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E2A (TCF3) is a multifunctional basic helix loop helix (bHLH), transcription factor. E2A regulates tran-
scription of target genes by homo- or heterodimerization with cell specific bHLH proteins. In general,
E2A promotes cell differentiation, acts as a negative regulator of cell proliferation in normal cells and
cancer cell lines and is required for normal B-cell development. Given the diverse biological pathways

Keywords: regulated/influenced by E2A little is known about its expression in cancer. In this study we investigated

Erosme the expression of E2A in prostate cancer. Unexpectedly, E2A immuno-histochemistry demonstrated
ancer increased E2A expression in prostate cancer as compared to normal prostate. Silencing of E2A in prostate

bHLH S .. . . .

E2A cancer cells DU145 and PC3 led to a significant reduction in proliferation due to G1 arrest that was in part

TCF3 mediated by increased CDKN1A(p21) and decreased 1d1, Id3 and c-myc. E2A silencing in prostate cancer
cell lines also resulted in increased apoptosis due to increased mitochondrial permeability and caspase 3/
7 activation. Moreover, silencing of E2A increased sensitivity to doxorubicin induced apoptosis. Based on
our results, we propose that E2A could be an upstream regulator of Id1 and c-Myc which are highly
expressed in prostate cancer. These results for the first time demonstrate that E2A could in fact acts as

a tumor promoter at least in prostate cancer.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

E2A (TCF3) belongs to the larger basic helix loop helix (bHLH)
family of transcription factors. The conserved bHLH domain is
involved in homo- or hetero-dimerization to form a functional
transcriptional unit that binds to the canonical E-Box response
element (CANNTG) found in the promoter of many genes [1].

E2A gene codes for two alternatively spliced transcription fac-
tors E12 and E47 [2]. E12 and E47 primarily serve as partners for
dimerization with tissue specific bHLH proteins such as MyoD,
NeuroD and MASH to promote cell specific differentiation [1].
E2A is regulated primarily at post-transcriptional level through
protein-protein interactions: interaction of E2A with dominant
negative HLH proteins, the inhibitor of differentiation family (Id)
appears to be the primary mechanism that regulates E2A activity
[3]. The Id proteins neutralize E2A through HLH mediated dimer-
ization; however the lack of the basic domain in Id proteins ren-
ders the dimer transcriptionally inactive. The HLH domain of E2A
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also interacts with non-bHLH proteins (see Supplemental Fig. 1
for known E2A interaction partners) such as ubiquitin-conjugating
enzyme UBC9/UbcE2A and histone acetyl transferases: p300, CBP
and PCAF. The interaction with UBC9 is required for ubiquitination
and subsequent proteosomal degradation of E2A [4]. E2A proteins
also extend the half-life of its primary interaction partners, the Id
and MyoD proteins [5].

E2A is essential for lymphopoiesis as reveled in E2A null mice
[6]. Evidence suggests that E2A proteins act as general negative
regulator of cell proliferation in several normal cells and cancer cell
lines [7-9]. The growth inhibition by E2A occurs at multiple levels
involving both bHLH dependent and independent mechanisms.
Primary among these are the transcriptional up-regulation of mul-
tiple cyclin dependent kinase inhibitors CDKN1A (p21), p15INK4B
and p16INK4B [7-10]. Ectopic expression of E2A also promotes
apoptosis in E2A deficient lymphomas, independent of an arrest
in cell-cycle progression [7,8].

Contrary to its well established role as an inhibitor of prolifera-
tion, E2A expression is also observed in cells undergoing rapid pro-
liferation in the rat embryo [11] and in proliferating periventricular
neuroepithelial cells in the developing brain and in centroblasts
within germinal centers [12]. E2A also promotes epithelial to
mesenchymal transitions due to direct inhibition of E-cadherin
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expression at the promoter level [13], a mechanism central to can-
cer progression.

During our investigations to understand the mechanism of ac-
tion of Id proteins in prostate cancer (PCa), we observed that E2A
expression was low to negligible in PCa cell line LNCaP [14] but
high in two aggressive PCa cell lines DU145 and PC3. These preli-
minary observations prompted us to investigate the association
of E2A with PCa. Data mining demonstrated that E2A expression
directly correlated with PCa. These observations were validated
by E2A immuno-histochemical analysis in PCa specimens in this
study. At the molecular level, ablation of E2A leads to apoptosis
and G1 arrest dependent proliferation block in PCa cell lines. Taken
together, our results demonstrate for the first time that E2A acts as
a potential tumor promoter which is contrary to its well estab-
lished role as a tumor suppressor.

2. Materials and methods
2.1. Cell culture and E2A gene silencing

Human PCa cell lines DU145 and PC3 were obtained from ATCC
(Rockville, MD) and were cultured as described previously [15].
The expression of E2A in PCa cell lines was temporarily silenced
using E2A siRNA (sc-35245, Santa Cruz Biotechnology). The
non-silencing control siRNA (siRNA-A: sc-37007, Santa Cruz
Biotechnology) or un-transfected cells were used as controls. Tran-
sient transfections (Fugene) with siRNA were performed according
to the manufacturers’ recommendations on approximately
3 x 10° PCa cells in six-well plates. All the analysis including gene
expression studies were performed 48-72 h after transfection.

2.2. Proliferation assay

Cell proliferation was determined using CyQUANT NF Assay
(Molecular Probes) according to the manufacturer’s protocol.
Briefly, PCa cells/well in 96-well plate (in triplicates, 50% conflu-
ency) were transiently transfected with E2A or non-silencing
(NS) control siRNA. Hundred microliter of green-fluorescent
CyQUANT NF dye was added to the wells after a media change at
48 h and incubated for 30 min at 37 °C. The fluorescence intensity
was then measured using BioTek Synergy HT fluorescence reader
with excitation at 485 nm and emission at 530 nm.

2.3. Cell cycle analysis and apoptosis assay

Cell cycle distribution was determined by staining DNA with
propidium iodide (PI, Calbiochem). Briefly, transiently E2A silenced
PCa cells were fixed in 70% ethanol and cell pellets were suspended
in Pl at 37 °C for 30 min. For apoptosis assay, the cells were washed
and then stained with PI and Alexa Fluor 488 conjugated Annexin V
(Molecular Probes). The PI or PI + Annexin V cells were analyzed
with Accuri C6 flow cytometer.

2.4. Measurement of caspase-3/7 activation and mitochondrial
membrane potential

Caspase-3/7 activation and changes in mitochondrial mem-
brane potential were detected using the dual-sensor MitoCasp
(Cell Technology), according to the manufacturers’ protocol.
Stained cells were quantitated in Accuri C6 cytometer.

2.5. RT-PCR and real time RT-PCR

RNA (2 pg) was reverse transcribed in a final volume of 25 pl as
per standard protocols [15]. Reverse transcribed RNA from cells

was used for real time quantitative PCR based on the TagMan
chemistry using gene specific primers. The validated real time
PCR probes for respective genes were obtained from Applied Bio-
systems. Amplification of target sequences was detected with
ABI7900HT sequence detection system (Applied Biosystems, Foster
City, CA). The cycle threshold (Ct) was used to calculate relative
amounts of target mRNA. Standard reverse transcribed polymerase
chain reaction was performed using gene specific primers (not
shown).

2.6. Prostate tissue microarray slides

E2A expression was investigated in two different prostate tissue
microarray slides obtained from Cybrdi Inc. (MD): Slide 1 (Cat #
CC19-11, Lot # CC19-11-001) - consisted of 30 core biopsies repre-
senting 11 individual patient samples (three Benign Prostatic
Hyperplasia (BPH), three adenocarcinoma and five normal pros-
tate) and Slide 2 (Cat # CC19-11, Lot# CC19-11-007) consisted of
core biopsies in duplicate from 40 individual patients (34 cases
of Cancer, 1 case of adjacent normal and PCa and 5 cases of nor-
mal/benign prostate tissue). The histo-pathology for all samples
was pathologist certified and PCNA (slide 1) or PSA (slide 2) con-
firmed for immuno-histochemistry and stage.

2.7. Immuno-histochemistry (IHC) of tissue microarray slides

Tissue microarray slides were processed through standard pro-
tocols. Following antigen retrieval (autoclave in 0.01 M sodium cit-
rate buffer pH 6.0 at 121C/20 psi for 30 min), the peroxidase
activity was blocked in 3% H,0, and non-specific binding sites
blocked in 10% Goat serum. The blocked sections were incubated
overnight at 4C with E2A antibody (sc-349, Santa Cruz Biotechnol-
ogy) followed by incubation with secondary antibody (SA1-9510,
HRP-goat anti-rabbit, Thermo Scientific) for 1 h. The slides were
stained with DAB for 2 min, counterstained with hematoxylin
and mounted with Immuno-mount (Thermo Scientific), examined
and photo-micrographs taken using the Zeiss microscope with an
AxoimCam version 4.5 imaging system.

2.8. Data analysis

The flow cytometry data was analyzed with CFlow Plus (Accuri
Cytometers, Inc.) and Flow]o (Tree Star Inc.) softwares. Student’s t-
test was used to compare gene expression data. The non-paramet-
ric Kruskal-Wallis test (distribution free) followed by post hoc
Dunn’s test was used to compare the E2A expression data in tissue
microarray studies.

3. Results
3.1. E2A expression in prostate cancer tissue

The E2A antibody used in this study was extensively validated
using cell lysates from PCa cell lines [14] (Supplemental Fig. 2).
These results confirmed that the antibody is mono-specific for E2A.

The age matched normal (65.9 + 3.46 years, range: 36-78 years)
and cancer samples (65.44 + 2.05 years. n = 38, range: 20-82 years)
used for E2A expression analyses were as follows: 11 grade I, 13
grade II, 2 grade IIl and 6 Grade IV, and 6 samples with Gleason
Score (G +S) between 4 and 9. Samples with G+S=9 were as-
signed grade IV and those with less than 9 were assigned as grade
III for statistical analysis.

The E2A immuno-reactivity was low to undetectable in the
majority of ductal epithelium of the normal/BPH (11/14) prostate
or normal adjacent prostate tissue (Fig. 1A). Prostate lobe specific
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Fig. 1. Prostate cancer tissue microarrays were used to investigate E2A expression by IHC. E2A expression (brown staining) was negligible in normal prostate tissue (A, 200x ).
E2A expression increased with increasing grade of prostate cancer (B: Grade II, D: grade III). B (200x) and C (400x): Grade I human prostate adenocarcinoma showing
prominent nuclear localization of E2A. D (200x) and E (400x): Grade Il human prostate adenocarcinoma showing higher E2A expression compared to Grade II with
cytoplasmic localization. F (200x) and G (400x ): Comparison of E2A expression between adenocarcinoma and adjacent normal prostate tissue (arrow). H: Semi-quantitative
analysis of E2A expression in prostate cancer. No significant (NS) difference between E2A expression in normal vs. BPH and normal versus grade I was observed. Significant
differences were observed when normal samples where compared with Grade II, Grade IIl and Grade IV (***P < 0.001).

analysis (two triplicates from posterior lobe and three triplicates
middle lobe) also indicated the lack of E2A expression (data not
shown). The E2A expression pattern in BPH was similar to that of
the normal tissue (data not shown). Unlike normal/BPH samples,
high E2A expression was observed in PCa. E2A expression was pri-
marily nuclear in Grade I PCa (Fig. 1B and C) but weak cytoplasmic
expression, was also observed (Fig. 1B and C). The cytoplasmic
staining became more pronounced with increasing grade
(Fig. 1D-G). Interestingly, E2A staining was absent in adjacent

normal tubules (Fig. 1F and H, indicated by arrow). These results
further support the observations that increased E2A expression is
a specific cancer associated event.

The E2A expression intensity in PCa specimens was scored by
two independent observers (correlation coefficient r=0.94) and
graded from O to 10 on a linear scale (0: Absent, 10: highest) and
subjected to non-parametric statistical tests. A significant differ-
ence in the median between six groups was observed (at
P<0.0001, Kruskal-Wallis test statistics H = 80.41, Fig. 1H). The
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post hoc Dunn'’s test also indicated a progressive and significant in-
crease in E2A expression in various grades of PCa (Fig. 1H) com-
pared to normal/BPH specimens.

Transcriptome wide analysis based on NCBI GEO datasets also
indicated increased E2A expression PCa: GDS1439 (probes
213811_x_at, 210776_x_at, 215260_s_at, 209152_s_at, 209152_
s_at and 213730_x_at targeting a unique region of the E2A gene)
and GDS2545 (probe 1374_g_at). Collectively, our immuno-histo-
chemical and public databases support increased E2A expression
in PCa.

3.2. E2A silencing blocks proliferation

SiRNA based silencing (E2A-siRNA) led to a significant decrease
in E2A transcript (Fig. 2A) in DU145 (25-fold) and PC3 (4-fold) cells
as compared to non-silencing controls (NS-siRNA) as determined
by qtPCR. Both these cell lines constitutively express E2A [14].

Silencing of E2A led to significant reduction in the proliferation
of DU145 and PC3 cells (Fig. 2B). Upon E2A silencing, the fraction of
cells in G1 phase increased significantly as compared to controls
(Fig. 2C and D). The increase in fraction of cells in G1 phase was
associated with a corresponding decrease in cells in G2/M phase
in both cell lines with E2A siRNA. The results suggest a G1 arrest
in E2A-siRNA transfected cells that was also accompanied by de-
crease in the proliferation marker PCNA (Fig. 2E).

To uncover the potential mechanism of G1 arrest in E2A-siRNA
cells, we investigated the expression of cyclin dependent kinase
inhibitors CDKN2A (p16), CDKN1A (p21) and CDKN1B (p27) by
qtPCR. As expected, loss of E2A was associated with an increase
in the expression of CDKN1A (Fig. 2E). Surprisingly, CDKN2A and
CDKN1B expression decreased in PCa cells following E2A silencing.
E2A transcriptionally regulates CDKN2A and CDKN1B by binding to
E box sequence in their proximal promoter. Thus, down-regulation
of CDKN2A and CDKN1B confirms successful silencing of E2A in
PCa cells but is counter-intuitive to its role as a tumor promoter.
Increase in CDKN1A in E2A silenced cells though consistent with
cell cycle data is unexpected because like CDKN2A and CDKN1B,
it is also an E2A transcriptional target [8].

CDKN1A is one of the major targets of c-Myc repression. A sig-
nificant decrease in c-Myc expression following E2A silencing
(Fig. 2E) could lead to increased CDKN1A expression and G1 arrest
in DU145 and PC3 cells. The G1 arrest in E2A-siRNA PCa cells was
also associated with a decrease in dominant negative HLH and E2A
dimerization partners Id1 and Id3. Both Id1 and Id3 regulate and
integrate multiple cell cycle regulatory pathways notably involving
c-Myc that promote G1/S and G2/M progression.

3.3. E2A silencing promotes apoptosis

Silencing of E2A in PCa cell lines significantly increased apopto-
sis (Fig. 3A and Supplemental Fig. 3) associated with increased
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Fig. 2. E2A silencing represses prostate cancer cell proliferation. (A) E2A silencing (E2A-siRNA) was determined by real-time quantitative RT-PCR in human prostate cancer
cell lines DU145 and PC3 and compared to cells transfected with non-specific siRNA (NS-siRNA). The values are relative to GAPDH. (B) E2A was silenced in DU145 and PC3 and
cell proliferation was determined by CyQUANT cell proliferation assay. Each sample was assayed in triplicate in two biologically independent experiments. (C and D) DU145
and PC3 cells, respectively, were silenced with E2A siRNA, fixed, and stained with Pl and DNA content was determined by flow cytometer. Histogram shows the percentage of
cells in GO-G1, S, and G2-M phases. The figure depicts the result of three biologically independent experiments. (E) DU145 and PC3 cells were silenced with E2A siRNA and
quantitative real time PCR was performed on putative E2A target genes. The data in log2 scale reflects decrease in expression as negative and increase as positive as compared
to non-silencing controls. The data represents mean = SEM of three replicates from three different experiments. Except TCF21 and Id2 (in PC3 cells) all changes were

statistically significant at P < 0.001.
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Fig. 3. (A) Effect of E2A on apoptosis in prostate cancer cell lines DU145 and PC3. The data shows the effect of NS-siRNA and E2A-siRNA on apoptosis in DU145 and PC3 cells
after staining the cells with Annexin V-Alexa 488 and PI. The graph represents mean + SEM from three replicates and at least three independent experiments. The figure also
demonstrates the effect of 500 nm doxorubicin on PC3 cells transfected with either NS-siRNA or E2A-siRNA. Apoptosis in PC3 cells treated with Doxorubicin (500 nm) was not
statistically different from untreated cells whereas a significant increase was observed in PC3 cells transfected with E2A-siRNA. (***P < 0.001 by Student’s t-test). (B and C) E2A
regulates apoptosis through cytochrome c (B) and caspase 3/7 (C) dependent pathways. The cells were stained with a cationic dye for detection of mitochondrial membrane
potential (MMP) and a carboxyfluorescein (FAM) labeled fluoromethyl ketone (FMK)-peptide inhibitors of caspases and quantitated with flow cytometer. Values
(mean + SEM) that are statistically significant to p <0.001 are indicated with asterisk (***, Student’s t-test: duplicates from three different experiments).

cytochrome c release (Fig. 3B). Consistent with decreased mito-
chondrial potential (increased cytochrome c release), a significant
increase in caspase 3/7 activity was observed in E2A-siRNA PCa
cells (Fig. 3C and Supplemental Fig. 3). A clear correlation between
apoptosis and its mediators between E2A silenced DU145 and PC3
cells was however not observed, possibly due to number of altered
signaling and apoptosis effector molecules between DU145 and
PC3 cells (e.g. PC3 are null for p53 and DU145 harbor mutant p53).

3.4. E2A silencing enhances sensitivity to Doxorubicin

Based on the dose response curve (0.1 nm-10um, data not
shown), we selected 500 nm doxorubicin as the minimum dose
that did not significantly increased apoptosis over a 24 h treatment
period in PC3 and DU145 cells as compared to untreated cells (PC3
results shown in Fig. 3A, DU145 results not shown but essentially
similar to PC3). However at this dose a typical doxorubicin depen-
dent G2/M arrest was observed (Fig. 2D). In the absence of E2A,
doxorubicin induced a significant increase in apoptosis as
compared to cells silenced only with E2A-siRNA (Fig. 3A). These
results clearly demonstrated that E2A prevents cells against doxo-
rubicin induced cell death and that lack of E2A promotes sensitiv-
ity to doxorubicin. Collectively, our results provide direct evidence
that E2A protects PCa cells against apoptosis and promotes
proliferation.

4. Discussion

E2A is a multi-functional transcription factor that interacts and
modulates the activity of a large repertoire of proteins including

transcription factors (Supplemental Fig. 1). Dimerization with
E2A is also essential for bHLH transcription factor activity. In gen-
eral, E2A acts as a general growth inhibitor, however a positive cor-
relation between E2A expression and PCa as demonstrated in this
study, supports its pro-tumor role in PCa.

Low to undetectable E2A in the normal human prostate in our
study and the transcriptome wide expression analysis is striking.
Restricted E2A expression is also observed in human pituitary, kid-
ney, adrenals and liver [12]. Lack of E2A in some tissues such as
prostate suggest that bHLH transcription factors or at least those
involving E2A as a hetero/homo-dimer have negligible role in
maintaining normal prostate function.

Our immuno-localization studies overwhelmingly demonstrate
that E2A expression is associated with increasing grade of PCa.
These results are consistent with transcriptome wide profiling
studies. The lack of E2A expression within the epithelium of the
normal, adjacent normal and BPH further suggests that increased
E2A is a cancer specific event and not associated with benign pro-
liferative disease. These observations are noteworthy in context of
reports that show E2A expression in populations of cells associated
with high proliferative activity such as B cells. The effect of E2A on
proliferation is cell-lineage dependent and involve participation of
different dimerization partners. For example, whereas heterodi-
merization between E2A and myogenic bHLH proteins is anti-pro-
liferative in fibroblasts [9], formation of E47 homodimers in B cells
promotes proliferation [16] based on increased cyclin D2/D3
expression [17] and decreased Cdk6 activity [18]. In fact Zhao et
al. [17] demonstrated that suppression of E47 decreased cell prolif-
eration while its induction promoted cell proliferation of serum de-
prived B-cells and nonB-cells.
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Decrease in proliferation and G1 arrest in E2A ablated PCa cells
are inconsistent with the majority of observations that support the
role of E2A as a negative regulator of cell proliferation in normal,
immortalized and cancer cell lines [10]. The tumor-suppressor
activity of E2A is mediated at least in part by promoting E-Box
dependent expression of CDKN2A and CDKN1B. Thus down-regula-
tion of CDKN2A and CDKN1B in absence of E2A supports this reg-
ulatory pathway but not consistent with the G1 arrest. We
speculate that low levels of CDKN2A and CDKN1B could promote
the assembly of cyclinD-cdk4 complex for efficient cell cycle pro-
gression. The down-regulation of Id1 and Id3 in PCa E2A suppres-
sion model is also a novel observation. Id1 and to a lesser extent
Id3 are known tumor promoters in PCa [15,19] and are required
for G1 progression [9]. Mechanistically, the E2A-Id1 cross-talk
appears to be transcriptional but lack of E2A could also promote
proteasome mediated degradation of Id1/Id3 [5] that could further
block G1 progression [9]. We are currently testing the hypothesis
that cytoplasmic expression of E2A in higher grade PCa could
in-fact protects degradation of Id1/Id3.

The increase in CDKN1A following E2A-siRNA PCa cells provides
a possible mechanism for cell cycle arrest. Similar to CDKN2A and
CDKN1B, CDKN1A is also an E2A transcriptional target but its reg-
ulation appears to be cell specific. Unlike CDKN2A and CDKN1B,
CDKN1A does not appear to be a direct E2A transcriptional target
at least in PCa cells. Instead, CDKN1A could be regulated by
c-Myc: c-Myc is a transcriptional repressor of CDKN1A and pro-
motes proliferation [20] and induce or sensitize cells to apoptosis
[21]. Thus a decrease in c-Myc expression in the E2A silenced cells
tends to support our observations.

The caspase 3/7 dependent apoptosis due to increased mito-
chondrial permeability is consistent with reports demonstrating
spontaneous apoptosis in CLL following E2A silencing [22] and
alternatively, protection of apoptosis in B- and non-B cells through
an E2A dependent suppression of caspase-3 activation [23]. Inter-
estingly, meta-analysis suggested E47 as a possible doxorubicin
resistance-associated gene [24] which was experimentally vali-
dated in this study. These results are clinically significant that
could explain resistance to doxorubicin based treatment regimens.
Although we did not investigate the potential downstream effec-
tors of E47 dependent mediators of doxorubicin resistance but can-
didate genes such as c-myc [25] and Id family of transcriptional
regulators could be involved.

In conclusion, we provide multiple lines of evidence that sup-
port the role of E2A as a tumor promoter. At the molecular level,
at least three potential E2A regulated mechanisms in PCa can be
predicted: (1) promoting the expression of c-Myc: the oncogene
c-Myc is itself highly expressed in PCa and regulates a large
repertoire of genes and pathways involved in cancer progression
including Id family of proteins[26]; (2) protection of Id1, a well-
established marker of PCa progression [19,27], against ubiquitin—-
proteasome mediated degradation [5] and (3) the likelihood of
another interacting bHLH protein, possibly with oncogenic proper-
ties such as Tall. In this last scenario E12/E47 could still act as a
tumor suppressor whose activity is inhibited by an oncogene
similar to TAL1/SCL [28].
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