel compounds that target
the Notch, Wnt, and Hedgehog pathways.12–14

A comprehensive review of the roles of these crucial
developmental pathways in prostate cancer is beyond
the scope of this review. A short summary of Notch and
Wnt signaling in prostate cancer is given below, together
with their relationship to key transcriptional regulators in
this disease.

The Notch Pathway in Prostate Cancer

The Notch pathway is an evolutionarily conserved local
cell signaling pathway that regulates a host of cellular
processes, including cell fate specification, differentia-
tion, proliferation, apoptosis, adhesion, epithelial-mesen-
chymal transition (EMT), migration, and angiogenesis (re-
viewed in Bolos et al15). In Notch-mediated neoplasias,
Notch can act as an oncogene or as a tumor suppressor,
depending on the cellular context and differences in the
strength and timing of Notch signals. The Notch receptor
is synthesized in the rough endoplasmic reticulum as a
single polypeptide precursor and proteolytically cleaved
in the trans-golgi network by the furin protease, creating
a heterodimeric mature receptor that comprises nonco-
valently associated extracellular and transmembrane
subunits (Figure 1). This assembly travels to the cell
surface where it interacts with specific transmembrane
ligands, such as jagged and �-like 1 (DLL1).16 Following
ligand activation and further proteolytic cleavage by
the ADAM metallopeptidase proteases (ADAM10 or
ADAM17) and �-secretase complex containing preseni-
lin-1 protease, the Notch intracellular domain is released
and translocates to the nucleus where it regulates gene
expression, converting repressor complexes into activa-
tor complexes (Figure 1). Notch downstream target
genes include the hairy-enhancer of split genes (HES1,
HES2, and HEY1) among others.

Notch signaling is a key cellular regulator during nor-
mal development of many organs, including the prostate9

and bone.17 During prostate differentiation, Notch signal-
ing is absent in stem cells, and highest in the intermedi-
ate cells undergoing proliferation, before terminal differ-
entiation.18 Notch signaling is also activated in osteoblast
precursor cells17 and prevents osteoblast differentia-
tion.19 Inhibition of Notch signaling is effective at treating
mouse models of medulloblastomas that are driven by
the Sonic Hedgehog-Smoothened pathway.20 This is par-
ticularly relevant to prostate cancer because Hedgehog
signaling is activated in advanced prostate cancer21 and
targeting of Hedgehog signals inhibits proliferation.22

Cross talk between the Notch and Hedgehog pathways
includes Notch regulation of the Gli effectors of the
Hedgehog pathway and cooperation between Notch and
Hedgehog to activate the Snail family of transcription
factors important for mediating the EMT process.23

In the prostate, Notch signaling is required for normal
prostate epithelial proliferation and differentiation.9 Nor-
mal, primary prostate epithelial cells grown at low cell
density without cell-cell contact still contain cleaved
Notch receptor, suggesting that prostate progenitor cells
may be competent for cell-autonomous Notch1 signal-
ing.24 In addition, Notch signaling is active in intermedi-
ate, transit-amplifying prostate cells undergoing rapid
proliferation, and Notch inhibition reduces proliferation of
primary prostate epithelial cells,18 suggesting that active
Notch signaling is a key feature of prostate cancer. Notch
signaling is critical for prostate regeneration following
castration and hormone replacement, and components
of the Notch pathway are important regulators of prostate
cancer progression, metastasis, and the EMT.5

Wnt Signaling in Prostate Cancer

The Wnt pathway plays critical roles in the development
of many forms of cancer, having been most thoroughly
studied in colon and breast cancer. Ectopic expression
of Wnt ligands can induce transformation of breast epi-
thelial cells through a Notch-dependent mechanism that
requires expression of Notch ligands such as DLL1.25 On
binding of Wnt ligands to Frizzled-LRP6 co-receptors,26

Figure 1. Schematic of the Notch pathway. The Notch receptor is synthe-
sized in the rough endoplasmic reticulum as a single polypeptide precursor
and proteolytically cleaved in the trans-golgi network by the furin protease,
creating a heterodimeric mature receptor that comprises noncovalently as-
sociated extracellular and transmembrane subunits. This assembly travels to
the cell surface where it interacts with specific transmembrane ligands, such
as jagged and �-like 1. Notch activation can be repressed by BMP7 via an
unknown mechanism. Following ligand activation and further proteolytic
cleavage by ADAM10 and presenilin-1 (PSEN1) proteases, the Notch intra-
cellular domain (NICD) is released and translocates to the nucleus where it
regulates gene expression, converting CSL (C-promoter binding factor
(CBF-1), suppressor of hairless (Su(H)), lin-12 and glp-1 (Lag-1)) repres-
sor complexes into activator complexes, and inducing expression of the
hairy-enhancer of split genes (eg, HES2 and HEY1).
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the adenomatous polyposis coli (APC)/GSK3� complex
is inhibited and �-catenin becomes stabilized, translo-
cates to the nucleus, and activates expression of down-
stream target genes such as c-myc27 and cyclin D.28

Mutations in the adenomatous polyposis coli gene have
been identified as initiating events in familial polyposis
coli patients and sporadic colorectal tumors.29

Although less studied, Wnt signaling also appears to
be relevant to aggressive prostate cancer and bone me-
tastases. The canonical Wnt ligand Wnt3a can enhance
activity of the androgen receptor and growth of LNCaP
prostate cancer cells,30 and suppression of Wnt signal-
ing can inhibit proliferation of PC-3 and DU145 cell
lines.31 The GSK3� kinase can inhibit activity of AR,32

and AR interacts with �-catenin in vivo in castrate-resis-
tant tumors, but not in noncastrated mice.33 Expression
of one negative regulator of Wnt signaling, the dickkopf
homolog 1 (DKK1), is reduced in bone metastases and
may play a role in the osteoblastic properties of prostate
cancer metastases.34 Blocking Wnt activity via stable
expression of DKK1 converts osteoblastic C4-2B pros-
tate cancer cells to a highly osteolytic tumor.35 Inhibition
of Wnt signaling by using Wnt inhibitory factor 1 (WIF1)
reduces Akt kinase activity and induces chemosensitivity
in prostate cancer cells with mutations in the PTEN tumor
suppressor.36 In our own expression profiling of human
prostate cancer specimens, we observed strongly re-
duced expression of WIF1 that is highly correlated with
Gleason score.37 Many negative regulators of the Wnt
pathway are shut down during cancer progression via
epigenetic silencing and DNA methylation such as se-
creted frizzled-related protein 1 (SFRP1) and DKK3.38

Loss of DKK3 expression disrupts acinar morphogen-
esis of RWPE-1 cells in 3D culture models and en-
hances proliferation.39 SFRP1 inhibits activation of AR
in LNCaP cells via a �-catenin-independent mecha-
nism.40 Expression levels of WIF1, DKK3, SFRP1, and
SFRP2 are all decreased in primary and metastatic
prostate cancers.41– 43

Developmental Transcription Factors in
Prostate Cancer

Several groups have undertaken expression profiling of
prostate cancers37,41,44–49 and identified genes associ-
ated with Gleason grade and prostate cancer progres-
sion (reviewed in Hughes et al50). Among the many
interesting findings are that several transcription fac-
tors that regulate normal embryonic development are
associated with prostate cancer progression, including
enhancer of zeste 2 (EZH2),51 E. Twenty six (ETS)-
family transcription factors,52 homeobox C6 (HOXC6),53

and sex-determining region Y-box 4 (SOX4).37 In fact,
SOX4 overexpression has been detected by microarray
analysis in no fewer than seven independent studies of
PCa.37,41,44–49 Overexpression of ETS-family transcrip-
tion factors ETS-related gene (ERG) and ETS-variant 1
(ETV-1) are driven by chromosomal translocations that
fuse the androgen-responsive transmembrane protease,
serine 2 (TMPRSS2) promoter to the first exon of these

ETS-family genes (reviewed in Kumar-Sinha et al54).
Transmembrane protease, serine 2:ERG fusion trans-
locations appear to be a critical genetic event early in
the transition from premalignant high-grade prostatic
intraepithelial neoplasia to malignant prostate adeno-
carcinoma and cooperate with PTEN loss to drive can-
cer progression.55 In silico analysis of prostate cancers
that overexpress ERG has shown that up-regulation of
Wnt pathway components such as WNT1, adenomatous
polyposis coli, AXIN1, and TLE156 is associated with ERG
levels. EZH2 is elevated in many cancers57 and is re-
sponsible for epigenetic silencing of genes via genera-
tion of histone 3 lysine 27 trimethylation marks.58 EZH2,
along with several other proteins, is a component of the
polycomb complex that is responsible for silencing many
developmentally regulated genes,59 including homeobox
transcription factors such as HOXC6.60 Increased EZH2
expression is observed later during the disease process
during progression to metastatic prostate cancer51 and
an EZH2 polycomb repression signature can predict pa-
tient outcome in prostate cancer.61

We analyzed the conserved transcription factor bind-
ing sites of genes that were overexpressed in prostate
cancers by using the CONFAC software that we previ-
ously developed.62 CONFAC analysis enables high-
throughput analysis of transcription factor binding sites
that are evolutionarily conserved between human and
mouse genomes for large sets of co-expressed genes
that may be co-regulated. Analysis of the promoters of
these genes indicated that they were significantly en-
riched in homeobox transcription factor binding sites.
The fact that HOXC6 was overexpressed in prostate can-
cers and that its expression was strongly correlated with
Gleason score led us to further investigate its role in
prostate cancer.

The HOXC6 Network

HOX transcription factors are developmentally regulated
genes that play crucial roles in tissue patterning.63 How-
ever, HOX genes are also expressed in many adult tis-
sues, serving in a variety of roles that ultimately impact
cellular differentiation.64 HOX genes are dysregulated in
many human cancers including leukemias,65 and solid
tumors of the breast, colon, lung, kidney, ovary, and
prostate.66 HOXC6 is located on 12q13.3 in humans, and
is a relatively small transcription factor that is expressed
as two alternatively spliced isoforms 18 kDa and 27 kDa
in size. HOXC6 is expressed in osteosarcomas,67 medul-
loblastomas,68 as well as carcinomas of the breast,69

lung,70 and prostate,53 and is overexpressed in the LNCaP
prostate cancer cell line.71 In a recent prostate cancer
study, HOXC6 was identified as the gene most strongly
correlated with increasing Gleason grade out of a newly
identified 16-gene signature.72

We have previously shown that small-interfering RNA
knockdown of HOXC6 expression induces apoptosis,
and overexpression of HOXC6 results in increased pro-
liferation and decreased apoptosis in LNCaP cells.53 We
also identified potential downstream targets of HOXC6 by
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observing gene expression changes after either increas-
ing or knocking down HOXC6 expression in LNCaP pros-
tate cancer cells. We identified T-cell receptor alternate
reading frame protein, insulin-like growth factor binding
protein 3 (IGFBP3), and neutral endopeptidase/mem-
brane metallo-endopeptidase as biologically relevant
HOXC6 target genes that may influence cell survival and
proliferation.

More recently, we have published a comprehensive
transcriptional network of genes under the direct control
of HOXC6 in prostate cancer.73 To globally identify the
direct targets of HOXC6, we performed genome-wide
localization chromatin-immunoprecipitation followed by
microarray hybridization (ChIP-chip) studies on HOXC6
by using the NimbleGen (Reykjavik, Iceland) 25K pro-
moter array set and identified 468 genes that are bound
by HOXC6 in living cells involved in functions such as cell
proliferation, development, and apoptosis.73 We identi-
fied bone morphogenic protein 7 (BMP7), FGFR2, and
platelet-derived growth factor receptor � (PDGFRA),
among others, as in vivo direct regulatory targets of
HOXC6 in prostate tissue. We went on to show that BMP7
could induce apoptosis in prostate cancer cells, possibly
via inhibition of the Notch pathway. We further showed
that inhibition of PDGFRA reduces proliferation of pros-
tate cancer cells, and that overexpression of HOXC6 can
overcome the effects of PDGFRA inhibition.73

Metastatic prostate cancer is characterized by a
strong predisposition for metastasis to the bone.74 It is
therefore of interest that HOXC6 directly represses
BMP7 expression, a ligand that has osteogenic prop-
erties that can produce ectopic bone formation.75 Im-
portantly, BMP7 has recently been shown to inhibit
growth of prostate cancer cells in mouse bone suggest-
ing it plays a role in inhibiting prostate cancer bone
metastases.76 In addition, BMP7 also appears to coun-
teract TGF� signaling and inhibit bone metastases of
breast cancer cells.77 During normal development, BMP7
represses Notch signaling and HEY1 expression.78

The PI3K/Akt pro-proliferative and survival pathway is
influenced by several HOXC6 direct targets such as
BMP7,78 IGFBP3,79 and PDGFRA80 (Figure 2), suggest-
ing that one way HOXC6 exerts its pro-survival function is
through the PI3K/Akt pathway. HOXC6 activates expres-

sion of FGFR2, which is normally expressed in basal
epithelial cells of the prostate and binds multiple different
FGF ligands,81 supporting the hypothesis that HOXC6
contributes to an undifferentiated cell phenotype.

HOXC6 regulates genes with both oncogenic and tu-
mor suppressor activities as well as several genes that
are important for prostate branching morphogenesis and
metastasis to the bone microenvironment. Interestingly,
tumor suppressive genes that were activated by HOXC6
in expression analysis of HOXC6 knockout mice included
the hyaluronic acid receptor CD44 and four inhibitors of
Wnt signaling: WIF1; DKK3; SFRP1; and SFRP2. Impor-
tantly, although HOXC6 activates expression of these
genes in normal mouse prostates, all of these genes are
silenced by hypermethylation in tumors and cancer cell
lines.38,82,83 This hypermethylation may prevent HOXC6
activation of their expression in prostate cancer tissue.

Taken together, these data suggest a model in which
HOXC6 is a critical regulator of normal prostate develop-
ment, directly controlling expression of BMP7, FGFR2,
and PDGFRA, indirectly inhibiting Wnt signals and acti-
vating Notch signals (Figure 3). However, in prostate
cancers, epigenetic silencing of Wnt-suppressing target
genes may enable HOXC6 to activate Notch signals with-
out interfering with Wnt signaling.

The SOX4 Network

The SOX4 transcription factor is a developmental tran-
scription factor that regulates progenitor development
and Wnt signaling.84,85 SOX4 is a 47 kDa protein that
contains a highly conserved high-mobility group DNA-
binding domain related to the TCF/LEF family of tran-
scription factors that play important roles in the Wnt
pathway. Although the role of SOX4 in the Wnt pathway
is still unclear, SOX4 can interact directly with �-catenin
and cooperate with �-catenin to activate gene expres-
sion.85,86 While SOX4 is not a stem cell marker, as is its
relative SOX2,87 it is expressed in intestinal stem cells88

and likely plays a role in the early differentiation and

Figure 2. Model of the effects of the SOX4 and HOXC6 transcriptional
networks on PI3K-AKT pathway activation in prostate cancer. Genes up-
regulated by SOX4 or HOXC6 are shown in red, and repression targets are
shown in green. Yellow indicates activation.

Figure 3. Model of the effects of SOX4 and HOXC6 on Notch pathway
activation and metastasis. Genes up-regulated by SOX4 or HOXC6 are shown
in red, and repression targets are shown in green. Yellow indicates activation.
PSEN1 � presenilin-1; TNC � tenascin C.
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expansion of transit amplifying progenitor cells. Embry-
onic knockout of SOX4 is lethal around E14 due to car-
diac developmental defects and these embryos also
show impaired lymphocyte development.89 In adult mice,
SOX4 is expressed in the gonads, thymus, T- and pro-B-
lymphocyte lineages and to a lesser extent in the lungs,
lymph nodes, and heart.90 Tissue specific knockout of
SOX4 leads to developmental defects of the pancreas,91

and SOX4 heterozygous mice have impaired bone de-
velopment,92 whereas prolonged expression of SOX4 in-
hibits correct neuronal differentiation.93 These studies
suggest a crucial role for SOX4 in cell fate decisions and
progenitor cell survival.

In humans, SOX4 is expressed in the developing
breast and osteoblasts, and is up-regulated in response
to progestins.94 We recently demonstrated that SOX4 is
up-regulated at the mRNA and protein level in prostate
cancer and this up-regulation is correlated with Gleason
score or tumor grade37 (Figure 4). SOX4 is overex-
pressed in many other types of human cancers, including
leukemias,95 melanomas,96 glioblastomas,97 medullo-
blastomas,98 and cancers of the bladder99 and lung.100

Furthermore, SOX4 cooperates with the Evi1 transcription
factor in mouse models of myeloid leukemias.101 Why is
SOX4 overexpressed in so many cancers and what reg-
ulates SOX4 expression? Although SOX4 is not induced
by androgens,102 it has been shown to be induced by
hypoxia and hypoxia-inducible factor 1� (HIF1�),103 an-
giogenesis,104 progestins,94 estradiol,105 tumor necrosis
factor �,106 TGF�1,107 Wnt signaling,108 and deletion of
BMP1 receptor,109 which activates Wnt signaling and
activation of the PI3K-AKT pathway. Thus, many signal-
ing pathways that are commonly activated in malignant
cells are able to increase SOX4 expression levels.

A metaanalysis examining the transcriptional profiles
of human cancers found SOX4 to be one of 64 genes

uniquely up-regulated as a general “Cancer Signa-
ture,”110 suggesting that it has a fundamental role in
multiple tumor types. We found that overexpression of
SOX4 in RWPE-1 prostate cells results in anchorage in-
dependent growth, implying that in the proper cellular
context, SOX4 can act as an oncogene.37 Moreover,
SOX4 was recently shown to promote lung metastases of
breast cancer cells.111 The SOX4 gene, located on chro-
mosome 6p22.3 is amplified in lung cancers, and SOX4
overexpression increased the transforming ability of the
weakly oncogenic RHOA-Q63L mutant.112

Consistent with the suggestion that SOX4 is an onco-
gene, three independent studies searching for onco-
genes have revealed SOX4 to be one of the most com-
mon retroviral integration sites, resulting in increased
SOX4 mRNA levels.113–115 Nevertheless, the precise role
that SOX4 plays in cancer progression is not well under-
stood. Although we, and others, have shown that small-
interfering RNA knockdown of SOX4 can induce apopto-
sis,37,116 strong overexpression of SOX4 can also induce
apoptosis,117 similar to the c-myc oncogene, suggesting
that precise regulation of SOX4 levels is critical for cell
survival. Recent evidence suggests this paradox may be
due to SOX4’s regulation of p53.118 In response to DNA
damage, SOX4 induces p53 stabilization and is critical
for transcription of p53 target genes that mediate cell
cycle arrest.118 Furthermore, SOX4 can activate expres-
sion of PUMA,37 a gene critical for the p53 apoptotic
response.119 Interestingly, SOX4 induced colony forma-
tion in the p53 compromised RWPE-1 cell line37 but not in
a wild-type p53 cell line,120 suggesting that in cells with
wild-type p53, SOX4 may act as a tumor suppressor, but
in cells lacking wild-type p53, SOX4 may act as an
oncogene.

Recently, we have performed a genome-wide pro-
moter analysis by using a ChIP-chip approach to identify

Figure 4. Immunohistochemistry of formalin-
fixed, paraffin-embedded prostate adenocarci-
nomas with affinity-purified SOX4 antibodies.
SOX4 detection is dark brown; nuclei were
counterstained with hematoxylin (blue). Pros-
tate cancer (asterisks) stains much more in-
tensely than benign epithelium (arrowheads).
Note the dark staining of some nuclei, consistent
with a role of SOX4 in transcription. Negative
controls without primary antibody showed no
staining of any cell type (not shown). Original
magnification: �400 (A and B); �600 (C and D).
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those genes that have SOX4 bound at their promoters
in human prostate cancer cells.86 We identified 282
genes that are high-confidence direct SOX4 targets,
including many genes involved in microRNA (miRNA)
processing, transcriptional regulation, developmental
pathways, growth factor signaling, and tumor metastasis.
SOX4 target genes include regulators of pivotal prostate
cancer signaling networks of differentiation, cell sur-
vival, and apoptosis.

Each of these genes was bound by SOX4 in ChIP-
chip and altered in expression by SOX4 transfection or
knockdown. The SOX4 transcriptional network impacts
the Notch, Wnt, and PI3K pathways, as well as miRNA
processing via regulation of Dicer and Argonaute 1
(AGO1).86

SOX4 and Metastasis

Partial knockdown of SOX4 by short hairpin RNA (shRNA)
results in fewer lung metastases by using a xenograft
model of breast cancer.111 Our network analysis showed
that SOX4 directly regulates a number of genes important
for metastasis including epidermal growth factor receptor
(EGFR), tenascin C, Integrin �v, Rac1, paxillin, gelsolin,
DLL1, ADAM metallopeptidase domain 10 (ADAM10),
and growth factor receptor-bound protein 7.86 SOX4 may
also promote metastasis and tissue invasion in part by
inhibiting terminal differentiation and promoting the EMT
process. SOX4 inhibits terminal differentiation via repres-
sion of the transcription factor NKX3.1,86 and activation of
MLL and MLL3, two histone H3 K4 methyltransferases
that induce activation of HOX gene expression.121

MLL methyltransferase complexes can also facilitate
E2F activation of S-phase promoters, driving the cell
cycle forward, and MLL is a critical oncogene that is often
translocated or amplified in myeloid leukemogenesis.
Thus, activation of MLL suggests a role for SOX4 in
myeloid leukemia122 in which SOX4 may prevent ter-
minal differentiation through activation of MLL and
MLL3. SOX4 may also inhibit terminal differentiation via
regulation of a host of over 20 other transcription fac-
tors, including E74-like factor 5 (ELF5), Serum Re-
sponse Factor (SRF), nuclear receptor coactivator 4
(NCOA4), retinoblastoma-like 1 p107 (RBL1), zinc finger
protein 281 (ZNF281), SOX12, and for khead box A1
(FOXA1).86

The phosphatase PTEN and transcription factor
NKX3.1 are prostate cancer tumor suppressors that neg-
atively regulate the PI3K-AKT pathway.120 Mice with
prostate-specific compound heterozygous deletions of
NKX3.1 and PTEN develop prostate adenocarcinomas
and metastases to the lymph node with high freque-
ncy,123 implicating the importance of the PI3K-AKT
pathway in prostate tumors. SOX4 may promote this
effect via simultaneous up-regulation of growth factor
receptors such as epidermal growth factor receptor,
FGFRL1, and IGF2R, and direct repression of FOXA1
and NKX3.1 (Figure 2).

SOX4 and miRNAs

SOX4 may also impact cellular differentiation via regula-
tion of components of the miRNA pathway. MiRNAs are a
small noncoding RNA species that regulate the transla-
tion and stability of mRNA messages for hundreds of
downstream target genes via partial complementarity
to short sequences in the 3� untranslated regions of
mRNAs. The RNA-induced silencing complex, which is
composed of AGO1 or AGO2, Tar RNA binding protein
(TRBP) and Dicer, processes miRNAs from precursors
(pre-miRNA) to their mature form, cleaves target mRNAs,
and participates in translational inhibition.124 RNA Heli-
case A interacts with RNA-induced silencing complex
and participates in the loading of small RNAs into the
complex.125 SOX4 directly regulates three components
of the RNA-induced silencing complex: Dicer; AGO1;
and RNA Helicase A.

MiRNAs can act both as tumor suppressors and as on-
cogenes, depending on the sets of downstream targets that
they regulate. Recently, it was found that miR-10b plays a
crucial role in promoting metastasis.126 In contrast, miR-
335 suppresses metastasis and migration of cancer cells
via targeting of tenascin C and SOX4.111 A number of
miRNAs are altered in several epithelial tumors, including
prostate cancers.127 Moreover, Dicer expression is up-
regulated in prostate cancers.127

SOX4 and Developmental Pathways

As noted above, SOX4 plays a role in the Wnt pathway via
direct interaction with �-catenin to activate gene expres-
sion.85,86 In addition to this role, analysis of the direct
targets of SOX4 indicates that it also regulates several
Wnt pathway components, including Frizzled receptors
(certainly FZD5, and possibly FZD4, FZD6, FZD8, and
FZD9) and the ortholog of the groucho repressor, TLE1. In
addition, gene set enrichment analysis (GSEA)128 and
gene set enrichment analysis Leading Edge analysis129

of gene sets induced by SOX4 determined that these
gene sets were enriched in TGF�-SMAD (Similar to Moth-
ers Against Decapentaplegic) direct target genes such
as tenascin C and IGF2R.86 SOX4 is up-regulated by
TGF�-1 treatment,91,107 and SMAD sites are significantly
enriched in the SOX4 ChIP-chip peaks, suggesting that
SOX4 could interact with SMADs.

Of particular interest is SOX4’s role in activation of the
Notch pathway. Preliminary evidence points to SOX4’s
ability to activate signaling from the Notch receptor
through transcriptional activation of ADAM10, DLL1, and
HES2.15 The observations that HOXC6 can repress
BMP7 and activate expression of presenilin-1 suggest a
model in which HOXC6 and SOX4 may cooperate to
activate Notch signaling via targeting multiple compo-
nents of the Notch pathway (Figure 3), possibly in re-
sponse to activation of Wnt signals. In addition, SOX4
up-regulation of growth factor receptors such as epider-
mal growth factor receptor, FGFRL1, and IGF2R could
cooperate with HOXC6 up-regulation of PDGFRA, FGFR2,
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and IGFBP3 to enhance activation of the PI3K-AKT path-
way (Figure 2).

Conclusions

The transcriptional networks regulated by SOX4 and
HOXC6 suggest crucial roles for these factors in prolifer-
ation, survival, and metastasis of prostate cancer cells.
Increased expression of these developmental transcrip-
tion factors may enhance activation of signal transduction
pathways such as Notch and PI3K-AKT, contributing to
prostate cancer progression and metastasis. These find-
ings suggest that drug combinations that target the
Notch and PI3K pathways may be of benefit to patients
with metastatic prostate cancer. Moreover, use of com-
pounds that can result in demethylation of DNA such as
5-aza-deoxcycytidine or possibly soy isoflavones may
reduce activation of the Wnt pathway and could also be
of benefit to this patient population. Future studies will be
needed to determine whether SOX4 and/or HOXC6 and
their downstream targets represent potential therapeutic
targets in prostate cancer.
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