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Abstract: TCF3 (E2A) is a multifunctional basic helix loop helix (bHLH) transcription factor that is over-expressed in
prostate cancer (PCa) as compared to normal prostate and that it acts as a tumor promoter in PCa. Given the diverse
biological pathways regulated/influenced by TCF3, little is known about the mechanisms that regulate its expression.
TCF3 expression in androgen sensitive LNCaP and insensitive C81 PCa cell lines was determined following treat-
ments with androgen receptor (AR) agonist R1881 and antagonist Casodex. In silico analysis was used to discover
putative Androgen Response Elements (ARE) in the TCF3 promoter/intron region. Chromatin Immunoprecipitation
(ChIP) with AR antibody and luciferase reporter assays on the above mentioned cell lines was used to confirm AR
biding and AR dependent transcriptional activity respectively. The results were confirmed by demonstrating TCF3
expression in LNCaP PCa xenograft models. The results suggested that TCF3 transcript increased in response to
R1881 in LNCaP cells but was constitutively expressed in C-81 cell lines. The promoter/Intron region of the TCF3
gene was predicted to contain two putative ARE sites ARE1 and ARE2. ChlIP after treatment of LNCaP and C81 cells
with R1881 and Casodex showed that the ARE1 and ARE2 were bound by AR in LNCaP cells only in the presence
of R1881, whereas C81 cells showed constitutive AR binding. Similar results were observed in luciferase reporter
assays indicating that TCF3 is activated by AR in LNCaP cell lines whereas it is independent of androgens in C81
cell line. Luciferase reporter assays also confirmed that ARE1 alone drives androgen dependent transcription. TCF3
expression was only observed in castration resistant LNCaP xenografts in castrated mice. In conclusion, we dem-
onstrate that in PCa androgen receptor regulates the expression of TCF3 which is mediated in part via a consensus
androgen response element. The shift in TCF3 expression from androgen regulated to androgen independent dur-
ing prostate cancer progression, together with lack of expression in normal prostate may provide mechanistic basis
underlying the transition of androgen receptor from a tumor suppressor to an oncogene in prostate cancer.
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Introduction

The transcription factor TCF3 belongs to the
family of basic helix loop helix (bHLH) proteins
[1]. TCF3 gene codes for two alternatively
spliced variants E12 and E47 [2]. Both E12
and E47 are more than 99% similar overall
except a 3 amino acid deletion in E47 immedi-
ately upstream of the bHLH domain due to
alternative splicing as compared to E12. As a
consequence, E12 only forms heterodimers
with other bHLH proteins whereas E47 can
homo as well as heterodimerize [3, 4]. The
bHLH interaction involves a C-terminal helix
loop helix domain (HLH) which mediates pro-
tein-protein interactions and a basic region im-

mediately upstream of the HLH domain which
is responsible for the DNA binding. The N-
terminal end of TCF3 also consists of two tran-
scriptional activation domains AD1 and AD2 [5,
6] which modulates the transcriptional activi-
ties of TCF3 target promoters by recruitment
of CBP/p300 [7] or members of the ETO (eight
twenty one encoded by RUNK1T1) family [8].
Recruitment of p300 leads to activation of gene
expression, whereas association with members
of the ETO family mediates transcriptional
repression [7, 8].

The heterodimerization of TCF3 with tissue spe-
cific bHLH proteins members results in multiple
regulatory functions ranging from cellular differ-
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entiation to lineage commitment. For example,
interaction of TCF3 with tissue specific bHLH
proteins NeuroD and MyoD promotes neuro-
genesis and myogenesis, respectively [9, 10].

The TCF3 proteins play particularly important
roles during lymphoid development and hema-
topoietic stem cell development [11-13]. Evi-
dence suggests that TCF3 proteins act as gen-
eral negative regulator of cell proliferation in
several normal cells and cancer cell lines [14-
16]. Experimental evidence also demonstrated
that expression of TCF3 is lower in CRC tissues
than the normal mucosa and low TCF3 expres-
sion correlates with advanced TNM stage and
larger tumor size, and predicted poor prognosis
of CRC patients [17]. The growth inhibition by
TCF3 occurs at multiple levels involving both
bHLH dependent and independent mecha-
nisms. Primary among these are the transcrip-
tional up-regulation of multiple cyclin depen-
dent kinase inhibitors CDKN1A (p21), p15INK-
4B and p16INK4B [15, 16, 18]. Ectopic expres-
sion of TCF3 also promotes apoptosis in TCF3
deficient lymphomas, independent of an arrest
in cell cycle progression [14, 16].

Contrary to its well established role as an inhi-
bitor of proliferation, TCF3 expression is also
observed in cells undergoing rapid proliferat-
ion in the rat embryo [19], in proliferating peri-
ventricular neuroepithelial cells in the develop-
ing brain and in centroblasts within germinal
centers [20]. Ectopic expression of E47 also
promoted proliferation of Pre-B cell line 697 in
a cyclin D2/D3 dependent manner [21]. Fur-
thermore, increased expression of E47 is also
observed in breast cancer stem cells [22],
breast cancer with basal like phenotype [23],
gastric cancer [24], renal cell carcinoma [25]
and hepatocellular carcinoma [26]. Over-exp-
ression of E47 in MDCK cells promotes angio-
genesis and proliferation in tumor xenografts
[27]. TCF3 also promotes epithelial to mesen-
chymal transition due to direct inhibition of
E-cadherin expression at the promoter level [9,
22, 23, 27, 28], a mechanism central to cancer
progression. A competition between CBP/p300
and ETO for binding to a region of AD1 domain
referred to as the ‘p300/CBP and ETO target
in E-proteins’ or PCET motif is considered as
a potential mechanism for E-protein mediated
transcriptional silencing. Thus the switch bet-
ween the role of TCF3 as a tumor-suppressor/
pro-differentiation to a tumor-/pro-proliferation
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likely involves the formation of selective tran-
scriptional regulatory complexes.

We have shown in our previous study that TCF3
expression is significantly increased in prostate
cancer in a stage dependent manner. At the
molecular level, ablation of TCF3 leads to apop-
tosis and G1 arrest dependent proliferation
block in PCa cell lines. Taken together, our
results demonstrated that TCF3 acts as a
potential tumor promoter [29] which is contrary
to its role as a tumor suppressor. Collectively,
the results suggest a complex transcription
regulation of TCF3 which is contrary to earlier
observations that TCF3 is ubiquitously exp-
ressed (largely based on in vitro cultured cell
lines).

Despite the importance and function of TCF3,
the TCF3 transcriptional regulatory mecha-
nism remains unidentified. The major mecha-
nism regulating TCF3 expression and function
appears to be at the post-translational level
[30] including dimerization with tissue specific
bHLH and dominant negative HLH proteins of
the inhibitor of differentiation (ID) family, ubig-
uitin and phosphorylation [31, 32]. Apart from
an earlier study characterizing the mouse TCF3
promoter [33], there is a lack of any study dem-
onstrating the transcriptional regulation of the
human TCF3 gene. The mouse TCF3 promoter
has been shown to lack the conventional TATA
and CAAT boxes. Our bioinformatics based
analysis on human TCF3, using known tran-
scriptional start sites for E12 and E47 suggest-
ed that the human TCF3 also lacks a con-
ventional TATA box (unpublished observation).
Potential binding sites for transcription factors
GATA -1/-2, Spl, CREB, AP-2 and E2F in the
mouse promoter have been reported but lack
experimental evidence [33]. The alternate tran-
scription start sites for example putative ini-
tiator regions and GC rich regions could be
involved in regulating TCF3 gene expression
but remains to be identified. The lack of TATA
boxes, a common feature of housekeeping
genes is observed in more than 80% of all
genes. Most of these TATA less genes are
not housekeeping genes or constitutively ex-
pressed, but instead highly regulated suggest-
ing that in these promoters, specific combina-
tions between different core promoters and
enhancers could determine restricted expres-
sion patterns in different tissues [20].
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The present study was therefore designed to
investigate the mechanism by which TCF3
expression is up-regulated specifically in pros-
tate cancer. Here we show for the first time that
TCF3 expression is regulated by androgen
receptor in prostate cancer. Specifically we
identify a putative androgen response element
in the TCF3 promoter/intron that binds andro-
gen receptor and promotes TCF3 transcription.
The goal of this study was not to identify essen-
tial core/loose promoter or elements required
to drive transcription but to determine puta-
tive enhancers, specifically Androgen receptor
dependent elements as a potential cofactor
required for androgen dependent TCF3 expres-
sion in prostate cancer.

Materials and methods
Cell culture and treatments

Human prostate cancer cell lines LNCaP and
C81 were maintained at 37°C and 5% CO, in
RPMI-1640 supplemented with 10% (v/v) fetal
bovine serum (FBS) and penicillin/streptomy-
cin. Prior to the hormone treatments, the cells
were grown in RPMI with 2% Charcoal-stripped
fetal bovine serum (CSFBS). C81 cells were
kindly provided by Prof. Ming-Fong Lin (Uni-
versity of Nebraska Medical Center) and were
cultured as described earlier [34]. RWPE1
cells (Obtained from ATCC) were cultured and
maintained as per supplier’s instructions. 10
nM R1881 (Metribolone) and 30 uM Casodex
(Bicalutamide) (Selleck chemicals) was used
for treatments as described previously [35].

Real time quantitative RT-PCR

RNA (2 ug) isolated from cultured cells was
reverse transcribed in a final volume of 25 yl as
per standard protocols. Reverse transcribed
RNA was used for qRT-PCR using gene specific
primers for TCF3: Forward Primer: 5’CGA GCT
GGC CCT CAA CAG CC3', Reverse Primer: 5’CCG
GAC CTT CTT GGG CTG CG3'. Total RNA from
xenografts was isolated by E.Z.N.A. DNA/RNA
kit (Omega Biotech).

Immuno blot analysis

Cellular proteins were prepared from LNCaP
and C81 cell lines using M-PER kit (Thermo
Scientific). Immuno-blot analysis using TCF3
antibody (sc-349, Santa Cruz Biotechnology)
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followed by incubation with secondary anti-
body (SA1-9510, HRP- goat anti-rabbit, Thermo
Scientific) as described earlier [29]. The LAS
3000 imager (Fuji) and image quant software
was used to capture and quantify the images.

Chromatin immunoprecipitation (ChIP) assays

ChIP was performed using the ChIP kit from
EMD Millipore (Billerica, MA) according to man-
ufacturer’s instructions using Anti-Androgen
Receptor N-terminal Rabbit polyclonal antibody
(PG-21, Upstate Biotechnology). DNA samples
from ChIP preparations were analyzed by PCR
[36]. The primers used were designed flanking
both the predicted ARE sites upstream of the
TCF3 gene (417 bp fragment). TCF3-AR ChIP
Forward Primer: 5-CCC CCG GCA CTT TAA GTC
TTG AAG-3’ and TCF3-AR ChIP Reverse Primer:
5-GCA GGG AAG CTG GAATTC CAG AGT-3'. The
previously published primers used for PSA ChIP
[37] were Forward Primer: 5’CAT GTT CAC ATT
AGT ACA CCT TGC C-3' and Reverse Primer:
5 TCTCAGATCCAGGCTTGCTTACTGTC-3..

Site directed mutagenesis

Site-directed mutagenesis was used to mutate
the putative ARE motifs in the TCF3 upstream
region using a commercial QuickChange Il Site-
Directed Mutagenesis kit (Agilent Technologies,
USA). The PCR primer used for mutagenesis
was:

C48a_gb4t ARE mutant Forward Primer3:
5-GGG CGG GGT AGG Ata GGG CTt TTC CTC
CC-3" and c48a_gb4t_asARE mutant Reverse
Primer3: 5-GGG AGG AAA AGC CCT ATC CTA
CCC cGC CC-3.

Corresponding to the ARE-1 (wild-type [WT]
5-GGATcGGGCTEITCC-3’) (Mutated nucleo-
tides are shown as bold lowercase letters). The
site-directed mutant on ARE motif (termed as
ARE-1) was generated using the WT construct
as template. Successful mutation was con-
firmed by direct sequencing, and the construct
was used in luciferase reporter assays.

Transient transfection and luciferase assay

Luciferase reporter plasmids were created by
cloning the PCR-generated fragments into mini-
mal promoter luciferase reporter pGL4.26 vec-
tor (Promega Corp., Madison, WI). Four con-
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structs were used for the assay: pGL 4.26 con-
trol vector backbone (CVB), pGL 4.26 with
WtARE1+ARE2 (ARE1+ARE2), pGL4.26 with
ARE1 (ARE1), pGL4.26 with ARE2 (ARE2) or
pGL4.26 with mutantARE1+wild type ARE2
(mtARE1+ARE2). LNCaP and C81 cells (20,000
cells/well) were plated in 96-well plates in
media containing 2% CSFBS. For transfection,
the reporter luciferase construct and hRluc
(pGL4.74, Renilla Luciferase, used as transfec-
tion control) plasmid DNA (Promega Corp.,
Madison, WI), in a 10:1 ratio were mixed with
FUGENE HD transfection reagent (Promega
Corp., Madison, WI) in a final volume of 100 ul
of Opti-MEM and incubated for 15 min at room
temperature. Twenty four hours after plating,
the transfection mix was then added to the
cells. After 24 h, the cells were treated with
10 nM R1881 or 10 nM R1881 plus 30 uM
Casodex. The cells were assayed for Firefly and
Renilla luciferase activities using the Dual-Glo
Luciferase reporter assay system (Promega
Corp., Madison, WI) 24 hrs after treatment. The
results were normalized for the internal Renilla
control and expressed as fold change of the
mean relative light units.

Immuno-histochemistry (IHC)

IHC on paraffin embedded 5 um tissue sec-
tions was performed as described previously
[29] using Anti-Human E12/E47 antibody (BD
Pharmingen). Non-immune IgG, used as control
for the immune localization studies resulted in
lack of detection of respective antigens (data
not shown).

Statistical analysis

Quantitative real time data was analyzed using
the AACt method. The ChIP data was analyzed
using % chromatin (1%) as input (Life Techno-
logies). Within group Student’s t-test was used
for evaluating the statistical differences betw-
een groups. All experiments were performed in
triplicates.

Results

TCF3 expression in prostate cancer
Transcriptome wide analysis suggested that
TCF3 expression is significantly higher in pros-

tate adenocarcinoma as compared to normal
prostate (Figure 1A, left panel [38]). TCF3 ex-
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pression also increased significantly in hor-
mone refractory metastatic prostate cancer
as compared to prostate carcinoma (T-test:
-6.268, P-value: 6.7E-5, Figure 1A, right panel)
[39] (The data shown in Figure 1 was obtain-
ed from Oncomine v4.0). These results are
consistent with increased TCF3 expression
in PCa reported in our earlier studies using
immunohistochemistry on prostate cancer tis-
sue microarray [29].

Interestingly, increased TCF3 expression in hor-
mone refractory prostate adenocarcinoma as
compared to hormone sensitive/Naive prostate
cancer was also observed in an independent
dataset [40] (Figure 1B, Oncomine v4.5). These
results suggested that TCF3 expression is low
in the normal prostate, relatively high in hor-
mone naive prostate cancer and increases sig-
nificantly in hormone refractory prostate can-
cer. Since AR activity and expression is central
to normal prostate function and during all stag-
es of prostate cancer [41-4 3] we therefore test-
ed the hypothesis that AR could regulate TCF3
expression differentially in normal prostate and
prostate cancer.

TCF3 is upregulated by androgen receptor in
prostate cancer

In order to address the role of AR in regulating
TCF3, we focused on investigating TCF3 expres-
sion in a panel of isogenic androgen receptor
positive prostate cell lines LNCaP (AR+ve and
hormone sensitive) and C81 (AR+ve but hor-
mone insensitive) [34, 44]. Additional prostate
cancer cell lines such as PC3 and DU145 were
not used in this study since these cell lines lack
androgen receptor expression. Moreover, the
immortalized normal prostate epithelial cell
line RWPE1l expresses low to undetectable
level of androgen receptor [45].

The steady state TCF3 transcript levels were
significantly higher in androgen independent
C81 cells as compared to androgen sensitive
LNCaP cells cultured in media containing cas-
trate levels of androgens (5% FBS). The TCF3
expression in both these cell lines was signifi-
cantly higher that the RWPE1 cells (Figure 2A).
The TCF3 expression in LNCaP cells increased
significantly in the presence of 10 nm R1881
(4.6 fold + 0.89, P < 0.001), a synthetic andro-
gen analogue as compared to cells cultured
in charcoal stripped FBS (CSFBS, Figure 2B).

Am J Cancer Res 2015;5(11):3407-3421
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Figure 1. Box-whisker plots representing the normalized TCF3 expression in normal prostate and prostate cancer.
A. The Oncomine V4.0 database was searched with “TCF3” and the prostate normal vs. normal data sets were
analyzed. The study details and the microarray platform used in the analysis shown are described in. The Oncomine
V4.0 database was searched with “TCF3” and the prostate normal vs. cancer (left panel) [38] and cancer vs. cancer
(right panel) [39] data sets were analyzed. The number (n) of samples used in each analysis is shown. The statisti-
cal significance of the differences between each study in terms of T-test and P-value is shown at the bottom of each
panel. B. A similar search (Oncomine v4.6) was used to assess TCF3 expression in hormone sensitive vs. hormone

refractory (castration resistant) prostate cancer [40].

Casodex, an androgen receptor antagonist sig-
nificantly attenuated TCF3 expression in the
presence of R1881 suggesting an androgen
dependent regulation of TCF3 in LNCaP cells
(1.8 fold as compared to LNCaP+CSFBS, Figure
2B). No significant differences were observed
in TCF3 expression in C81 cells cultured in the
presence or absence of R1881 + Casodex sug-
gesting a loss of androgen dependent regula-
tory mechanism (Figure 2B). The changes in
the protein levels of TCF3 in LNCaP and C81
cell lines in the presence or absence of R1881
also mimicked to those observed at the tran-
script level (Figure 2C), suggesting that the
regulation of TCF3 by androgens is at the tran-
script and not at the protein level. Together with
the clinical data (Figure 1) and isogenic cell line
studies (Figure 2), the results suggested that
TCF3 is regulated by androgens in hormone
sensitive/naive cells (e.g. LNCaP) but is consti-
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tutively expressed in hormone refractory (e.g.
C-81) cells. These results led us to speculate
that TCF3 promoter could be regulated by
androgen receptor possibly through a putative
androgen response element.

TCF3 gene contains consensus Androgen
Response Elements (ARE)

The presence of a consensus ARE [46-49] in
the TCF3 promoter/intron was discovered th-
rough the ConSite [50] (a web based tool that
finds cis-regulatory elements in genomic se-
quences). Two putative ARE sequences were
found to be present in close proximity of each
other located in the first intron of the TCF3
gene (Figure 3A). These two consensus ARE
regions were termed as ARE1 and ARE2. ARE1
and ARE2 are in the first intron of the E12 tran-
script but upstream of the first exon (and 5’UTR)

Am J Cancer Res 2015;5(11):3407-3421
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Figure 2. TCF3 expression in prostate cancer cell lines. A. Real time quantitative PCR (qPCR) based expression of
TCF3 in immortalized normal prostate epithelial cell line (RWPE1), and isogenic prostate cancer cell lines LNCaP
(androgen sensitive) and C81 (androgen insensitive). The results shown are fold change as compared to RWPE1
(normalized to actin). The data is mean + SEM of 3 experiments in triplicate (***P < 0.001). B. QPCR based TCF3
expression in LNCaP and C81 cells treated with synthetic androgen R1881 (10 nM, 24 hrs) alone or in the presence
of anti-androgen Casodex (CDX, 30 uM). All treatments were on cell cultured in media containing charcoal stripped
fetal bovine serum (CSFBS). The data expressed as fold change (mean + SEM, ***P < 0.001, 3 experiments in
triplicate) was first normalized to actin and then to TCF3 expression in LNCaP cells cultured in CS+FBS alone. C. Im-
munoblot analysis of TCF3 expression in LNCaP and C81 cells in response to various treatments as indicated above.
Beta actin (-actin) was used as loading control. The blot is representative of 3 experiments.

in E47 due to alternative splicing (Figure 3B). to TCF3, C81 cells also express PSA at levels
The alternative splicing maintains the reading significantly higher than LNCaP cells when cul-
frame because translational initiation sites for tured in media with castration level of andro-
both E12 and E47 are similar. gens [53], possibly due to de novo androgen

synthesis [54].
The TCF3 ARE1 and ARE2 bind androgen re-

ceptor (AR) The AR ChIP was performed on LNCaP and C81

cells treated with R1881 as well as R1881 plus
Chromatin immuno-precipitation (ChIP) with Casodex. A single set of ChIP Primers were
androgen receptor (AR) antibody was per- designed flanking both the ARE1 and ARE2
formed to confirm whether AR is recruited on sites (Figure 3B). In LNCaP cells, binding of
ARE1 and ARE2 sites in the TCF3 promoter/ AR to these ARE sites was found only in the
intron in presence or absence of R1881. Simi- presence of R1881 whereas no enrichment
lar experiments were performed on the known was observed in presence of AR antagonist
ARE site on the PSA promoter [37]. PSA expres- Casodex, suggesting specificity of AR binding
sion is androgen regulated in LNCaP cells that (Figure 3C). Interestingly, constitutive AR bind-
is dependent upon the binding of androgen ing was observed irrespective of the treat-
receptor on the well-established ARE site on ments in C81 cell lines (Figure 3C). Similar
the PSA promoter, an effect that is reversed by results were observed when PSA, a known AR
the anti-androgen Casodex [51, 52]. Analogous regulated gene was used as a positive control.

3412 Am J Cancer Res 2015;5(11):3407-3421



TCF3 regulation by androgen

B ChIP-F ChIP-R
> <47y
ARE1ARE2
E12 I ----------
ATG
ARE1ARE2Y
A ) U A E RN
425 -336
C LNCaP C81

CSFBS R1881 R1881+CDX CSFBS R1881 R1881+CDX

PSA-AR

Figure 3. Consensus Androgen response element (ARE) on TCF3 binds andro-
gen receptor. A. Two consensus androgen response elements ARE1 and ARE2
were found on the TCF3 promoter/intron (aligned with the consensus ARE se-
quence in upper panel). B. Schematic of the TCF3 gene showing the locations of
ARE1 and ARE2, relative to the translational start site (ATG). The black bars and
lines are exons and introns respectively in TCF3 splice variants E12 and E47. C.
Chromatin immunoprecipitation (ChlP) demonstrating the binding of androgen
receptor to the 417 bp fragment spanning both ARE1 and ARE2 on TCF3 pro-
moter/intron and the known ARE on PSA promoter. The cells were treated as
indicated (CSFBS: Charcoal stripped Fetal Bovine serum, R1881 (10 nM) CDX:
Casodex (30 uM). ChlP was performed with androgen receptor (AR) antibody
and non-immune rabbit IgG (IgG). The PCR is representative of 3 experiments.

system. ARE1 and ARE2
either alone (ARE1 or ARE2)
or together (ARE1+ARE2)
were cloned upstream of
a minimum promoter in a
luciferase reporter plasmid
(Figure 4A). The cloned re-
porter luciferase const-
ructs were transiently co-
transfected with Renilla
luciferase in LNCaP and
C81 cells followed by treat-
ment of cells with R1881,
R1881+CDX or left untreat-
ed (CSFBS only, control).
The luciferase activity was
measured after 24 hrs of
treatment and results were
normalized to Renilla Lu-
ciferase. In untreated cells
(CSFBS) ARE1+ARE2 and
ARE1 alone resulted in at
least 2 fold increases in
luciferase activity as com-
pared to the ARE2 alone in
LNCaP cells (Figure 4C).
The magnitude of expres-
sion of luciferase in ARE1+
ARE2 and ARE1 alone was
at least 10 fold higher in
C81 cells as compared to
LNCaP cells cultured in
CSFBS alone (Figure 4C).
These results suggested
that 1) ARE1 but not ARE2
is the primary androgen
response element in the
TCF3 promoter/intron and
2) ARE1 alone promotes
constitutive luciferase ac-
tivity in C81 cells which
is consistent with higher
basal expression (in CSF-
BS) of TCF3 in these cells

Thus the increased AR binding to the ARE sites
(ARE1 and ARE2) in TCF3 promoter/intron cor-
responds with expression in LNCaP and C81
cells (Figure 2).

ARE1 but not ARE2 regulates AR dependent
basal expression

The role of ARE1 and ARE2 in regulating tran-
scription of the TCF3 promoter/intron was fur-
ther investigated in a luciferase reporter assay
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(Figure 2). In response to R1881, a significant
increase in luciferase activity was observed in
LNCaP cells transfected with ARE1+ARE2 or
ARE1 alone (< 6 fold, P < 0.001) as compared
to ARE2 Figure 4C). Furthermore, the R1881
dependent increase in ARE1+ARE2 or ARE1
luciferase activity in LNCaP cells was signifi-
cantly attenuated in the presence of the anti-
androgen Casodex (Figure 4C). Together, these
results suggested that that ARE1 (or ARE1+
ARE?2) luciferase activity in LNCaP cells is strict-

Am J Cancer Res 2015;5(11):3407-3421
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Figure 4. Transcriptional activity of ARE1 and ARE2 measured in terms of luciferase reporter activity in LNCaP and
C81 cells. (A) AREL and ARE2 either together (ARE1+ARE?2), alone (ARE1 or ARE2) or mutant ARE1 (mtARE1) was
cloned upstream of a minimal promoter luciferase reporter plasmid. (B) The mutant ARE1 was created by mutating
the conserved “C” and G” in the ARE to “A” and “T” respectively (underlined). (C and D) The reporter plasmids were
transiently transfected in LNCaP (C) or C81 (D) cells cultured in media containing CFBS and treated as indicated.
The cells were also co-transfected with Renilla luciferase used as a transfection control. The luciferase activity mea-
sured 24 hrs after transfection was normalized to Renilla luciferase and expressed as relative luciferase activity.
The data is expressed as mean + SEM of 3 experiments performed in quadruplicates. The t-test significance (***P
< 0.001) is measured against the activity of ARE1+ARE2 within respective treatment groups.
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ly dependent upon ligand dependent activat-
ion and binding of androgen response element
to ARE1l. These results are consistent with
the AR ChIP assay shown in Figure 3C that
demonstrated ligand dependent AR binding
on ARE1+ARE2 that was sensitive to Casodex
in LNCaP cells. No significant difference betw-
een ARE1 (and ARE1+ARE2) luciferase activity
in untreated or R1881 treated C81 cells sug-
gested a constitutively active androgen recep-
tor (Figure 4D). Interestingly, no difference was
observed between the ARE1 (and ARE1+ARE2)
luciferase activity in R1881 versus R1881+CDX
treated C81 cells suggesting resistance to anti-
androgen CDX. The resistance to antiandrogen
in androgen insensitive cells such as C4-2 was
also demonstrated in earlier studies [55]. Simi-
lar results, demonstrating ligand independent
and anti-androgen insensitive binding of AR to
ARE1+ARE2 was also observed in ChlIP assays
(Figure 3C).

Mutations of conserved sites within ARE1 were
used to further confirm that ARE1 contributes
to the majority of AR dependent luciferase
activity (Figure 4B). The mutant ARE1 in ARE1+
ARE2 (mtARE1+ARE?2) significantly attenuated
Ligand dependent (LNCaP, Figure 4C) and
ligand independent (C81) luciferase activity
(Figure 4D). These results indicated that it is
only the ARE1 which is functional and not the
ARE2. Collectively, the results demonstrated
that in LNCaP the activation of ARE1 was ligand
dependent whereas in case of C81 the ARE1
was activity was ligand independent possibly
due to constitutive binding of AR to ARE1
(Figure 3C).

TCF3 expression is increased in mouse model
of Prostatic Intra-epithelial neoplasia (PIN)

The 1d4-/-mouse was shown earlier to develop
PIN lesions as early as 6 weeks of age post-
partum [56]. The increase in the number of PIN
lesions in Id4-/-mice was associated with per-
sistent AR expression, increased expression of
c-Myc, 1d1, Ki-67 and p-Akt, decreased expres-
sion NKX3.1 and Pten, generally associated
with prostate cancer progression, as compared
to wild type counterparts [56]. We used this
well established mouse PIN model to investi-
gate TCF3 expression. Interestingly, TCF3 ex-
pression was essentially un-detectable in wild
type prostates (Figure 5A1) except some cells
(black arrowheads) whereas high TCF3 expres-
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sion was observed in the prostates of |d4-/-
mice (Figure 5A2). The TCF3 expression in 1d4-
/-mice prostate was essentially nuclear (Figure
5A2) that is consistent with primarily nuclear
TCF3 expression in early stages of prostate
cancer [29]. These results clearly establish that
increased TCF3 expression is an early event in
prostate cancer initiation.

TCF3 expression is increased in castration re-
sistant LNCaP xenograft model

We recently reported a new castration resistant
LNCaP cell model [35]. The LNCaP cells lacking
Id4 (LNCaP(-)ID4) forms tumors in castrated
mice as compared to the parental LNCaP cells,
which rarely forms tumors in castrated mice
[35]. The LNCaP(-)ID4 tumor xenografts from
castrated mice were used to investigate wheth-
er TCF3 expression is constitutive in this cas-
tration resistance model. Interestingly, TCF3
expression was absent in the tumors derived
from parental LNCaP cells in castrated mice
(Figure 5A3) suggesting that circulating andro-
gens are required for TCF3 expression in LNCaP
cells. Surprisingly, a robust TCF3 expression
was observed in LNCaP(-)ID4 tumors in castrat-
ed mice (Figure 5A4). These studies essentially
confirmed our results described above that
TCF3 expression is androgen dependent in
LNCaP cells but transitions and androgen -inde-
pendent in castration resistant LNCaP(-)ID4
cells in vivo.

The ChIP using AR antibody on LNCaP and
LNCaP(-)ID4 xenograft tissue demonstrated
significant binding of AR to ARE1+ARE2 frag-
ment as compared to LNCaP xenografts (Figure
5B). Similar results were obtained with the ARE
site on the PSA promoter. One of the mecha-
nisms to support these observations could the
gain of de novo steroidogenesis as shown ear-
lier in these xenografts [35] resulting in a con-
stitutively active AR. Nevertheless these results
suggest that increased TCF3 expression contin-
ues to be AR dependent even in castration
resistance prostate cancer.

Discussion

TCF3 spliced products E12 and E47 are multi-
functional transcriptional factors that can act
as tumor suppressors and tumor promoters.
Meta-analysis (Oncomine, TCF3) and experi-
mental studies demonstrated increased TCF3
expression in many cancers [25, 26] including
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Figure 5. Increased TCF3 expression in Id4 null mice model and LNCaP xenografts. A. tcf3 expression (brown stain-
ing) is rarely observed in the prostate epithelial cells in wild type mice (Al: Arrow heads indicate tcf3 expressing
cells) as compared to widespread expression in Id4-/-null mice (A2). Small and rare LNCaP xenografts from cas-
trated mice (A3) have undetectable levels of TCF3 whereas xenografts from LNCaP cells lacking ID4 (A4, LNCaP-ID4)
which form large tumors express high levels of TCF3. Representative image from 3 different xenografts is shown. B.
ChIP assay demonstrating increased binding of AR on the 417 bp region of TCF3 promoter/intron spanning ARE1
and ARE2 in LNCaP-ID4 xenografts as compared to LNCaP xenografts (Top panel). The bottom panel shows the bind-
ing of AR to the ARE on PSA promoter in LNCaP and LNCaP-ID4 promoter. Note that AR binding was not observed on
TCF3 ARE1+ARE2 region and PSA ARE in LNCaP cells possibly due to lack of circulating androgens. Representative
data from 3 experiments is shown.

prostate [29]. Promoting EMT via direct tran-
scriptional repression of E-cadherin is perhaps
the most well-established mechanism of action
of TCF3 in tumorigenesis [22, 27, 28].

In this study we present compelling evidence

that TCF3 is regulated by androgen receptor in
prostate cancer. Based on meta-analysis, pros-
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tate cancer isogenic cell line transition (LNCaP
and C-81), and in vivo castration resistant
(LNCaP(-)ID4) models, a strong correlation
between TCF3 expression during transition of
prostate cancer from hormone naive to castra-
tion independent disease was observed. This
expression profile was further explored to
investigate whether TCF3 could be regulated by
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androgen receptor in transition of prostate can-
cer to castration resistance. The up-regulation
of TCF3 transcript by androgens in hormone
sensitive LNCaP cells and subsequent down
regulation by the anti-androgen Casodex sug-
gests that TCF3 regulation is indeed at the tran-
scriptional level.

A functional androgen receptor response ele-
ment, ARE1 appears to direct androgen depen-
dent transcription of TCF3 in LNCaP cells. The
ARE1 is 1459 base pairs downstream of the
transcriptional start site in intron 1 of E12. In
E47, ARE1 is -425 bp upstream of the tran-
scriptional start site. ARE1 in a minimal pro-
moter luciferase reporter construct was suffi-
cient to drive luciferase expression. Mutations
and/or loss of ARE1 but not ARE2 were suffi-
cient to attenuate luciferase reporter acti-
vity. Chromatin immunoprecipitation studies
also revealed androgen dependent binding of
Androgen receptor on the fragment containing
both ARE1 and ARE2. However, given the close
proximity of ARE1 and ARE2, we were unable to
identify the specific response element to which
AR was bound. It is anticipated that AR bounds
specifically to ARE1 but not ARE2, based on the
results demonstrating the activity of ARE1 in
luciferase reporter assays, however, the bind-
ing of AR to ARE2 cannot be ruled out.

The regulation of TATA less TCF3 gene by andro-
gen receptor is not surprising. Many other TATA
less genes such as Sterol Regulatory Element-
binding Protein Cleavage-activating Protein
(SREBP-SCAP) (ARE in intron 8 [57]), GNMT
(ARE in exon 1 [58]), murine Pem homeobox
gene [59] and androgen receptor itself [60] are
also regulated by androgen receptor in an
androgen dependent manner.

Transition of prostate cancer from hormone
naive to castration resistance is a complex pro-
cess that involves multiple mechanisms includ-
ing altered growth factor signaling and protein
phosphorylation [61]. However, central to this
process of transition is androgen receptor [41,
43, 62, 63]. Increased stability [64] and muta-
tions [65] that broaden AR ligand specificity
promotes AR activity in castration resistant
prostate cancer. Recent studies also suggest
that de novo steroidogenesis by prostate can-
cer cells is sufficient to drive androgen depen-
dent gene expression in castration resistant
prostate cancer [66]. Therefore it is not surpris-
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ing that in androgen dependent LNCaP cells
ARE1/ARE2 was occupied only after activation
of AR by the ligand R1881. The C81 cells which
are ligand independent in part due to gain in de
novo steroidogenesis [54], ARE1/2 was consti-
tutively bound by AR. Thus the binding of AR to
ARE1/2 site on the TCF3 promoter/intron is
consistent with TCF3 expression in the isogenic
LNCaP and C81 cell line prostate cancer transi-
tion model. Our results therefore strongly sug-
gest that the androgen regulated TCF3 is a
prostate cancer associated gene which is con-
stitutively expressed in castration resistant
prostate cancer. These results are consistent
with other studies that demonstrated constitu-
tive expression of androgen regulated genes in
castration resistant prostate cancer [67].

The strict androgen dependent regulation of
TCF3 is also reflected in the mouse xenograft
models. The androgen dependent parental
LNCaP cells rarely formed tumors in castrated
mice but the ones that do form small tumors
did not express any detectable TCF3 suggest-
ing that TCF3 expression is indeed androgen
dependent. The LNCaP cells lacking ID4
(LNCaP(-)ID4) formed large tumors in castrated
mice and expressed significantly higher levels
of TCF3, possibly due to gain of de novo ste-
roidogenic capacity [35]. The androgen insensi-
tive LNCaP(-)ID4 cells also retain PSA expres-
sion both in vitro and in vivo (androgen deprived
conditions) suggesting a constitutively active
androgen receptor [35]. The strong correlation
between TCF3 expression and binding of AR to
ARE1/ARE2 in LNCaP-ID4 but not on LNCaP
cells clearly establishes the role of AR in regu-
lating TCF3 in prostate cancer.

The ID4 knockout mice which results in PIN
lesions as reported earlier also expresses TCF3
at significantly higher levels than the wild type
mice. The increase in TCF3 in 1d4-/-mice is also
consistent with the expression of the tumor
promoter Id1 which is increased in ld4-/-mice
[56] and in castration resistant prostate cancer
[67]. These results suggest that the TCF3 pro-
moter/intron shifts from being transcriptionally
silent to androgen responsive and transcrip-
tionally active as normal prostate epithelial
cells acquire cancerous phenotype.

In silico analysis suggests that the TCF3 pro-
moter/intron is not enriched in CpG islands
(UCSC genome browser) hence cancer specific
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promoter hypomethylation does not appear to
be the mechanism involved in the regulation of
TCF3 in prostate cancer. The lack of this mech-
anism is reflected in the TCGA prostate adeno-
carcinoma DNA methylation (TCGA PRAD meth-
ylation 450K, n = 549) profile which is similar
between adjacent normal and prostate adeno-
carcinoma samples (data not shown). These
observations suggest that the transcriptional
silencing of TCF3 in the normal prostate with-
out promoter DNA hyper-methylation could
involve histone modifications only (hypo-acety-
lation and hypermethylation). For example,
hypo-acetylation only without DNA methyla-
tion is involved in transcriptional silencing of
CDKN1A in HT-29 [68] and T24 cells [69].
Similarly ID1 is transcriptionally inactive with-
out DNA methylation in AML cells [70]. An alter-
nate mechanism may involve the recruitment
of transcriptional repressor complex on the
TCF3 promoter that may lead its transcriptional
silencing, similar to the down-regulation of ID1
in non-transformed mammary epithelial cells.
In these cells, ID1 is down-regulated in part due
to recruitment of NF-1/Rb/HDAC-1 repressor
complexes [71]. Loss of this repressor complex
results in high and constitutive expression of
ID1 in poorly differentiated and highly meta-
static breast cancer cells. Both these mecha-
nisms could be inter-dependent because
recruitment of HDAC1 as part of the repressor
complex could result in hypo-acetylation, even-
tually leading to transcriptional silencing.
Whether such a mechanism regulates TCF3
expression in normal prostate epithelial cells
vs. prostate cancer cells remains to be investi-
gated but the net outcome at least in the pros-
tate cancer cells is the gain of TCF3 transcrip-
tional activity.

Conclusions

In conclusion, we provide compelling evidence
that increased TCF3 expression is associated
with progression of prostate cancer to hormone
insensitive/castration resistance phenotype. At
the mechanistic level, increase in TCF3 is in
part due to constitutive binding of androgen
receptor to the newly identified androgen res-
ponse element in the TCF3 promoter/intron.
We believe that this is the first study to demon-
strate the regulation of TCF3 gene by andro-
gens at the transcriptional level. The regulatory
pathways involved in transcriptional silencing
of TCF3 in the normal prostate and subsequent
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activation in prostate cancer could play a key
role in transition/initiation of prostate cancer.
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