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Abstract

Deregulation of tumor suppressor genes is associated with tumorigenesis and the development of
cancer. In prostate cancer, 1D4 is epigenetically silenced and acts as a tumor suppressor. In normal
prostate epithelial cells, ID4 collaborates with androgen receptor (AR) and p53 to exert its tumor
suppressor activity. Previous studies have shown that 1D4 promotes tumor suppressive function of
AR whereas loss of 1D4 results in tumor promoter activity of AR. Previous study from our lab
showed that ectopic D4 expression in DU145 attenuates proliferation and promotes AR
expression suggesting that ID4 dependent AR activity is tumor suppressive. In this study, we
examined the effect of ectopic expression of D4 on highly malignant prostate cancer cell, PC3.
Here we show that stable overexpression of ID4 in PC3 cells leads to increased apoptosis and
decreased cell proliferation and migration. In addition, in vivo studies showed a decrease in tumor
size and volume of 1D4 overexpressing PC3 cells, in nude mice. At the molecular level, these
changes were associated with increased androgen receptor (AR), p21, and AR dependent FKBP51
expression. At the mechanistic level, ID4 may regulate the expression or function of AR through
specific but yet unknown AR co-regulators that may determine the final outcome of AR function.
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Introduction

ID4, a dominant negative helix-loop-helix transcriptional regulator is highly expressed in
normal epithelial cells of the prostate [1, 2]. In PCa, 1D4 expression is progressively lost
with increasing stage of the disease [1] due to promoter hyper-methylation [3]. We have
previously reported that knockdown of Inhibitor of differentiation-4 (1D4) in prostate cancer
LNCaP cells, promoted tumorigenicity with a gene expression signature that resembles that

"Corresponding Author Dr. Jaideep Chaudhary, Professor, Room No. 4029D, Dept. of Biological Sciences, Thomas W Cole Jr.
Research Center, Clark Atlanta University, Tel: 404 880 6821, Fax: 404 880 8065, jchaudhary@cau.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Komaragiri et al. Page 2

of constitutively activated AR in castrated mice [4]. Conversely, ectopic 1D4 expression
induced re-expression of AR that led to decreased proliferation and increased apoptosis in
otherwise androgen receptor negative prostate cancer cell line DU145 [5].

Androgen receptor (AR) is a critical survival pathway for prostate cancer cells. AR may act
both as a tumor suppressor and a proliferator in the prostate [6]. Over-expression of AR in
PC3 cells results in decreased invasion in vivo mouse models whereas mice lacking the
prostate epithelial AR (PEARKO) have increased apoptosis in epithelial luminal cells. The
PERKO mice developed larger and more invasive metastatic tumors in lymph nodes and
died earlier than wild-type littermates [7].

AR activity and function is regulated by many co-factors and chaperones [8]. In this context,
ID4 appears to be one of the key regulators of AR function. Results suggest that in the
presence of ID4, AR functions as a tumor suppressor whereas loss of ID4 promotes AR to
act as a tumor promoter. Identifying new or complex interactions between AR co-/regulators
could provide some insight into possible mechanisms by which AR undergoes transition
between a tumor suppressor vs. tumor promoter. Here, we report that D4 acts as a regulator
of AR by not only inducing AR expression but promoting its tumor suppressor activity,
leading to induction of apoptosis and inhibition of cell migration and growth, in more
metastatic PC3 cells.

Materials and Methods

Cell Lines

PC3 prostate cancer cell line was purchased from ATCC and cultured as per ATCC
recommendations.

ID4 overexpression in prostate cancer cell line

Overexpression of pPCMV +I1D4 vector and pCMV vector alone in PC3 and subsequent
selection of transfectants was performed in as described previously [5].

Real-time quantitative RT-PCR (qQRT-PCR)

Total RNA (2 pg) from cell lines was reverse transcribed in a final volume of 25 L as per
standard protocols [9]. Reverse-transcribed RNA was used for qRT-PCR with gene-specific
primers [9] (Supplemental Table 1).

Western Blot Analysis

Western Blot analysis with 30ug of total protein, extracted from cultured prostate cancer cell
lines using respective protein specific antibodies (Supplemental Table 2) was performed as
described earlier [10].

Proliferation Assay

Cell proliferation was determined using a Cell Titer 96 nonradioactive cell proliferation
assay (Promega) according to the manufacturer’s protocol.
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Apoptosis Assay

Apoptosis was quantified using Propidium lodide and Alexa Fluor 488 conjugated Annexin
V (Molecular Probes) as described previously [11].

Migration Assay

In vitro cell migration assay was performed using 24-well transwell inserts (8 mm, BD
Biosciences, Palo Alto, California). Cells were harvested and centrifuged at 1500 rpm for 5
minutes at room temperature. The pellets were suspended into F12 supplemented with 0.2%
BSA. Aliquots of 100ul cell suspension (3x10% cells/inserts) were added to each insert.
Chemoattractant solutions were made by diluting EGF (10 ng/ml) into F12 supplemented
with 0.2% BSA and the cells were allowed to migrate through a porous membrane coated
with rat tail collagen (50 mg/ml) at 37°C for 5 hours. F-12 containing 0.2% BSA served as
the control medium. The cleaned inserts were fixed in 4% paraformaldehyde (pH 7.5). Cells
on the outside of the transwell insert membranes were stained using DAPI (3ug/ml). The
images were captured in five areas using Axiovert 200M, Carl Zeiss microscope. Stained
nuclei were counted using image analysis software (ZEN 2012; Carl Zeiss). Results were
expressed as migration index defined as: the average number of cells per field for test
substance/the average number of cells per field for the medium control.

Immunocytochemistry (ICC)

ICC studies on cells grown in glass chamber slides were performed as described previously
[12] using protein specific antibodies (Supplemental Table 2).

Tunel Assay
The terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate (dUTP) nick
end labeling (TUNEL) assay was used to detect fragmented DNA as marker for apoptosis in
FFPE tissue sections using TACS 2 TdT-DAB apoptosis detection kit (Trevigen). The slides
were counterstained in hematoxylin and mounted with Immuno-mount (Thermo Scientific).

Luciferase Reporter Assays

Cells were plated in a 96-well plate at a density of 2.5x104 cells/well and experiment was
further conducted according to our previous study [10].

Animal Studies

PC3 - CMV and PC3 + ID4 cells (2 x 106) suspended in 100 pL of serum-free F12 medium
containing Matrigel (1:1 [v/v]; BD Biosciences) were injected subcutaneously into both
flanks of 3-week-old noncastrated (NC) male nu/nu athymic nude mice (Taconic) using a
27-gauge syringe, then followed the procedure previously performed from our lab for
harvesting the tumors [13]. The nu/nu mice were maintained at the Mercer University
Vivarium. All studies were approved by the Clark Atlanta and Mercer University committee
for the use and care of animals.
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Chromatin immuno-precipitation in cell lines was performed using the ChIP assay kit
(Millipore, Billerica, MD) as per manufacturer's instructions. The chromatin (total DNA)
extracted from cells was sheared (Covaris S220), subjected to immuno-precipitation with
respective antibodies (Supplemental Table 1), reverse cross linked and subjected to
quantitative ChIP- PCR in Bio-Rad CFX.

Statistical analysis

Results

gRT-PCR data were analyzed using the AAG method [1]. The within-group Student #test
was used for evaluating the statistical differences between groups.

Previous study from our lab showed that in DU145 cells, ID4 functions as a tumor
suppressor [5]. To further elucidate the role of D4 in prostate cancer, we utilized more
metastatic and tumorigenic PC3 cells, which do not express AR and have very low levels of
ID4, due to promoter methylation [3].

Generation of ID4 expressing prostate cancer cell line

Stably transfected PC3 with pCMV+ID4 vector expressed nearly 2.5 fold higher 1D4
expression (PC3+ID4) cells as compared to the control vector (PC3+CMV) transfected cells.
The 1D4 expression in control vector transfected cells was negligible and was comparable to
that in parental PC3 cells. Expression of D4 was measured by quantitative PCR (Fig. 1A)
and western blotting (Fig. 1B).

Effect of ID4 on Morphology, Cell Proliferation and Migration

A change in morphology in PC3+1D4 cells was observed (Fig. 1C, Left panel). PC3+1D4
cells had an "epithelial like" morphology that was associated with increased cell-cell
adhesion as compared to a mesenchymal morphology of the PC3-CMV cells (Fig. 1C, Right
panel). At the molecular level, the transition towards "epithelial™ morphology and increased
cell adhesion of PC3+I1D4 cells could be due an increase in E-cadherin expression (Fig.1D &
E). Overexpression of 1D4 also attenuated proliferation of the PC3 cells. The PC3+ID4 cells
had a 2 fold decrease in proliferation (Fig. 1F), as compared to control cells. KI-67, a
cellular marker for proliferation present during all active phases of cell cycle, was also
reduced in PC3+ID4 cells compared to control cells (Fig. 1G). Next we investigated the
effect on apoptosis in these cells by Flow cytometry. The rate of apoptosis in PC3+1D4 cells
was significantly higher as compared to PC3-CMV control cells (Fig.1H). Western blot
analysis showed an increase in BAX expression, a marker associated with apoptosis in
PC3+ID4 cells, compared to PC3-CMV cells (Fig. 11). The Cyclin dependent kinase
inhibitor p21, a well-known inhibitor of cyclin-dependent kinases acts as a key factor for the
regulation of cell growth is upregulated by AR in prostate cancer cell lines [14]. Consistent
with this observation, Western blot analysis showed stable 1D4 expression in PC3 cells
resulted in upregulation of p21 levels (Fig. 11), compared to PC3 control cells. Collectively,
these results demonstrate that 1D4 expression decreases proliferation and increases apoptosis
via BAX upregulation.
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PC3+ID4 cells showed significantly decreased migration compared to the PC3-CMV control
cells (Fig. 2A&B) in a transwell migration assay.

ID4 promotes AR expression—Real time PCR demonstrated that PC3+1D4 cells have 4
fold greater AR expression compared to PC3-CMV cells (Fig. 3A). Western blot analysis
further demonstrated greater AR protein expression in PC3+1D4 cells compared to PC3-
CMV cells (Fig. 3C). Immuno-cytochemistry further confirmed increased expression of
androgen receptor in PC3+I1D4 cells (Fig. 3D). The AR expression in PC3+1D4 cells was
localized primarily to the nucleus (Fig. 3D2) with an increase in expression and nuclear
localization after treatment with 10nM R1881 (Fig. 3D4). In contrast, AR was not expressed
in PC3-CMV cells treated with vehicle alone but was expressed only after R1881 treatment
(3D3).

FKBP51, a well-established AR regulated gene was used to assess the transcriptional
activity of AR. ID4 induced FKBP51 expression at both mRNA and protein levels in
PC3+ID4 cells (Fig. 3B&C). Androgen-dependent transcription of the FKBP51 is conferred
through a non-canonical androgen response element (ARE) element within an intron [15].
Chromatin immuno-precipitation analysis using androgen receptor antibody revealed that
binding to FKBP51 promoter is significantly increased (P < 0.001) in PC3+ID4 cells
compared to PC3 control cells (Fig. 3E). These results suggest that ID4 promotes binding of
AR to FKBP51promoter.

In order to further assess the transcriptional activity of AR, the activity of luciferase driven
by the PSA promoter was performed. The relative PSA luciferase activity increased
significantly in PC3+ID4 cells as compared to PC3-CMV cells (Fig. 3F), which is consistent
with the increased expression of AR in these cell lines. The mutant ARR3 luciferase plasmid
(mt-ARR3 RE) used as a negative control, did not result in significant luciferase activity.
(Firefly PSA is normalized to Renilla empty vector).

ID4 results in decreased tumor growth in vivo—The influence of 1D4 on tumor
formation by PC3 was examined by measuring the size and weight of the tumors. PC3-CMV
control cell tumors in nude mice were observed within 1 week of injection (Figure 4A &
4B). In contrast, PC3+I1D4 cells formed tumors after a latency period of approximately 3
weeks, which led to a significant decrease in tumor growth. At the end of the experiments (6
weeks), the tumors were excised and volume and weights were measured (Fig. 4C&D). The
PC3+ID4 cells formed smaller tumors compared to PC3 control cells. Collectively, these
results indicate that overexpression of 1D4 decreases tumor growth of PC3 in nude mice.

ID4 regulated apoptosis in subcutaneous xenografts—Xenografts derived from
PC3+ID4 cells showed significantly more apoptotic cells compared to xxenografts from
PC3-CMV cells, confirming a role for ID4 in promoting apoptosis [16]. The average number
of TUNEL positive cells in PC3+1D4 xenograft tissue is significantly higher compared to
PC3 control xenograft tissue (Fig. 4E).
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Discussion

The role of ID4 in cancer has not been clarified; however, studies support both a pro-tumor
and anti-tumor activity of 1D4. ID4 promoter methylation demonstrates its role as a potential
tumor suppressor and oncogene in a context dependent manner. We have shown that D4
expression is decreased due to promoter methylation in prostate cancer [3]. Epigenetic
silencing of ID4 promoter tend to support its tumor suppressor role in prostate cancer.

In prostate cancer cell lines, ID4 promotes cell cycle arrest and apoptosis, by up-regulating
the expression of p27 and p27[5]. In the present study also, ID4 decreases migration and
cell proliferation of PC3 cells, which is associated with an increase in p21, a regulator of cell
cycle progression at G1 and S phase and with a significant decrease in Ki67, a marker of
proliferation. [17]. PC3+ID4 cells showed increased apoptosis and decreased cell migration
compared to control cells. Most importantly we show an up-regulation of a E-cadherin a
well-established tumor suppressor and inhibitor of epithelial to mesenchymal transition [18]
by ID4. ID4 may directly regulate E-cadherin expression by neutralizing basic helix loop
helix E2A proteins that negatively regulate E-cadherin gene expression through E-Box
response elements [19]. Alternatively, increased AR expression in PC3+ID4 cells may itself
promote e-cadherin expression [20]. Collectively, these results demonstrated that 1D4
expression induces a change in cell morphology/adhesion, decreased proliferation and
increased apoptosis, possibly mediate via increased AR expression.

AR plays a tumor suppressor role in normal cells and functions as tumor promoter in
prostate cancer cells. [8, 21-23]. Various studies have shown that AR mRNA and protein
expression are low but detectable in PC-3 cells [24, 25]. Studies with treatment of PC3,
DU145, and LAPC4 cells with RI881 and DHT showed increased AR levels only in PC3
cells, with no effect in DU145 and a negative effect in LAPC4 cells suggesting that PC3
retained the necessary cofactors to engage AR as a tumor suppressor [26]. Addition of
functional AR in PC3 cells resulted in decreased invasion in bone lesion assay and in mouse
models [6]. Induction of AR expression and activity in PC3 cells indeed results in growth
suppression [8, 14, 20, 27], which is probably mediated by co-regulators that enable AR’s
normal tumor suppressor function.

Our results demonstrate that ID4 may activate the tumor suppressor activity of AR by
inducing expression of target genes P21 and FKBP51, and by decreasing expression of
K167, in PC3 cells. At the mechanistic level, ID4 may regulate the expression or function of
specific but yet unknown AR co-regulators that may determine the final outcome of AR
function.

In conclusion, ID4 may restore AR expression and activity in PC3 cells, which may
contribute to the tumor suppressor function of 1D4. Therefore, AR-dependent and —
independent pathways may contribute to the tumor suppressor function of 1D4. Identification
of the factors that mediate these effects in these prostate cancer cells will improve our
understanding of mechanisms that contribute to tumor invasion and therapeutic resistance
associated with androgen deprivation therapy.
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Highlights

. 1D4 expression induces AR expression in PC3 cells, which generally
lack AR.

. ID4 expression increased apoptosis and decreased cell proliferation and
invasion.

. Overexpression of D4 reduces tumor growth of subcutaneous
xenografts in vivo.

. ID4 induces p21 and FKBP51 expression- co-factors of AR tumor

suppressor activity.
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Figure 1.
Stable Overexpression of ID4 with pCMV-1D4 in PC3 cells. Expression of ID4 was

evaluated with real time PCR (A) and Western Blot (B). C: Morphology of the PC3-CMV
and PC3+1D4 cells in culture. D and E: Analysis of E-cadherin by Western blot and
Immuno-cytochemistry. F: Proliferation rate of PC3-CMV and PC3+ID4 cells expressed as
absorption at 570 nm (means £ SEM, n = 3; *** P< .001). G: Ki-67 expression by Western
Blot. H: Percent of cells undergoing apoptosis by flow cytometry (***: P <0.001). I:
Western blot analysis of BAX, and p21. GAPDH was used as loading control.
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ID4 regulates Migration. A: 1D4 significantly inhibited migration in PC3+ID4 cells

compared to PC3-CMV and PC3+EGF cells (positive control). Each bar represents Mean +
SEM (n = 3). (*** p < 0.001 compared to PC3-CMV). B: Representative images of
PC3+EGF, PC3 CMV and PC3+1D4 cells after migration of cells through Transwell (x10).
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ID4 regulates expression of AR. A and B: Quantitative real time RT-PCR of AR and

FKBP51 respectively (meant SEM, n=3 in triplicate, normalized to GAPDH followed by
fold change over PC3-CMV cells ***: P <0.001). C: Western blot analysis of AR and
FKBP51 in PC3—- CMV and PC3+ID4 cells (+tR1881). GAPDH was used as loading control.
D: AR immuno-cytochemistry (red). The cells were counterstained with DAPI (blue) to
reveal the nucleus (x200). E: Enrichment of Pol 1l and AR, on FKBP51 promoter in PC3-
CMV, PC3+1D4 cells. The data is expressed (mean+SEM, n=3 in triplicate) as % of input
(“a”, and “b” corresponding to Pol Il, and AR respectively, p<0.001 compared with PC3 -
CMV cells. F: The AR transcriptional activity as determined by PSA AR response element
driven luciferase reported plasmid. The data is normalized to Renilla luciferase. The mutant
ARR3 luciferase reporter plasmid was used as a negative control (mean £ SEM ***: P <
0.001 as compared to respective ARR3 luciferase, a: p<0.001 as compared to PSA luciferase
activity in PC3-CMV, c: p<0.01 as compared to PC3+ID4, n=3).
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Figure 4.
table overexpression of D4 in PC3 cells suppresses tumor growth in vivo. Male nude mice

were injected with PC3—-CMYV and PC3+1D4 cells and evaluated for tumor volumes and
tumor weights. A: Representative xenograft images with numbers of mice with similar
tumor (n) are shown. B: Volumes of the tumors were measured weekly (expressed as mm3,
means=SEM, n = 3/group, ***, p<.001, and *p<0.01 between PC3-CMV and PC3+ID4).
The mice were sacrificed at 6 weeks. C, D: Relative volumes and weights (means+SEM, n =
3) of the tumors after excision (***, P<.001, between PC3—- CMV and PC3+ID4 tumors).
E: TUNEL assay demonstrated increased apoptosis in in PC3+1D4 mice xenograft (Brown
staining) as compared to the PC3—-CMV cells. The TUNEL positive cells were counted in
five fields (at 400x) on three different tissue samples.
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