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Abstract

Estrogen receptor B (ERB) was first identified in the rodent prostate and is abundantly
expressed in human and rodent prostate epithelium, stroma, immune cells and endothelium
of the blood vessels. In the prostates of mice with inactivated ERB, mutant phenotypes
include epithelial hyperplasia and increased expression of androgen receptor (AR)-regu-
lated genes, most of which are also upregulated in prostate cancer (PCa). ERB is expressed
in both basal and luminal cells in the prostate while AR is expressed in luminal but not in the
basal cell layer which harbors the prostate stem cells. To investigate the mechanisms of
action of ERB and its potential cross-talk with AR, we used RNA-seq to study the effects of
estradiol or the synthetic ligand, LY3201, in AR-positive LNCaP PCa cells which had been
engineered to express ERp. Transcriptomic analysis indicated relatively few changes in
gene expression with ERB overexpression, but robust responses following ligand treat-
ments. There is significant overlap of responsive genes between the two ligands, estradiol
and LY3201 as well as ligand-specific alterations. Gene set analysis of down-regulated
genes identified an enrichment of androgen-responsive genes, such as FKBP5, CAMKK?2,
and TBC1D4. Consistently, AR transcript, protein levels, and transcriptional activity were
down-regulated following ERp activation. In agreement with this, we find that the phosphory-
lation of the CAMKK2 target, AMPK, was repressed by ligand-activated ERB. These findings
suggest that ERB-mediated signaling pathways are involved in the negative regulation of
AR expression and activity, thus supporting a tumor suppressive role for ER in PCa.

Introduction

The prostate is an androgen-responsive organ which is controlled by the androgen receptor
(AR) both under normal physiological conditions and in malignancy. AR plays an important
role in PCa as a strong driver of proliferation, and as such is the primary target for treatment
of PCa [1]. Recently it was shown that androgen signaling is essential for PCa tumorigenesis
from prostatic basal cells[2]. In addition to the 2.5 million people living with PCa, 250,000 new
cases are diagnosed with 28,000 men dying from PCa every year in the United States alone.
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Treatment strategies differ depending on factors such as the stage of the disease, the age and
physical status of the patient, and what treatments patients have previously received. PCa is a
very indolent cancer and can initially be treated with surgery or androgen deprivation therapy
(ADT), however, ADT often leads to emergence of a more aggressive castrate resistant meta-
static cancer (CRPCa) [3]. Prostate cancer frequently has changed metabolism and in accor-
dance with this CAMKK?2 has been found to be a target of AR which affects PCa cell growth,
migration and survival. In addition, this protein kinase affects bone remodeling and macro-
phage function, and is a candidate target downstream of AR for controlling aggressive PCa
and preventing ADT-induced bone loss[4].

In addition to AR, the prostate also expresses estrogen receptor B (ERB), which is expressed
in both basal and luminal cells [5]. ERB, a member of the nuclear receptor family, was discov-
ered in 1996 [6]. This receptor has been shown to act as a tumor suppressor in several types of
cancer [7-9]. In addition, when ERJ is deleted from the mouse genome, epithelial hyperplasia
and upregulation of AR-regulated genes in the prostate occur[10]. ERp is ligand-activated,
which like ERa, can be activated by estradiol. However, in the prostate the more abundant
ERB ligand is not 17B-estradiol, but 17B-Adiol [11]. The basal cells in the prostate which are
thought to harbor the prostatic stem cells, are AR-negative. Deletion of ERp in the prostate
gives rise to hyper proliferation of the epithelial layer and increases the proportion of interme-
diary luminal cells (luminal cells which are not fully differentiated) [10]. ERB has previously
been shown to reduce AR activity in the prostate by increasing the expression of the co-repres-
sor DACH1/2 [12] and decreasing the AR driver RORc. In addition to DACH1/2, the co-
repressor NCoR2/SMRT has also been shown to affect the activity of AR [13]. The overall
effect of ERP on gene networks in PCa cells has not been reported. The present study describes
the first transcriptomic analysis of ERP activation in AR-positive PCa cells and reveals a key
role for ERP in regulating AR expression and activity in PCa.

Materials and methods
Reagents and cell culture

The LNCaP and 22Rv1 cell lines were obtained from the American Type Culture Collection
(ATCC). LNCaP and 22RV1 cells were maintained in RPMI-1640 (Invitrogen Inc., Carlsbad,
CA) medium supplemented with 10% fetal bovine serum (FBS) (Sigma, St. Louis, MO), and
Antibiotic-Antimycotic (Invitrogen Inc., Carlsbad, CA). All experiments used cells below pas-
sage 30. Compounds and concentrations used was R1881 (1 nM), 17B-estradiol (10 nM),
(Sigma St. Louis, MO), and LY3201 (10 nM) which was a gift from Elli Lilly Indianapolis, IN.
All treatments were for 24 hours.

LNCaP cell lines expressing control virus or ERp containing virus

LNCaP cells were infected with the lentivirus Lenti6-TOPO-V5-D, empty or containing
cDNA for human ERP at 2 m.o.i (multiples of infection). The lentivirus vector was obtained
from Invitrogen Carlsbad, CA and the cloning of ERB ¢cDNA is described in Williams et al.
[14]. The control in all experiments is cells infected with empty virus vector.

Protein extract preparation

Whole-cell extracts, were prepared by washing cells twice with PBS, lysed in 2 times packed
cell volume of lysis buffer [RIPA buffer supplemented with 1 mM dithiothreitol, 1 mM phenyl-
methylsulfonyl fluoride, protease inhibitor cocktail, PhosStop (Roche, Indianapolis, IN)] for
15 minutes on ice and then centrifuged at 14,000 x g for 10 minutes.
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Western blotting

Thirty micrograms of protein were loaded on an SDS-PAGE 10% Bis-Tris gel with Tris run-
ning buffer and transferred to a PVD membrane after electrophoretic separation. Membranes
were blocked with 5% non-fat powdered milk in 0.1% TBST buffer and probed with anti-AR
(sc-816), GAPDH-HRP (sc-47724), AMPK (2532S), pAMPK 2535S, FKBP5 122105 (Cell Sig-
naling Technology Danvers, MA), CAMKK2 (H00010645-M01) (Abnova Taipei, Taiwan), -
Actin (A1978) (Sigma Millipore Sigma, St. Louis, MO). Primary antibodies were used at
1:200-1000 dilutions, and secondary antibody was used at 1:10,000. The western blot experi-
ments were minimally repeated two times.

Proliferation assay

Control and ERB LNCaP cells were grown with blasticidin for 48 hrs in complete medium till
subconfluency. Cells were trypsinized, washed with PBS, counted and suspended in 10%
DCC-FBS. In a 96-well plate, 5000 cells/ well were added along with the indicated ligand and
incubated for 5 days at 37C in 5% CO, and 95% humidity. On the day of assay 10 pl MTS was
reagent added to each well and incubated at 37C ° for 60 min and the color was measured at
490nM with SpectraMax spectrophotometer.

RNA extraction and real-time PCR

RNA extraction was performed with Qiagen mRNA extraction kit according to standard pro-
tocol. cDNA was synthesized from 1pg of total RNA with First Strand System according to
standard protocol (Invitrogen Inc. NY). Real-time PCR was performed with SYBR Green iTaq
master mix (BioRad Hercules, CA). Primers (Integrated DNA Technologies, Inc. Coralville,
IA) were: GAPDH; F, 5/ -TGACAACTTTGGTATCGTGGAAGG-3' and R, 5-AGGCAGGGAT
GATGTTCTGGAGAG-3 (reference gene); AR; F, 5/ ~TCACCAAGCTCCTGGACTCC-3" R,

5’ -CGCTCACCATGTGTGACTTGA 3';FKBP5;F, 5’ - ATTGGAGCAGGCTGCCATTGTC
-3’,R, 5" -CCGCATGTATTTGCCTCCCTTG-3’, CAMKK2; F, 5/ ~-TCCAGACCAGCCCC
GACATAG-3',R, 5’ ~-CAGGGGTGCAGCTTGATTTC-3" 7500 Fast Real-Time PCR System
(Applied Biosystems) using optimized conditions for SYBRGreen I dye system: 50 C for 2 min-
utes, 95 C for 10 minutes, followed by 40-50 cycles at 95 C for 15 seconds and 60 C for 50 sec-
onds. Optimum primer concentration was determined in preliminary experiments, and
amplification specificity confirmed by dissociation curve. The variance between the groups
that are being statistically compared is similar.

RNA-sequencing

Poly(A) mRNA was isolated using NEBNext poly(A) mRNA Magnetic Isolation Module.
Libraries were prepared using NEBNext Ultra II RNA Library Prep Kit for Illumina. Sequenc-
ing was performed on NovaSeq 6000 with 150 bp paired-end reads. Treatments include three
independent replicates.

Transcriptome analysis

Reads were aligned to reference genome (GRCh38) indexes using STAR[15] (v2.5). HTSeq
[16] (v0.6.1) was used for mapped gene count quantification. Differential expression analysis
was performed using DESeq2[17] (1.24.0). The resulting P-values were adjusted using the Ben-
jamini and Hochberg’s method. Genes with an adjusted P-value <0.05 found by DESeq2 were
assigned as differentially expressed. Venn diagrams and heat map were prepared in R. Gene
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set enrichment analysis (GSEA)[18, 19] was performed using rankings based on the test statis-
tic from differential expression analysis and the hallmarks gene set (h.all.v7.0.symbols.gmt).

Gene Ontology (GO) enrichment analysis of differentially expressed genes was imple-
mented by the cluster Profiler R package, in which gene length bias was corrected. GO terms
with corrected P-values less than 0.05 were considered significantly enriched by differentially
expressed genes. The RNA-seq data is available in NCBI’s Gene Expression Omnibus through
accession number GSE144800.

Results
The transcriptomic effects of ERp in the AR-positive cell line LNCaP

To determine the functions of ERP in AR-positive PCa, we used RNA-seq to compare the tran-
scriptomes of ERP over-expressing and non-expressing LNCAP cells treated with vehicle
(DMSO), and ER ligands estradiol (E2) and LY3201. Differential expression analysis con-
sisted of comparing over- vs non-expressing ERP cells within each treatment regime. DMSO-
treatment had very little effect on gene expression (Fig 1A (heat map)). Comparison of respon-
sive genes to previously published datasets obtained in other cancer cell lines indicates cell-
type specific responses with relatively few overlaps in response between cell lines from differ-
ent cancer types (S1 Fig) [20-22]. E2 and LY3201 treatments elicited changes in 4185 and 3456
differentially expressed genes (adjusted p-value < 0.05), respectively. The proportion of upre-
gulated (60%) and downregulated (40%) genes between the two ligands was similar (Table 1).
With the upregulated genes there was a strong overlap between the two treatments (63%).
However, there was only a modest overlap in the downregulated genes shown (46%). Ligand-
dependent differentially expressed genes were less prevalent in LY3201 treated cells (Fig 1B).

Pre-ranked gene set enrichment analysis (GSEA) was used to identify pathways and mecha-
nisms relevant to ERB expression and activation in PCa. We examined those genes which are
commonly regulated by LY3201 and E2 for enrichment analysis. The most positively enriched
hallmark gene set in ligand-treated cells were genes responsive to estrogen; other highly
enriched sets contained genes involved in MTORCI1 signaling and the unfolded protein
response. GSEA also revealed downregulated genes involved in several pathways associated
with cancer hallmarks such as hypoxia and glycolysis (Table 2). The most negatively enriched
set contained genes involved in response to androgen, a central driver in androgen-sensitive
PCA (see Fig 2A). Additional enrichment analysis using other gene set categories (KEGG and
Reactome) are found in supplementary S2 Table. These androgen-responsive genes were
investigated further due to the well-established importance of androgen signaling in prostate
cancer. Further comparison of AR-regulated genes from other published datasets with the
expression data from this study also indicated a negative correlation with their responses fol-
lowing ERp activation (S2 Fig) [23, 24]. For full list of regulated genes see S1 Table.

Table 1 shows differentially expressed genes up-regulated and down-regulated after treat-
ment with E2 or LY3201

Table 2 shows hallmarks from Gene Set Enrichment Analysis (GSEA) positive and negative
enrichment scores. NES Normalized Enrichment Score and FDR g-value False Discovery
Rate.

ERp reduces the AR activity in LNCaP cells

Since AR-responsive genes were affected by ERP activation (see Fig 2A), we investigated
whether expression and/ or activity of AR was changed by expression of ERP as has been pro-
posed by several studies based on ERP function in the mouse [11, 12]. We found that AR,
FKBP5 and TBC1D4 mRNA were down-regulated by both estradiol and LY3201 in ERB-
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Fig 1. RNAseq analysis identified differentially expressed genes which respond to ERp activation. A, Gene
expression profiles of responsive genes in cells treated with vehicle, E2, or LY3021 are presented in a heatmap of
log,-transformed fold-change values. Hierarchical clustering of expression profiles and resulting dendrogram group
genes based on their similarities in responses to ligand treatment. B, Venn diagrams show the proportion of responsive
genes which are common and specific to each of the two ERp ligands used in the study.

https://doi.org/10.1371/journal.pone.0226057.g001

expressing LNCaP cells (see Fig 2B). In addition, the protein level of the established AR-regu-
lated genes FKBP5 and the CAMKK?2 regulated gene TBC1D4 was found to be down-regulated
by ERB. (see Fig 2C). Other established AR targets *(NDRG1, B2M, SORD, TPD52, DHCR24,
ADAMTSI1, NKX3A, RAB4, ANKH, TSC22, MAF [24]) were similarly down-regulated by
ERP ligand treatments according to the RNA-seq data (See Table 3).
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Table 1. Summary of numbers of differentially expressed genes identified in RNAseq study.

Differentially Expressed Genes*

Treatment Up-regulated Down-regulated Total
Vehicle (DMSO) 29 14 43

E2 2354 1831 4185

LY 2062 1394 3456

*Defined as those with FDR-adjusted p<0.05.

https://doi.org/10.1371/journal.pone.0226057.t001

Table 3: Known AR regulated genes up or down-regulated in LNCaP cells expressing ER3
and treated with R1881 and LY3201 compared to control LNCaP cells treated with R1881 and

LY3201.

ERp reduces activation of the p (ARR) , PB-LUC reporter in LNCaP and
22Rv1 cells and reduces AMPK phosphorylation

We used AR-reporter constructs to investigate whether AR activity is directly affected by ERB
in ERB-overexpressing LNCaP cells as well as 22Rv1 PCa cells. Ligand-treatment of transfected
cells showed ERB-dependent inhibition of AR-reporter activity compared to control trans-
fected cells (see Fig 2D for luciferase assay).

Table 2. Summary of top hits from Gene Set Enrichment Analysis (GSEA) of ERp ligand-responsive differentially expressed genes commonly regulated by E2 and

LY treatments identified in RNAseq study.

Gene Set NES FDR q-value*
Positive Enrichment Score
HALLMARK_ESTROGEN_RESPONSE_EARLY 5.494334 0
HALLMARK_ESTROGEN_RESPONSE_LATE 4.332718 0
HALLMARK_UNFOLDED_PROTEIN_RESPONSE 2.781836 0
HALLMARK_COAGULATION 2.368938 0.003125
HALLMARK_UV_RESPONSE_UP 2.265393 0.006134
HALLMARK_PEROXISOME 2.030336 0.017496
HALLMARK_XENOBIOTIC_METABOLISM 1.807741 0.062153
HALLMARK_MITOTIC_SPINDLE 1.717 0.088724
HALLMARK_TNFA_SIGNALING_VIA_NFKB 1.643714 0.114817
HALLMARK_INTERFERON_GAMMA_RESPONSE 1.624198 0.113491
Negative Enrichment Score
HALLMARK_ANDROGEN_RESPONSE -2.35927 0.003696
HALLMARK_UV_RESPONSE_DN -1.63909 0.174314
HALLMARK_SPERMATOGENESIS -1.46447 0.244085
HALLMARK_KRAS_SIGNALING_DN -1.14242 0.633201
HALLMARK_G2M_CHECKPOINT -1.10358 0.573174
HALLMARK_P53_PATHWAY -0.97801 0.701626
HALLMARK_TGF_BETA_SIGNALING -0.93594 0.672351
HALLMARK_IL2_STATS5_SIGNALING -0.85269 0.716611

*FDR q<0.05

https://doi.org/10.1371/journal.pone.0226057.t002
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Fig 2. ERp activation inhibits AR expression and transcriptional activity. A, Gene Set Enrichment Analysis (GSEA)
revealed an enrichment of genes involved in androgen response down-regulated by ERp activation (negative
enrichment (NES) score). B, Transcript (graphs) and C, protein (western images) levels of AR and AR target genes
TBC1D4 and FKBP5 were reduced by ERp expression and treatment with LY3021. D, AR transcriptional activity was

reduced by ERB expression and activation in reporter gene assays in AR-positive LNCaP and 22Rv1 prostate cancer
cells.

https://doi.org/10.1371/journal.pone.0226057.g002

ERB-regulation of CAMKK?2 and its downstream targets

We decided to focus on the AR-regulated gene, CAMKK2, which is a promising downstream
target of AR and has been shown previously to affect PCa survival, metabolism, cell growth,
and migration [4], It was repressed by ligand-activated ERp (see Fig 3A). To determine
whether events downstream of CAMKK2 were affected by the presence of activated ERp, we
analyzed the activity of AMPK by measuring its phosphorylated form (pAMPK). There was a
clear reduction in pAMPK following treatment with LY3201 (Fig 3B).
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Table 3. List of androgen-responsive genes differentially regulated by ligand-activated ERp in prostate cancer cells.

Up-regulated Down-regulated
Symbol log, FC p-value* Symbol log, FC p-value*
FADS1 2.4 0 AKAP12 -1.7 1.6E-18
KRT19 1.9 1.8E-57 STEAP4 -1.2 7.8E-05
HOMER2 1.3 2.6E-80 MAF -1.2 1.3E-57
SCD 1.0 2.2E-97 ADAMTS1 -1.1 6.6E-42
TARP 0.9 2.0E-08 CAMKK2 -1.0 3.6E-80
ACTN1 0.9 2.3E-73 NDRG1 -0.9 1.2E-09
CENPN 0.8 1.6E-33 PTPN21 -0.9 3.0E-28
ALDHIA3 0.7 7.2E-20 ZMIZ1 -0.8 3.0E-30
ELOVL5 0.7 5.2E-32 PMEPA1 -0.8 5.0E-48
CCND1 0.6 3.6E-29 ELK4 -0.8 2.7E-35
B4GALT1 0.6 6.6E-23 HERC3 -0.7 0.002
SPCS3 0.5 4.4E-13 ARID5B -0.7 1.6E-24
SLC38A2 0.4 7.8E-14 UAP1 -0.7 3.1E-41
DBI 0.4 8.8E-08 FKBP5 -0.7 6.4E-06
HI1F0 0.4 2.0E-12 IQGAP2 -0.7 1.9E-15
ABHD2 0.4 1.2E-14 RAB4A -0.6 1.4E-23
ELL2 0.4 5.6E-06 ZBTB10 -0.6 1.7E-19
INSIG1 0.3 7.1E-08 ABCC4 -0.5 3.3E-18
HMGCS1 0.3 8.1E-11 ACSL3 -0.5 6.5E-11
LMANI1 0.3 6.1E-10 APPBP2 -0.5 5.7E-16
MYLI2A 0.3 6.8E-08 TNFAIP8 -0.5 8.1E-06
SEC24D 0.3 1.3E-05 STK39 -0.5 1.6E-11
IDI1 0.2 0.0001 CDC14B -0.4 0.001
SRF 0.2 0.003 NKX3-1 -0.4 4.1E-15
TMEMS50A 0.2 0.02 INPP4B -0.4 7.3E-05
KLK3 0.2 0.0002 TSC22D1 -0.4 5.0E-10
RRP12 0.2 0.005 TPD52 -0.4 1.4E-05
PDLIM5 0.2 0.009 SPDEF -0.4 4.5E-07
PTK2B 0.2 0.03 HMGCR -0.3 2.8E-09
NCOA4 0.2 0.006 TMPRSS2 -0.3 2.0E-05
SLC26A2 -0.2 0.001
DHCR24 -0.2 3.4E-05
PIAS1 -0.2 0.05
MAP7 -0.2 0.04
UBE2]1 -0.2 0.01
ANKH -0.1 0.05
“FDR adjusted p<0.05.

https://doi.org/10.1371/journal.pone.0226057.t003

Agonist activated ERp inhibits proliferation of LNCaP cells

We analysed ERP expressing LNCaP cells for changes in cell growth. In agreement with the
RNA seq data we see the inhibition of proliferation only in the presence of agonists either
LY3201 or E2 (Fig 4).
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Fig 3. Expression and activity of AR target gene CAMKK2 are disrupted by ERB. A, AR target gene CAMKK2
transcript levels were reduced by ERP activation. B, CAMKK?2 protein expression and activity (measured by anti-
AMPK and anti-phospho-AMPK antibodies raised against the CAMKK?2 substrate) were down-regulated by ERP.

https://doi.org/10.1371/journal.pone.0226057.9003

Discussion

In the prostate of ERB knockout mice, there is an increase in the number of basal cells
(p63-positive) and poorly differentiated intermediary cells [10] as well as a decrease in fully dif-
ferentiated luminal cells[11, 12]. ER is expressed in both luminal (AR-positive) and basal
(AR-negative) cells. From previous studies we have found that ERB has an anti-proliferative
effect in PCa by down regulating Skp2 and up-regulating p27 KIP1 protein [25].
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Fig 4. Expression of ERp in LNCaP cells inhibits proliferation. LNCaP cells 5000 cells / well into 96 well plate were
growing for 48 hours supplemented with 10nM R1881 in all wells. DMSO, LY3201 (1 uM) and E2 (10nM) in 6 wells
each.

https://doi.org/10.1371/journal.pone.0226057.9004

In the present study, we specifically examined the functions and potential mechanisms of
action of ERP in AR-positive LNCaP cells by RNA-seq. Consistent with its function as a
ligand-dependent transcription factor, overexpression of ERp elicited relatively small changes
in the LNCaP transcriptome in a ligand-independent fashion, but treatments with ER ligands
E2 or ERB-specific ligand LY3201 resulted in altered expression of thousands of genes. As
expected, GSEA results revealed significant enrichment of ER-regulated genes among those
up-regulated by ligand treatment. Of particular interest is the down-regulation of genes
involved in androgen response. GSEA results and follow-up studies on the expression and
activity of AR and target genes shown herein provide evidence that the tumor suppressor
actions of ERP in PCa are due to its negative regulation of AR signaling. AR expression and/or
activity is often increased in primary PCa, as well as in metastatic PCa. In the present study we
found that in LNCAP cells overexpressing ERB, AR activity is repressed by ERp-ligands, as
were the classical AR targets c-Myc, FKBP5 and CAMKK2. TBC1D4 is the most down-regu-
lated AR-responsive gene and a major regulator of glucose uptake in the prostate by inducing
membrane localization of Glut12. The two most up-regulated AR responsive genes FADS1
and KRT19 are likely to be targets of both AR and ERp, where FADS] has been shown to be
regulated by estrogen [26], and KRT19 expression correlating to estrogen receptor expressing
breast cancer [27]. Not only AR has a differentiating effect in the prostate but ERp is also
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differentiating, and is needed for full differentiation of luminal cells [10]. An example is cyto-
keratin 19, a luminal differentiation marker, which we found to be upregulated by ERp in our
RNA-seq. analysis. Mak et. al (2013) [28] showed that ERB maintains epithelial differentiation
by regulating prolyl hydroxylase 2 transcription.

We performed ChIP-seq in prostate cells but did not find ERp binding around or within
the AR gene, indicating that the regulation could be either on mRNA stability or protein stabil-
ity of AR. A study by Nanni et al. showed that endothelial NOS, estrogen receptor B, and HIFs
cooperate in the activation of a negative prognostic transcriptional pattern in aggressive
human prostate cancer [29]. We have shown that the splice variants of ERB, the ERB2 and
ERP5 isoforms, interact with HIF-1o and HIF-20 while we could not detect any HIF interac-
tion with ERB1 (the wt form) in prostate cancer cells. Furthermore, we have shown that the
splice variants are oncogenic [30, 31]. The opposite effects of the wt ERB and the variants on
prostate cancer requires further studies.

The repression of AR by ERf is not limited to LNCaP cells, but also occurs in another
androgen-responsive cell line, 22Rv1, which expresses both normal AR as well as the AR vari-
ant AR?7. In addition to regulating AR, GSEA and additional gene ontology analysis of genes
differentially expressed following ERf activation revealed an enrichment of genes involved in
cancer-related processes, including apoptosis, response to hypoxia, KRAS signaling, and key
metabolic pathways. As in many other studies we observe that expression of ERp causes inhibi-
tion of proliferation [7, 9, 25]. These findings reveal that re-expression and activation of ERp
can suppress oncogenic mechanisms in androgen-responsive cancer cells.

Supporting information

S1 Fig. Comparison of differentially expressed genes identified in this study to similar
datasets generated in cell lines derived from other types of cancers.
(TIF)

S2 Fig. Comparison of differentially expressed genes identified in this study to AR target/
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regulation and AR regulation.

(TIF)
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(XLSX)

S1 Raw images.
(PDF)

Author Contributions

Conceptualization: Surendra Chaurasiya, Chin-Yo Lin, Anders M. Strom.

Data curation: Surendra Chaurasiya, Scott Widmann, Chin-Yo Lin, Anders M. Strom.
Formal analysis: Cindy Botero, Chin-Yo Lin, Anders M. Strom.

Funding acquisition: Jan-Ake Gustafsson.

PLOS ONE | https://doi.org/10.1371/journal.pone.0226057 May 15, 2020 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226057.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226057.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226057.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226057.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226057.s005
https://doi.org/10.1371/journal.pone.0226057

PLOS ONE

ERB regulated transcriptome in prostate cancer

Investigation: Surendra Chaurasiya, Scott Widmann, Cindy Botero, Chin-Yo Lin, Anders M.

Strom.

Methodology: Chin-Yo Lin, Anders M. Strom.

Project administration: Jan-Ake Gustafsson, Anders M. Strom.

Supervision: Anders M. Strom.

Validation: Scott Widmann, Cindy Botero, Chin-Yo Lin.

Visualization: Surendra Chaurasiya, Scott Widmann, Chin-Yo Lin.

Writing - original draft: Scott Widmann, Anders M. Strom.

Writing - review & editing: Chin-Yo Lin, Jan-Ake Gustafsson, Anders M. Strom.

References

1.

10.

11.

12.

13.

14.

Crawford ED, Schellhammer PF, McLeod DG, Moul JW, Higano CS, Shore N, et al. Androgen Receptor
Targeted Treatments of Prostate Cancer: 35 Years of Progress with Antiandrogens. J Urol. 2018; 200
(5):956—66. https://doi.org/10.1016/j.juro.2018.04.083 PMID: 29730201

He Y, Hooker E, Yu E-J, Cunha GR, Liao L, Xu J, et al. Androgen signaling is essential for development
of prostate cancer initiated from prostatic basal cells. Oncogene. 2019; 38(13):2337-50. https://doi.org/
10.1038/s41388-018-0583-7 PMID: 30510232

Sharma NV, Pellegrini KL, Ouellet V, Giuste FO, Ramalingam S, Watanabe K, et al. Identification of the
Transcription Factor Relationships Associated with Androgen Deprivation Therapy Response and Met-
astatic Progression in Prostate Cancer. Cancers (Basel). 2018; 10(10).

Dadwal UC, Chang ES, Sankar U. Androgen Receptor-CaMKK2 Axis in Prostate Cancer and Bone
Microenvironment. Front Endocrinol (Lausanne). 2018; 9:335.

Omoto Y, Iwase H. Clinical significance of estrogen receptor beta in breast and prostate cancer from
biological aspects. Cancer Sci. 2015; 106(4):337—43. https://doi.org/10.1111/cas.12613 PMID:
25611678

Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S, Gustafsson JA. Cloning of a novel receptor
expressed in rat prostate and ovary. Proc Natl Acad Sci U S A. 1996; 93(12):5925-30. https://doi.org/
10.1073/pnas.93.12.5925 PMID: 8650195

Hartman J, Edvardsson K, Lindberg K, Zhao C, Williams C, Strom A, et al. Tumor repressive functions
of estrogen receptor beta in SW480 colon cancer cells. Cancer Res. 2009; 69(15):6100-6. Epub 2009/
07/16. https://doi.org/10.1158/0008-5472.CAN-09-0506 PMID: 19602591

Paruthiyil S, Parmar H, Kerekatte V, Cunha GR, Firestone GL, Leitman DC. Estrogen receptor beta
inhibits human breast cancer cell proliferation and tumor formation by causing a G2 cell cycle arrest.
Cancer Res. 2004; 64(1):423-8. https://doi.org/10.1158/0008-5472.can-03-2446 PMID: 14729654

Strom A, Hartman J, Foster JS, Kietz S, Wimalasena J, Gustafsson JA. Estrogen receptor beta inhibits
17beta-estradiol-stimulated proliferation of the breast cancer cell line T47D. Proc Natl Acad Sci U S A.
2004; 101(6):1566—71. Epub 2004/01/28. https://doi.org/10.1073/pnas.0308319100 PMID: 14745018

Imamov O, Morani A, Shim GJ, Omoto Y, Thulin-Andersson C, Warner M, et al. Estrogen receptor beta
regulates epithelial cellular differentiation in the mouse ventral prostate. Proc Natl Acad SciU S A.
2004; 101(25):9375-80. Epub 2004/06/10. https://doi.org/10.1073/pnas.0403041101 PMID: 15187231

Weihua Z, Makela S, Andersson LC, Salmi S, Saji S, Webster JI, et al. A role for estrogen receptor beta
in the regulation of growth of the ventral prostate. Proc Natl Acad Sci U S A. 2001; 98(11):6330-5. Epub
2001/05/24. https://doi.org/10.1073/pnas.111150898 PMID: 11371645

Wu WF, Maneix L, Insunza J, Nalvarte |, Antonson P, Kere J, et al. Estrogen receptor beta, a regulator
of androgen receptor signaling in the mouse ventral prostate. Proc Natl Acad Sci U S A. 2017; 114(19):
E3816—-E22. https://doi.org/10.1073/pnas.1702211114 PMID: 28439009

Liao G, Chen LY, Zhang A, Godavarthy A, Xia F, Ghosh JC, et al. Regulation of androgen receptor
activity by the nuclear receptor corepressor SMRT. J Biol Chem. 2003; 278(7):5052—61. https://doi.org/
10.1074/jbc.M206374200 PMID: 12441355

Williams C, Edvardsson K, Lewandowski SA, Strom A, Gustafsson JA. A genome-wide study of the
repressive effects of estrogen receptor beta on estrogen receptor alpha signaling in breast cancer cells.
Oncogene. 2008; 27(7):1019-32. https://doi.org/10.1038/sj.onc.1210712 PMID: 17700529

PLOS ONE | https://doi.org/10.1371/journal.pone.0226057 May 15, 2020 12/13


https://doi.org/10.1016/j.juro.2018.04.083
http://www.ncbi.nlm.nih.gov/pubmed/29730201
https://doi.org/10.1038/s41388-018-0583-7
https://doi.org/10.1038/s41388-018-0583-7
http://www.ncbi.nlm.nih.gov/pubmed/30510232
https://doi.org/10.1111/cas.12613
http://www.ncbi.nlm.nih.gov/pubmed/25611678
https://doi.org/10.1073/pnas.93.12.5925
https://doi.org/10.1073/pnas.93.12.5925
http://www.ncbi.nlm.nih.gov/pubmed/8650195
https://doi.org/10.1158/0008-5472.CAN-09-0506
http://www.ncbi.nlm.nih.gov/pubmed/19602591
https://doi.org/10.1158/0008-5472.can-03-2446
http://www.ncbi.nlm.nih.gov/pubmed/14729654
https://doi.org/10.1073/pnas.0308319100
http://www.ncbi.nlm.nih.gov/pubmed/14745018
https://doi.org/10.1073/pnas.0403041101
http://www.ncbi.nlm.nih.gov/pubmed/15187231
https://doi.org/10.1073/pnas.111150898
http://www.ncbi.nlm.nih.gov/pubmed/11371645
https://doi.org/10.1073/pnas.1702211114
http://www.ncbi.nlm.nih.gov/pubmed/28439009
https://doi.org/10.1074/jbc.M206374200
https://doi.org/10.1074/jbc.M206374200
http://www.ncbi.nlm.nih.gov/pubmed/12441355
https://doi.org/10.1038/sj.onc.1210712
http://www.ncbi.nlm.nih.gov/pubmed/17700529
https://doi.org/10.1371/journal.pone.0226057

PLOS ONE

ERB regulated transcriptome in prostate cancer

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-
seq aligner. Bioinformatics. 2013; 29(1):15-21. https://doi.org/10.1093/bioinformatics/bts635 PMID:
23104886

Anders S, Pyl PT, Huber W. HTSeg—a Python framework to work with high-throughput sequencing
data. Bioinformatics. 2015; 31(2):166-9. https://doi.org/10.1093/bioinformatics/btu638 PMID:
25260700

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014; 15(12):550. https://doi.org/10.1186/s13059-014-0550-8 PMID:
25516281

Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J, et al. PGC-1alpha-respon-
sive genes involved in oxidative phosphorylation are coordinately downregulated in human diabetes.
Nat Genet. 2003; 34(3):267-73. https://doi.org/10.1038/ng1180 PMID: 12808457

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment
analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl
Acad Sci U S A. 2005; 102(43):15545-50. https://doi.org/10.1073/pnas.0506580102 PMID: 16199517

Dago DN, Scafoglio C, Rinaldi A, Memoli D, Giurato G, Nassa G, et al. Estrogen receptor beta impacts
hormone-induced alternative mRNA splicing in breast cancer cells. BMC Genomics. 2015; 16:367.
https://doi.org/10.1186/s12864-015-1541-1 PMID: 25956916

Liu J, Viswanadhapalli S, Garcia L, Zhou M, Nair BC, Kost E, et al. Therapeutic utility of natural estrogen
receptor beta agonists on ovarian cancer. Oncotarget. 2017; 8(30):50002—14. https://doi.org/10.18632/
oncotarget.18442 PMID: 28654894

Zhou M, Sareddy GR, Li M, Liu J, Luo Y, Venkata PP, et al. Estrogen receptor beta enhances chemo-
therapy response of GBM cells by down regulating DNA damage response pathways. Sci Rep. 2019; 9
(1):6124. https://doi.org/10.1038/s41598-019-42313-8 PMID: 30992459

Liu P, Ramachandran S, Ali Seyed M, Scharer CD, Laycock N, Dalton WB, et al. Sex-determining
region Y box 4 is a transforming oncogene in human prostate cancer cells. Cancer Res. 2006; 66
(8):4011-9. https://doi.org/10.1158/0008-5472.CAN-05-3055 PMID: 16618720

Nelson PS, Clegg N, Arnold H, Ferguson C, Bonham M, White J, et al. The program of androgen-
responsive genes in neoplastic prostate epithelium. Proc Natl Acad Sci U S A. 2002; 99(18):11890-5.
https://doi.org/10.1073/pnas. 182376299 PMID: 12185249

Dey P, Jonsson P, Hartman J, Williams C, Strom A, Gustafsson JA. Estrogen receptors beta1l and
beta2 have opposing roles in regulating proliferation and bone metastasis genes in the prostate cancer
cell line PC3. Mol Endocrinol. 2012; 26(12):1991-2003. Epub 2012/10/03. https://doi.org/10.1210/me.
2012.1227 PMID: 23028063

Gonzalez-Bengtsson A, Asadi A, Gao H, Dahiman-Wright K, Jacobsson A. Estrogen Enhances the
Expression of the Polyunsaturated Fatty Acid Elongase ElovI2 via ERalpha in Breast Cancer Cells.
PLoS One. 2016; 11(10):e0164241. https://doi.org/10.1371/journal.pone.0164241 PMID: 27788154

Kabir NN, Ronnstrand L, Kazi JU. Keratin 19 expression correlates with poor prognosis in breast can-
cer. Mol Biol Rep. 2014; 41(12):7729-35. https://doi.org/10.1007/s11033-014-3684-6 PMID: 25156534

Mak P, Chang C, Pursell B, Mercurio AM. Estrogen receptor beta sustains epithelial differentiation by
regulating prolyl hydroxylase 2 transcription. Proc Natl Acad Sci U S A. 2013; 110(12):4708—-13. https://
doi.org/10.1073/pnas.1221654110 PMID: 23487784

Nanni S, Benvenuti V, Grasselli A, Priolo C, Aiello A, Mattiussi S, et al. Endothelial NOS, estrogen
receptor beta, and HIFs cooperate in the activation of a prognostic transcriptional pattern in aggressive
human prostate cancer. J Clin Invest. 2009; 119(5):1093-108. https://doi.org/10.1172/JCI35079 PMID:
19363294

Dey P, Velazquez-Villegas LA, Faria M, Turner A, Jonsson P, Webb P, et al. Estrogen Receptor beta2
Induces Hypoxia Signature of Gene Expression by Stabilizing HIF-1alpha in Prostate Cancer. PLoS
One. 2015; 10(5):e0128239. https://doi.org/10.1371/journal.pone.0128239 PMID: 26010887

Faria M, Shepherd P, Pan Y, Chatterjee SS, Navone N, Gustafsson JA, et al. The estrogen receptor
variants beta2 and beta5 induce stem cell characteristics and chemotherapy resistance in prostate can-
cer through activation of hypoxic signaling. Oncotarget. 2018; 9(91):36273—88. https://doi.org/10.
18632/oncotarget.26345 PMID: 30555629

PLOS ONE | https://doi.org/10.1371/journal.pone.0226057 May 15, 2020 13/13


https://doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1093/bioinformatics/btu638
http://www.ncbi.nlm.nih.gov/pubmed/25260700
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1038/ng1180
http://www.ncbi.nlm.nih.gov/pubmed/12808457
https://doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
https://doi.org/10.1186/s12864-015-1541-1
http://www.ncbi.nlm.nih.gov/pubmed/25956916
https://doi.org/10.18632/oncotarget.18442
https://doi.org/10.18632/oncotarget.18442
http://www.ncbi.nlm.nih.gov/pubmed/28654894
https://doi.org/10.1038/s41598-019-42313-8
http://www.ncbi.nlm.nih.gov/pubmed/30992459
https://doi.org/10.1158/0008-5472.CAN-05-3055
http://www.ncbi.nlm.nih.gov/pubmed/16618720
https://doi.org/10.1073/pnas.182376299
http://www.ncbi.nlm.nih.gov/pubmed/12185249
https://doi.org/10.1210/me.2012.1227
https://doi.org/10.1210/me.2012.1227
http://www.ncbi.nlm.nih.gov/pubmed/23028063
https://doi.org/10.1371/journal.pone.0164241
http://www.ncbi.nlm.nih.gov/pubmed/27788154
https://doi.org/10.1007/s11033-014-3684-6
http://www.ncbi.nlm.nih.gov/pubmed/25156534
https://doi.org/10.1073/pnas.1221654110
https://doi.org/10.1073/pnas.1221654110
http://www.ncbi.nlm.nih.gov/pubmed/23487784
https://doi.org/10.1172/JCI35079
http://www.ncbi.nlm.nih.gov/pubmed/19363294
https://doi.org/10.1371/journal.pone.0128239
http://www.ncbi.nlm.nih.gov/pubmed/26010887
https://doi.org/10.18632/oncotarget.26345
https://doi.org/10.18632/oncotarget.26345
http://www.ncbi.nlm.nih.gov/pubmed/30555629
https://doi.org/10.1371/journal.pone.0226057

