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Abstract

Benign prostatic hyperplasia (BPH) continues to remain a significant health
problem. Steroid Sa-reductase 2 (SRD5A2) is the predominant enzyme responsible for
prostatic development and growth. Our previous study demonstrated that there is an
“androgenic to estrogenic switch” when SRD5A?2 is absent in the prostate gland. Here we
wished to identify if the expression of estrogen receptors (ER) is associated with the level
of SRD5A2 in the prostate. The transcript and protein expression levels of ER was
determined in prostatic specimens collected from patients who underwent transurethral
resection of the prostate. Using databases GTEx (Genotype-Tissue Expression, n=100),
TCGA (The Cancer Genome Atlas, n=496), and Single-cell RNA sequencing data from
StrandLab.net, the expression of ER was identified and correlated to SRD5A42 in human
prostate samples. Transcript and protein levels of SRD5A42, ESRI, and ESR2 in SRD5A42
transfected human prostatic stromal cell line (BHPrS1) and epithelial cell line (BPH1)
were compared. ERa and ERf were found to express variably in both the stroma and
epithelium compartments. ERa was dominantly expressed in the myofibroblasts, and
ERp was mainly expressed in the endothelial cells in the prostate. ESR/ was positively
correlated with SRD5A42 in human benign and malignant prostate tissues. The expression
of ERa both in transcript and protein levels were promoted with the over-expression of
SRD5A2 in transfected BHPrS1 cells. Overall, this study demonstrated that the

expression of ER is associated with SRD5A2 in the prostate.
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Chapter I.

Introduction

Benign Prostatic Hyperplasia

Benign Prostatic Hyperplasia (BPH) is the enlargement of the prostate that
contributes to Lower Urinary Tract Symptoms (LUTS). LUTS include urinary frequency,
urgency, intermittency, weak stream, straining during urination, and nocturia (McVary et
al., 2011). Histologically, BPH is defined as a benign proliferation of the epithelial and
stromal compartments of the prostate as well as smooth muscles, mainly in the
transitional zone of the gland (McConnell 1991; Nicholson and Ricke, 2011), and in
some cases may be associated with atrophy in the peripheral zone (Frost et al., 2019). A
few proposed etiologies of BPH include epithelial-to-mesenchymal transition (EMT),
changes in the male hormonal milieu, and progenitor-like epithelial cell types
surrounding the urethra and peri-urethral prostate zones (Shao et al., 2014; Henry et al.,

2018). However, the exact mechanism of BPH development remains unclear.

BPH Epidemiology
As men age, the prostate continues to grow on average 2.5% per year, peaking
between 56-65 years old (Bosch et al., 2007; Loeb et al., 2009; Williams et al., 1999).
With that, the prevalence of BPH increases as well. Whereas 20% of men have LUTS
associated with BPH at age 50, 80% of men are affected between ages 70-80 (Berry,
1984). The World Health Organization estimates that around 210 million males (~6% of

the world population) are affected by BPH (Figure 1). It has been estimated that one in



four men will experience LUTS associated with BPH in their lifetime (Lee et al., 2017).
Due to differences in BPH disease definition and evaluation methods, an exact
prevalence and incidence rate is challenging to conclude (Egan et al., 2016). However,
there are a few populational studies that offer relative estimates. Analysis of the
Integrated Health Care Information Solutions (IHCIS) database and The Medicare
database showed that BPH is the fourth most common diagnosis in the US (Issa et al.,
2006). Findings from multiple previous population surveys and cross-sectional surveys in
different countries suggest that between 16-42% of men over the age of 40 report
moderate-to-severe LUTS based on the International Prostate Symptom Score (IPSS)
(Speakman et al., 2015). Using the large-scale EPIC survey to assess the prevalence of
LUTS, Irwin et al. (2011) estimated that 44.7% of the world's male population would be
affected by LUTS in 2018. In addition, 21.5 million men in the US are projected to have
LUTS symptoms in 2025 (Litman & McKinlay, 2007). In terms of risk distributions
among different races, Kristal et al. (2006) found that BPH risks were 41% higher for
Black and Hispanic men than the White male population. Furthermore, there is a higher

risk for BPH surgery in White men with Southern European ancestry (Platz et al., 2000).

BPH Risk Factors
There are many risk factors associated with BPH and LUTS. Previous literature
has demonstrated a strong association of BPH/LUTS with prostate size, inflammation,
prostate transitional zone fibrosis, hyperglycemia, insulin-resistance, hyperinsulinemia,
diabetes, and obesity (Breyer and Sarma, 2014; Macoska et al., 2019; Muller et al., 2013;
Simon et al., 2016; Xue et al., 2020). Some of the proposed mechanism of diabetes-

related pathogenesis of BPH include overactivation of the sympathetic nervous system,



elevated activities of growth factors, changes in steroid sex hormones, and inflammation
(Breyer & Sarma, 2014; Gul & Kaplan, 2019; McConnell et al., 2003). In a cross-
sectional study in 2020 using the placebo-arm of the Prostate Cancer Prevention Trial
(PCPT), Chadid et al., demonstrated that both total and free testosterone were positively
associated with prostatic inflammation. Furthermore, total prostate volume, prostate-
specific antigen (PSA), and post-void residual are key clinical predictors for the risk of
BPH progression (Crawford, et al., 2006). Also, the risk of developing BPH/LUTS is
67% higher in men with a large prostate size, greater than 40 mL, than men with a small
prostate size (Simon et al., 2016). Lastly, extensive research in both human and animal
studies has supported that obesity and inflammatory mediators promote prostate growth

that is associated with BPH (Muller et al., 2013; Parsons et al., 2013; Xue et al., 2020).

BPH Diagnosis and Treatments
The diagnosis of BPH involves endoscopic evaluations of bladder functions and
the prostate's anatomy (McVary et al., 2011). The prostate size assessment is typically
from transrectal ultrasound or previous radiological imaging, including CT
abdomen/pelvis or MRI of the prostate (Welliver et al., 2019). IPSS or the American
Urological Association-Symptom Index (AUA-SI) is used to evaluate the LUTS severity

(McVary et al., 2011).

The current treatments for BPH/LUTS include conservative management, medical
therapy with alpha-adrenergic-receptor antagonists (alpha-blockers), anticholinergic
agents, 5-alpha reductase inhibitors (5ARIs), Phosphodiesterase type 5 (PDES) inhibitors,

or prostate reduction surgical interventions, including minimally invasive surgical



techniques and laser surgical procedures (Brock et al., 2013; McConnell et al., 2003;
McVary et al., 2011; Roehrborn et al., 2015; Welliver et al., 2019; Parsons et al., 2020;
Foster et al., 2018). Not all patients with BPH/LUTS seek urological consult until
symptoms are bothersome enough to affect their quality of life. The burden of severe
LUTS can impact multiple aspects of a patient's life, including sleep, work, sexual
functions, and mental health (Speakman et al., 2015), in addition to the financial burden
that may come with undergoing diagnostic testing (Kaplan et al., 2014). A majority of
patients with mild to moderate symptoms prefer conservative management or watchful
waiting and implement lifestyle modifications, such as fluid intake or diuretic substance

restrictions, to reduce urinary symptoms (Kaplan, 2004; Parsons et al., 2020).

One of the main medical treatments for BPH is 5-alpha reductase inhibitors
(5AR)), i.e., finasteride or dutasteride. The most commonly used SARI is finasteride,
which inhibits 5-alpha reductase type 2 (aka Steroid 5-alpha reductase type 2: SRD5A2),
an enzyme that facilitates the conversion from testosterone to dihydrotestosterone (DHT)
(Gromley et al., 1992; Niu et al., 2011). Dutasteride inhibits both 5-alpha reductase type
1 and type 2 (Roehrborn et al., 2002) and reduces serum DHT and PSA (La Vignera et
al., 2016; Sarkar et al., 2019). In a randomized, double-blinded clinical trial, dutasteride
reduced DHT by 93.3% at 52 weeks compared to baseline, whereas finasteride reduced
serum DHT by 72.7% (Amory et al., 2007). Long-term SARI therapy reduces the total
prostate size by as much as 25% (Kaplan et al., 2008; Kim et al., 2018; Roehrborn et al.,
2002; Roehrborn et al., 2004). Furthermore, symptom evaluation from an international
randomized double-blind study found that combination of finasteride and a PDES-

inhibitor, tadalafil, resulted in significantly greater long-term treatment satisfaction than



finasteride alone (Roehborn et al., 2015). PDES5-inhibitor alone can also significantly

improve IPSS at as early as one week of treatment (Porst et al., 2011).

The other medication class for BPH is alpha-blockers, which relaxes the smooth
muscle at the bladder neck to relieve LUTS (McConnell et al., 2003). The Prospective
European Doxazosin and Combination Therapy (PREDICT) trial performed across 90
European study centers found that doxazosin, an alpha-blocker, significantly improved
maximum urinary flow rate and IPSS of BPH patients (Kirby et al., 2002). A cross-
sectional study in 2019 showed that 49% of patients used predominantly alpha-blockers
for BPH management in the Optum de-identified Clinformatics Data Mart (CDM)
database (Welliver et al., 2019). Findings in the same study also suggest that transurethral
resection of the prostate (TURP) was the most predominantly elected surgical
intervention. While alpha blockers help to relieve the obstructive symptoms of LUTS
associated with BPH, anticholinergics can be used to address the storage symptoms for
patients with an overactive bladder (Athanasopoulos et al., 2003). Anticholinergics work
by stabilizing detrusor activities, which results in improvements of frequency, urgency

and nocturia (Athanasopoulos et al., 2003).

While long-term monotherapy of either SARI or alpha-blockers leads to
significant LUTS improvement, the combination of both medication provided better
outcomes. In the Medical Therapy of Prostatic Symptoms (MTOPS) study, data showed
that the combination of SARI and alpha-blockers reduced the risk of overall LUTS
progression by 66% compared to doxazosin or finasteride monotherapy (McConnell et
al., 2003). Combination therapy significantly reduced the risk of clinical BPH

progression in men with prostate volume greater than 25 mL (Kaplan et al., 2000).



While current medical therapy has been effective in improving LUTS and BPH
patients' quality of life, the medication adherence rate of SARI is only 18% in the first
year and decreases thereafter (Cindolo et al., 2014; Cindolo et al., 2015). Low adherence
to BPH medication is significantly associated with undergoing BPH-related surgical
procedures and can increase the risk of procedures by 29% (Nichol et al., 2009; Zhang et
al., 2020). Furthermore, there is an increase in hospitalization for BPH-related adverse
events despite medical therapy in the US (Stroup et al., 2011). Therefore, understanding

the mechanism of medication resistance is vitally essential in the management of BPH.

SRD5A2 and Epigenetic Modifications

SRD5A2, the drug target of SARI, is the most prominent regulator of prostatic
growth and development in the SRD5SA family (Ge et al., 2015). There are three sub-
types of 5-alpha reductases in human, with SRD5A2 being the most prominent in the
prostate (Marks, 2004). SRD5A2 is responsible for synthesizing DHT, a major
intraprostatic androgen (Marks, 2004; Ge et al., 2015). Congenital deficiency of SRD5A2
results in a phenotype termed “Guevedoces” or pseudohermaphrodites, where biological
males are born with female genitalia until puberty, at which point the male genitalia
develops (Marks, 2004). DHT is three to six times more potent than testosterone and is
found to promote prostate growth associated with BPH when binding to androgen
receptors (AR) (La Vignera et al., 2016; Figure 2). AR facilitates the intercellular
communication between stromal and epithelial cells in the prostate (Chauhan, Mehta &
Gupta, 2020). Epithelial-AR mainly regulates cellular homeostasis in the adult prostate,
whereas stromal-AR activation limits epithelial cell growth in BPH patients (Chauhan,

Mehta & Gupta, 2020).



Our previous research (Niu et al., 2011) found that 30% of the adult human
prostate tissue do not express SRD5A2. Also, we found that 30% of the BPH specimens
were methylated at the SRD5A42 promoter region (Niu et al., 2011). These findings
suggest that epigenetics, specifically DNA hypermethylation at the promoter region
of the SRD5A2 gene, leads to gene silencing and downregulation of protein expression
(Niu et al., 2011; Kang et al., 2019). In 2015, our multivariate logistic regression analysis
of 96 prostate samples derived from TURP found that BMI and age were significantly
associated with DNA methylation at the SRD5A42 promoter region (Bechis et al., 2015).
Furthermore, SRD5A42 promoter methylation is negatively correlated with SRD5A2
protein expression (Bechis et al., 2015). Bisulfite sequencing comparison of prostate
samples with BPH and normal transitional zone control samples confirmed
hypermethylation signals across genomic regions and promoter regions in the BPH
tissues. Also, there was a negative association between promoter methylation and
downstream gene expression (Liu et al., 2020). Therefore, substantial evidence supports
the downregulation of SRD5A2 expression by hypermethylation at the SRD542 promoter
region and its association with BMI, age, and inflammation.

In addition to BMI, inflammatory mediators can also affect the SRD542 promoter
methylation status. Inflammatory mediators, specifically TNF-o and IL-6, regulate the
SRD5A2 promoter methylation via the activation of DNA methyltransferase I (DNMT1)
in both BPH tissue and in vitro (Ge et al., 2015). DNMT]1 is abundantly expressed in
developing prostate and upregulated in castrated mice treated with testosterone (Joseph et
al., 2018). Elevated DNMTT activity promotes SRD5A2 promoter methylation, leading to

SRD5A2 gene silencing (Figure 3) and the decrease of SRD5A2 protein expression. In



human prostatic stromal cells cultured in macrophage conditioned media, SRD5A42
promoter methylation was significantly elevated, suggesting that proinflammatory
mediators are associated with the SRD5A2 hypermethylation at the promoter region (Xue

et al., 2020).

Estrogen Receptors (ERs)

In the 30% of BPH patients with a lack of SRD5A2 expression, the estrogenic
pathway is activated via the upregulation of aromatase and phosphorylated ERa (pERa)
(Wang et al., 2017). In addition, TNF- a upregulates both aromatase and pERa (Figure
4). Aromatase is a key enzyme involved in the conversion of testosterone to estradiol (Da
Silva and De Souza, 2019; Figure 2) and plays a crucial role in the elevation of androgen/
estrogen (testosterone/estradiol: T/E) ratio as men age (Ellem & Risbridger, 2010). Once
testosterone is converted to estradiol, the ER signaling pathways regulate prostate growth
upon binding to estradiol (Nicholson and Ricke, 2011). However, the molecular
regulation of prostate growth via estrogenic pathways in the setting of BPH is unclear and

requires further investigation.

The effect of estrogen on cell proliferation has been well established in many
different research focuses, especially in breast cancer studies. In the prostate,
administration of estrogen in primary prostatic stromal cells promotes cell proliferation
and upregulates inflammatory mediators (Chen et al., 2020). Estrogenic effects are
carried out by ER, divided into two major subtypes, alpha and beta (Nicholson et al.,
2013). Estrogen receptor alpha (protein: ERa /gene: ESR1) carries a proliferative effect,

whereas estrogen receptor beta (protein: ERf/gene: ESR2) carries out proapoptotic



functions (McPherson et al., 2010; Nicholson et al., 2013). Many studies have
investigated each receptor's role regarding their expression and association with

androgens in the prostate.

The localization of ER remains controversial in the scientific literature. ERa is
generally expressed in the stroma compartment, while ERJ is expressed in the basal and
luminal cells of the epithelium (Bonkhoff, 2017; Hetzel et al., 2012; Leav et al., 2001;
Song et al., 2016). However, both receptors' expressions were higher in the epithelium in
BPH prostate tissue when compared to normal prostate samples (Nicholson et al., 2013;
Royuela et al., 2001). Furthermore, multiple studies have found that ERa and ERf3
express in both the stroma and epithelium of the prostate (Gangkak et al., 2017;

Grindstad et al., 2016), rendering inconsistent findings in the literature.

ER may express differently depending on the prostate zone and the prostate size.
While BPH mainly occurs in the central and transitional zones, prostate cancer is mostly
found in the peripheral zone (Mahjoub et al., 2020; Laurent et al., 2014). Sehgal et al.
(2019) have shown that ERa expression changes in location and cell type throughout the
different stages and progression of prostate cancer. In addition, prostate size and the
hormonal environment can also contribute to changes in ER expression. Zhang et al.
(2016) found a reduction in ERa along with elevation of AR expression in patients with
prostates larger than 80 mL, while ERP expression did not change. Therefore, more
robust research methods and quantitative protocols are needed to obtain consistent

findings of ER expressions in the prostate.

The mechanism of ER Action



Unlike the ER expression, the mechanism of ER-mediated estrogenic pathways is
relatively consistent in the previous studies. The ER mechanism of action can be carried
out in two ways, ligand-dependent, where the receptors form dimers after binding to
estrogen, or ligand-independent, where phosphorylation of ER can activate cascade

pathways downstream (Prins and Korach, 2007).

In prostate cancer tissue, ERa has been found to express in stromal cells and
regulate genes associated with tumor progression (Bonkhoff, 2017; Ellem & Risbridger,
2010). ERa is also associated with the induction of prostatic squamous metaplasia in the
epithelium compartment of the prostate (Risbridger et al., 2001). Furthermore, research
using prostate cancer cell lines has confirmed the role of ERa in EMT, one of the
potential pathogenesis of BPH, where ERa reduces the E-cadherin expression and
increases vimentin transcript expression upon estradiol treatment (Mishra et al., 2015).
Investigation in nongenomic signaling through membrane-ER initiation shows that
membrane-initiated ERa can activate AKT signaling pathway, which is responsible for

cell proliferation and growth (Majumdar et al., 2019).

ERp is known to exhibit tumor-suppressive properties in prostate cancer (Ellem &
Risbridger, 2010). As an androgen-dependent transcription factor, the antiproliferative
function of ERP may be due to its negative regulation of AR expression (Chaurasiya et
al., 2020). Investigation using the androgen-responsive prostate cancer cells found that
ligand activation of ERf} leads to downregulation of AR activities (Chaurasiya et al.,
2020). On the other hand, when AR is absent, ERp inhibits AKT signaling and reduces
cell migration in prostate cancer cells (Chaurasiya et al., 2007). However, the protein

level of ERP in prostate cancer cells is reduced upon exposure to AR inhibitors, such as

10



Enzalutamide, for primary prostate cancer and castration-resistant prostate cancer
(Abazid et al., 2019), which suggests that the crosstalk between ERf and AR needs
further investigation. Different from ERa, membrane-initiated ERf activates the MAPK
signaling cascades which are responsible for cell proliferation and differentiation
(Majumdar et al., 2019). Animal studies shows that administration of selective ER3
agonist in Aromatase KO mice can induce apoptosis in stromal cells and epithelium basal
cells of the hyperplastic mouse prostate (McPherson et al., 2010), knockout of ERp in the
ventral lobe of the mouse prostate led to an increase in epithelial hyperplasia and
overgrowth of the stroma, further confirming the tumor-suppressive functions of ERf3

(Warner et al., 2020).

Research Aims and Hypothesis

Although ER mechanism of action has been investigated in prostate disease
research, the association of ER and SRD5A?2 has not been investigated. We hypothesized
that the expression of ER is associated with SRD5A2 expression. The purpose of the
study is to perform an in-depth analysis of the changes in ER expression in response to
SRD5A2 changes. Using benign prostatic tissue derived from prostate surgeries,
transfected human prostatic cell lines, RNA sequencing database from benign and
malignant prostate samples, and single-cell RNA sequencing database from normal
prostate cells, the transcript and protein expression of ER and SRD5A2 was determined
and compared. The goal of the study is to determine the location of ER expression in both

BPH tissue and prostatic cells and to analyze the relationship between ER and SRD5A2.

11



Given the controversies involved with the research in estrogen receptors in BPH,
additional investigation will help elucidate the intricate relationship between the
androgenic and estrogenic pathways. The implication of the study is to provide insight
into the mechanism of the androgenetic to estrogenic switch. A clear understanding of the
key players in the mechanism will help find new therapeutic targets for BPH patients who
are resistant to SARI. Further investigation into the functions of estrogen receptors in the
prostate, specifically in prostate development and growth regulation, is crucial for novel

drug development.

Primary objective: To determine the association between SRD5A?2 and ER in prostatic

tissue and cells.

Specific Aim 1: To examine SRD5A42, ESRI and ESR?2 expression in benign and

malignant prostate tissues

Methods: Pearson correlation analysis is preformed to analyze RNA

sequencing data from GTEx and TCGA databases

Expected results: There will be expression of all three target genes
in both prostate tissues types and that SRD5A2 is associated with

one of the ER subtypes

Specific Aim 2: To determine the location of ER expression in prostatic tissue and

cells

Methods: Immunohistochemistry of benign prostatic tissue derived from
TURP surgeries with semi-quantification of ER protein expression.

Single-cell RNA sequence analysis of normal prostate cells and to

12



determine the primary cell type that each ER subtype is expressed in.
Lastly, using immunocytochemistry to stain human stromal and epithelial

cell lines for the target protein

Expected results: ERa is expected to mainly express in the stroma,

while ERP is expected to express mainly in the epithelium.

Specific Aim 3: To determine the association between SRD35A42 promoter

methylation and ER expression

Methods: Measure SRD5A42 promoter methylation levels of each benign
prostatic tissue from TURP surgeries. Semi-quantify ER protein
expression using immunreactive scores and perform Pearson correlation

analysis between methylation and expression

Expected results: A similar negative association as SRD5A42
methylation and SRD6A?2 protein expression is expected for

SRD5A42 methylation and ER protein expression.

Specific Aim 4: To determine the effect of SRD5A2 overexpression on ER

expression using transfected human prostatic cell lines

Methods: Transfect human prostatic stromal (BHPrS1) and epithelial
(BPHI) cell lines with SRD5A42 or vector, and to compare SRD5A2, ESR1

and ESR?2 transcript and protein expressions

Expected results: The changes in total and phosphorylated ER

expression is associated with the overexpression of SRD5A2
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Chapter II.

Material and Methods

Benign prostatic tissue samples were collected from patients with BPH that
underwent TURP at Massachusetts General Hospital and Beth Israel Deaconess Medical
Center (BIDMC) between 2016-2018. All research experiments were performed at

BIDMC.

Single-cell RNA Sequencing Analysis

We used single-cell RNA Sequencing (sc-RNA seq) data library to analyze the
percent and average expression of SRD5A2, ESRI, and ESR2. The database was created
by Douglas Strand Lab (StrandLab.net, Henry et al., 2018) and consists of sequencing
data of normal human prostates stratified by cell type and lineage. The cell quality
control processing included singlet and doublet identification using R package
DoubletFinder, removal of cells with high-stress signatures indicated by the percentage of
mitochondrial content (threshold: >25%), and data filtering based on UMI counts, which
measures the quality of cells. After data filtering and quality control, a total of 32,260
single cells were integrated and clustered into eight cell clusters. The cell clusters were
displayed in a t-distributed stochastic neighbor embedding (tSNE) plot, including
Luminal epithelial cells (LE), Basal epithelial cells (BE), Club epithelial cells (CE),
Hillock epithelial cells (HE), Fibroblasts (Fib), Myofibroblasts (Myofibr/mFib),
Leukocytes (Leu) and Endothelial cells (Endo). The RNA expression of SRD5A42, ESRI,
and ESR?2 of each sub-cell population was graphical visualized as percentage and average

expression.



RNA Sequencing Analysis
RNA sequencing analysis (RNA-seq) was performed using the Genotype-Tissue
Expression (GTEXx) cohort including fpkm data of 100 benign prostate tissue samples,
and The Cancer Genome Analysis (TCGA) cohort including RNA-seq raw data and
fragments trans per million (TPM) of 496 prostate cancer tissue samples. RNA

expression of SRD5A42, ESR1, and ESR2 was analyzed and compared in each cohort.

Methylation-PCR

The SRD5A2 promoter methylation was measured and correlated with the
expression of ERa, ERf3, and SRD5A2. Genome DNA was extracted from ~25mg of
frozen benign prostatic tissue samples using QIAamp DNA mini kit (Qiagen, Hidlen,
Germany). DNA concentration was determined using a full-spectrum NanoDrop
spectrophotometer. Msel (New England BioLabs, Ipswich, MA) was used for restriction
enzyme digestion of 4 pg of DNA samples. The incubation cycle was run on BioRad
MyCycler for 5 hours at 37 °C, 20 minutes at 65 °C and 4 °C overnight. The digested
DNA was separated into methylated and unmethylated DNA using His-tagged
MBD2b/MBD3L1 protein complexes in the MethylCollector Ultra kit (Active Motif,
Carlsbad, CA). The separated DNA was purified using Chromatin IP DNA purification
kit (Active Motif, Carlsbad, CA) before running qPCR. qPCR was performed using
Powerup SYBR Green Master Mix (Applied Biosystems, Foster City, CA) in 20uL PCR
reaction system. Cycles were run on a QuantStudio 6 Flex Real-Time system (Applied
Biosystems, Foster City, CA). Cycling conditions included Hold stage (50°C for 2 mins

and 95°C for 2 mins), PCR stage (55 cycles of 95 °C for 15 seconds, 55 °C for 15 seconds
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and 72 °C for 1 minute) and Melt Curve stage (95 °C for 15 seconds, 60 °C for 1 min and

95 °C for 15 seconds).

PCR analysis was performed using standard curve for CT versus log DNA
concentration generated specifically for SRD542 DNA (Figure 5). Using the calculated
DNA concentration of the methylated and unmethylated portions from the same sample,
the methylation percentage was determined using Equation 1. Each test was triplicated

and the average CT was used for the final analysis.

DNA [ methylated]
DNA [methylated] + DNA [ unmethylated]

% Methylation =

Equation 1: Calculation of DNA methylation level.

Immunohistochemistry (IHC)

A total of 18 samples were used to visualize the localization of ERa, ERf, and
SRD5A2 in prostate samples by IHC. The samples are the same as those in the
methylation analysis. Slides of formalin-fixed and paraffin-embedded prostate tissue
were deparaffinized by incubation in xylene and gradient concentrations of ethanol.
Antigen was retrieved by IHC-specific steamer followed by 3% hydrogen peroxide
incubation. The tissue was blocked using an Avidin blocking system (Vector
Laboratories, Burlingame, CA). Primary antibodies were diluted in Biotin antibody
diluting serum containing 5% goat serum in TBS with 2% Tween-20 (Vector
Laboratories, Burlingame, CA) and incubated at 4 degree Celsius overnight. The
following primary antibodies were used: SRD5A2 (1:200; Invitrogen, Carlsbad, CA),

ERa (1:100; Invitrogen, Carlsbad, CA) and ERp (1:100; Invitrogen, Carlsbad, CA).
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Tissues were incubated in biotinylated secondary antibody for one hour at room
temperature followed by avidin/biotin-based peroxidase system (Vector Laboratories,
Burlingame, CA) treatment before DAB chromogen staining (Biocare Medical, Pacheco,
CA). Sections were counterstained with Gill hematoxylin and dehydrated before imaging.
The reagents used in the staining process were kept the same for all samples to ensure a

consistent environment and accurate expression signals.

Slides were imaged with Olympus microscope and CellSense software. We
captured field images with the stroma and epithelium sections of the tissue for
comparison during imaging. Images were captured in multiple magnifications for
visualization purposes. The final analysis was performed with images in 20X. A total of
16 fields (size: 400x400 pixel) were imaged for each slide and assigned a calculated
average Immunoreactive Score (IRS). Each image was assigned a score between 0-4 for
the percentage of positive staining and another score between 0-3 for the intensity of
positive signals (Specht et al., 2015; Table 1). These individual scores of each image
were multiplied to form a total IRS score (between 0-12), and 16 total IRS scores were
averaged for each patient, which was used for the final statistical analysis. Staining
intensity key was created for reference during the scoring process (Figures 21-23). In
order to minimalize subjective bias, each sample was assigned a number, and the

methylation information was not available at the time of scoring.

qPCR
Total RNA was extracted using RNeasy Mini Kit (Qiagen, Hidlen, Germany).

cDNA was synthesized using High-Capacity RNA-to-cDNA kit (Applied Biosystems,
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Foster City, CA). PCR was performed using Powerup SYBR Green Master mix (Applied
Biosystems, Foster City, CA) on a QuantStudio 6 Flex Real-Time system (Applied
Biosystems, Foster City, CA). Cycling conditions are the same as the methylation PCR
protocol mentioned above. Primers used were as follows: SRD5A2, forward, 5°-
GCAGTGTCTTAGTTGATGAG-3’, reverse, 5S’-TGTGTTATTAAAACCTGGC-3’;
ESRI, forward, 5>~ AATACCGCTAAAGCCAAAC-3’, reverse, 5°-
AGAGATTTCCAAGTTGCTG-3’; ESR2, forward, 5°-
ACAGAGAGAGACACTGAAAAGG-3’, reverse, 5’-AAAAAGGCCTTACATCCTTC-
3’; GAPDH, forward, 5’ AGGGGAGATTCAGTGTGGTG-3’, reverse, 5’-
GGCCTCCAAGGAGTAAGACC-3’. The 2724¢T method was used for data analysis and
to determine fold changes in mRNA expression. Individual reaction CT was normalized

to the housekeeping gene GAPDH.

Immunocytochemistry (ICC)

Human prostatic stromal cell line BHPrS1 and epithelial cell line BPH1 cells were
grown on six-well cell culture plates and fixed using 4% paraformaldehyde (Electron
Microscopy Sciences, Hatfield, PA). Cells were blocked with 5% BSA in PBS for one
hour at room temperature and permeabilized using 0.1% Triton X-100 in PBS for 5
minutes at room temperature. Cells were incubated with primary ERa (1:100; Invitrogen,
Carlsbad, CA), ERP (1:100; Invitrogen, Carlsbad, CA), phosphorylated ERa (1:100;
Abcam, Cambridge, MA), phosphorylated ER (1:100; Abcam, Cambridge, MA), and
SRD5A2 (1:100; Abcam, Cambridge, MA) overnight at 4 degree Celsius and followed by
secondary fluorochrome antibodies. Cells were mounted using SlowFade Gold antifade

reagent with DAPI (Molecular Probes by Life Technologies). Representative images
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were obtained using Olympus microscope and CellSense software. Images in multiple

magnifications were obtained for visualization purposes.

Human prostatic cell transfection

BHPrS1 cells and BPH1 cells were seeded in six-well cell culture plates in RPMI-
1640 medium (Gibco, Waltham, MA) with 10% FBS (Gibco, Waltham, MA) and 1%
Penicillin streptomycin solution (Corning, NY). 1% of a lentiviral particle
with SRD5A42 (GeneCopoeia, Rockville, MD) and 0.1% of Polybrene were added to the
wells after cell confluency reaches 70%. Cells were incubated at 37 degrees Celsius and
5% CO2 overnight. Fresh medium with 0.5% of puromycin was added 24 hours after the
transfection and changed as needed every other day. Cells were maintained and
transferred to culture flasks after cell confluency reaches 80-90%. Transfection efficiency

was tested using qPCR and ICC.

Statistical Analysis
Transcript fold changes of SRD5A42, ESRI and ESR2 were determined using
analysis of variance, student’s T-test and Mann-Whitney test as appropriate. Statistical
significance was defined as p<0.05. Pearson correlation analysis was performed for
transcript and protein expression correlation between SRD5A2 and ESR1/ESR2 using R
software version 1.3.1056. All graphical visualization was generated using Prism 9

GraphPad.
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Chapter II1.

Results

The Expression of ER in Benign and Malignant Prostate Tissue

Genotype-Tissue Expression (GTEx) and The Cancer Genome Atlas (TCGA)
databases were used to determine the correlation between SRD5A42 and ESRI/ESR2 RNA
expressions. For the benign prostatic tissue, analysis of GTEx database (n=100) found a
positive correlation between SRD5A2 and ESRI (R=0.2636, p=0.008, Figure 6A) and no
significant correlation between SRD5A42 and ESR2 (R=-0.0307, p=0.76, Figure 6B). For
the malignant prostatic tissue, TCGA database analysis (n=496) showed a positive
correlation between SRD5A42 and ESRI (R=0.3867, p<0.001, Figure 7A), as well as ESR?2
(R=0.2947, p<0.001, Figure 7B). In both databases, the expression of ESR/ was

significantly higher than that of ESR2 (p<0.001, Figure 6C and 7C).

ScRNA-seq database from StrandLab.net showed the various cell types in the
human healthy prostate based on cell marker analysis (Figure 8A). SRD35A42 is mainly
expressed in fibroblasts and mildly expressed in basal epithelial cells (Figure 8B and 8E).
ESR]I is mainly expressed in myofibroblasts and mildly expressed in fibroblasts and
hillock epithelial cells (Figure 8C and 8E). Lastly, ESR?2 is mainly expressed in
endothelial cells (Figure 8D and 8E). These findings suggest that SRD542 and ESRI are
co-expressed in fibroblasts. Furthermore, SRD5A42 transcript expression is associated

with ESR] in the prostate.
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The Expression of ER in BPH Tissue

To visualize the expression of ER subtypes in the prostate tissue, immunostaining
was performed using 18 BPH tissue derived from TURP surgeries. First, various
SRDS5A2 protein expression levels were validated among the benign prostatic tissue
(Figure 9). The protein expression of ERa varied among prostate samples (Figure 10A).
IRS Semi-quantification showed that ERa is expressed in varying degrees in both the
epithelium and the stroma compartments of the prostate (Figure 10B). Transcript
expressions of SRD542 and ESRI of the prostate tissues showed a significant positive
association between SRD5A2 and ESRI transcript expression (R=0.6797, p=0.0019,
Figure 10C). SRD5A2 transcript expression was then divided into high vs. low based on
the cycle time (CT) value from qPCR. ESR/ transcript expression in the high SRD542
group was 3.2 folds higher than that in the low SRD5A2 group (Figure 10D). Similar to
ERa, ERJ is expressed in both compartments of the prostate at varying levels (Figure
11A and 11B). Correlation analysis of the transcript expression showed a significant
positive correlation between SRD5A2 and ESR2 (R=0.7030, p=0.0011, Figure 11C).
ESR?2 transcript expression in the high SRD5A42 group was 3.9 folds higher than that in
the low SRD5A42 group (Figure 11D). Altogether, our findings suggest that ERa and ER3
express in both the stroma and epithelium of the prostate. Furthermore, SRD5A42 is

associated with ESR/ and ESR2 in prostate tissue with BPH.

The association between ER protein expression and SRD5A42 promoter methylation
Previous research has demonstrated that epigenetic modification of the SRD5A42
gene regulates the protein expression of the enzyme (Niu et al., 2011; Bechis et al.,

2015). Since SRD5A42 expression is associated with ER expression, the aim here is to
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determine if there is an association that exists between SRD5A42 promoter methylation
and ER expression. The SRD5A2 promoter methylation level was determined for each
sample, and the IRS semi-quantification data of IHC was used for the correlation
analysis. Among the prostate samples, there was an expected negative correlation
between SRD5A2 promoter methylation and SRD5A2 protein expression (R=-0.4341,
p=0.05585, Figure 12A). Although ERa protein expression has a positive association
trend with SRD5A42 promoter methylation, it was not a significant association (R=0.2094,
p=0.2069, Figure 12B). On the other hand, there was a significant association between
ERp protein expression and SRD5A2 promoter methylation (R=0.3578, p=0.02336,
Figure 12C). These findings suggest that SRD5A42 methylation at the promoter region

may affect ERB expression in the prostate.

The ER Expression of Human Prostatic Cell Lines

To verify total and phosphorylated ERa and ER expression in the human
prostatic cell lines, BHPrS1 and BPHI1 cells were stained with corresponding antibodies.
Phalloidin was used to visualize the cell structure and to help determine the location of
ER expression in the respective cell lines. ERa is mainly expressed in the nucleus of both
BHPrS1 and BPH1 cells, with mild expression in the cytoplasm of BHPrS1 cells (Figure
13). In addition, ER is only expressed in the nuclei of both cell types (Figure 13).
Furthermore, pERa is expressed in the nuclei of BHPrS1 and BPH1 cells, with mild
expression in the cytoplasm of BHPrS1 cells (Figure 14). pERJ is expressed in the nuclei
of both cell types (Figure 14). Altogether, the findings confirm the nuclear expression of

both ER subtypes in prostatic stromal and epithelial cells.
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Plasmid Transfection of SRD5A42 in Human Prostatic Cell Lines

In order to determine the potential association of SRD542 and ER expressions in
vitro, the SRD5A2 overexpressed lentiviral particles were transfected into BHPrS1 and
BPHI1 cells. The transfection efficiency was validated via protein expression (ICC) and
transcript expression (QPCR) of SRD5A2. ICC images demonstrated the overexpression
of SRD5A2 both in BHPrS1 (Figure 15A) and BPH1 (16A). Quantitative transcript
measurements showed significantly elevated SRD542 mRNA levels in BHPrS1
(p<0.001, Figure 15B) and BPH1 (p<0.001, Figure 16B). Taken together, the findings

suggest the successful transfection of SRD5A2 in cells.

The ER Expression in SRD5A2 over-expressed Cells

After the SRD5A2 transfected BHPrS1 and BPHI1 cell lines were established,
ERa and ER transcript and protein expressions were compared. Total and
phosphorylated ERa and ERf were expressed in the nuclei of BHPrS1 and BPH1 cells
(Figure 17A, 18A, 19A, and 20A). ESRI transcript expression was higher in the SRD5A2
overexpressed BHPrS1 (p<0.0001) and BPH1 (p<0.0001) than respective vector-
transfected cells (Figure 17B and 18B). Furthermore, total ERa and phosphorylated ERa
protein expressions were elevated in the SRD5A2 overexpressed BHPrS1 cells compared
with the vector-transfected cells (Figure 17A). However, the elevation of ERa protein
expression was not seen in the SRD5A2 overexpressed BPHI cells, despite ESR/

transcript elevation (Figure 18A).

ESR?2 transcript expression decreased in the SRD5A2 overexpressed BHPrS1 cells

(p<0.0001) but increased in SRD5A42 overexpressed BPH1 cells (p<0.0001) compared to
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their respective vector-transfected cells (Figures 19B and 20B). However, total ER3 and
phosphorylated ERB (pERp) protein expressions were elevated in SRD5A42 overexpressed
BHPrSI1 cells, despite a reduction of ESR2 transcript (Figure 19A). In addition, total ERf}
and pERP protein expressions appear to decrease in SRD5A2 overexpressed BPH1 cells,
despite the increase in ESR2 transcript levels (Figure 20A). Altogether, the findings
suggest that ESR/ is mainly associated with SRD5A2 in the human prostatic stromal cell

line. Overexpression of SRD5A2 may result in ERa enrichment in the prostate.
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Chapter I'V.

Discussion

Study Significance and Implications

SRDS5A2 is an important enzyme that contributes to prostate development and
growth. While 5ARI blocks the activity of SRD5A2, 30% of BPH patients do not express
SRD5A2 and therefore is resistant to one of the main medical therapy for BPH (Niu et
al., 2011). Our previous study has found that when SRD5A2 expression in the prostate is
absent, the androgenic pathway for prostate growth switches to the estrogenic pathway
(Wang et al., 2017). Specifically, in BPH patients who did not express SRD5A2,
aromatase levels increased significantly, facilitating the process of converting
testosterone to estrogen (Wang et al., 2017). Animal studies have suggested that
increased aromatase expression is associated with prostate development, likely through
the activation of ERa via estrogen synthesis (Morais-santos et al., 2018). However, the
exact mechanism of the estrogenic pathway associated with BPH is unclear and requires
further investigation. The current study investigated the association of SRD5A2
expression and ER expression in the prostate.

The novelty of this study is the in-depth evaluation of the two main estrogen
receptors, ERa and ER, and their expression in both human prostate tissue and prostatic
cell lines. As mentioned previously, there are controversies involved in the expression of
estrogen receptors in the prostate. This study showed that ERa and ERP are expressed
variably in both the stromal and epithelial compartment of the prostate in BPH tissues. In

addition, total and phosphorylated ERa and ERP were expressed in the nucleus of both



prostatic stromal and epithelial cell lines. Previous study also found transcript expression
of ERa and ER in BPHI cells (Lau et al., 2000). Sc-RNA seq analysis demonstrated that
ESR1 expressed mainly in the myofibroblasts while ESR2 expressed mainly in the
endothelial cells, which is consistent with literature (Middletone et al., 2019).

The results from the analysis of large scale RNA seq databases (GTEx and
TCGA) demonstrated a significant association between SRD542 and ESR! in benign and
malignant prostate tissues. Similar associations were identified when comparing SRD5A2
expression both in transcript and protein levels with ESR/ expression in both prostate
tissues and BHPrS1 cell lines. The data suggest that ERa expression is associated with
SRDS5A2 expression in both prostate tissue and cells. RNA-seq analysis by Middleton et
al. (2019) found a strong correlation between stromal gene signature and symptom scores
in BPH samples (Middleton et al., 2019). Since ESR/ is mainly associated with
myofibroblast, a cell type in the stroma, there is a potential that ESR/ is also associated
with the progression of BPH/LUTS.

Consistent with previous findings from the lab, SRD542 promoter methylation is
negatively correlated with SRD5A2 protein expression. Although the analysis did not
show a significant association between SRD5A2 promoter methylation with ERa protein
expression, there was a significant association with ER. The finding indicates that an
increase in SRD5A2 promoter methylation leads to the reduction of the SRD5A?2 protein
expression, which is associated with an increase in ERf protein expression. It is possible
that since ER is an androgen-dependent transcription factor, which is more sensitive to
the androgenic changes, it may have an association with epigenetic changes of

the SRD5A42. For instance, when SRD5A2 expression is absent, there may be a reduction
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in AR expression due to the decrease of DHT, which may trigger an elevation in ERf to
compensate. However, further experimentation with a larger BPH sample size is required
to examine the mechanisms involved.

Overall, the most consistent finding throughout the study is the strong association
between SRD5A2 and ESR1 through RNA-seq, transcript, and protein analysis in both
prostatic tissue and prostatic cells. There is abundant evidence in the current literature
that supports the proliferative functions of ERa and its potential role in BPH progression.
Animal study with ERa knockout mice exposed to testosterone and E2 found no change
in bladder mass and urinary retention compared to the enlargement found in the wild type
or ERP knockout mice (Nicholson et al., 2012), suggesting that ERa is necessary for
bladder growth. Furthermore, administration of ERa antagonist selective estrogen
receptor modulator (SERM) prevented BPH related bladder complications, whereas ER[3
antagonist did not (Nicholson et al. 2014). The result of this study on ERa as a key
therapeutic target for treatment of BPH is consistent with these findings in the animal

studies.

Study Limitations
The study was performed with limited human prostatic tissue for the evaluation of
transcript and protein expression of SRD542, ESR1, and ESR?2 in vivo. Therefore, further
investigation under the same experimental condition is needed with a larger sample size
to support the findings presented in the current study. There was also limited information
regarding to the medical history of the BPH patients. Since the samples are surgical
specimens, there is an innate indication that LUTS did not improve. If the patients were

on 5ARI, the length of the treatment period prior to surgery was unknown. Therefore, it is
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difficult to assess if the patient was drug-resistant before proceeding with surgery. It’s
also possible that the severity of LUTS was bothersome enough that patients decided to
proceed with surgical intervention without medical therapy. In the future, to combat this
limitation, the SRD5A2 protein expression of tissue samples will be determined. We
expect that patients with low to none SRD5A2 expression might be resistant to SARI

treatment.

To obtain valid and accurate protein expressions in the tissue samples, choosing
the optimal antibodies is crucial in the staining experiments. Since the expression of
estrogen receptors are relatively low in the prostate compare to breast tissue, the positive
control, there was some difficulty in distinguishing the true expression of the target in
IHC staining. Furthermore, quantification of IHC is challenging because of the lack of
well-established methods in quantifying protein expressions without subjective bias.
Given the difficulty in protein quantification with IHC, in this study we selected to use a
semi-quantification scoring system. Although the analysis was performed with attention
to avoid subjective bias, the nature of a scoring system is not an unbiased quantification.
Western blot analysis was unsuccessful due to the lack of specific and qualitative
antibody for SRD5A2. Therefore, future research with an optimized research design for

quantifiable protein levels is required to examine the relationships further.

Lastly, the technical process of DNA methylation-specific PCR during the
separation of unmethylated and methylated samples is very error-prone. The design uses
His-tagged recombinant MBD2b/MBD3L1 protein complexes that have a high affinity to
MBD2b for CpG-methylated DNA magnetic beads to separate the methylated and

unmethylated DNA, any loss of magnetic beads during the washing step leads to loss of
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methylated DNA content and inaccurate CT values. Technical errors during the
methylation step will lead to erroneous interpretation and analysis. One possible solution
is to make a magnetic stand that is suitable for PCR tubes for the separation step. The
magnetic stand will allow for stability during the washing step to eliminate or reduce

content loss.

Despite the research limitations, this study is one of the few in-depth analyses of
estrogen receptors and SRD5A?2 in the setting of BPH. The study used multiple research
approaches to confirm the association with SRD542 and ESR 1. The findings provide

useful information regarding the interconnections in the male hormonal milieu.

Future Study

There are a few further directions to take from this study. The first logical follow-
up study is to evaluate the effect of SARI on ER expression. Using the same prostatic cell
lines, we can analyze ER expression upon SARI treatment. Since SRD5A2 is associated
with ERao, it can be expected that SARI could also reduce the expression of ERa.
Dutasteride, an inhibitor of both SRD5A1 and SRD5A2, has been found to mediate ER(3-
dependent apoptosis in BPHI cells (Liu et al., 2016). In addition, prostatic inflammation
is associated with a reduction of ER expression in the prostate of Rats (Mizoguchi et al.,
2017). Rats with induced prostatic inflammation and treated with dutasteride exhibited
restored ERP expression (Mizoguchi et al., 2020). Therefore, SARI treatment may

potentially change ER expression in the prostate.

Further research on the mechanism of prostate growth facilitated by ERa is also

needed. One possible mechanism is the EMT pathways. A previous investigation in the
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Rat model found that ERa colocalized with EMT markers, suggesting that ERa can
activate EMT events in the prostate (Shao et al., 2014). In addition, ERa has also been
shown to promote EMT in benign epithelial cell lines of BPH1 and RWPE1 when
exposed to E2 (Shi et al., 2017). Based on the associations, there may be a possibility that

SRD5A2 is indirectly correlated with EMT.

It might also be important to assess epithelial-stromal interactions in the setting of
ER changes. Similar to differences in epithelial versus stromal-AR signaling, epithelial-
ER signaling may differ from stromal-ER signaling as well (Chauhan, Mehta & Gupta,
2020). Using conditioned media of stromal cells treated with ER agonist or antagonist,
the epithelial cell proliferation and ER expression may be regulated, which will propose
the intercellular ER signaling communication within the prostate. In addition, co-
culturing stromal and epithelial cells can also provide clues to ER functions in epithelial-
stromal signaling in vitro. Understanding the ER expression and association within the
prostatic cell network will better inform us of the underlying mechanisms of prostate

growth.

Conclusions
ESRI is positively associated with SRD5A42 in both benign and malignant prostate
tissues. While ESRI expression is mainly found in the myofibroblasts, ESR2 expresses
mostly in endothelial cells. In benign prostatic tissues, ERa and ERf are expressed
variably in both the stroma and epithelial compartment, and the transcript levels of ERa
and ERJ are positively correlated with SRD5A42. In SRD5A2 overexpressed stromal cells,

the protein and transcript expression of ESR/ is significantly associated with SRD5A42.
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Altogether, our study supplies more evidence to support the hypothesis of androgenic to
estrogenic switch in the prostate. Further assessing the role of ER will better inform us

the potential mechanisms of SARI resistance in management of LUTS secondary to BPH.
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Appendix

Table 1. Immunoreactive Scoring (IRS) semi-quantification system (Specht et al., 2015)

400 x 400 pixel IHC images were individually evaluated based on percentage of
positively stained cells and the intensity of the staining to obtain IRS score (0-12).

A (Percentage of Positive

cells)

B (Intensity of staining)

IRS score (multiplication

of A and B)

0 = no positive cells

0 = no color reaction

0-1 = negative

1 =<10% of positive cells

1 = mild reaction

2-3 =mild

2 =10-50% positive cells

2 = moderate reaction

4-8 = moderate

3 =51-80% positive cells

3 = intense reaction

9-12 = strongly positive

4 =>80% positive cells

Final IRS score (A x B): 0-12
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Figure 1: World Health Organization estimates for prevalence of BPH in 2004 (WHO).

Cholesterol

CYP11Al1

v

PO L7 b DAY et

HSD3B HSD3B HSD3B lnsoan
v HSD178B3
Pa———>17-0HP4a——>_A4 t‘_’Testosteron
SD1782
CYP21 CYP21 ls'”‘”
—
1) ndrostanedione " DHT CYP19
DOC CYP11B1 CYP19
CYP11B1 |CYP11B2 HSD178 B
v V. strone stradio
Corticosterone  Cortisol ‘so17e2
HSD118B2
CYP11B2
v v
Aldosterone  Cortisone
ERa
MR GR PR AR ERb

o .

Figure 2: Human steroid sex hormone signaling pathways (Markov et al., 2009)

Steroid hormone signaling pathways and the enzymes that facilitates the corresponding
conversions. Colored biomarkers are the hormones with its associated receptors.
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Figure 3. Schematic diagram depicting pathway of the activation of DNMT]1 by
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Figure 5: Standard curve plot for Methylation-PCR.

Equation was used to determine DNA concentration (v) from CT values (x). R’ value was
calculated in Microsoft Excel.
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Figure 6: SRD5A42 and ESRI/ESR?2 correlation plots from Genotype-Tissue Expression

(GTEXx) database

Correlation plots between SRD5A2 and ESRI (4), ESR2 (B) RNA expression from GTEx
database (n=100). Each black dot represents a single benign prostate tissue sample. Log
expression of ESR1 and ESR2 was compared among the 100 samples (C).
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Figure 7: SRD5A2 and ESRI/ESR?2 correlation plots from The Cancer Genome Analysis

(TCGA) database

Correlation plots between SRD5A2 and ESRI (4), ESR2 (B) RNA expression from TCGA
database (n=496). Each black dot represents a single malignant prostate tissue sample.
Log 2 expression of ESR1 and ESR2 was compared among the 496 samples (C).
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Figure 8: The cellular expression of SRD5A42, ESRI and ESR?2 in normal prostate.

The transcript expressions of SRD5A2 (B), ESRI(C) and ESR2 (D) were analyzed for
subpopulation cells in Prostate. (4). Cell subpopulations include: Luminal epithelial cells
(LE), Basal epithelial cells (BE), Club epithelial cells (CE), Hillock epithelial cells (HE),
Fibroblasts (Fib), Myofibroblasts (Myofibr/mFib), Leukocytes (Leu) and Endothelial
cells (Endo). (E) Average and present transcript expression of SRD5A2, ESRI and ESR2.
The data was extracted and analyzed from single-cell RNA sequencing database
(StrandLab.net).



Low SRD5A2 Expression

Figure 9: SRD5A2 expression in BPH tissue samples (n=18).

Immunohistochemistry representative images of high (A) versus low (B) protein
expression of SRD5A2. Brown = SRD5A2 protein expression. Blue = Nucleus.

Magnification: 10X
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Figure 10: ERa expression in BPH tissue samples (n=18).

Immunohistochemistry representative images of high (A: Left) versus low (A: Right)
protein expression of ERa. Brown = ERa protein expression. Blue = Nucleus.
Magnification: 40X. Average immunoreactive scores were plotted for each sample
stratified by the stroma and epithelium compartment (B). Correlation plot of SRD5A2
and ESR1 was analyzed using cycle time (CT) values from gPCR (C). SRD5A2
expression was divided into low vs. high based on CT value (cut off for the group division
was 6.5). ESRI transcript expression was compared between the two SRD5A2 groups
(D). ****: p<0.0001 as assessed by two-tailed Mann-Whitney test.
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Figure 11: ERP expression in BPH tissue samples (n=18).
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Immunohistochemistry representative images of high (A: Left) versus low (A: Right)
protein expression of ERfS. Brown = ERf protein expression. Blue = Nucleus.
Magnification: 20X. Average immunoreactive scores were plotted for each sample
stratified by the stroma and epithelium compartment (B). Correlation plot of SRD5A2
and ESR2 was analyzed using cycle time (CT) values from gPCR (C). SRD5A2
expression was divided into low vs. high based on CT value (cut off for the group division
was 6.5). ESR2 transcript expression was compared between the two SRD5A2 groups

(D). ****: p<0.0001 as assessed by two-tailed Mann-Whitney test.
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Figure 12: Correlation plots between SRD5A2 promoter methylation level and SRD5A2,
ERa, and ERP protein expressions (n=18).

SRD5A2 promoter methylation levels were determined and correlated with SRD5A2
protein expression in the stroma (A), ERo. protein expression (B) and ERf protein

expression (C) in both the epithelium (red dots) and the stroma (green dots) compartment
of the prostate. R value and p value were assessed by Pearson correlation test.
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Figure 13: ERa and ERP expression in BHPrS1 (stromal) and BPH1 (epithelial) cells.
Representative images of baseline ERo. and ERJ protein expression in normal BHPrS1

and BPHI. Magnification 40X. Red = ERo. or ERf protein expression. Green =
Phalloidin, actin filament marker. Blue = DAPI nuclei expression.
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Figure 14: pERa and pERP expression in BHPrS1 (stromal) and BPH1 (epithelial) cells.
Representative images of baseline pERa. and pERJ protein expression in normal BHPrS1

and BPHI. Magnification 100X. Red = pERo or pERp protein expression. Green=
Phalloidin, actin filament marker. Blue = DAPI nuclei expression
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Figure 15: BHPrS1 (stromal) SRD5A2 transfection efficiency.

BHPrS1 cells were transfected with SRD5A2 lentiviral particle (SRD5A2+) or a negative
vector. Representative image of SRD5A2 protein expression was captured after
immunocytochemistry (A). Red = SRD5A2 protein expression. Blue = DAPI nuclei
expression. Magnification 20X. SRD5A2 transcript expression was compared between
the vector and SRD5A2 transfected BHPrS1 cells (B). ****: p<(0.0001 assessed by two-
tailed Mann-Whitney test.
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Figure 16: BPH1 (epithelial) SRD5A2 transfection efficiency.
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BPHI cells were transfected with SRD5A2 lentiviral particle (SRD5A2+) or a negative
vector. Representative image of SRD5A2 protein expression was captured after
immunocytochemistry (A). Red = SRD5A2 protein expression. Blue = DAPI nuclei
expression. Magnification 40X. SRD5A2 transcript expression was compared between
the vector and SRD5A2 transfected BPH1 cells (B). ****: p<(0.0001 assessed by two-
tailed Mann-Whitney test.
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Figure 17: ERa/pERa expression in SRD5A42 transfected BHPrS1 (stromal) cells.

Representative images of total and phosphorylated ERo. protein expression in vector and
SRD5A?2 transfected BHPrS1 cells (A). Red = ERa or pERo. (labeled) protein expression.
Blue = DAPI nuclei expression. Merged (top) and target (bottom) images are presented
to clear visualization. Magnification: 20X. ESRI transcript expression was compared
between the vector and SRD5A2 transfected BHPrSI cells (B). **: p<0.001 assessed by
two-tailed Mann-Whitney test.
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Figure 18: ERa/pERa expression in SRD5A42 transfected BPH1 (epithelial) cells.

Representative images of total and phosphorylated ERo. protein expression in vector and
SRD5A?2 transfected BHPrS1 cells (A). Red = ERa or pERo. (labeled) protein expression.
Blue = DAPI nuclei expression. Merged (top) and target (bottom) images are presented
to clear visualization. Magnification 20X. ESRI transcript expression was compared
between the vector and SRD5A2 transfected BHPrS1 cells (B). ****: p<0.0001 assessed
by two-tailed Mann-Whitney test.
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Figure 19: ERB/pERP expression in SRD5A2 transfected BHPrS1 (stromal) cells.

ERDb

pERD

Representative images of total and phosphorylated ERf protein expression in vector and
SRDS5A?2 transfected BHPrS1 cells (A). Red = ERp or pERp (labeled) protein expression.
Blue = DAPI nuclei expression. Merged (top) and target (bottom) images are presented
to clear visualization. Magnification: 20X. ESR?2 transcript expression was compared
between the vector and SRD5A2 transfected BHPrS1 cells (B). ****: p<0.0001 assessed
by two-tailed Mann-Whitney test.
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Figure 20: ERB/pERP expression in SRD35A2 transfected BPH1 (epithelial) cells
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Representative images of total and phosphorylated ERf protein expression in vector and
SRDS5A?2 transfected BPHI cells (A). Red = ERf or pERJ (labeled) protein expression.
Blue = DAPI nuclei expression. Merged (top) and target (bottom) images are presented
to clear visualization. Magnification: 20X. ESR?2 transcript expression was compared
between the vector and SRD5A2 transfected BPHI cells (B). ****: p<0.0001 assessed by
two-tailed Mann-Whitney test.
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Figure 21: ERa staining intensity key for IRS

Staining intensity key used during the semi-quantification scoring process. All images of
IHC staining of ERo. was randomly screened, where representative images were chosen
and divided into three different levels based on observed staining intensity in order to
generate this key. Images include both the epithelium and stroma compartments.
Magnification: 20X.
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Figure 22: ERP staining intensity key for IRS

Staining intensity key used during the semi-quantification scoring process. All images of
IHC staining of ERS was randomly screened, where representative images were chosen
and divided into three different levels based on observed staining intensity in order to
generate this key. Images include both the epithelium and stroma compartments.
Magnification: 20X.
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Figure 23: SRD5A2 staining intensity key for IRS

Staining intensity key used during the semi-quantification scoring process. All images of
IHC staining of SRD5A2 was randomly screened, where representative images were
chosen and divided into three different levels based on observed staining intensity in
order to generate this key. Images only depict the stroma compartment as SRD5A2 was
only expressed in the stroma. Magnification: 20X.
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