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Background: Elongation factor for RNA polymerase II 2 (ELL2) was reported as a putative
tumor suppressor in the prostate. ELL2 is frequently down-regulated in prostatic adenocar-
cinoma specimens, and loss of ELL2 induced murine prostatic intraepithelial neoplasia and
enhanced AR-positive prostate cancer cell proliferation. However, the ELL2 gene appears to
be amplified in AR-negative neuroendocrine prostate tumors, suggesting a potential onco-
genic role for ELL2 in AR-negative prostate cancer cells. In this study, we explored the
potential function of ELL2 in PC-3 and DU145, two AR-negative prostate cancer cell lines.
Materials and Methods: The role of ELL2 in PC-3 and DU145 cells was studied using
siRNA-mediated ELL2 knockdown. Genes regulated by ELL2 knockdown in PC-3 cells were
identified and analyzed using RNA-Seq and bioinformatics. The expression of representative
genes was confirmed by Western blot and/or quantitative PCR. Cell growth was determined by
BrdU, MTT and colony formation assays. Cell death was analyzed by 7-AAD/Annexin
V staining and trypan blue exclusion staining. Cell cycle was determined by PI staining and
flow cytometry.

Results: ELL2 knockdown inhibited the proliferation of PC-3 and DUI145 cells. RNA-Seq
analysis showed an enrichment in genes associated with cell death and survival following ELL2
knockdown. The interferon-y pathway was identified as the top canonical pathway comprising of
55.6% of the genes regulated by ELL2. ELL2 knockdown induced an increase in STAT1 and
IRF1 mRNA and an induction of total STAT1 and phosphorylated STAT1 protein. Inhibition of
cell proliferation by ELL2 knockdown was partly abrogated by STAT1 knockdown. ELL2
knockdown inhibited colony formation and induced apoptosis in both PC-3 and DU145 cells.
Furthermore, knockdown of ELL2 caused S-phase cell cycle arrest, inhibition of CDK2 phos-
phorylation and cyclin D1 expression, and increased expression of cyclin E.

Conclusion: ELL2 knockdown in PC-3 and DU145 cells induced S-phase cell cycle arrest and
profound apoptosis, which was accompanied by the induction of genes associated with cell death
and survival pathways. These observations suggest that ELL?2 is a potential oncogenic protein
required for survival and proliferation in AR-negative prostate cancer cells.
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Introduction

Prostate cancer continues to be the most frequently diagnosed cancer and the second
leading cause of cancer death in US males.' Localized prostate cancer is treated and
often cured by radical prostatectomy or radiation therapy. Androgen deprivation
therapy (ADT) is the standard treatment for patients with metastatic prostate cancer;
however, ADT is not curative and patients will relapse with castration-resistant prostate
cancer (CRPC). The recently developed second-generation antiandrogens such as
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enzalutamide and abiraterone can prolong the life of CRPC
patients for several additional months. Patients eventually
develop resistance to second-generation antiandrogens,
with some patients developing AR-negative prostate cancer
with small-cell carcinoma or neuroendocrine phenotypes.”
There is no effective treatment for AR-negative prostate
cancer and the biology of AR-negative prostate cancer is
poorly understood. Defining the mechanisms regulating AR-
negative prostate cancer growth may lead to new approaches
to control this lethal disease.

Elongation factor for RNA polymerase II 2 (ELL2) is
a member of the ELL family which consists of ELLI,
ELL2, and ELL3.>”7 Human ELL1, also called eleven-
nineteen lysine-rich leukemia, was initially identified as
a gene located on chromosome 19p13.1 frequently trans-
located and fused with the Mixed-lineage leukemia (MLL)
gene on chromosome 11¢23 in acute myeloid leukemia.>*
ELL family proteins increase RNA polymerase catalytical
activity and facilitate RNA elongation by suppressing the
transient elongation pause.*”'° The ELL family is one of
the components constituting the Super Elongation
Complex (SEC), which regulates the transcriptional elon-
gation checkpoint control stage that is often dysfunctional
and involved in the carcinogenesis of multiple
malignancies.'' An SEC-like complex in Drosophila con-
taining ELL was found to facilitate RNA Polymerase II
(Pol II)-mediated transcription of small nuclear RNA
(snRNA), the loss of which results in decreased production
of snRNA.'? Downregulation of ELL2 influences proces-
sing to the secretion-specific poly(A) site as well as
reduces histone H3K4 and H3K79 methylation on the
IgH gene.'? These important functions of ELL2 suggest
that it could play important roles in carcinogenesis.

ELL2 expression was found to be regulated by androgens
in AR-positive prostate cancer cells.'*'> Knockdown of
ELL2 can enhance cell proliferation, migration and invasion
in AR-positive prostate cancer cell lines.'*!® Prostatic lumi-
nal epithelial cell-specific deletion of ELL2 results in pro-
static intraepithelial neoplasia, a putative precursor of
prostate cancer in the mouse model.'>'® ELL2 could co-
immunoprecipitate with the tumor suppressor RB, and com-
bined knockdown of ELL2 and RB induced an increase in
proliferation, migration and invasion compared to knock-
down of either ELL2 or RB alone.'* Taken together, these
results indicate that ELL2 plays a potential tumor-
suppressive role in the prostate.

ELL2 expression is down-regulated in prostatic adeno-

carcinoma specimens, consistent with its potential tumor-

suppressive role in AR-positive prostate cancer cells.'*!’

Unexpectedly, ELL2 gene appears to be amplified in AR-
negative neuroendocrine prostate cancer specimens, based
on in silico analysis.'*'> However, its biological role in
AR-negative prostate cancer cells was not tested. In the
present study, we investigated the role of ELL2 in PC-3
and DU145, two AR-negative prostate cancer cell lines

that express neuroendocrine markers.'®!'?

Materials and Methods

Cell Culture and siRNA Knockdown
PC-3, DU145, LNCaP and 22Rv1 cells were obtained from
American Type Culture Collection (Manassas, VA). C4-2 cells
were a kind gift from Dr. Leland Chung (Cedars-Sinai Medical
Center, Los Angeles, CA). All the cell lines were maintained
in RPMI-1640 medium (10-040-CV, Corning Cellgro,
Corning Inc., Corning, NY), supplemented with 10% fetal
bovine serum (FBS) (S11150, Atlanta Biologicals, Flowery
Branch, GA), 100 pg/mL streptomycin, 100 U/mL penicillin,
and 1% glutamine (Invitrogen, Carlsbad, CA).

In knockdown assays, cells were transfected with non-
target siRNA control (D-001810-10-50, Dharmacon,
Lafayette, CO) or siRNAs targeting ELL2 and/or STAT1
using transfection reagent (T-2001-03, Dharmacon) in
6-well plates, according to the manufacturer’s protocol.
Two different siRNA sequences specific for each gene
were utilized to exclude potential off-target effects. The
total amount of siRNAs in different experimental groups
was adjusted to the same by complementation with non-
target siRNA if needed. All ELL2 and STAT1 siRNA
sequences are listed in Table 1. Cells were harvested at
48 hours or indicated time after transfection.

RNA-Sequencing

RNA-seq was performed at the University of Pittsburgh
HSCRF Health Sciences Sequencing Core at Children’s
Hospital. Libraries were prepared with the TruSeq Stranded
mRNA kit (Illumina, San Diego, CA) following the manu-
facturer’s protocol. Briefly, mRNA was purified using oligo-
dT magnetic beads and fragmented. First-strand reverse
transcription was performed with oligo(dT) primers.
After second-strand synthesis, blunt-ended cDNA fragments
were A-tailed followed by ligation of indexed sequencing
adapters. PCR amplification provided selective enrichment
of DNA with adapters ligated to both ends. Library quantity
and quality were assessed by fluorometric assay (Qubit) and
Agilent DNA 1000 TapeStation assay (Agilent, Santa Clara,
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Table | ELL2 and STAT| siRNA Sequence

siELL2#1 Forward 5'-CUCACAUCCUCCUCAGAUUGUAAAU-3'
Reverse 5-AUUUACAAUCUGAGGAGGAUGUGAGAU-3'
siELL2#2 Forward 5-AAGCAUUUCACCUUGCACAUUACUGUU-3'
Reverse 5'-CAGUAAUGUGCAAGGUGAAAUGCUU-3'
siSTAT 1 #1 Forward 5-GCUGGAUGAUCAAUAUAGUTT-3'
Reverse 5'-ACUAUAUUGAUCAUCCAGCTT-3'
siSTAT | #2 Forward 5'-CCGCACCUUCAGUCUUUUCTT-3'
Reverse 5-GAAAAGACUGAAGGUGCGTC;-3'

CA, USA), respectively. Final libraries were normalized to
10 nM, pooled and diluted. Flowcells for the NextSeq 500
were seeded with 1.8 pM denatured library for automated
cluster formation and 2 x 75 bp paired-end sequencing.
Next, we performed Gene Ontology Enrichment analysis
through Ingenuity Pathway Analysis (IPA, Qiagen, Hilden,
Germany) and gene sets enrichment analysis (GSEA) algo-
rithm. TPA analysis was conducted based on the set of
indirect relationships in the IPA® database. The algorithm
of IPA computed a p value representing the probability of
differentially expressed genes (DEGs) enriched in pathways
and determined the most likely regulation-related set of
function and pathways of the DEGs involved. DEGs with
fold-changes >2 and differential expression p-values<0.05
were identified as well as pathways with p-values<0.05.
GSEA algorithm determined whether a set of the bio-
logical process were enriched in DEGs between the two
groups. Reference gene sets were the genes listed in the
Molecular Signatures Database (MSigDB). Benjamini-
Hochberg adjusted p values and normalized enrichment
score (NES) were applied to identify ontology enrichment
function and pathways with significance (p<0.05). The
datasets were deposited in the NCBI public database
GEO with the following accession number: GSE134214.

Table 2 Primers for Quantitative PCR

RNA Isolation and Quantitative PCR

Total RNA was isolated with Trizol (15,596,018, Invitrogen,
Carlsbad, CA) according to the manufacturer’s instruction.
cDNA was synthesized using PrimeScript™ RT Master Mix
(RRO36A, Takara Bio USA, Inc., Mountain View, CA).
Quantitative PCR (qPCR) was conducted to quantify ELL2,
STATI, and IRF1, with GAPDH as the reference, using real-
time qPCR Master Mix (639,676, Takara Bio) on ABI Step-
One Plus (Applied Biosystems, Foster City, CA). Primers are
listed in Table 2.

Western Blot

Cell samples were lysed with RIPA lysis buffer, consisting of
50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1 mM EDTA, 1%
Nonidet P-40 (volume-to-volume), 0.1% sodium dodecyl sul-
fate (SDS), 0.25% sodium deoxycholate, 1 mM sodium ortho-
vanadate, and 1 mM phenylmethylsulfonyl fluoride, in the
presence of protease inhibitor cocktail (catalog no. P8340,
Sigma-Aldrich, St. Louis, MO) at a 1:100 dilution. The lysates
were mixed with loading buffer, heated at 100°C for 10
minutes and then loaded on an SDS polyacrylamide gel.
After electrophoresis, the proteins were transferred to poly-

vinylidene difluoride membranes. The membranes were

Gene Sequence (5'-3') Species

ELL2 Forward TGACTGCATCCAGCAAACAT Human
Reverse TCGTTTGTTGCACACACTGTAA

STAT| Forward TCACTATAGTTGCGGAGAGT Human
Reverse ATAGGGTCATGTTCGTAGGT

IRFI Forward AAAAGGAGCCAGATCCCAAGA Human
Reverse CATCCGGTACACTCGCACAG

GAPDH Forward CATGTTCGTCATGGGTGTGA Human
Reverse GGTGCTAAGCAGTTGGTGGT
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incubated overnight with primary antibodies ELL2 (A302-
505A, Bethyl Laboratories, Montgomery, TX), STAT1
(91728, Cell Signaling Technology, Danvers, MA),
p-STAT1 (9167S, Cell Signaling Technology), p-CDK2
(2561, Cell Signaling Technology), cyclin DI (sc-8396,
Santa Cruz Biotechnology, Dallas, Texas), cyclin E (sc-247,
Santa Cruz Biotechnology), or GAPDH (sc-47724, Santa
Cruz Biotechnology) overnight. Following incubation with
an appropriate secondary antibody, the membranes were incu-
bated in Clarity Max Western ECL Substrate (1,705,062, Bio-
Rad Laboratories, Hercules, CA) for 2 minutes, and visualized
using ChemiDoc™ Touch Imaging System (Bio-Rad
Laboratories, Hercules, CA).

Trypan Blue Exclusion Staining

Cells seeded in six-well plates were harvested by trypsin
digestion after each experiment. The harvested cells were
stained with 0.4% trypan blue solution (T8154, Sigma-
Aldrich) and counted using a hemocytometer under the
microscope. Each sample was counted four times.

MTT Assay

Cells were seeded in 96-well plates at a density of 5x10"3/
well and incubated at 37°C in 95% humidity with 5% CO,
for 24 h. Cells were then transfected with siRNA.
Subsequently, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide, 0.5 mg/mL) was added to
each well at indicated time points and cells were incubated
at 37 °C for 4 hours. Dimethyl sulfoxide was added to
dissolve formazan crystals and the absorbance was mea-
sured at 490 nm using a spectrophotometer.

Colony Formation Assay

In colony formation assays, PC-3 and DU145 cells were
digested 72 hours after siRNA transfection and re-seeded in
6 cm dishes at a density of 500 cells/dish before culture for
14 days. Colonies were then fixed for 10 minutes with 10%
formaldehyde and stained with crystal violet (0.2%). The
colonies in each dish were imaged using ChemiDoc (Bio-
Rad) and counted by Image-Pro Plus (Media Cybernetics,
Silver Spring, MD) software for each group of cells.

BrdU Assay

BrdU staining was performed as described previously.'**°
Each treatment condition was carried out in triplicate.
Briefly, PC-3 and DU145 cells were seeded in 24-well plates
at a density of 70,000 cells/well and treated with siRNA for 48

hours. At the end of each experiment, cells were cultured in the

presence of 10 uM BrdU (B5002-250MG, Sigma) for the last
2 hours. Cells were immunostained with BrdU antibody (sc-
51514, Santa Cruz) and subsequently with goat anti-mouse
IgG (H+L) cross-adsorbed secondary antibody (A10521,
Invitrogen) and counterstained with DAPI (D9542, Sigma-
Aldrich). The images were visualized with fluorescence
microscopy (Nikon TE2000-U, Nikon, Tokyo, Japan).

Apoptosis and Cell Cycle Analysis

were detected using FITC Annexin
V Apoptosis Detection Kit with 7-AAD (640922,
BioLegend, San Diego, CA). Cells were washed twice with
cold BioLegend’s Cell Staining Buffer and then resuspended

Apoptotic cells

in Annexin V Binding Buffer. For each staining reaction, 10°
cells in 100 uL were incubated with 5 pLL of FITC Annexin V,
5 pL of 7-AAD Viability Staining Solution or both for 15
minutes at room temperature in the dark before the addition of
400 uL Annexin V Binding Buffer to each tube.

Cell cycle was detected by flow cytometry with BD
Cycletest™Plus DNA kit (340,242, BD Biosciences,
Franklin Lakes, NJ) as described previously.?! Briefly, cells
were harvested at 72 hours after knockdown, washed three
times with buffer solution, and adjusted to a concentration of
10° cells/mL. Subsequently, 5%10° cells were incubated with
solution A (Trypsin buffer), solution B (Trypsin inhibitor
and RNase buffer), and Solution C (PI stain solution) for
10 minutes respectively in the darkroom before analysis. All
flow cytometry analyses were performed using BD Accuri™
C6 Plus personal flow cytometer (BD Biosciences).

Statistical Methods

Statistical analyses were performed with GraphPad Prism
(version 7.0 for Windows). Values were presented as Mean
+ SD. Comparisons between groups were calculated using
Student’s #-test. A p value <0.05 was considered to be
significant statistically.

Results
Knockdown of ELL2 Inhibited
Proliferation of PC-3 and DU 45

Previous studies suggested that the ELL gene was amplified in
AR-negative neuroendocrine prostate cancer cell datasets.'*'
However, according to a literature search, there were no func-
tional studies of ELL2 in AR-negative prostate cancer cells.
We examined the expression of ELL2 in prostate cancer cell
lines using Western blot analyses. ELL2 protein was expressed

in 22RV1, DU145, PC-3 and LNCaP prostate cancer cell lines,
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with higher levels in PC-3 and 22Rv1 as compared to DU145
and LNCaP cells (Supplemental Figure S1A). ELL2 expres-
sion levels in C4-2 were similar to that of LNCaP
(Supplemental Figure S1B). ELL2 deletion was identified in
prostate cancer specimens, and amplification was identified

in castration-resistant and neuroendocrine prostate cancer spe-
cimens in several publicly available datasets through
the cBioPortal for Cancer Genomics site (http://cbioportal.
org), 223
identified mutations and/or copy number alterations for
ELL2 included: MICH** NEPC (Multi-Institute 2016),> The
MPC Project (mpcproject.org/data-release), PRAD (MSKCC/
DFCI 2018),> Prostate (TCGA 2015),>° Prostate SU2C
2019,”” Broad/Cornell 2013, TCGA PanCan 2018,
SU2C,** MSKCC 2010,”” FHCRC 2016,”® and Broad/
Cornell 2012.* Data type shown is Events per Patient and is
a summary including all patients in these studies. To explore

(Supplemental Figure S2). Prostate datasets with

the role of ELL2 in AR-negative prostate cancer cells, we
tested the effect of ELL2 knockdown in PC-3 and DU145, two
widely used AR-negative prostate cancer cell lines. Figure 1A
and B are representative images and quantitative analysis
showing a 2- to 3-fold inhibition of BrdU incorporation by
ELL2 silencing using 2 different siRNAs in cultured PC-3 and
DU145 cells. Knockdown of ELL2 was verified by Western
blot analysis (Figure 1C).

Identification of Genes and Pathways
Regulated by ELL2

To explore the mechanisms of ELL2 action in AR-negative
prostate cancer cells, RNA-seq was performed to identify
genes that were up- or down-regulated by ELL2 knockdown
in the PC-3 cell line. False discovery rate (FDR) combined
with fold change (FC) was used as the criteria (Jlog2 FC[>2,
FDR<0.05) for identifying differentially expressed genes
(DEGs). This led to the detection of 1937 DEGs, consisting
of 1091 (56.3%) up-regulated and 846 (43.7%) down-
regulated genes after ELL2 knockdown. The dsRNA viral
response pathway can be triggered by siRNA treatment,**!
thus we examined the expression of several dSRNA pathway
genes. TLR1, TLR2 and IFNb1 were up-regulated by ELL2
knockdown in PC-3 cells. However, no alterations in IFNa,
IRF3, IRF7, ISG15, and OASL1 were detected in RNA-seq
analysis of ELL2 knockdown in PC-3 cells. Through IPA
analysis, interferon signaling was predicted as the top path-
way, with 55.6% of these genes in this pathway as increased
following ELL2 knockdown (Figure 2A). The Interferon
(IFN) pathway involves STAT1 and IRF1 (Figure 2B),

which play a critical role in regulating immune response,
cell proliferation and cell death.** Gene ontology enrichment
analysis (GO) revealed that DEGs were involved in multiple
biological process or diseases, with cancer and cell death/
survival being ranked as the top disease or cellular function
associated with ELL2 knockdown (Figure 2C and D). In Gene
Set Enrichment Analysis (GSEA) analysis, genes up-
regulated by ELL2 silencing appeared to be predominant
over down-regulated genes and were associated with IFN
and Tumor Necrosis Factor (TNF) pathways. Thus, ELL2
silencing may participate in the cell death and survival pro-
cess, possibly through immune response pathways (Figure 2E
and F). GSEA analysis also identified 131 genes that are
associated with a set of genes up-regulated in cervical cancer
tissue and named “Cervical Cancer Proliferation Cluster”
(CCPC), the majority of which were related to cell cycle.*
ELL2 knockdown repressed the expression of 131 out of the
163 genes in CCPC (Figure 2G), suggesting that ELL2 loss
may inhibit the proliferation of AR-negative prostate cancer
cells in part through disruption of cell cycle regulation.

ELL2 Regulation of PC-3 and DU 145 Cell
Proliferation Is Mediated in Part Through

STATI

According to the RNA-seq analysis, STAT1 was one of the
most dramatically up-regulated genes upon ELL2 knockdown
in PC-3 cells. IFN-y-STAT1 signaling was reported to be
suppressive of the prostate tumor via the induction of multiple
IFN-responsive genes, including the apoptosis-promoting
IRF1.***® This led to our hypothesis that inhibition of AR-
negative prostate cancer cell growth by ELL2 knockdown
involves STAT1 activation. We first confirmed STAT1 upre-
gulation by ELL2 knockdown using Western blot and qPCR.
In addition, we showed an increased level of phosphorylated
STAT1 (pSTAT1) and the increased expression of STATI-
downstream gene IRF1 (Figure 3). Previous studies have
shown that LNCaP is unresponsive to the IFNy-STAT1 path-
way, while PC-3 and DU145 were responsive.*’ > Western
blot analysis of STAT1 expression in C4-2 and LNCaP cells
following ELL2 knockdown was compared to PC-3 cells.
ELL2 knockdown induced a slight increase in STAT1 in C4-
2 and LNCaP compared to PC-3 (Supplemental Figure S3).
These results were also in agreement with our transcriptome

analysis of the conditional £//2 ko mouse prostate, which did
not identify a difference in expression in STAT1 mRNA com-
pared to wild-type control mouse prostate.'> Co-occurrence of
genetic alterations in STAT1 and ELL2 was identified in 3
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Figure | Impact of ELL2 knockdown on BrdU incorporation in AR-negative prostate cancer cells. Images shown are BrdU-positive nuclei in PC-3 cells (A) or DU145 (B)
transfected with 25 nM nontarget control siRNA (siControl) or two different siRNAs targeting ELL2 (#| or #2). DAPI staining shows all the nuclei. BrdU incorporation was
quantified by determining the mean percentage * SD of BrdU-positive cells relative to the total number of cells. Cells were counted from two different fields for each well
from triplicate wells and 30—130 cells per field. (C) Efficiency of siELL2 knockdown in PC-3 cells was verified by Western blotting. ELL2 band denoted by the black arrow.
GAPDH was used as a loading control. Results are representative of three individual experiments. *p < 0.01, ***p < 0.001.

Abbreviations: AR, androgen receptor; BrdU, bromodeoxyuridine; DAPI, 4',6-diamidino-2-phenylindole; ELL2, elongation factor for RNA polymerase Il 2; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; siRNA, small interfering RNA; SD, standard deviation.
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Figure 2 (A) Pathway identification by Ingenuity Pathway Analysis (IPA®) software based on differentially expressed genes (DEGs) upon ELL2 knockdown in PC-3 cells. This analysis
shows DEGs mainly was enriched in the IFN-y pathway, neuroinflammation signal pathway, and other indicated pathways. (B) IFN-y pathway involving STAT | phosphorylation and
transcriptional activation of IRFI, TAPI, and IFITMI. (C) Ontological annotation of DEGs in disease and disorders. (D) Molecular function of ELL2-modulated genes. (E) GSEA of DEGs
between ELL2-depleted and siControl treated PC-3 cells. Genes in the TNF-o. and IFN-y pathways were upregulated and genes in cervical cancer proliferation cluster were
downregulated. (F and G) GSEA analysis of the DEGs enriched in the TNF-a pathway and cervical cancer proliferation cluster, respectively.

Abbreviations: DEG, differentially expressed gene; IPA, Ingenuity Pathway Analysis; ELL2, elongation factor for RNA polymerase Il 2; GSEA, Gene Set Enrichment Analysis; IFITMI, interferon-
induced transmembrane protein |; IFN, interferon; FDR, false discovery rate; NF-kB, nuclear factor kappa B; NES, normalized enrichment score; STATI, signal transducer and activator of
transcription |; IRF, interferon regulatory factor; TAPI, transporter |, ATP binding cassette subfamily B member; TREMI, triggering receptor expressed on myeloid cells |; TNF tumor necrosis factor:

Enrichment Score

Cancer Management and Research 2020:12 submit your manuscript 4417
Dove


http://www.dovepress.com
http://www.dovepress.com

Wang et al

Dove

A

PC-3
SiELL2

siControl #1 #2

—

p-STAT1 h
LA r: 3
start W ) W)

GAPDH P --

DU145

siELL2
siControl #1 #2

p-STAT1

.

sTAT | - ‘

GAPDH wllt ol w0

Relative Expression Level

Relative Expression Level

0.81 @8 siControl
SiELL2#1

061 T B siELL2#2

0.41

0.2

0-0- *%k kk

ELL2 STAT1 IRF1

0.3- " @8 siControl
T SIELL2#1

0.2 B siELL2#2

0.11

0.04

ELL2 STAT1

IRF1

Figure 3 (A) Western blot analysis of ELL2, STAT | and phospho-STAT | (Tyr701) after ELL2 knockdown in PC-3 cells (left). Quantitive real-time PCR analysis of ELL2, STAT|, and
IRFI mRNA expression in ELL2 knockdown and control PC-3 cells (right). (B) Western blot analysis of ELL2, STAT | and phospho-STAT | (Tyr701) after ELL2 knockdown in DU145
cells (left). Quantitive real-time PCR analysis of ELL2, STAT, and IRFI mRNA expression in ELL2 knockdown and control DU 145 cells (right). GAPDH was probed as the loading
control in Western blot analysis. Western blots for PC-3 and DU145 were run on two different gels. Data were shown as mean + SD; *p < 0.05; **p < 0.01.

Abbreviations: ELL2, elongation factor for RNA polymerase Il 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IRFI, interferon regulatory factor |; mRNA,
messenger RNA; STAT I, signal transducer and activator of transcription |; p-STATI, phosphorylated signal transducer and activator of transcription |; PCR, polymerase

chain reaction; si, small interfering RNA; SD, standard deviation.

patients in the neuroendocrine prostate cancer dataset” from
the cBioPortal for 22,23
(Supplemental Figure S4). Next, we tested the effect of
siSTAT1 and siELL2 individually or in combination on short-
term cell growth in PC-3 and DU145 cell line models using
MTT assay. Silencing of STAT1 using two different siRNAs
separately enhanced the growth of PC-3 and DU145 cells in
MTT assays (Figure 4). In addition, STAT1 knockdown par-
tially rescued siELL2 suppression on the growth of both PC-3
and DU145 cell line models (Figure 4). We also tested the
effect of siSTAT1 and/or siELL2 on cell proliferation using
BrdU assay and obtained similar results as MTT assay (Figure
5). Since STAT1 siRNA partially rescued the growth inhibition
of ELL2 siRNA, ELL2 suppression of AR-negative prostate
cancer cell proliferation is partially STAT 1-dependent.

Prostate Cancer Genomics

In addition to MTT and BrdU assays, we used colony
formation assay to evaluate the effect of siSTAT1 and
siELL2 individually or in combination in PC-3 and DU145
cells. Figure 6 shows that STAT1 siRNA enhanced colony
formation while ELL2 siRNA profoundly inhibited colony
formation. Unexpectedly, colony formation in siELL2 was
similar to colony formation in the presence of both siELL2
and siSTATI1, suggesting that siSTAT1 did not rescue
siELL2 suppression of colony formation (Figure 6).

ELL2 Knockdown Caused S Phase Cell
Cycle Arrest in PC-3 and DUI145 Cells

Several genes identified by RNA-Seq analysis are
involved in cell cycle regulation. Thus, one potential

mechanism by which ELL2 knockdown suppresses PC-3
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Figure 4 Effect of ELL2 and STAT| knockdown individually or in combination (siDouble) on cell viability in (A) PC-3 and (B) DUI45 cells. MTT assay was performed at
indicated hours after transfection with indicated siRNAs. (C) Western blot analysis of ELL2 and STAT| after knockdown in PC-3 and DU 145 cells. GAPDH was probed as

the loading control. Data were shown as mean * SD; *p < 0.05; **p < 0.01; **p < 0.001.
Abbreviations: ELL2, elongation factor for RNA polymerase Il 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-

2-H-tetrazolium bromide; OD, optical density; si, small interfering RNA; STAT |, signal transducer and activator of transcription |; SD, standard deviation.

and DU145 cell proliferation may be the induction of cell
cycle arrest. We tested the impact of ELL2 knockdown on
cell cycles in PC-3 and DU145 cells 72 hours after treat-
ment with siRNAs. As shown in Figure 7A, siELL2
caused a reduction of PC-3 cells in GO/G1 phase from

78.9% to 58.8% and an increase in S phase from 9.7% to
32.5%. Similar, but less dramatic results were obtained in
DU145 cells (Figure 7B). However, STAT1 knockdown
had no obvious effect on cell cycle distribution in both PC-
3 and DU145 cells (Figure 7A and B). Since S phase cell
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0.05; *p < 0.01, **p < 0.001.
Abbreviations: BrdU, bromodeoxyuridine; DAPI, 4',6-diamidino-2-phenylindole; ELL2, elongation factor for RNA polymerase Il 2; si, small interfering RNA; STAT I, signal

transducer and activator of transcription |; SD, standard deviation.

cycle progression is orchestrated by expression and/or siSTAT1 on the levels of phosphorylated CDK2
activation of stage-specific cyclins and cyclin-dependent  (p-CDK2), cyclin D1, and cyclin E. Western blot analysis
kinase (CDK),”'*? we tested the effect of siELL2 and/or  showed that siELL2 caused suppression of p-CDK2 level

4420 submit your manuscript Cancer Management and Research 2020:12

Dove


http://www.dovepress.com
http://www.dovepress.com

Dove

Wang et al

PC-3

siControl siELL2#1 SISTAT1#1

siControl SIELL2#2 SISTAT1#2

-~

&

DU145

siControl siELL2#1 SISTAT1#1

siControl

.~ A

SIELL2#2 SISTAT1#2

Fkkk

5000,
4000{ |

Q 3000

0

=~ 2000
1000

01— . wfax
siELL2#1 - ¢ -t
SISTAT1#1 - - + o+

siDouble

|

Ful)
e

4000+ "

3000+ AR

siDouble

(m)
O 2000
1000-

O . | r Py
siELL2#2 -  * - F
SISTAT1#2 - - +

5000+ "
4000+
O 3000+
©)
— 2000+
1000+

S siELL2#1 - * - f
SISTAT1#1 - -  +  +

siDouble

6000~ :
5000+
o 4000
O 3000
2000
1000
0l— : : :
siELL2#2 - * -t
SISTAT1#2 - -  + +

siDouble

el
f

Figure 6 Effect of ELL2 and STAT| knockdown individually or in combination (siDouble) on colony formation. PC-3 (A) and DU145 (B) cells were treated with indicated
siRNAs as described in Figure 5, prior to colony formation assay. The colonies were visualized by crystal violet staining. The colonies in each dish were imaged by
ChemiDoc™ Touch Imaging System and counted by Image-Pro Plus software for each group of cells. ¥p < 0.05, ***p < 0.001, ***p < 0.0001.

Abbreviations: ELL2, elongation factor for RNA polymerase Il 2; IOD, integrated option density; si, small interfering RNA; STATI, signal transducer and activator of

transcription |.

and cyclin D1, and up-regulated cyclin E level
(Figure 7C). ELL2 knockdown in PC-3 cells dramatically
repressed p-CDK2 level, while the repression of p-CDK2
by ELL2 knockdown in DU145 cells was weak but repro-

ducible. In contrast, siSTAT1 did not influence the

expression levels of p-CDK2, cyclin D1 and cyclin
E (Figure 7C). These observations suggest that ELL2
knockdown can inhibit AR-negative prostate cancer cell
proliferation via S phase cell cycle arrest and the S cell
cycle arrest is independent of STAT1.
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Figure 7 Flow cytometry cell cycle analysis of PC-3 (A) and DUI45 (B) cells treated with indicated siRNAs as described in Figure 5. Western blot analysis of cyclin DI,
cyclin E, p-CDK2 in PC-3 and DU145 cells (C) transfected with indicated siRNAs for 72 h. GAPDH was used as a loading control. *p < 0.05, **p< 0.01, ****p < 0.0001.
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ELL2 Knockdown Induced Cell Death of

PC-3 and DUI145 Cells

Since ELL2 knockdown profoundly suppressed colony
in PC-3 and DUI145 this
a possibility that ELL2 loss can effectively induce cell
death in these cells. We thus evaluated the effect of

formation cells, raised

ELL2 knockdown on cell death using trypan blue exclu-
sion staining assay. As shown in Figure 8A, 34.2% of
ELL2 knockdown PC-3 cells were stained with trypan
blue whereas 9.0% of control siRNA treated PC-3 cells
were positive with trypan blue staining. In the same

experiment, siSTAT1 had no obvious influence on trypan
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Figure 8 (A) Trypan blue exclusion assay of cell death of PC-3 and DU 45 cells transfected with indicated siRNA as described in Figure 5. Data represent the means * SD. Cell
apoptosis was analyzed with Flow cytometry apoptosis analysis using Annexin V-FITC/7-AAD in PC-3 (B) and DU 145 (C) cells transfected with indicated siRNAs. (D) PC-3 and DU |45
cells were untreated or were transfected siELL2, siSTAT | or both for 72 h and analyzed for knockdown efficiency. ELL2 band denoted by the black arrow. GAPDH was used as a loading
control. ¥p< 0.01, ¥¥p < 0.001, **¥p < 0.0001.

Abbreviations: 7-AAD, 7-aminoactinomycin D; BrdU, bromodeoxyuridine; DAPI, 4',6-diamidino-2-phenylindole; ELL2, elongation factor for RNA polymerase Il 2; STATI,
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blue staining of PC-3 cells, either in the absence or pre-
sence of siELL2. Similar results were observed in DU145
cell line model. We further performed flow cytometry
with V-FITC
7-Aminoactinomycin D (7-AAD) staining to evaluate
apoptosis induction by ELL2 knockdown in both PC-3
and DUI145 The

a significant increase in early- and late-stage apoptosis in

analysis  coupled Annexin and

models. results  demonstrated
ELL2 knockdown groups compared to the control groups
(Figure 8B and C), which are consistent with the findings
using trypan blue staining assays. Knockdown efficiency
was confirmed by Western blotting (Figure 8D). The above
observations suggest that ELL2 is required for AR-
negative prostate cancer cell survival and its down-

regulation can lead to apoptosis.

Discussion

The present study showed that ELL2 knockdown resulted
in growth inhibition and apoptosis induction in PC-3 and
DU145 cells. This indicates that ELL2 functions as a pro-
survival and growth-stimulating protein in AR-negative
prostate cancer cells, which is opposite to its growth-
suppressive function in AR-positive LNCaP, C4-2, and
22Rv1 prostate cancer cells.'"* The functional differences
of ELL2 in AR-positive and AR-negative prostate cancer
cell lines are consistent with its down-regulation in pro-
static adenocarcinoma specimens and gene amplification
in AR-negative prostate cancers.'*'> These observations
suggest that ELL2 is a potential tumor suppressor in AR-
positive and an oncogenic protein in AR-negative prostate
cancer cells.

Differential functions of ELL2 in AR-negative and
AR-positive prostate cancer cells suggest that ELL2 reg-
ulation of cell fate is context-dependent. Gene expression
profiles in AR-positive prostate cancer cells should be very
different from AR-negative prostate cancer cells, which
could influence how genes are regulated by ELL2. In our
previous transcriptome analyses of prostates from mice
with conditional deletion of E//2, Gene ontology-based
analysis of ElI2 regulated genes using DAVID identified
annotation clusters involving Golgi apparatus, intracellular
transport, protein transport, protein localization, protein
targeting, organelle membrane, and mitochondrion.
Ingenuity Pathway Analysis (IPA) identified networks of
interacting genes, with the most significant network asso-
ciated with the differentiation of neurons and the genera-
tion of cells.'” In the present study, in AR-negative PC-3

cells, IPA analysis identified the interferon pathway as the
top pathway regulated by ELL2. The down-stream genes
regulated by ELL2 in the murine prostate and PC-3 cells
appear to be very different and the differentially regulated
genes upon ELL2 knockdown in these two cell lines are
likely to play important roles in regulating cell prolifera-
tion and/or apoptosis of prostate cancer cells. Further
studies will be needed to define how ELL2 regulates
genes differentially in AR-positive and AR-negative pros-
tate cancer cells and to identify key ELL2-regulated genes
that can modulate cell proliferation and/or apoptosis.

We explored the mechanisms by which ELL2 regulates
AR-negative prostate cancer cell fate by testing the role of
STAT1.
study because of its significant up-regulation upon ELL2
down-regulation in PC-3 and DUI145 cells. STATI1 loss
reported  to

STAT1 was chosen in this initial mechanistic

was associate with prostate cancer

recurrence.’’ In both localized and advanced patient
cohorts, low expression of STAT1 was associated with
shorter time to disease recurrence. The authors also
showed that STATI1
viability,® which is confirmed by the present study. In
our studies, PC-3 or DU145 cells with double knockdown
of STAT1 and ELL2 grow faster than the cells with ELL2
knockdown alone but slower than the cells treated with
STAT1 siRNA or control siRNA. Thus, ELL2 knockdown
still inhibited growth when STATI1 was knockdown in
these cells, indicating that STAT1 only partially mediates
ELL2 regulation of PC-3 and DU145 proliferation. Our

studies also showed S phase cell cycle arrest induction

silencing enhanced PC-3 cell

accompanied by suppression of p-CDK2 expression, inhi-
bition of Cyclin D1, and up-regulation of Cyclin E, upon
ELL2 knockdown but not STAT1 knockdown. This finding
indicates that, in AR-negative cells, ELL2 can modulate
proliferation via induction of S phase cell cycle arrest
whereas STAT1 modulation of proliferation appears to be
independent of cell cycle arrest. The above observations
collectively suggest that ELL2 can stimulate AR-negative
prostate cancer cell growth via suppressing STATI-
mediated, cell cycle-independent growth suppression as
well as via preventing S phase cell cycle arrest involving
p-CDK2, cyclins D, and E.

It is possible that STAT1 influences cell proliferation
via other mechanisms such as influencing differentiation,
but this will need to be elucidated in future studies. Other
factors such as TGF-betal can inhibit cell survival and
differentiation independent of cell-cycle.”® We examined
the alteration of STAT1 and ELL2 identified in patients
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with  neuroendocrine cancer in  the
Neuroendocrine Prostate Cancer database published in
the cBioPortal. No ELL2 down-regulation or deletion

was observed in neuroendocrine prostate cancer specimens

prostate

and only three out of 34 patients displayed alterations in
both STAT1 and ELL2 (Supplemental Figure S4). The
limited number of neuroendocrine prostate cancer speci-

mens in the database makes it difficult to establish rela-
tionships between ELL2 and STAT1 in these clinical
Since STATI influenced AR-
negative prostate cancer cell growth but not cell cycle

samples. knockdown
progression and apoptosis, ELL2 regulation of neuroendo-
crine prostate cancer may be partially mediated through
STAT1.

In the present study, the colony formation assay
showed that ELL2 knockdown suppression of PC-3 and
DU145 colony formation was not rescued by STATI
knockdown, whereas MTT and BrdU assays suggested
that STAT1 may partially mediate ELL2 regulation of
PC-3 and DU145 cell growth. The inability of colony
formation assay to detect partial rescue of ELL2 knock-
down by siSTAT1 may be due to the low seeding density
in the colony formation assay as compared to the MTT and
BrdU assays. PC-3 and DU145 cells at low density may be
highly susceptible to cell death/apoptosis induction by
siELL2, which could result in profound suppression of
colony formation. Since STAT! knockdown does not
appear to affect apoptosis, siSTAT1 may not influence
cell death/apoptosis induced by ELL2 knockdown and
therefore the siELL2 suppression of colony formation.

ELL2 appears to play a major role in the survival of
AR-negative prostate cancer cells, because knockdown of
ELL2 induced profound apoptosis in PC-3 and DU145 cell
lines. PC-3 cells responded more dramatically to ELL2
knockdown than DU145 cells, which may be in part due
to the higher expression of ELL2 in PC-3 cells compared
to DU145. The data from ELL2 knockdown studies are
consistent with the finding from RNA-seq and bioinfor-
matics analyses that molecular functions of ELL2-
modulated genes are mainly related to cancer, cell death,
and survival in the PC-3 cell model. ELL2 knockdown
appears to induce multiple genes related to cell death and
survival in AR-negative prostate cancer cells.

ELL?2 is not unique in that it can promote or suppress
carcinogenesis depending upon cell types. Some proteins
were reported to exhibit dual roles as tumor suppressors
and oncogenic proteins in different assay systems.
Examples of dual role proteins include TRAPI°* and

Myec.> Simply inhibiting or activating this type of dual-
functional proteins may not be desirable for the treatment
and/or prevention of carcinogenesis, including prostate
carcinogenesis. However, defining the signaling pathways
regulated by this type of dual-function genes may lead to
potential approaches to inhibit their oncogenic activities
without suppressing their tumor-suppressive functions.
Future studies aimed at elucidating the pro-survival and
proliferative mechanisms of ELL2 in AR-negative prostate
cancer cells may lead to novel approaches to target AR-
negative prostate cancer specifically.

In summary, ELL2 is an important factor for the survival
and proliferation of AR-negative prostate cancer cells, in
contrast to its previously documented tumor-suppressive
role in AR-positive prostate cancer cells. The oncogenic
and tumor-suppressive roles of ELL2 in AR-negative and
AR-positive prostate cancer cell lines, respectively, are
consistent with its amplification in AR-negative prostate
tumor specimens and down-regulation in AR-positive pros-
tate tumor specimens. Future mechanistic studies of differ-
ential ELL2 actions in AR-negative and AR-positive
prostate cancer cells may lead to new opportunities to target
AR-negative and/or AR-positive prostate tumors specifi-
cally. The abstract of this paper was selected for presenta-
tion at the 2020 American Urological Association Annual
Meeting as a poster presentation with interim findings. This
meeting was canceled due to the COVID-19 outbreak. The
poster’s abstract was published in “Poster Abstracts” in the
Journal of Urology: https://www.auajournals.org/doi/abs/
10.1097/JU.0000000000000841.06.
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