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Anti-apoptotic factor Birc3 is up-regulated by ELL2
knockdown and stimulates proliferation in LNCaP cells
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Abstract: ELL2 is a potential tumor suppressor in prostate cancer. ELL2 knockout in mice induced mPIN, the puta-
tive precursor of prostate cancer and ELL2 knockdown enhanced proliferation in cultured prostate cancer cells. To
explore the mechanism of ELL2 action in prostate cancer, we investigated the role of Birc3, an apoptosis inhibitor, in
prostate cancer cells and the regulation of its expression by ELL2. ELL2 knockdown enhanced Birc3 expression in
LNCaP and C4-2 cell line models. BrdU assay showed that Birc3 knockdown inhibited proliferation, ELL2 knockdown
enhanced proliferation, and Birc3 knockdown counteracted ELL2 knockdown-induced proliferation in LNCaP cells.
Trypan blue assay suggested that Birc3 knockout did not induce cell death in LNCaP cells. These findings suggested

that Birc3 is a downstream gene of ELL2 and may play a role in driving prostate cancer proliferation.
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Introduction

Prostate cancer is one of the most common
malignant tumors in men, particularly in aging
men. As life expectancy increases, the inci-
dence and mortality rates of prostate cancer
are expected to rise. It was estimated that
there were 164,690 new cases of prostate can-
cer and 29,430 death from this disease in
2018 in the United States, which makes pros-
tate cancer the most frequently diagnosed can-
cer and the second leading cause for cancer-
related death in US males [1]. However, the
pathogenesis and molecular mechanisms of
prostate cancer remain incompletely under-
stood. Defining the mechanisms involved in
prostate cancer initiation and progression may
lead to better prevention and/or treatment of
this disease.

The eleven-nineteen-Lys-rich leukemia (ELL)
family consists of ELL, ELL2 and ELL3. ELL pro-
teins are RNA Pol Il elongation factors that can

trigger basal transcription, promote the cata-
lytic rate of transcription in vitro, stabilize RNA
Pol Il, and assemble the other super elongation
complex (SEC) members [2]. ELL2 is involved in
multiple biological functions [3-7]; and was
identified as an essential component of the SEC
and the little elongation complex (LEC) [8, 9.
ELL2 can bind to MED26 [10], which plays a
role in the regulation of transcription activity.
ELL2 is also closely associated with ELL-
associated factor 2 (EAF2) [11], and both ELL2
and EAF2 have been shown to act as potential
prostate cancer tumor suppressors [12-17].
Prostate-specific deletion of ELL2 in mice
induced prostatic lesions, such as murine pros-
tatic intraepithelial neoplasia (mPIN), increased
vascular density, and cell proliferation [12].
ELL2 expression was significantly decreased in
high Gleason grade prostate tumor specimens
and metastasis lesions [14]. ELL2 and EAF2
have been shown to physically interact with two
important tumor suppressors in prostate can-
cer, p53 and Rb [14, 18, 19]. These findings
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suggested a tumor suppressive role of ELL2 in
the prostate. However, the mechanisms of
ELL2 action in the prostate are unclear.

Baculoviral 1AP repeat-containing protein3
(Birc3), also called cellular inhibitor of apopto-
sis (clAP2), belongs to the IAP family of proteins
that contains a BIR domain. There are eight
proteins in human IAP family: NAIP (BIRC1),
c-IAP1 (BIRC2), c-IAP2 (BIRC3), XIAP (BIRC4),
survivin (BIRC5), Apollon/Bruce (BIRC6), ML-IAP
(BIRC7 or livin) and ILP-2 (BIRCS8) [20]. Initially,
IAPs were found as components of the tumor
necrosis factor receptor 2 (TNFR2) complex via
binding to TRAF1 and TRAF2 [21]. clAPs were
thought to protect cells from apoptosis through
inactivating caspase such as caspase-3 and -7
directly or indirectly. Down-regulation of Birc3
enhances apoptosis by activating caspase-7.
clAP proteins could function as ubiquitin E3
ligases, via their RING domains to mediate pro-
teasomal degradation of their target proteins,
such as RIP1, TRAF2, and NF-kB-inducing
kinase (NIK) [22]. Overexpressed Birc3 or dis-
ruption of Birc3 in malignant tumor could con-
tribute to disease progression and chemother-
apy resistance [23-28]. In chronic lymphocytic
leukemia, patients with mutant Birc3 suffered
worse overall response to fludarabine-based
chemotherapy compared to those with wild-
type Birc3 [29]. Jiang, et al., [24] reported Birc3
was up-regulated in gallbladder cancer, while a
significant association was found between
lymph node metastasis, prognosis and overex-
pression of Birc3. Birc3 was also reported to
elevate in mouse and human osteosarcomas,
which played an important role in anti-apopto-
sis and enhance of tumor growth of tumor cells
[26]. Also, MRNA expression analyses demon-
strated that the p53+/- osteosarcomas and
rhabdomyosarcomas mouse model exhibited
high expression of Birc3 mRNA, as well as
p53ME-/- and p53ME-/- RoME-/- mammary car-
cinoma xenograft mice [26, 30]. It was reported
that Birc3 could regulate the chemotherapy
sensitivity of prostate cancer [28, 31]. Our
recent studies showed a trend of Birc3 up-reg-
ulation by knockdown of EAF2, a binding part-
ner of ELL2 [32]. Overall, there are few reported
studies on Birc3 in prostate cancer, and its role
in prostate carcinogenesis is not clear.

In this study, we explored ELL2 regulation of
Birc3 expression and potential role of Birc3 in
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prostate cancer cell proliferation and death.
Our findings suggest that Birc3 plays a poten-
tially important role in ELL2 signaling and in
prostate cancer progression.

Materials and methods
Cell culture, knockdown and western blotting

The LNCaP, VCaP, and 22Rv1 cell lines were
purchased from ATCC. C4-2 was from Dr. Leland
W.K. Chung (Cedars-Sinai, Los Angeles, CA) and
LN95 was from Dr. Jun Luo (Johns Hopkins
University, Baltimore, MD). LNCaP, 22Rv1 and
C4-2 were cultured in RPMI-1640 (10-040-CV,
Corning Cellgro, Corning, NY), while VCaP was
maintained in DMEM (12-604F, Lonza, Basel,
Switzerland). The LN95 cells were cultured in
phenol red-free RPMI-1640 medium supple-
mented with 10% charcoal-stripped FBS. All
medium was complemented with 10% fetal
bovine serum (FBS), 1% glutamine plus 1% pen-
icillin/streptomycin (10378016, Gibco, Wal-
tham, MA). Cells were incubated at 37°C in the
atmosphere of 85% humidity with 5% CO,. The
medium was changed every two days.

For knockdown, cells were seeded in 6-well
plate at 24 h before knockdown, of which the
density was 3x10%/well. The siRNA for Birc3,
ELL2 and control (D-001810-10-50, Dhar-
macon, Lafayette, CO) were obtained from Dh-
armacon. The sequences of the siRNA oligonu-
cleotides were Birc3-1: sense, 5-UAAGGGAA-
GAGGAGAGAGAA-3’; antisense, 5-UUCUCUCU-
CCUCUUCCCUUA-3’; Birc3-2: sense, 5-CAAG-
GUGUGAGUACUUGAUAAGAAT-3’, antisense, 5-
AUUCUUAUCAAGUACUCACACCUUGGA-3’, siEL-
L2-1: sense, 5-CUCACAUCCUCCUCAGAUUGU-
AAAU-3’, antisense, 5-AUUUACAAUCUGAGG-
AGGAUGUGAGAU-3’, siELL2-2: sense, 5-CUC-
ACAUCCUCCUCAGAUUGUAAAT-3’, antisense, 5'-
AUUUACAAUCUGAGGAGGAUGUGAGAU-3'. Dh-
armaFECT Transfection Reagent (T-2001-02,
Dharmacon) was used for siRNA delivery.
LNCaP cells in each well were incubated in anti-
biotics-free medium for 0.5-1 hour prior to the
knockdown initiation. Cells were transfected
with 25 nM siRNA, using 5 pl DharmaFECT
Transfection Reagent in antibiotics-free, bovine
serum-free medium. Nontarget siControl was
added to each single knockdown well to guar-
antee the identical siRNA (25 nM) amount in
every group. After transfection (24 hour), the
medium was replaced and cells were incubated
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for an additional 24 hours for RNA extraction or
48 hours for western blotting.

For Western blotting, cells were lysed in 70 ul
lysis buffer (50 mM Tris-HCI pH 7.4, 150 mM
NaCl, 1% Triton x-100, 1% Sodium deoxycho-
late, 0.1% SDS, 1 mM EDTA plus protease inhib-
itors cocktail (P8340, SIGMA, St. Louis, MO) in
each well after washing twice in PBS. The con-
centration of all protein samples was deter-
mined using BCA protein quantification assay
and a total of 30 pg protein for each sample
was loaded into 8% SDS polyacrylamide gel for
electrophoresis. After protein electro-transfer,
membranes were probed using antibodies
against ELL2 (A302-505A, Bethyl Laboratories,
Montgomery, TX), Birc3 (3130, Cell Signaling
Technology, Danvers, MA), or GAPDH (sc-
47724, Santa Cruz Biotechnology, Dallas,
Texas). Western blot signals were detected
using ChemiDoc™ Touch Imaging System (Bio-
Rad Laboratories, Hercules, CA) after incuba-
tion with primary antibodies at 4°C overnight
and subsequently with peroxidase-conjugated
secondary antibody.

Real-time reverse transcription quantitative
PCR (qPCR)

Total RNA was purified using the RNeasy Mini
kit (74104, Qiagen, Germantown, MD) accord-
ing to the manufacturer’s instruction. The con-
centration of purified RNA was measured by
NanoDrop spectrophotometer (Thermo Fisher
Scientific, Waltham, MA). For reverse transcrip-
tion, 500 ng of RNA was applied with 2 pul of
PrimeScript™ RT Master Mix (RRO36A, Takara
Bio, Mountain View, CA) in a total volume of 10
ul. Expressions levels of the genes Birc3, ELL2,
and GAPDH were determined using StepOne
Real-Time PCR System (Life Technologies,
Waltham, MA) with Real-time qPCR Master Mix
(639676, Takara Bio, Mountain View, CA). The
primer sequences for gPCR were as followed:
ELL2: Forward Primer, TGACTGCATCCAGCAAA-
CAT, Reverse Primer, TCGTTTGTTGCACACACTG-
TAA. Birc3: Forward Primer, GACTCAGGTGTTGG-
GAATCTG; Reverse Primer, GACTCAGGTGTTG-
GGAATCTG. GAPDH: sense, CATGTTCGTCATGG-
GTGTGA; antisense, GGTGCTAAGCAGTTGGTG-
GT. The PCR reactions were carried out in a
total volume of 20 ul containing 10 ul TB Green
Advantage gPCR Premix (2x), 0.4 ul PCR
Forward Primer (10 uM), 0.4 yl PCR Reverse
Primer (10 uM), 0.4 ul ROX Reference Dye LSR
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(50%), 2 yl Template, and 6.8 pl dH20. The
expression of GAPDH was set as an internal
control.

BrdU assay

Cells plated in 24-well plates were treated with
50 nM siRNA for 72 hr and labeled with bromo-
deoxyuridine (BrdU) for 16 h subsequently.
Afterwards, cells were fixed by Carnoy’s fixative
(3:1 methanol:glacial acetic acid) for 20 min-
utes at -20°C, incubated with 2 M HCI for 1 h at
37°C, and then washed three times using 0.1
M boric acid. Cells were then treated with 3%
hydrogen peroxide for 20 minutes at 37°C and
blocked in 10% goat serum for 1 hour at 37°C.
Anti-BrdU antibody (MoBU-1, Santa Cruz Bio-
technology, Dallas, Texas) was used to probe
BrdU-labeled cells incubated overnight at 4°C,
and cells were incubated with CY3-labeled goat
anti-mouse secondary antibody (A 10521, Life
Technologies, Waltham, MA) for 1 hour at 37°C.
Finally, 1 uM SYTOX Green (S7020, Life
Technologies, Waltham, MA) or DAPI (D9542,
Sigma-Aldrich, St. Louis, MO) was used to stain
the nuclei for 15 minutes at room temperature.
Images were obtained by a fluorescence micro-
scope (TE2000-U, Nikon, Tokyo, Japan) equi-
pped with a Hamamatsu Orca-Flash4.0LT Di-
gital Camera (C11440, Hamamatsu Corp,
Sewickley, PA) and NIS-Elements Documen-
tation v 4.6 software (Nikon Instruments, Inc.,
Melville, NY). The ratio of BrdU-labeled cells
to SYTOX GREEN-stained cells, reflecting the
percentage of BrdU-positive cells was deter-
mined.

Trypan blue exclusion test

Cells were seeded at a density of 3x10° cells/
well in 6-well plates and transfected with indi-
cated siRNAs. Cells were harvested 72 hours
after the transfection using Trypsin digestion.
The harvested cells were stained with Trypan
blue solution (15250061, Gibco, Waltham, MA)
at a ratio of 9:1 and counted using a hemocy-
tometer to determine the percentage of dead
cells by counting the number of unstained live
cells and stained dead cells.

Statistics

Statistical analysis was conducted using SPSS
software 19.0 (IBM, Armonk, NY). Data were
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Results

ELL2 knockdown up-regulated
Birc3 expression in LNCaP and
C4-2 prostate cancer cell lines

To explore if ELL2 could modu-

late Birc3 expression, we test-

ed the effect of ELL2 knock-

down on the expression of

Birc3 in C4-2 and LNCaP, two

widely used prostate cancer
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Figure 1. The relative mRNA expression levels of Birc3 and ELL2 in ELL2-
knockdown C4-2 (A) and LNCaP (B) were measured by quantitative RT-PCR.
The data are normalized to GAPDH and shown as the 2"2% values.
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Figure 2. The protein expression level of Birc3 in dif-
ferent prostate cancer cell lines was measured by
Western-blotting. GAPDH served as a loading control.

presented as mean * standard deviation (SD).
GraphPad Prism version 6 was used for graph-
ics (GraphPad Software, San Diego, CA, USA).
The differences between groups were analyzed
using Student’s t-test. A difference was consid-
ered statistically significant when P value was
less than 0.05.
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ek LNCaP cells (Figure 1). Birc3

mRNA level relative to GAPDH
mRNA in C4-2 was at 0.0002-
0.0004, more than 10 times
lower than that in LNCaP cells.
Western blot analysis showed
that Birc3 protein level was
also much lower in C4-2 rela-
tive to LNCaP (Figure 2). In fact,
LNCaP cells expressed the

N 4 highest Birc3 protein level
v \'}’ among all the tested prostate
é\@v cancer cell lines (Figure 2).
Therefore, we used the LNCaP
model in this study to test the
role of endogenous Birc3, par-
ticularly in response to ELL2
knockdown.

Birc3 knockdown inhibited LNCaP cell prolif-
eration

To explore the potential function of Birc3 in
prostate cancer cells, we knocked down Birc3
expression using two different siRNAs targeting
Birc3 and a control siRNA and then performed
BrdU assay to evaluate the effect of Birc3 loss
on LNCaP cell proliferation. Figure 3 showed
that both siBirc3-1 and siBirc3-2 treatment
caused a reduction in BrdU-positive cells as
compared to siControl treatment. This observa-
tion suggested a stimulating role of Birc3 in
LNCaP cell proliferation.

Birc3 knockdown counteracted cell prolifera-
tion induced by ELL2 loss

Previously, we showed that ELL2 knockdown
enhanced proliferation in LNCaP cells [12].
Since ELL2 knockdown up-regulated Birc3
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Figure 3. Knockdown of Birc3 can strongly decrease
LNCaP cell proliferation. (A) LNCaP cells were trans-
fected with either two different siRNA targeting Birc3
or nontarget siRNA (siCon), cell proliferation rates
were determined using BrdU Incorporation assay.
Upper panels show nuclear staining with DAPI (Blue),
and lower panels show BrdU-positive nuclei stained
with CY3 (red). (B) Quantification column graph of
BrdU incorporation shown in (A) as mean precentage
of BrdU-positive cells relative to the total number of
cells. (C) Knockdown efficiency confirmed by West-
ern-blotting. GAPDH served as a loading control.

expression and Birc3 appeared to play a
growth-promoting role in LNCaP cells (Figures
1 and 3), up-regulation of Birc3 by ELL2 knock-
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down is likely to contribute to the increased
LNCaP proliferation upon ELL2 knockdown. To
examine the role of Birc3 in LNCaP growth stim-
ulation by ELL2 loss, LNCaP cells were trans-
fected with siControl, siELL2-1/2, siBirc3-1/2,
or both siELL2 and siBirc3. As expected, with
knockdown by two different sets of siRNA tar-
geting ELL2 and Birc3, siELL2 enhanced cell
proliferation and siBirc3 reduced proliferation
in the absence or presence of siELL2 (Figure
4). As a control, the western-blot analysis
showed that ELL2 knockdown up-regulated
Birc3 protein level and siBirc3 decreased Birc3
induction by ELL2 knockdown (Figure 4E, 4F).
The above finding suggested that ELL2 knock-
down induction of LNCaP cell proliferation is in
part mediated through Birc3 up-regulation.

Birc3 knockdown does not induce cell death in
LNCaP cells

Since Birc3 is an anti-apoptosis protein, we
tested if Birc3 knockdown could affect LNCaP
cell death. Using trypan blue staining, Figure
5A showed that knockdown of ELL2 and Birc3
individually or in combination had no detect-
able effect on LNCaP cell death. Also, the
knockdown of ELL2 and Birc3 individually or in
combination had minimal effect on caspase 7
protein level and did not induce the cleaved
caspase 7 (Figure 5B). This finding suggested
that Birc3 does not have significant influence
on prostate cancer cell death.

Discussion

The present study presented evidence that
ELL2 knockdown induced Birc3 mRNA and pro-
tein expression and that Birc3 knockdown
inhibited cell proliferation in the LNCaP cell
line model. These observations suggested a
growth-promoting role of Birc3 in prostate can-
cer progression and in ELL2 suppression of
prostate cancer cell proliferation.

ELL2 is a potential tumor suppressor in the
prostate because prostate-specific deletion of
ELL2 in mice induced prostatic epithelial hyper-
plasia and mPIN and Ell2 knockdown in cul-
tured LNCaP cells enhanced cell proliferation
[12]. However, the downstream signaling path-
ways mediating ELL2 suppression of prostate
cancer are not clear. Birc3 is involved in multi-
ple processes, including facilitation of cell
viability, radio/chemotherapy resistance and
patient survive [24, 33-36]. The observation
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Figure 4. Effect of Birc3 and ELL2 knockdown on LNCaP proliferation. (A) BrdU applied in LNCaP cells transfected
with different nontarget siRNA (siCon), siELL2, siBirc3, or concurrent ELL2 and Birc3 knockdown (siDouble). Upper
panel shows nuclear staining with Sytox Green (green), and lower panel shows BrdU-positive nuclei stained with
CY3 (red). (B) Upper panel shows nuclear staining with DAPI (blue), and lower panel shows BrdU-positive nuclei
stained with CY3 (red). (C) Quantification column graphs of BrdU experiment shown in (A) as mean precentage of
BrdU-positive cells relative to the total number of cells. (D) Quantification of BrdU experiment shown in (B). (E, F)
Knockdown efficiency confirmed by Western-blotting. The expression of Birc3 protein in LNCaP cell was suppressed
by siRNA targeted to Birc3. GAPDH served as a loading control.

that cells with ELL2 and Birc3 double knock- stimulated cell proliferation. This suggested
down proliferated slower than the cells with that Birc3 is one down-stream gene of ELL2
ELL2 knockdown alone suggested Birc3 up- capable of mediating ELL2 suppression of
regulation is required for ELL2 knockdown- LNCaP prostate cancer cell proliferation.
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Figure 5. Birc3 and ELL2 knockdown does not in-
duce cell death in LNCaP cells. A. Cell death of the
LNCaP cell line after ELL2, Birc3 and combination
knockdown. Cell death was determined by trypan-
blue exclusion of the treated cells. Control and siR-
NA-transfected cells are indicated below the bars.
B. Caspase-7 expression change during siRNA treat-
ment. LNCaP cell was transfected with siRNA for 72
h, and then caspase-7 was analyzed by Western blot-
ting. GAPDH was used as a loading control.

However, additional pathways are also involved
in ELL2 suppression of LNCaP cell proliferation,
because cells with ELL2 and Birc3 double
knockdown exhibited higher proliferation rate
than Birc3 knockdown alone (Figure 4). Since
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Birc3 expression level was high in LNCaP but
low in other prostate cancer cell lines (Figure
2), Birc3 is likely to be important in a subset of
prostate cancers.

Birc3 plays an important role as an anti-apop-
tosis factor through direct binding to Caspase-3,
-7 and -9 and promoting ubiquitination of
TRAF2, TRAF3 to repress apoptosis pathways
and molecules [37]. However, our studies did
not find Birc3 regulation of cell death and acti-
vation of Caspase-7 in LNCaP cells. Instead,
Birc3 knockdown inhibited LNCaP cell prolifera-
tion (Figure 3). This suggested that Birc3 plays
an important role in regulating cell proliferation
rather than apoptosis in LNCaP cells. Previous
studies showed that Birc3 enhances cell growth
using MTT or CKK8 assays [24, 38, 39], which
suggested that Birc3 could regulate cell growth
but did not rule out the possibility that Birc3
enhancement of cell growth is mediated th-
rough inhibition of apoptosis. Our finding pro-
vided strong evidence for the role of Birc3 in
regulation of cell proliferation, in addition to its
role as an apoptosis inhibitor. It is possible that
Birc3 may regulate proliferation in other cells
and future studies will be needed to determine
the importance and mechanisms of Birc3 regu-
lation of cell proliferation.

In summary, this study showed that Birc3, an
apoptosis inhibitor, can regulate prostate can-
cer cell proliferation, and is involved in ELL2
regulation of prostate cancer cell proliferation.
Birc3 is overexpressed in a subset of prostate
cancers and is likely to play an important role in
these prostate cancers. Birc3 may be a thera-
peutic target for these prostate cancers.
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