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ABSTRACT

The male lower urinary tract consisting of the urethra, prostate and bladder develops
during the fetal stage in eutherian mammals from the endoderm-derived urogenital sinus.
The establishment of specialized epithelium and specification of epithelial progenitors are
crucial steps that occur during lower urinary tract development. Classical signaling
pathways in lower urinary tract development have been well studied but the role of
epigenetic mechanisms including DNA methylation is not fully known. Further, endocrine
disrupting chemicals modify lower urinary tract development with accompanying DNA
methylation changes, but the role of DNA methylation in normal prostate development is
not well understood. | used a genetic model of epithelial specific deletion of the key DNA
methylating enzyme, DNA methyltransferase-1 (Dnmt1), which revealed the requirement
for DNA methylation in prostate bud formation by regulating cell cycle progression and
survival of early prostate progenitors. Dnmt1 deletion also induced hypomethylation, DNA
damage, p53-activation and apoptosis of bladder progenitor cells and thinning of the fetal
bladder epithelium. | made the unexpected discovery that apoptosis associated with
Dnmt1 deletion resulted in the breakdown of the Wolffian duct-urethra junction, which
allowed mesodermal Wolffian duct cells to repopulate the depleted bladder epithelium.
The ability of Wolffian duct cells to repopulate the bladder and acquire bladder
characteristics reveals a hitherto unappreciated plasticity of the embryonic Wolffian duct
epithelium with implications for bladder regenerative therapies. To investigate the role of
DNA methylation in the adult prostate, | tested the impact of a diet enriched with the

methyl donor folic acid on prostate homeostasis and response to castration induced



Xii
androgen deprivation. After castration, folic acid fed mice had larger prostates and
increased secretory activity compared to castrated mice fed a control diet. Considering
the widespread consumption of folic acid and the use of androgen deprivation as a
treatment for prostate cancer, these results warrant further investigation into the
interaction between folic acid and androgen deprivation. Together, my research has
resulted in several insights and opened future lines of investigation into the role of DNA

methylation in lower urinary tract development and prostate homeostasis.



CHAPTER 1. INTRODUCTION

Adapted from Diya B Joseph and Chad M Vezina. (2018).
Male Reproductive Tract: Development Overview. In M. K. Skinner (Ed.),
Encyclopedia of Reproduction. vol. 1, pp. 248—-255. Academic Press: Elsevier.

http://dx.doi.org/10.1016/B978-0-12-801238-3.64366-0

ISBN: 9780128118993

And

Diya B Joseph, Douglas W Strand and Chad M Vezina (2018).

DNA methylation in development and disease: an overview for prostate

researchers (American Journal of Clinical and Experimental Urology, under review)



1.1. Perceived contributions of thesis

Through my dissertation research, | have endeavored to extend our understanding of the
role of DNA methylation in the developing urogenital tract and its adult derivatives.
Developmental exposures (environmental toxins, nutrient deprivation, maternal stress
and diet) can impact methylation patterns with far-reaching consequences on adult
disease. The role of DNA methylation in transcriptional control has been studied
extensively at the cellular level. In recent years, there has been a growing interest in
understanding the role of epigenetic factors, including DNA methylation in growth and

morphogenesis at the tissue and organ level.

There is an emerging role for DNA methyltransferase 1 (Dnmt1) in the maintenance of
embryonic tissue progenitors. In Chapter 2, | present the consequences of conditional
Dnmt1 ablation in the mouse lower urinary tract epithelium. Dnmt1 ablation depleted
bladder progenitors which resulted in the recruitment of cells from the Wolffian duct into
the bladder. The recruitment of Wolffian duct cells into the bladder is made possible
through breakdown of the Wolffian duct-urethra junction, a unique structure that forms
when epithelial tissues from two germ layers fuse. This is a paradigm shifting finding that
demonstrates the ability of the damaged bladder to recruit stem cells from a non-bladder

source to repair itself.

Epigenetic factors are being increasingly recognized as key regulators in morphogenesis.
The importance of this process on prostate formation has been highlighted by the effects
of pharmacological DNA methylation inhibition on prostate budding. In Chapter 3, |
present the results of specific genetic inactivation of Dnmt1 in the epithelium of the

developing prostate. Dnmt1 deletion causes cell cycle defects and depletes prostate



progenitors through apoptosis. By comparing recruitment of normal DNMT1 expressing
cells versus replication impeded DNMT1 null cells to prostate buds, | obtained a unique
insight into prostate bud formation. There is differential requirement for DNMT1 in the
margins of prostate buds versus the core of prostate buds. | have employed DNMT1
deletion as a tool to render select cell populations replication incompetent and utilize this

technique to obtain insights into prostate budding.

Given the dramatic role of DNMT1 in the developing lower urinary tract and prostate, |
asked whether enhancing DNA methylation through a methyl-donor enriched diet could
influence adult prostate homeostasis. | present in Chapter 4 that a folic acid enriched diet
changes global transcription in the adult prostate and attenuates the response to

androgen deprivation.

To increase rigor, reproducibility and transparency, raw image files and other data
described in this dissertation were deposited into the GUDMAP consortium database and

can be accessed through www.gudmap.org and directly at https://doi.org/10.25548/VV-

QXXC .

The following sections provide a survey of the current state of knowledge of male

urogenital tract development and DNA methylation.

1.2. Male reproductive tract: Developmental Overview

Understanding the normal development of the Wolffian duct-urethra junction and the male
urogenital system is crucial to understanding the recruitment of Wolffian duct cells to
injured bladders (described in Chapter 2). A developmental overview of the male

reproductive tract is provided in this section.



The male reproductive tract functions in the storage, maintenance and transportation of
male reproductive cells. The human male reproductive tract structures develop during
early fetal life and require contributions from all three germ layers. This section provides
an overview of the embryological origins, morphogenesis and differentiation of structures
comprising the developing male reproductive tract and their adult derivatives. Additionally,
a summary of key developmental and hormonal signaling pathways involved in male
reproductive tract development is provided along with a brief description of congenital

anomalies affecting the male reproductive tract.

The male reproductive tract consists of organs involved in the storage, maintenance and
transportation of male reproductive cells. The major structures of the male reproductive
tract originate from the endoderm-derived cloaca and the mesoderm-derived Wolffian
ducts. Male reproductive tract and urinary system development are closely linked and
together their structures comprise the urogenital system. All human developmental ages

mentioned in this chapter are counted from the day of fertilization.

1.2.1. Developmental origins of the male reproductive tract

Gastrulation gives rise to three germ layers: the endoderm, ectoderm and mesoderm.
Male reproductive tract development begins early in gestation and involves cells from all
three germ layers (Figure 1.1). The cloaca is a transient pouch-like structure at the
terminal portion of the endoderm-derived hindgut in the early embryo. The cloaca (Latin
for ‘sewer’) differentiates into the urogenital sinus, bladder, urethra and prostate in males.
Paired epithelial Wolffian ducts derive from the mesoderm and insert into the cloaca.
Testicular factors including testosterone masculinize male reproductive structures and

drive cellular differentiation within them. The Wolffian duct gives rise to the epididymis,



vas deferens and seminal vesicle. In the mature adult, sperm are transported through the
epididymis and vas deferens to the urethra. At the urethra, the seminal vesicle and
prostate contribute secretions to the ejaculate that promote sperm health. The urethra is

the conduit for deposition of sperm during reproduction (Moore and Persaud, 2003).

e Urethra, Urogenital sinus and Prostate

Growth and re-positioning of mesenchymal tissue divides the cloaca into the urogenital

sinus ventrally and the anorectal sinus dorsally by week 7 of gestation.

Urogenital Sinus

The ventral portion of the cloaca gives rise to the urogenital sinus (UGS). The UGS is a
transient structure comprised of a simple epithelial tube featuring a balloon-shaped
central cavity (Figure 1.1). Paired Wolffian ducts insert into the UGS around week 4 of

gestation. The UGS is divided into three parts:

e The cranial or upper part of the UGS differentiates into the urinary bladder
e The middle or pelvic portion develops into the pelvic urethra and prostate

e The caudal or lower part develops into the phallic urethra

Urethra

The urethra develops from the middle and caudal regions of the UGS. The pelvic urethra
extends from the bladder to the body wall. The phallic urethra extends from the body wall
to the tip of the external genitalia. Urethral glands (Littre’s glands) and bulbourethral

glands (Cowper’s glands) emerge as urethral outgrowths around week 12 of gestation.

Lineage tracing studies following the fate of endodermal cells within the developing lower

urinary tract show that the entire urethral epithelium derives from endoderm (Seifert et



al., 2008). The developing urethra forms a stratified epithelium comprised of basal,
intermediate and superficial layers. Epithelial-mesenchymal interactions are crucial for
urethral morphogenesis. Sonic hedgehog (SHH) peptide is secreted from epithelium and
activates GLI transcription factors in nearby mesenchyme. GLI transcription factors drive
bone morphogenetic protein 4 (BMP4) transcription and mesenchymal differentiation.
Molecular mapping studies in the mouse embryo reveal a multilayered pelvic urethral
mesenchyme consisting of lamina propria, muscularis mucosa, submucosa and
muscularis propria (Abler et al., 2011). Male urethral morphogenesis is guided by
androgens, principally by androgen-induced signals from the male urethral mesenchyme

that drive urethral epithelium differentiation and remodeling.

Prostate

The prostate is a male accessory sex gland positioned at the base of the bladder and
surrounding the pelvic urethra. Prostate secretions contribute to the ejaculate and
promote sperm health. Prostate ductal development initiates in utero as solid epithelial
buds deriving from the UGS epithelium. The epithelial buds elongate, branch, and
canalize to form a complex ductal system draining into the urethral lumen. Most studies
on early prostate development have been carried out in rodents. The early development
program of prostate budding is remarkably conserved between rodents and humans,

even though their prostates differ anatomically at sexual maturity.

In the human fetus, prostate development occurs in response to testosterone production
by testicular Leydig cells around week 7 of gestation. Testosterone acts on androgen
receptor (AR)-expressing UGS mesenchymal cells. AR activation increases the

abundance of UGS mesenchymal steroid 5 alpha reductase type 2 (SRD5A2). SRD5A2



converts testosterone to the more potent dihydrotestosterone (DHT). DHT binding to AR
amplifies androgen signaling in UGS mesenchyme, which evokes paracrine signaling
mechanisms to instruct UGS epithelium to form prostatic buds. Prostate bud outgrowth

begins around week 10 of gestation and continues until week 24.

Studies in mice have shown that prostatic bud number and location are precisely
controlled. The Nk-3 transcription factor locus-1 (NKX3-1) is the earliest marker of
prostate specified UGS epithelial cells. Although prostatic bud formation cannot occur in
the absence testosterone, several other factors including SHH, SOX9, HOXB13 and
WNTS5A are also required for prostatic bud formation and subsequent prostate ductal

development.

Prostate formation is dependent on complex epithelial-mesenchymal interactions. Tissue
recombination experiments have shown that androgen signaling deriving from UGS
mesenchyme not UGS epithelium directs prostate bud formation. However, epithelial AR
is required for prostate epithelial cell differentiation and secretory protein production. UGS
mesenchyme is organized into distinct zones, and some zones serve as signaling centers
to guide prostate morphogenesis. UGS mesenchymal condensations (mesenchymal
pads) lie on the UGS periphery, are characterized by FGF710 mRNA expression, and
guide directional outgrowth of prostatic buds (Thomson and Cunha, 1999). Epigenetic
mechanisms including DNA methylation and histone acetylation regulate expression of
key genes involved in prostate development. DNA methylation controls E-cadherin
(CDH1) and AR abundance, which in turn control prostate bud elongation and timing of
bud formation, respectively (Keil et al., 2014a; Keil et al., 2014b). Histone acetylation

controls BMP2 expression to regulate prostatic ductal branching (Keil et al., 2015b).



In later stages, the prostate undergoes branching, canalization and differentiation to form
a pseudo-stratified epithelium consisting of basal cells, secretory luminal cells and rare
neuroendocrine cells. The prostate increases in size following an upsurge in testosterone
production during puberty. The study of early prostate development is receiving renewed
interest as the reawakening of embryonic processes has been implicated in the

pathogenesis of prostate cancer and benign prostatic hyperplasia.

¢ Rete Testis, Epididymis, Vas Deferens, Seminal Vesicle

The intermediate mesoderm lies between paraxial and lateral plate mesoderm of the fetus
and gives rise to ductal structures of the urogenital system. Crests of intermediate
mesoderm called urogenital ridges form near the midline and along the cranio-caudal
body axis. Early in week 4 of gestation, a non-functional, transient excretory organ called
the pronephros develops within the urogenital ridge at the position of the thorax. The
rudimentary tubular structures of the pronephros feed into the pronephric duct, which joins
the cloaca at approximately week 4 of gestation. The pronephric duct is formed by
mesenchymal to epithelial transition of intermediate mesoderm. The pronephros
undergoes degeneration through an apoptotic program. The mesonephros forms caudal
to the degenerating pronephros late in week 4 of gestation. The mesonephros contains
glomeruli and mesonephric tubules that function as temporary kidneys until week 10 of
gestation, when the metanephros permanently assumes kidney function. The
mesonephric tubules open into mesonephric ducts (also known as Wolffian ducts) which
drain into the cloaca. The mesonephros degenerates in the cranial to caudal direction
around week 8, leaving a few residual tubules that will give rise to efferent ductules of the

testis (Rao and Burnett, 2013).



The Wolffian ducts are precursors for ductal structures in the male reproductive and
urinary tracts. The Wolffian ducts elongate along the anteroposterior axis, turn towards
the midline and fuse with the cloacal epithelium (precursor of UGS and bladder epithelia).
Disruption of Ret (Chia et al., 2011), EphA4/EphA7 (Weiss et al., 2014) or FGF signaling
(Attia et al., 2015) results in inappropriate migration and fusion of the Wolffian duct with
the cloaca, providing key insights into the molecular mechanisms that regulate Wolffian
duct-UGS junction formation. However, mechanisms involved in junction maintenance
during the complex morphogenetic changes that occur during urogenital tract
development were not previously characterized. In Chapter 2, | demonstrate the role of

DNMT1 expression in the maintenance of the Wolffian duct-UGS junction.

The ureteric bud emerges as a Wolffian duct outgrowth near its insertion into the cloaca
(Figure 1.1). The ureteric bud undergoes branching and differentiation within a
specialized mesenchyme called the metanephric blastema to form the metanephros or
permanent kidneys. The ureteric bud is also the precursor for the ureters, which connect
the kidneys to the bladder. The caudal portion of the Wolffian duct between the ureteric
bud and the insertion site into the UGS is called the common nephric duct. Common
nephric duct apoptosis positions the ureters at their final insertion site within the bladder,
spatially separating the ureteral and Wolffian duct openings to the lower urinary tract.
Ureter separation from the Wolffian duct is completed by week 7 of gestation. The timing
of junction formation is critical for urogenital tract development and proper positioning of
ureters into the bladder. Paired box 2 (PAX2) expression marks the intermediate

mesoderm early after gastrulation. Lineage tracing studies show that the PAX2
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expressing intermediate mesoderm gives rise to Wolffian ducts, the ureteric bud and the

metanephric blastema (Bouchard et al., 2002).

During the ambisexual stage, two sets of paired genital ducts are present in male and
female embryos. The paramesonephric or Mullerian ducts extend in the craniocaudal
direction and lie lateral to the Wolffian ducts. Muillerian duct formation occurs between
week 6 and 7 of gestation. Lineage tracing studies in chick and mouse models
demonstrate that Mullerian ducts develop from the coelomic epithelial layer, which derives
from lateral plate mesoderm. Although Wolffian ducts lie in close apposition to and
stimulate Mullerian duct formation, the Wolffian ducts do not contribute epithelial cells to

the Mullerian ducts (Guioli et al., 2007; Orvis and Behringer, 2007).

Sexual differentiation of the male reproductive tract begins around week 7 of gestation.
Mullerian inhibiting substance (MIS) produced by Sertoli cells and testosterone produced
by the interstitial Leydig cells of the fetal testis act on the reproductive tract to induce male
differentiation. MIS is a glycoprotein of the TGF- family of growth factors which causes
irreversible regression of the Mdullerian ducts in males. Testicular MIS production
commences by week 8 of gestation and Mullerian duct regression occurs between weeks
8 and 10. The prostatic utricle near the UGS and the appendix testis near the male gonads
are Mullerian duct remnants in males. Female reproductive structures including the
uterus, vagina and oviducts form in the absence of MIS. Testosterone-mediated AR
activation supports Wolffian duct survival in males. Reproductive tract structures derived
from the Wolffian ducts are formed between week 9 and 13 of gestation. Regional

expression of homeobox (HOX) genes drives segmental differentiation of the Wolffian
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duct into the epididymis, vas deferens and seminal vesicle. The Wolffian duct regresses

in females due to insufficient testosterone to support its survival (Rao and Burnett, 2013).

Rete testis

After the mesonephros undergoes regression, the remaining mesonephric tubules form

the efferent ductules. The seminiferous tubules, which contain sperm cells, are connected

to the efferent ductules by a maze-like network of interconnecting tubes called the rete

testis. The ciliated cells lining the rete testis guide sperm into the efferent ductules.
Epididymis

The efferent ductules, which receive sperm from the testis, drain into the epididymis. The

epididymis is a convoluted series of tubules that derives from a portion of the Wolffian

duct adjacent to the testis. The epididymis stores and transports sperm.

Vas Deferens

The medial Wolffian duct segment forms the vas deferens. Androgens drive Wolffian duct
differentiation into the vas deferens around week 12 of gestation. Smooth muscle
surrounding the vas deferens contracts during ejaculation to propel sperm from the

epididymis to the urethra.

Seminal Vesicle

The seminal vesicles develop as lateral outgrowths from the caudal Wolffian duct
segment. The seminal vesicles form around week 10 of gestation, after the onset of
testosterone synthesis by the fetal testis. Seminal vesicles contribute secretions to the
ejaculate. The most caudal Wolffian duct portion, positioned between the seminal vesicle
and the urethra, is called the ejaculatory duct. Ejaculatory ducts drain the contents of the

seminal vesicle and vas deferens into the urethra.
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e External Genitalia

Internal fertilization requires specialized male and female external reproductive organs.
Lateral plate mesoderm, endoderm and surface ectoderm cells contribute to the external
genitalia. The initial phase of external genitalia development is essentially the same in
males and females. In the later phase, androgens drive the masculinization of the external

genitalia in males (Blaschko et al., 2012; Yamada et al., 2003).

Early phase: Formation of ambisexual external genitalia

The early phase of external genitalia development, which occurs between 4-7 weeks of
gestation, is the same in males and females. This phase occurs independently of
androgen action as it happens before the onset of testicular testosterone production. The
cloacal membrane, formed by direct contact of the endoderm and surface ectoderm, is
intact at 4 weeks of gestation. Proliferating lateral plate mesenchymal cells form paired
lateral swellings above the cloacal membrane. These swellings fuse at the midline to form
the genital tubercle. The genital tubercle is a bi-potential structure which is the precursor
of the penis in males and clitoris in females. Paired mesenchymal swellings called
urogenital folds and labio-scrotal swellings form on either side of the cloacal membrane.
After cloacal septation around week 7, the cloacal membrane becomes the urogenital
membrane ventrally and the anal membrane dorsally. The cloacal membrane ruptures at
two sites to form the urethral orifice and the anal opening. The urogenital membrane is
bounded by urogenital folds and lies within a temporary indentation on the ventral genital
tubercle surface called the urethral groove. The urethral groove is lined by a solid cord of
endodermal cells comprising the urethral plate epithelium. The urethral plate epithelium

is the region of the phallic urethra distal to the UGS.
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Studies in mice have shown that early patterning of the genital tubercle does not depend
on androgens but does require Sonic hedgehog (SHH) signaling. Mice harboring
inactivating mutations in the SHH gene fail to form external genitalia. SHH signaling from
the urethral plate epithelium coordinates cell movements during external genitalia

development (Perriton et al., 2002).

Later phase: Sexual differentiation of the external genitalia

Male testicular androgens induce genital tubercle differentiation into the penis. In females,
the genital tubercle fails to elongate and forms the clitoris in the absence of androgens.
Testosterone synthesis begins by week 7 of gestation and maximal concentrations in the
fetus are achieved between weeks 10 and 15 of gestation. Early signs of signs of sexual
differentiation in the external genitalia can be detected by week 9 and complete

differentiation is achieved by weeks 12-13.

The steroid hormone dihydrotestosterone (DHT) masculinizes the external genitalia.
Testosterone is converted to DHT by the action of steroid metabolizing enzymes like
SRD5A2 which are expressed in genital tubercle mesenchymal cells. DHT initiates
androgen signaling in androgen receptor expressing mesenchymal cells. Interactions
between androgen activated mesenchyme and urethral plate epithelium initiate male

external genitalia differentiation.

Androgen exposure elongates the genital tubercle into the penis. Early in sexual
differentiation, the proximal phallic urethra is a closed hollow tube but the distal portion
comprising the urethral plate epithelium remains a solid mass of cells. The urogenital
folds lining the penile ventral surface guide midline fusion of the urethral plate, forming a

hollow urethral tube that extends the whole length of the penis. The fusion of urogenital
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folds occurs in a proximal to distal direction, positioning the urethral orifice at the tip of the
penis. Hypospadias, a common birth defect, occur from defective fusion of urogenital
folds. Specialized mesenchyme induces the differentiation of the distal urethra into a
stratified squamous epithelium. The labio-scrotal swellings fuse in the midline to form the
scrotum. The skin covering the developing penis is derived from surface ectoderm.
Specialized structures of the penis, the corpus cavernosa and the corpus spongiosum,

derive from the proliferation and differentiation of mesoderm derived cells.

The Genitourinary Development Molecular Anatomy Project (GUDMARP) website provides
curated information on reproductive tract anatomy, histology, mRNA and protein

expression over developmental time (www.gudmap.org).
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Week 5

Ectad
oderm’

Organ Origin Male derivatives Cc Week 10
UGS: Urogenital sinus | Endoderm Urethra, Prostate
UR: Urethra Endoderm Bladder
PR: Prostate Endoderm
WD: Wolffian duct Mesoderm Vas deferens, Seminal

Vesicle, Ejaculatory duct

VD: Vas deferens Mesoderm

SV: Seminal Vesicle Mesoderm
ED: Ejaculatory duct Mesoderm

UB: Ureteric Bud Mesoderm Ureters, Kidney
MD: Mullerian duct Mesoderm | Prostatic utricle, Appendix
testis

Figure 1.1 Germ cell layer of origin of male reproductive tract structures

(A) Cross sectional view of a gastrulation stage embryo showing the three germ layers:
endoderm (white), mesoderm (light grey) and ectoderm (dark grey). (B) Sagittal view of
the male reproductive tract in a week 5 embryo during the bi-potential stage. (C) Sagittal
view of the male reproductive tract in a week 10 embryo after the onset of sexual
differentiation. Structures of the reproductive tract are colored according to germ layer of

origin.
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Table 1.1 Chronology of male reproductive tract development in human and mouse

Human Internal Reproductive Tract External Genitalia Mouse
Week 3 Gastrulation; Cloacal Membrane E6-E6.5
forms
Week 4 Nephrogenic cord forms E8.5
Pronephros forms E9
Cloaca develops from hindgut E9.5
Mesonephros forms E9.5-E11.5
Wolffian duct fuses with cloaca E9.5
(Day 26)
Genital tubercle forms E11-E11.5
Week 5 Ureteric bud forms (Day 28) E10.5-E11.5
Cloacal septation begins E10.5
Common nephric duct apoptosis E11-E12
Week 6 Mullerian duct forms E12-E13
Urogenital and labio- E14
scrotal folds form
Week 7 Cloacal septation complete Cloacal membrane rupture E13-E13.5
Ureters join bladder E13-E14
Onset of testosterone synthesis E13-E13.5
Week 8 Mullerian ducts reach UGS E13.5
ONSET OF SEXUAL DIMORPHISM
Week 9 Moullerian duct degeneration E16.5
Wolffian duct differentiation E16.5-P1
Week 10 Mollerian duct degeneration E16.5
complete
Seminal vesicle forms E16.5
Prostate forms E16.5-E18.5
Wolffian duct differentiation E16.5-P1
Week 11 Wolffian duct differentiation E16.5-P1
Week 12  Wolffian duct differentiation E16.5-P1
Week 13 Urethral tube closure E16.5
2nd Growth of external E15.5 to P1
Trimester genitalia
Inguinal descent (Week E15.5-E17.5
23)
3rd Growth of external E15.5-P1
Trimester genitalia
Scrotal descent (Week 24- E17.5-P20

34)
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1.2.2. Signaling pathways in male reproductive tract development

Studies in rodents have greatly advanced our knowledge of signaling pathways involved
in male reproductive tract development. Table 1.1 provides a parallel chronology of the

major events in male reproductive tract development in human and mouse.

e Sonic Hedgehog signaling
Sonic hedgehog (SHH) peptide is a developmental morphogen secreted by epithelial cells
of the bladder, urethra and prostate. The secreted SHH peptide relieves the repression
of smoothened (SMO) by binding to its inhibitor patched (PTCH1). SMO activation
initiates transcription of GLI transcription factors which are involved in several
developmental and morphogenetic processes. SHH is expressed in hindgut-derived
structures including the cloacal epithelium, where it patterns the surrounding
mesenchyme. SHH induces mesenchymal GLI2, which regulates epithelial and
mesenchymal proliferation and apoptosis during cloacal development. SHH regulates
cloacal septation by promoting proliferation of mesenchymal cells in the urorectal septum
(Seifert et al.,, 2009). SHH signaling is required for prostate formation and external
genitalia development. Treatment with SHH inhibitors impairs prostate ductal growth and
morphogenesis (Podlasek et al., 1999). SHH knockout mice show a complete absence

of external genitalia (Haraguchi et al., 2001).

e WNT-beta catenin signaling

WNT ligand binding to cell surface Frizzled receptors stabilizes and activates the
transcription factor beta-catenin. WNT signaling is involved in several aspects of
urogenital development including the septation of the cloaca into the urogenital and

anorectal sinuses. Disruption of WNT signaling results in rectourethral fistulas (abnormal
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connection between the urethra and rectum). Epithelial beta-catenin is also required for
prostate development and growth (Mehta et al., 2013). The WNT-beta catenin pathway
acts downstream of SHH signaling to regulate external genitalia development (Miyagawa

et al., 2009).

e Bone morphogenetic proteins

Bone morphogenetic proteins (BMPs) are growth factors belonging to the TGF-beta
superfamily. BMPs bind to serine threonine kinase receptors and initiate intracellular
signaling through SMAD proteins. BMP7 expression in the urorectal septum is required
for cloacal septation. In addition, BMP7 expression maintains proliferation and cell
survival in the cloacal epithelium (Xu et al., 2012). Expression of BMP7 in the UGS
mesenchyme restricts prostate ductal budding and prevents excessive branching of

elongating ducts (Grishina et al., 2005).

e Fibroblast growth factors

Fibroblast growth factors are a family of secreted growth factors that signal through
tyrosine kinase fibroblast growth factor receptors to regulate proliferation, differentiation
and morphogenesis during embryonic development. FGF signaling is required for cell
survival during the early stages of genital tubercle outgrowth. FGF signaling in the
ectoderm is required for urethral tube formation. Deletion of FGF10 or its receptor FGFR2
results in severe hypospadias (Harada et al., 2015). FGFR2, a critical regulator of
prostate development, is required for branching and growth of prostate buds. FGF10 is a
paracrine mediator of epithelial to mesenchymal signaling during prostate bud formation.
FGF10 knockout mice fail to form prostate, seminal vesicle, bulbourethral glands and

caudal vas deferens (Thomson and Cunha, 1999).
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e PAX genes

Paired box (PAX) genes are tissue specific transcriptions factors that determine lineage
specification in the early embryo. PAX2 and PAX8 are required for Wolffian duct formation
from the intermediate mesoderm. In PAX2 and PAX8 double mutant mice, the
intermediate mesoderm fails to undergo the mesenchymal to epithelial transition required
for Wolffian duct formation (Bouchard et al., 2002). GATA3, a downstream effector of
PAX2, regulates Wolffian duct growth and caudal extension which is required for fusion

with the cloaca and formation of definitive kidneys (Grote et al., 2006).

e EPH receptors/Ephrins

EPH receptors are a family of receptor tyrosine kinases with plasma membrane bound
ligands called ephrins. EPH receptor/ephrins are involved in the maintenance of cell-cell
adhesion and communication between similar or different cell types during developmental
processes. The ephrin receptors EPHA4 and EPHAY are expressed in the mesenchyme
surrounding the cloaca and Wolffian duct where they mediate Wolffian duct fusion with
the cloaca (Weiss et al.,, 2014). Signaling from EPHA4 and EPHB2 is required for
apoptosis of the common nephric duct for proper separation of ureters from Wolffian ducts
(Peuckert et al., 2016). EphrinB1 expressed by prostatic mesenchyme regulates prostate

growth and branching (Ashley et al., 2010).

e Vitamin A/Retinoic acid signaling

Retinoic acid, a derivative of Vitamin A (retinol), binds to nuclear retinoic acid receptors
to activate transcriptional programs for differentiation and organogenesis. The spatial
expression of retinaldehyde dehydrogenases, which convert retinaldehyde to retinol, is

tightly regulated in a tissue specific manner. Apoptosis induced by retinoic acid signaling
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is required for ureter separation from the Wolffian duct and proper positioning in the
bladder (Batourina et al., 2005). Retinoic acid is a powerful inducer of prostate budding
(Vezina et al., 2008a). Retinoic acid signaling regulates external genitalia formation by

maintaining SHH and BMP4 expression in the genital tubercle (Liu et al., 2012).

e Mullerian inhibiting substance

Mullerian inhibiting substance (MIS) or anti-Mullerian hormone (AMH) is a gonadal
hormone secreted by Sertoli cells of the developing testis. The secreted glycoprotein MIS
belongs to the TGF-beta family of transcription factors. MIS acts through AMH Type |l
receptors expressed by Mdullerian duct mesenchyme to initiate apoptosis and

degeneration of the Mullerian duct (Abler et al., 2011; Behringer, 1995).

e Androgens, INSL3

Testosterone synthesis initiates from fetal Leydig cells during Week 7 of gestation.
Testosterone is converted to the more potent dihydrotestosterone (DHT) by the enzyme
SRD5A2. DHT acts on AR expressing cells to initiate androgen-dependent transcriptional
programs. DHT regulates prostate and seminal vesicle formation, external genitalia
masculinization and formation of the vas deferens and epididymis. The Leydig cell
specific insulin-like peptide INSL3 binds to relaxin/insulin like family peptide receptor 2

(RXFP2) to promote testicular descent into the scrotum (Barsoum and Yao, 2006).

e Endocrine disruptors

Environmental toxins with the capability of interfering with endocrine signaling are known
as endocrine disruptors (Prusinski et al., 2016). In utero exposure to endocrine disruptors
adversely affects hormone-dependent development and increases risk of adulthood

disease. The prostate is susceptible to endocrine disruptors like Bisphenol A and Dioxin
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that have DNA hypomethylating activity. Understanding the role of DNA methylation in
the development of the prostate will help us study how fetal exposures to environmental
toxins leads to epigenetic changes and susceptibility to prostate disease in adults.
Maternal exposure to low doses of Bisphenol A, an estrogenic compound found in
plastics, has been shown to increase prostate size in rodent models (Dolinoy et al., 2007 a;
Gupta, 2000). Early exposure to Bisphenol A can also increase the risk of prostate cancer
in rodent models of estrogen-induced carcinogenesis by inducing long-term changes to
the DNA methylome (Cheong et al.,, 2016). The anti-androgenic endocrine disruptor
vinclozolin found in fungicides, can induce hypospadias in mice (Buckley et al., 2006). In
utero exposure to persistent environmental pollutants called 2,3,7,8 tetrachlorodibenzo-
p-dioxin or dioxins, impairs reproductive function of male and female rodents (Bjerke and
Peterson, 1994; Gray and Ostby, 1995). In utero dioxin exposure disrupts mouse prostate
formation (Vezina et al., 2008b) and sensitizes mice to hormone-mediated urinary

dysfunction (Ricke et al., 2016a).

1.2.3. Congenital anomalies of the male reproductive tract

Congenital anomalies of the male reproductive tract can reduce fertility. Hypospadias are
the most common congenital anomaly of the male reproductive tract, with an occurrence
of 1 in 250 live male births. Hypospadias occur when the urethral opening is not at the tip
of the penis, but instead on the ventral surface or scrotal region. Defects in urethral tube
closure result in hypospadias (Baskin and Ebbers, 2006). Genetic, endocrine and
environmental factors have been implicated in hypospadias. Epispadias, which occur
when the urethral opening is on the dorsal surface of the penis, is a much rarer condition

(affecting 1 in 117,000 males) (J.P. Gearhart, 1992). Unlike hypospadias, epispadias
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result from defects in the cloacal membrane (Suzuki et al., 2017). Another congenital
anomaly called chordee is associated with increased curvature of the penis. A congenital
condition called posterior urethral valves is associated with the occurrence of flaps of

urethral tissue that obstruct urine flow and impair reproductive function (Agarwal, 1999).

Persistent MUllerian duct syndrome is a rare anomaly of the reproductive tract in which
Mullerian duct derivatives (uterus and oviduct) persist in males. The persistence of
Mullerian duct derivatives can be due to insufficient production of Mullerian inhibiting

substance (MIS) or insensitivity of the Mullerian duct to MIS (Elias-Assad et al., 2016).

Congenital anomalies of Wolffian duct derivatives include ectopic insertion of the ureter
into the urethra, seminal vesicle, ejaculatory duct or vas deferens. Ectopic ureters are a
result of abnormal ureteric bud formation and abnormal separation from the Wolffian duct
during kidney development. Ectopic ureter insertion into the seminal vesicle results in the
development of congenital seminal vesicle cysts. Seminal vesicle anomalies on their own
do not contribute to male infertility. However, these defects are often observed with other

Wolffian duct defects that affect fertility (Kroovand and Perlmutter, 1981).

Defects in vas deferens development are a major cause of male infertility. Congenital
bilateral absence of the vas deferens results in male infertility from obstructive
azoospermia (lack of sperm in semen). This condition is highly prevalent in males who
have abnormal mucus production from mutations in the Cystic fibrosis transmembrane
conductance regulator (CFTR) gene. Abnormal mucus production in affected individuals
results in obstruction and destruction of the vas deferens, leading to infertility in later life

(Stuhrmann and Dork, 2000). Other congenital anomalies of Wolffian duct derivatives
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include agenesis of the epididymis, epididymal cysts with loss of continuity, agenesis of

the seminal vesicle and agenesis of the ejaculatory duct.

1.3. Mesenchyme instructs differentiation of the multi-potent epithelial cells
of the urogenital tract

The epithelial structures of the urogenital tract derive from two germ layers namely the
intermediate mesoderm and the endoderm. The urogenital sinus (UGS) and bladder
epithelium derive from the endoderm layer. The ureters and kidney collecting ducts derive
from the intermediate mesoderm layer. The Wolffian duct (precursor of the seminal
vesicle, vas deferens, epididymis) and the Mullerian duct (precursor of the vagina, uterus
and oviducts) also derive from the intermediate mesoderm. Epithelial structures of the
urogenital tract have unique protein expression profiles and specialized characteristics
that aid in their function. For example, the epithelium of the bladder forms specialized
Uroplakin plaques to protect against urine exposure. Prostate and seminal vesicle
epithelium differentiate in response to androgens, but they have distinct secretory gene
profiles. The specialized characteristics of these epithelial structures are determined by
epithelial-mesenchymal interactions with their unique mesenchyme. Embryonic
mesenchyme possesses an inductive capacity to remodel epithelium. Our understanding
of this inductive capacity and the role of epithelial-mesenchymal interactions in urogenital

tract development have been greatly advanced by tissue recombination studies.

A typical tissue recombination experiment involves isolation of epithelial compartments
and mixing with isolated mesenchyme from the same source (homotypic) or a different
source (heterotypic). The recombined tissues are cultured in vitro or in renal grafts to

assess epithelial growth and differentiation. Tissue recombination studies have identified
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the capacity of embryonic mesenchyme to induce epithelial differentiation in its
corresponding epithelium and reprogram epithelia from other organs. In addition, these
studies have identified that the epithelial reprogramming is limited by germ layer of origin
of the epithelium (Boutin et al., 1991, 1992; Cunha and Baskin, 2016). UGS mesenchyme,
which normally directs prostate formation, induces prostate differentiation when
recombined with endodermal bladder epithelium (Donjacour and Cunha, 1993; Neubauer
et al., 1983). When UGS mesenchyme is recombined with Wolffian duct epithelium, it
induces seminal vesicle differentiation not prostate differentiation (Cunha and Baskin,
2016). Similarly, seminal vesicle mesenchyme induces prostatic differentiation in bladder
epithelium (Donjacour and Cunha, 1995). Thus, the reprogramming capacity of inductive
mesenchyme appears to be restricted by the germ layer of origin of the epithelium in the
urogenital tract. These tissue recombination studies have also demonstrated that
inductive embryonic mesenchyme can change the developmental fate of embryonic,
neonatal and adult epithelia. This demonstrates that adult epithelial stem cells retain the
capacity to de-differentiate and acquire new characteristics under mesenchymal

induction.

Although germ layer plasticity in reprogramming has not been demonstrated in the
urogenital tract, exceptions to this exist in recombination studies involving multiple organ
systems. Studies have shown that prostatic mesenchyme can induce mammary epithelia
(ectoderm-derived) to express both prostatic and mammary characteristics
simultaneously. Endoderm-derived bladder epithelium trans-differentiates to acquire
ectoderm like characteristics while retaining endodermal characteristics when

recombined with ectoderm associated mesenchyme (Taylor et al., 2009). In another
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study, adult rat stem Leydig cells transdifferentiate to acquire characteristics of
endodermal and ectodermal epithelium when recombined with corresponding
mesenchyme (Nanjappa et al.,, 2017). Together, these studies demonstrate the
remarkable inductive capacities of embryonic mesenchyme and the ability of adult tissue

stem cells to transdifferentiate across lineages in response to mesenchymal cues.

Epithelial-mesenchymal interactions are crucial for bladder development. The bladder
develops from the anterior urogenital sinus. Epithelium-mesenchymal interactions pattern
the mesenchyme surrounding the bladder to form the lamina propria and muscularis
propria layer (Baskin et al., 2001). The lamina propria is a loose matrix of cells and
connective tissue, devoid of smooth muscle, that allows the bladder to expand during
filling. The muscularis propria is composed of organized smooth muscle bundles required
for bladder emptying (Georgas et al., 2015). Embryonic bladder mesenchyme is unable
to differentiate into smooth muscle without Shh secreted by the bladder epithelium (Cao
et al., 2010). Patterning of bladder mesenchyme, resulting in a smooth muscle free lamina
propria and smooth muscle expressing muscularis propria, is also dependent on Shh

signaling mediated by GIi transcription factors and Bmp4 (Tasian et al., 2010).

Bladder mesenchyme supports the survival, growth and differentiation of the urothelium.
Isolated bladder urothelium recombined with bladder mesenchyme forms differentiated
bladder tissue under renal grafts while bladder urothelium alone fails to survive
(Oottamasathien et al., 2006). Embryonic bladder mesenchyme can direct embryonic
stem cells and bone marrow derived stem cells to form differentiated bladder urothelium
characterized by Uroplakin expression (Anumanthan et al., 2008; Oottamasathien et al.,

2007). The question then arises whether other urogenital tract epithelia can be trans-
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differentiated into urothelium. However, no previous tissue recombination studies had
reported the results of recombining bladder mesenchyme with embryonic Wolffian duct
or urogenital sinus epithelium (Cunha and Baskin, 2016). Wolffian duct epithelial cell
movement into the inductive bladder mesenchyme niche, described in Chapter 2,
provides a unique opportunity to study Wolffian duct reprogramming by bladder
mesenchyme. We observed that ectopic Wolffian duct epithelial cells in the bladder
gradually acquire bladder markers (FOXA1, KRTS5, P63 and Uroplakins) and transform
from a columnar to cuboidal morphology. This is a unique demonstration of cross-germ
layer plasticity in the urogenital tract. We also demonstrate using tissue recombination
studies that the embryonic bladder mesenchyme has the capacity to reprogram normal
Wolffian duct epithelium. In the next section, | have discussed how the inductive capacity

of the bladder can be leveraged for bladder regenerative therapies.

1.4. Leveraging developmental knowledge to advance bladder replacement
strategies

The ability of bladder mesenchyme to direct urothelial differentiation has important

implications for bladder replacement strategies. Neurogenic bladder, exstrophy or
vesicoureteral reflex can impair bladder emptying and damage the entire urinary tract.
There are a few examples of conditions that necessitate removal and replacement of the
bladder to restore normal urinary outflow. Conditions like bladder carcinoma require the
removal of large portions of the bladder to prevent dissemination of the cancer. Bladder
augmentation uses bowel segments (ileum, colon or stomach) to form a pouch that serves
as a urine reservoir. However, the disparate characteristics of the bladder urothelium and
bowel segments leads to several side effects. Use of ileal segments has an increased

risk of perforation and can lead to excess mucus production. The transplanted bowel
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segments are also at risk for developing cancer (Subramaniam, 2017). Clinical studies
have described the use of ureters for bladder augmentation, but this is used only in rare
cases when patients present with a unilateral non-functioning kidney and megaureter. In
addition, the small size of the ureter limits the size of the urinary reservoir (Ozdemir and
Arikan, 2013). Bladder tissue engineering strategies involve seeding urothelial cells in
acellular matrices to mimic the 3D environment in which bladder differentiation occurs.
Seeded urothelial cells can proliferate to regenerate the damaged bladder and the
scaffold provides support for new cell growth. Most of these strategies are being tested
in animal models and are not yet in clinical practice due to the inherent challenges in
culturing urothelial cells derived from the host (Akbal et al., 2006; Bolland et al., 2007). A
recent study describes the use of tissue-engineered autologous bladders, grown from
patient derived urothelial and muscle cells seeded on a biodegradable collagen scaffold
(Atala et al., 2006). Use of autologous bladder urothelium for re-growing functional

urothelium is precluded in patients with carcinoma.

Based on our observations (described in Chapter 2), Wolffian duct epithelium or its
derivatives (ureters, seminal vesicle, vas deferens) could serve as alternative sources of
bladder regenerating cells. Under the influence of bladder mesenchyme, the embryonic
Wolffian duct epithelium differentiates to form bladder urothelium in a step wise manner
that mimics normal bladder differentiation. This is despite the disparate embryonic origins

of the bladder and Wolffian duct epithelium.
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1.5. Nephrogenic Adenoma: Clinical evidence for mesodermal replacement
of bladder urothelium

Though the bladder is quiescent under normal conditions, it has the remarkable capacity
to regenerate itself when injured. The stem cells for bladder regeneration were thought to
reside solely in the basal and intermediate layers of the urothelium. But what happens
when there is irreversible damage to these stem cell populations? The model described
in Chapter 2 provides the first experimental demonstration of bladder epithelial

regeneration by an extra-bladder source, mesodermal cells.

| searched the literature for observations of mesodermal cells in bladder epithelium of
human patients. Nephrogenic adenoma, a rare benign condition of the bladder, is
characterized by the appearance of PAX2 and PAX8 positive mesodermal cells in the
urothelium and surrounding mesenchyme. Nephrogenic adenoma lesions can occur
throughout the urinary tract (renal pelvis, ureters, bladder, urethra) but are most
commonly observed in the bladder. The first description of benign focal growth in the
bladder was reported in 1949 (Davis, 1949) and the term ‘nephrogenic adenoma’ was
coined in 1950 to describe this condition (Friedman and Kuhlenbeck, 1950). The lesions
were called nephrogenic adenoma for their similarity to renal structures. Nephrogenic
adenoma can occur in patients of all ages and in both males and females. In a
retrospective study of 70 cases of nephrogenic adenoma, most patients had a history of
urethral or bladder surgery with lesions often localized to the site of surgery (Ford et al.,
1985). Nephrogenic adenoma is almost always associated with a pre-disposing risk factor
including congenital bladder anomalies, bladder inflammation, trauma, surgery or renal

transplant (Pycha et al., 1998).
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Nephrogenic adenoma lesions have been identified within the urothelium and bladder
mucosa (Pina-Oviedo et al., 2013). The lesions are thought to occur by seeding of
nephric-lineage cells from the kidney in injured regions of the bladder. This has been
demonstrated in renal transplant patients, where nephrogenic adenoma tissues have sex
chromosomes matching the renal transplant donor not the recipient (Mazal et al., 2002).
This suggests that sloughed off renal cells in the urine could be seeding injured regions
of the bladder damaged by surgery or inflammation (Mazal et al., 2002). The nephric
lineage markers PAX2 and PAX8 are used as diagnostic markers of nephrogenic

adenoma distinguishing it from adenocarcinoma (Tong et al., 2006; Tong et al., 2008).

Nephrogenic adenoma closely parallels the phenotype described in Chapter 2, but there
are some key differences. In both cases, bladder injury precedes the advent of
mesodermal cells in the bladder. In my model, Dnmt1 loss induces bladder damage
allowing mesodermal Wolffian duct epithelial cells to repopulate the bladder while
sloughed off mesodermal kidney tubule cells have been shown to give rise to nephrogenic
adenoma. In contrast to ectopic Wolffian duct cells in Dnmt1 mutants, mesodermal cells
in nephrogenic adenoma do not acquire markers like p63 (Kao et al., 2013). Despite
differences, these two instances demonstrate the ability of mesodermal cells to seed

damaged bladders and proliferate.

1.6. Overview of DNA methylation

1.6.1. Epigenetics: Historical perspective

Developmental biologists in the early-twentieth century grappled with the question of how
cells containing the same genetic code could behave so differently during development

and develop specialized functions. The term epigenetics, meaning above the genome,
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was coined by Waddington in 1942 to explain how non-coding changes to the genetic
material could direct cell specialization during development (Waddington, 2012). In recent
times, definitions of epigenetics have moved beyond developmental biology to
encompass other fields including cancer biology and toxicology. One widely accepted
definition states that epigenetics is “the study of changes in gene function that are
mitotically and/or meiotically heritable and that do not entail change in DNA sequence”
(Holliday, 1994; Wu and Morris, 2001). The modern definition of epigenetics includes
DNA methylation changes, histone modifications and non-coding RNAs which act

together to finely regulate gene expression.

1.6.2. Introduction to DNA methylation

DNA methylation refers to the addition of methyl groups to the 5’ position of cytosine
bases in DNA, preferentially at CpG dinucleotides sites (Doskogil and Sorm, 1962). 60%
of CpG dinucleotides in the mammalian genome are methylated (Bestor et al., 1984).
CpG dinucleotides often reside in clusters called CpG islands which are generally
unmethylated and associated with gene promoters. Based on bacterial methylases, DNA
methylases that would act on hemi-methylated sites were proposed in mammals (Holliday
and Pugh, 1975; Riggs, 1975). Studies using restriction enzymes to probe methylated
sites (methylated sites resist restriction enzyme cleavage) identified that the methylation
status of CpG dinucleotide pairs was the same on both strands (either unmethylated or
fully methylated) (Bird, 1978). This study supported the existence of a DNA methylase
that would act preferentially at hemi-methylated sites to complete DNA methylation (Bird,
1978). This ensures the maintenance of methylation patterns through replication for

stable inheritance of epigenetic information. Unique methylation patterns develop in
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differentiated cells which correlate with gene expression. Usually active promoter regions
are hypomethylated, which suggests that DNA methylation controls access to tissue

specific transcription factors.

DNA methylation patterns are laid down by DNA methyltransferases that add methyl
groups to cytosines or adenines. Cytosine methylation is more widespread in mammals
and most research in DNA methylation has concentrated on this modification and not
adenine methylation. The identification of bacterial methylases spurred researchers to
identify DNA methyltransferases in mammals. An enzyme with DNA methyltransferase
activity and preference for hemi-methylated DNA was purified from murine cells (Bestor
et al., 1984; Bestor and Ingram, 1983). This was followed by cloning of murine (Bestor et
al., 1988) and human DNA methyltransferase cDNA (Yen et al., 1992). This enzyme
would later come to be known as DNA methyltransferase-1 (DNMT1) following the
discovery of other DNA methyltransferases. Targeted mutation of the DNA
methyltransferase gene did not affect cultured murine embryonic stem (ES) cells but
resulted in embryonic lethality in mutant mice with a 3-fold decrease in 5mC levels (Li et
al., 1992). De novo methylation or the addition of methyl groups to unmodified DNA is
crucial for laying down methylation patterns in the early embryo and during
gametogenesis. It was still unclear whether there was only a single mammalian DNA
methyltransferase responsible for both maintenance and de novo methylation. ES cells
null for the DNA methyltransferase (Dnmt1) gene retained de novo methylation activity,
indicating that other DNA methyltransferases capable of de novo methylation were
present in mammals (Lei et al., 1996). These enzymes were found to be encoded by

Dnmt3a and Dnmt3b (Okano et al., 1998). DNMT3A and DNMT3B have de novo
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methylating activity and are required for mammalian development (Okano et al., 1999).
Another DNMT3 family member, DNMT3L is catalytically inactive, but cooperates with

DNMT3A and DNMT3B (Chédin et al., 2002; Hata et al., 2002).

Studying the protein structures of DNMTs has provided key insights into their function.
The transfer of methyl groups to cytosines in DNA is a highly conserved process.
Methyltransferases bind to DNA, ‘flip’ out cytosine from the DNA helix and attach the
methyl group from S-adenosyl methionine to the 5’ position of cytosine. DNMTS have N-
terminal regulatory domains and C-terminal catalytic domains. The N-terminal regulatory
domain contains motifs for protein-DNA interactions, protein-protein interactions and
nuclear localization. The C-terminal region contains the conserved motifs that define the
active site of the enzyme. The N-terminal region of DNMT3L shares similarities with that

of DNMT3A and DNMT3B but it lacks the catalytic active site in its C-terminal domain.

Broadly, the division of labor between DNMTs is clear. DNMT3A and DNMT3B de novo
methylate the genome during early development and gametogenesis. DNMT1, with its
preference for hemi-methylated DNA, propagates methylation patterns during tissue
growth. | will briefly summarize the cellular localization, binding partners and major

functions of each of the four DNMTs below:

e DNMT1

DNMT1 is a large protein comprised of ~1620 amino acids. DNMT1 localizes to sites of
replication during S-phase and shows a distinct punctate staining in the nuclei. During
other stages of the cell cycle, DNMT1 staining is diffuse in the nucleus. The N-terminal
region of DNMT1 contains an RFTS (Replication foci targeting sequence) that targets it

to sites of replication (Leonhardt et al., 1992). Autoinhibition of MTase domain of DNMT1
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by interaction with the RFTS domain determines substrate specificity. Conformational
changes in the N-terminal region inhibit catalytic activity when DNMT1 is bound to
unmethylated CpG substrates. This inhibition is released when DNMT1 is bound to hemi-
methylated CpG substrates (Zhang et al., 2015b). Preferential localization to replication
foci and substrate specificity for hemi-methylated DNA allows DNMT1 to stably propagate
tissue specific methylation patterns. DNMT1 is highly expressed in a cell cycle dependent
manner (peaking in S-phase) in replicating cells but present only at low levels in non-
replicating cells (Szyf et al., 1985). During fetal prostate development, Dnmt1 is initially
expressed in the urethral mesenchyme but shifts to the developing prostate bud

epithelium at later stages (Keil et al., 2013).

DNMT1 can also participate in de novo methylation in coordination with DNMT3A (Fatemi
et al., 2002). Evidence of methylation independent functions of DNMT1 have also
emerged. A catalytically inactive form of DNMT1 was shown to regulate E-cadherin
expression through interaction with its transcriptional repressor SNAIL1 and no

appreciable changes in E-cadherin promoter methylation (Espada et al., 2011).

DNMT1 localization and function is regulated by its binding partners. The PCNA binding
domain (PBD) in the N-terminal region of DNMT1 mediates interaction with the
Proliferating Cell Nuclear Antigen (PCNA). PCNA acts as clamp around DNA during
replication and recruits various proteins to replication sites to increase processivity.
DNMT1 recruitment to replication forks by PCNA is not strictly required for post-replicative
DNA methylation, but it increases efficiency (Schermelleh et al., 2007). UHRF1 (ubiquitin-
like, containing PHD and RING finger domains 1) is another direct binding partner of

DNMT1. UHRF1 binds to hemi-methylated DNA through its methyl-binding domain and
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recruits DNMT1 to these sites (Bostick et al., 2007). UHRF1 ubiquitinates histone H3 to
which DNMT1 binds using its RFTS. In addition, DNMT1 can also directly interact with
the Ubiquitin-like domain of UHRF1 (Li et al., 2018). UHRF1 colocalizes with DNMT1
during S-phase and recruits it to replication foci. In zebrafish, uhrf1 mutants phenocopy
DNMT1 mutants highlighting the importance of the uhrf1-dnmt1 interaction (Jacob et al.,

2015).

Knockout, mutation and inhibition studies have provided key insights into the role of
DNMT1 in maintaining global methylation. Targeted mutation of Dnmt1 in mouse ES cells
results in a 3-fold reduction in 5mC levels with no loss of cell viability. Mouse embryos
carrying the same targeted mutation have a similar 3-fold reduction in 5mC levels but are
not viable (Li et al., 1992). In contrast to mouse ES cells, DNMT1 knockout in human ES
cells leads to apoptosis (Liao et al., 2015). Conditional deletion of Dnmt1 in mouse
fibroblasts leads to severe hypomethylation, p53-dependent apoptosis and aberrant gene
expression (Jackson-Grusby et al., 2001). This study suggests that widespread DNA
demethylation could be perceived as DNA damage by the cell resulting in P53
upregulation. Loss of DNMT1 results in elevated mutation rates, genomic instability (Chen
et al., 1998), microsatellite instability (Loughery et al., 2011), DNA damage (Palii et al.,
2008) and cell cycle arrest (Chen et al., 2007; Unterberger et al., 2006). DNMT1 activity
and expression is upregulated in prostate cancer, where it serves to methylate and

suppress key tumor suppressor genes (Patra et al., 2002)

Mutations in the RFTS domain of DNMT1 have been linked to two neurodegenerative
syndromes: Autosomal dominant cerebellar ataxia-deafness and narcolepsy (ADCA-DN)

and Hereditary sensory neuropathy with dementia and hearing loss (HSN1E) (Baets et
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al., 2015; Klein et al., 2011; Maresca et al., 2015; Winkelmann et al., 2012). These
mutations prevent DNMT1 from binding to heterochromatin, leading to aberrant
methylation patterns and DNMT1 protein aggregation in the cytosol (Klein et al., 2011).
There is increasing evidence for the association of single nucleotide polymorphisms of
DNA methyltransferases with incidence of different tumor types, including prostate cancer

(He et al., 2014; Li et al., 2016; Tao et al., 2015).

e DNMT3 family
The DNMT3 family of methyltransferases is comprised of DNMT3A, DNMT3B and

DNMT3L. The DNMT3 enzymes have a regulatory N-terminal region and a catalytic C-
terminal region. Except for conserved motifs in the C-terminal catalytic region, the DNMT3
enzymes do not share much sequence similarity with DNMT1 (Okano et al., 1998). Their
N-terminal domains are considerably shorter than that of DNMT1. DNMT3 enzymes lack
the N-terminal regulatory elements that confer specificity towards hemi-methylated DNA.
As a result, DNMT3A and DNMT3B show no preference for hemi-methylated DNA over
unmethylated DNA and are called de novo methyltransferases (Gowher and Jeltsch,
2001; Lei et al., 1996). DNMT3L is catalytically inactive but functions as a co-regulator
with DNMT3A and DNMT3B. DNMT3A localizes to pericentromeric heterochromatin while
DNMT3B is diffusely localized in the nucleus (Bachman et al., 2001). Nuclear localization
of DNMT3L to chromatin foci is dependent on physical interaction with the DNMT3A2
isoform (Nimura et al., 2006). DNMT3A and DNMT3B are highly expressed in early
embryonic tissues, with overlapping expression in the embryonic ectoderm (Okano et al.,
1999). In the developing prostate, Dnmt3a and Dnmt3b are predominantly expressed in

the urethral mesenchyme during fetal stages but localizes to prostate bud tips postnatally
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(Keil et al.,, 2013). DNMT3A and DNMT3B are highly expressed in undifferentiated
embryonic cells but are barely detectable in differentiated and adult tissues (Okano et al.,
1998). DNMT3AZ2 is a variant of DNMT3A which is regulated by an alternative promoter.
DNMT3AZ2 is highly expressed in embryonic stem cells, testis, ovary, thymus and spleen.
In contrast to DNMT3A which localizes to heterochromatin, DNMT3AZ2 localizes to
euchromatin and has high de novo methyltransferase activity (Chen et al., 2002). Several
DNMT3B isoforms have also been identified in cancer cell lines (Ostler et al., 2007; Shah

et al., 2010). DNMT3L is highly expressed during gametogenesis (Bourc'his et al., 2001).

Targeting DNMT3A and DNMT3B to specific genomic regions is essential for their
specialized function. The N-terminal regions of DNMT3A and DNMT3B have two
conserved domains: the PWWP domain and the PHD domain. The PWWP domains
target DNMT3A and DNMT3B to pericentromeric heterochromatin for methylation of
major satellite repeats (Chen et al., 2004). DNMT3A and DNMT3B have an N-terminal
PHD (plant homeodomain) domain that is not shared by DNMT1. This domain is involved
in transcriptional repression by DNMT3A and DNMT3B in a methylation independent

manner (Bachman et al., 2001).

DNMT3A and DNMT3B are essential for de novo methylation, transcriptional repression
and early embryonic development. Inactivation of Dnmt3a and Dnmt3b simultaneously
but not individually blocks de novo methylation, suggesting that these enzymes have
overlapping functions. DNMT3B is essential for early embryonic development as Dnmt3b
knockout mice are embryonic lethal. In contrast, Dnmt3a knockout mice live up to 4 weeks
of age. Dnmt3a and Dnmt3b double knockout embryos die during mid-gestation. De novo

methylation is blocked in these embryos during early development, but maintenance
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methylation was not affected. The different phenotypes of Dnmt3a and Dnmit3b knockout
embryos suggest that these enzymes have some non-overlapping functions. DNMT3B,
but not DNMT3A, is required for methylation of centromeric minor satellite repeats (Okano
et al., 1999). DNMT3A and DNMT3B participate in transcriptional repression in
association with histone deacetylases (Bachman et al., 2001). DNMT3L, although lacking

in catalytic activity, stimulates de novo methylation by DNMT3A (Chédin et al., 2002).

DNMT3A mutations have been observed in acute myeloid leukemia where they are
associated with reduced survival (Hou et al., 2012; Ley et al., 2010). DNMT3B mutations
are observed in patients with ICF (Immunodeficiency, Centromere instability and facial
anomalies) syndrome. Loss of DNMT3B function in ICF syndrome is associated with
changes in promoter methylation, altered histone marks and aberrant gene expression

(Jin et al., 2008).

e Removing methylation marks

DNA methylation is a reversible modification. When DNMT1 is inhibited, cells can
passively lose methyl marks through multiple rounds of replication. The Ten-eleven
translocation (TET) family of methylcytosine dioxygenases catalyze the active removal of
methyl marks from DNA independent of replication. During early prostate development,
Tet1 and Tet2 are expressed predominantly in the urethral mesenchyme while Tet3 is
expressed in the urethral epithelium (Keil et al., 2013). TET1, TET2 and TET3 catalyze
the conversion of 5mC to 5-hydroxymethylcytosine (5hmC) and subsequently into 5-
formylcytosine (5fC) and 5-carboxylcytosine (5caC) (Tahiliani et al., 2009; Tan and
Manley, 2009). 5caC is recognized and excised by thymine DNA glycosylase (TDG) (He

et al., 2011).
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There is increasing evidence that the 5hmC participates in transcriptional regulation
(Pfeifer et al., 2013). 5hmC is highly enriched in brain tissue where it is required for
neuronal differentiation (Hahn et al., 2013), learning and memory (Qin et al., 2015). 5hmC
marks are abundant in ES cells, where they are enriched at enhancers and gene bodies
(Stroud et al., 2011). A recent study has shown that 5hmC localizes to sites of DNA
damage and promotes genome stability (Kafer et al., 2016). 5ShmC levels are dramatically
reduced in human cancers, correlating with impaired TET activity (Pfeifer et al., 2014).
5hmC is significantly reduced in prostate cancer and has been proposed as a biomarker
for prostate cancer detection. In contrast, 5fC and 5caC are increased in prostate cancer

(Storebjerg et al., 2018; Yang et al., 2013).

Active DNA demethylation can also be catalyzed by 5-methylcytosine deaminases like
Activation-induced cytidine deaminase (Aid) and Apolipoprotein B mRNA editing enzyme
catalytic subunit 1 (APOBEC1) (Morgan et al., 2004). Deamination of 5mC yields thymine
which is immediately replaced with unmethylated cytosine by DNA glycosylases like TDG

(Fritz and Papavasiliou, 2010).

e Methyl CpG binding domain (MBD) proteins

The MBD proteins are readers of 5mC marks. The mammalian MBD family is comprised
of MeCP2, MBD1, MBD2, MBD3 and MBD4 which possess a common Methyl CpG
binding domain (MBD). MBD proteins bind to sites of DNA methylation and recruit
enzymes for transcriptional repression (Fatemi and Wade, 2006). MECP2, the first
identified MBD protein, participates in gene silencing by recruiting histone deacetylase
machinery to methylated DNA (Nan et al.,, 1998). MeCP2 also recruits histone

methyltransferase complexes to methylated DNA to maintain repressed chromatin states



39

(Fuks et al., 2003b). Thus, MECP2 acts as a bridge between DNA methylation and
histone modifications. Rett syndrome, a progressive neurodegenerative disease, is
caused by MeCP2 mutations and associated epigenetic dysregulation (Amir et al., 1999).
MBD1 directly interacts with the histone methylase SUV39H1 and indirectly with histone
deacetylases for gene silencing (Fujita et al., 2003). MBD2 is a component of the MECP1
histone deacetylase complex and recruits the histone deacetylase complex NuRD
(Nucleosome Remodeling and Histone Deacetylation) to methylated DNA for
transcriptional silencing (Feng and Zhang, 2001; Ng et al., 1999). MBD3 is a core
component of the NuRD repressor complex and is required for early embryonic
development (Kaji et al., 2007). 5mC deamination produces thymidine resulting in a T-G
mismatch. MBD4 is a DNA glycosylase that preferentially binds to sites of 5mC

deamination and replaces thymines with cytosines (Hendrich et al., 1999).

e DNA methylation and histone modifications

DNA methylation is associated with gene silencing. There are two major paradigms of
gene silencing by DNA methylation. One, DNA methylation of CpGs in regulatory regions
can prevent binding of transcription factor complexes required for active gene expression.
Second, Methyl CpG binding domain (MBD) containing proteins recruit chromatin
modifiers to sites of DNA methylation to establish or maintain repressed chromatin states.
Conversely, DNA methylation activity can be recruited to repressed chromatin to

methylate adjacent DNA and reinforce gene silencing.

Chromatin modifiers add post-translational modifications to histones which relax or
compact chromatin. Active transcription occurs from relaxed or euchromatin regions while

transcription is repressed in compacted heterochromatin regions. Histone acetylation and



40

methylation are the most well studied histone modifications. Histone acetyltransferases
acetylate lysines on histones, which loosens the interaction between DNA and histones,
resulting in an accessible, open chromatin configuration. This is reversed by Histone
deacetylases (HDACs) resulting in gene silencing. Histone methyltransferases add
methyl groups to lysines and arginines of Histone H3 and H4. H3K9 and H3K27 di- and
tri- methylation and H4K20 tri-methylation repress transcriptional activity by blocking

transcriptional factors from accessing DNA.

MBD proteins (MECP2, MBD1, MBD2, MBD3, MBD4) bridge the gap between DNA
methylation and histone modifications. MECP2 and MBD2 binds to methylated DNA and
recruit HDAC activity to silence genes (Nan et al., 1998; Ng et al., 1999). MBD proteins
can also recruit histone methyltransferases to sites of DNA methylation. MBD1 recruits
the SUV39H1-HP1 heterochromatin complex, which has histone methyltransferase
activity, to sites of DNA methylation for transcriptional repression (Fujita et al., 2003).
MECP2 binding to methylated DNA increases the appearance of the repressive H3K9
methylation mark (Fuks et al., 2003b). DNMT1 itself has been shown to interact with
chromatin modifiers during DNA replication. DNMT1 forms a repressive complex by direct
interaction with the transcriptional repressors HDAC2 and DMAP1 (DNMT1 associated
protein). Through this complex, DNMT1 targets the transcriptional repressors to
replication foci to maintain heterochromatin regions after DNA replication (Rountree et
al., 2000). The histone methyltransferase G9a adds H3K9 methyl marks to newly
synthesized DNA. DNMT1 and G9a form a complex with PCNA which cooperatively adds

methyl marks to DNA and histones after DNA replication (Esteve et al., 2006).
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Histone modifications target DNA methylation to specific genomic regions. The DNMT
enzymes themselves do not have any sequence specificity apart from a preference for
CpG dinucleotides. How is DNA methylation targeted to imprinted regions, centromeres
and repetitive sequences? DNA methylation targeting is achieved by the association of
DNMTs with transcription factors and chromatin modifiers with greater sequence
specificity. DNMT1 forms a complex with Retinoblastoma gene product (Rb), the
transcription factor E2F1 and HDAC1 to repress promoters containing E2F1 binding sites.
Thus, DNA methylation is actively targeted to E2F1 bound cell cycle genes to suppress
abnormal cell proliferation (Robertson et al., 2000). The SUV39 histone
methyltransferases add H3K9 methyl marks and target DNMT3B methylation to
pericentromeric heterochromatin (Lehnertz et al., 2003). DNMT3A also associates with
H3K9 methyltransferase activity by direct interaction with the histone methyltransferase
SUV39H1 (Fuks et al., 2003a). The histone methyltransferase G9a recruits DNMT3A and
DNMT3B to de novo methylate and repress pluripotency genes (Epsztejn-Litman et al.,
2008). Thus, DNA methylation and histone modifications function coordinately in

transcriptional repression.

1.6.3. DNA methylation in development

In this section, | will summarize the dynamic changes in DNA methylation that occur
during embryonic development and the consequences of these changes on embryo

growth and morphogenesis.

e DNA methylation dynamics during gametogenesis

Epigenetic cues including DNA methylation gradually commit cells to specialized gene

expression programs during development. For sexual reproduction, DNA methylation
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marks need to be erased and reset in early germ cells. Primordial germ cells (PGCs) are
derived from proliferating somatic precursors in the primitive streak. To restore
totipotency, DNA methylation marks are erased in PGCs. Downregulation of
methyltransferases allows the proliferating PGCs to be passively demethylated
(Kagiwada et al., 2013). Following erasure, sperm or oocyte specific methylation patterns
are re-established. Imprinted genes, which are expressed from either the maternal or
paternal allele, are methylated during gametogenesis. DNMT3A and DNMT3L are
required for the establishment of sex-specific methylation patterns in gametes (Bourc'his

et al., 2001; Hata et al., 2002; Kaneda et al., 2004).

e DNA methylation dynamics in the early embryo

At the time of fertilization, the sperm and oocyte have sex-specific methylation patterns.
These patterns need to be erased and reset in the zygote. The newly fertilized zygote
undergoes global demethylation until the blastocyst stage. The paternal genome is
actively demethylated while the maternal genome undergoes passive demethylation
(Howlett and Reik, 1991). Methylation at imprinted regions and retrotransposon
sequences like intracisternal A-type particle (IAP) is maintained while the majority of the
genome is demethylated (Gaudet et al., 2004; Messerschmidt et al., 2014). Dnmt1o, a
variant of Dnmt1 translated from oocyte mRNA, maintains methylation at imprinted
regions and IAP elements in the preimplantation embryo. Dnmt1o lacks 118 amino acid
residues at the N-terminus of Dnmt1 that is used for interaction with DMAP1. In addition,
Dnmtio is more stable than Dnmt1 which could explain why this form is used as a
maternal effect protein (Ding and Chaillet, 2002). Embryos from homozygous Dnmt1o

mutant females, which lack maternal stores of Dnmt1o mRNA, are not viable. Although
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these embryos do not exhibit global demethylation, loss of methylation at imprinted
regions results in death (Howell et al., 2001). The full length DNMT1 protein was thought
to be absent in the pre-implantation embryo (Doherty et al., 2002; Howell et al., 2001;
Ratnam et al., 2002). Zygotic Dnmt1 expression has since been demonstrated in the pre-
implantation embryo, but at much lower levels than Dnmt1o. Dnmt1 and Dnmt1o
expression are required for maintenance of methylation at imprinted regions (Hirasawa
et al., 2008). It is still not fully understood how methylation is maintained at imprinted
regions in the pre-implantation embryo while the rest of the genome is being
demethylated. Different chromatin configurations at imprinted regions and maternal effect
proteins like Stella are thought to contribute to this asymmetry (Nakamura et al., 2007;
Saitou et al., 2012). De novo methylation is carried out by DNMT3A and DNMT3B in the
post-implantation embryo. Cells continue to gain DNA methylation as they progress
towards differentiation. Inheritable methyl marks are maintained by DNMT1 during cell

replication.

e Genomic imprinting
In mammals, there are over 100 genes that are expressed solely from the maternal or
paternal allele. The expression of genes in a parent-of-origin specific manner is regulated
by a process called genomic imprinting (Bartolomei and Ferguson-Smith, 2011). Genomic
imprinting is thought to control dosage of key genes involved in growth and metabolism
(Smith et al., 2006). Early studies of reconstituted eggs showed that zygotes with two
female pronuclei or two male pronuclei develop poorly after implantation. These studies
demonstrate that the presence of both maternal and paternal genomes is required for

embryogenesis (McGrath and Solter, 1984; Surani et al., 1984). Imprints are laid down
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during gametogenesis, a process which differs greatly between males and females.
Imprint marks need to be inheritable and reversible. In addition, these marks should be

able to communicate with the cellular machinery to regulate transcription.

DNA methylation is now considered the primary mechanism for genomic imprinting.
Methyl marks are erased during gametogenesis and reset to indicate maternal (oocyte)
or paternal (sperm) origin. This results in the generation of differentially methylated
regions (DMRs) between the maternal and paternal genomes. Post-fertilization, methyl
marks on imprinted genes are retained during demethylation in the pre-implantation
embryo. The preference of DNMT1 for hemi-methylated DNA ensures the faithful
transmission of methylation patterns within imprinted genes. Maintenance of methylation
at imprinted regions is disrupted in heterozygous embryos obtained from homozygous
Dnmt1o mutant females. Maternal stores of Dnmt1o are responsible for maintaining
methylation at imprinted regions in oocytes and preimplantation embryos, which do not
express Dnmt1 (Howell et al., 2001). Paternally methylated regions are located between
genes while maternally methylated regions can be found at gene promoters. The role of
DNA methylation in genomic imprinting is best illustrated by the well-studied IGF2/H19
gene locus, a paternal DMR. IGF2 expressed from the paternal allele and H79 expressed
from the maternal allele are located close to each other. The transcriptional repressor
CTCF binds to the unmethylated maternal chromosome while its binding it blocked on the
methylated paternal chromosome. CTCF binding blocks /IGF2 expression while driving
H19 expression from the maternal allele. The absence of CTCF binding allows IGF2
expression from the paternal allele while blocking H19 expression (Hark et al., 2000).

Viable parthenogenetic mice (from two maternal genomes) were generated after
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normalizing expression of the maternally expressed H79 gene and inducing /gf2
expression (Kono et al., 2004). Expression of the imprinted genes H19, Igf2 and Igf2r
were altered in Dnmt1 mutants, which display severe loss of 5SmC. Normally silent alleles
were activated while normally active alleles were repressed in Dnmt1 mutant embryos (Li

et al., 1993).

Loss of imprinting at the /GF2 locus (expression from both alleles instead of one) occurs
during aging and tumorigenesis in the prostate (Jarrard et al., 1995). In mouse models,
increased expression of the critical paracrine growth factor IGF2 by loss of imprinting
drives prostatic neoplastic growth (Damaschke et al., 2017). Reduction of CTCF
expression and binding activity as a function of age triggers /gf2 loss of imprinting in the
prostate (Fu et al., 2008; Fu et al., 2004). Genomic imprinting is essential for normal
development. Prader-Willi syndrome and Angelman syndrome occur from imprinting

errors.

e X-inactivation
Male mammals have one X chromosome while females have two. To compensate for
gene dosage differences, one X chromosome is inactivated in females in a process called
X-inactivation. Much before the isolation and characterization of mammalian DNA
methyltransferases, a model of X inactivation by DNA methylation was proposed (Riggs,
1975). Re-activation of X-linked genes by pharmacological inhibition of DNA methylation
provided the first evidence for X inactivation by DNA methylation (Mohandas et al., 1981).
The initiation and maintenance of X inactivation is regulated by the long non-coding RNA
XIST. XIST is expressed only from the inactivated X-chromosome where it acts in cis to

coat the inactive X-chromosome and repress transcription. The 5’ region of the XIST gene
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is methylated on the active X-chromosome and unmethylated on the inactive X-
chromosome, suggesting that DNA methylation could regulate XIST expression (Norris
et al., 1994). The methylation status of the XIST promoter corresponds to expression
levels. The XIST gene is demethylated and its expression upregulated in DNMT1 male
mutant embryos (Beard et al., 1995). XIST expression is aberrantly upregulated in
DNMT1 mutant ES cells where it leads to the inactivation of X-linked genes (Panning and
Jaenisch, 1996). In the early embryo, Xist is expressed solely from the inactivated
paternal X-chromosome. Paternal imprints for Xist are removed during demethylation in
the pre-implantation embryo. Following this, methylation of Xist is random and it can be

expressed from either the maternal or paternal X-chromosome (Kay et al., 1993).

e Silencing of transposable elements

Transposable elements or transposons are genes that can change location and copy
number within the genome. Approximately 46% of the human genome and 37.5% of the
mouse genome are derived from transposable elements (Waterston et al., 2002). In
addition to being a source of genetic variability, transposons can cause genomic
rearrangements and change the activity of genes near their insertion site (Kuff and
Lueders, 1988; Qin et al.,, 2010). Multiple epigenetic mechanisms, including DNA
methylation, are involved in transposon silencing. If unchecked, transposon expression
can lead to mutations and genomic rearrangements. Methylation suppresses the
expression of transposons. The mouse genome contains ~1000 Intracisternal A particle
(IAP) retroviruses. IAPs have Long Terminal Regions (LTRs) that are comprised of
multiple repeating DNA sequences. Methylation of LTRs causes transcriptional silencing

of IAPs in somatic cells. |IAP transcripts are upregulated 50-100-fold in DNMT1 mutant
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mouse embryos (Walsh et al., 1998). Demethylation and activation of IAP genes are

observed after treatment with DNA methylation inhibitors (Davis et al., 1989).

IAP sequences are de novo methylated during gametogenesis. DNMT3A and DNMT3B
are required for the methylation of interspersed repeat sequences during male germ cell
development (Kato et al., 2007). DNMT3L expression in the early germ cells within the
testis is required for methylation of long-terminal-repeat (LTR) and non-LTR
retrotransposons (Bourc'his and Bestor, 2004). Methylation at LTRs of IAPs is retained
during the demethylation wave in preimplantation embryos. High levels of DNMT10
expression maintain IAP methylation during the cleavage stage of early embryos. Somatic
DNMT1 maintains IAP methylation at post-implantation stages (Gaudet et al., 2004).
DNMT3A and DNMT3B can cooperate with DNMT1 to efficiently maintain methylation at
murine LINE-1 elements in embryonic stem cells (Liang et al., 2002). Changes in DNA
methylation and expression of retrotransposon elements are observed in prostate cancer
(Goering et al., 2011). Hypomethylation and re-expression of LINE-1 retrotransposons

occur in BPH tissues (Madigan et al., 2012).

e Transcriptional control of differentiation

As a cell progresses from an undifferentiated to a differentiated state, its DNA methylation
landscape changes dramatically. Embryonic stem (ES) cells are a powerful model to
study transcriptional control of differentiation. Given the right conditions, these cells can
be induced to differentiate into multiple different cell types. DNMTs play a central role in
the transcriptional control of differentiation. DNMTs suppresses the expression of

differentiation genes to maintain cells in an undifferentiated state. Regulation of DNMT1
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expression by the pluripotency factors OCT4 and NANOG maintains the undifferentiated

state of mesenchymal stem cells (Tsai et al., 2012).

Dnmt1 mutant mouse ES cells are viable but aberrantly express X-linked genes and
undergo apoptosis when induced to differentiate (Panning and Jaenisch, 1996).
Dnmt3a/Dnmt3b null ES cells are viable in an undifferentiated state but gradually lose
methylation after several passages in culture. This suggests that the fidelity of
maintenance methylation by DNMT1 is augmented by DNMT3A and DNMT3B. The ability
to differentiate is retained in early passage DNMT3A/3B null ES cells (moderately
hypomethylated) and lost in late passage cells (severely hypomethylated) (Jackson et al.,
2004). Genome wide methylation studies indicate that the magnitude of methylation
reduction at a gene locus is determined by CpG density. Genes with low CpG density are
more likely to be de-repressed in Dnmt knockout ES cells (Li et al., 2015). Recently,
knockout human ES cell lines with targeted deletion in the DNMT genes were generated
using CRISPR/Cas9 genome editing. Unlike Dnmt1 knockout mouse ES cells, DNMT1
knockout human ES cells are not viable. Similar to mouse ES cells, DNMT3A/3B null ES
cells were initially viable and retained differentiation ability but gradually lost methylation
over multiple passages (Liao et al., 2015). During differentiation, DNMTs methylate
pluripotency factors like OCT4 and NANOG to prevent the cell from reverting to an
undifferentiated state. Global DNA hypomethylation in DNMT1(-/-) ES cells does not
prevent initiation of differentiation programs. However, unlike wildtype cells, DNMT1(-/-)
ES are not fully committed to their differentiation programs and can revert to the ES cell

state (Schmidt et al., 2012).
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Cytidine nucleoside analogs like 5-azacytidine have been used to elucidate the role of
DNA methylation in transcriptional control. 5-azacytidine and its 2’-deoxy derivative 5-
aza-2'-deoxycytidine can be incorporated into DNA where it inhibits DNA
methyltransferase activity and methylation of newly synthesized DNA. When DNMT1
encounters 5-azacytidine, it is locked into an inactive covalent complex which is targeted
for degradation. This process results in DNMT1 depletion and gradual hypomethylation
of the treated cells. At higher doses, more complete hypomethylation takes place which
is lethal for the cell. 5-azacytidine can be incorporated into both RNA and DNA while 5-

aza-2'-deoxycytidine is a deoxyribonucleoside which can only be incorporated into DNA.

Non-myoblast mouse embryo cells change their phenotype drastically to form functional
striated muscle cells after 5-azacytidine treatment (Constantinides et al., 1977,
Constantinides et al., 1978). Swiss3T3 cells treated with 5-azacytidine or 5-aza-2'-
deoxycytidine display new mesenchymal phenotypes of contractile muscle, differentiated
adipocytes and chondrocytes (Taylor and Jones, 1979, 1982). These results suggest that
5-azacytidine treatment reverts cells to a less differentiated state from which new
phenotypes can develop. It was later discovered that 5-azacytidine treated cells were
hypomethylated and this was driving the phenotypic alteration in these cells (Jones and
Taylor, 1980). Together, these results provide evidence for the role of DNA methylation

in maintaining and directing cellular differentiation.

5-aza-2’-deoxycytidine (5AzadC) has been used to study the role of DNA methylation in
prostate development and differentiation. In eutherian mammals, the prostate forms
during fetal development as solid epithelial buds arising from the urogenital sinus (UGS)

epithelium which grow into the surrounding mesenchyme. Epithelial cells of the
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developing prostate bud downregulate expression of the epithelial adhesion molecule E-
cadherin (Cdh1) to achieve invasive growth into the mesenchyme. Treatment of in vitro
UGS explants with 5AzadC decreased prostate bud elongation and outgrowth without
affecting cell viability. 5AzadC treatment decreased Cdh1 promoter methylation and
upregulated Cdh1 mRNA expression in prostate epithelial cells. Increased expression of
Cdh1 constrained prostate bud elongation and invasive growth into the mesenchyme.
Thus, methylation of Cdh1 promoter downregulates Cdh1 expression for normal prostate

growth and differentiation (Keil et al., 2014b).

Mesenchymal Androgen receptor expression is required for prostate bud initiation. The
onset of mesenchymal Ar expression corresponds to a reduction in DNMT1 expression
and decrease in Ar promoter methylation. Treatment of in vitro UGS explants with 5AzadC
reduces Ar promoter methylation and accelerates the onset of Ar expression, thereby

increasing the number of prostate buds specified (Keil et al., 2014a).

e Tissue growth and organogenesis

The mid-gestational lethality of Dnmt1 knockout embryos prevents the study of organ
system development. To overcome this, context dependent roles of DNMT1 have been
studied in several organ systems by employing tissue specific Cre-lox approaches. This
involves the use of tissue specific Cre drivers to drive Dnmt1 deletion is specific tissues
during development. Deletion of Dnmt1 in the developing pancreas resulted in global
hypomethylation, growth arrest and tissue atrophy through p53-dependent apoptosis of
pancreatic progenitors (Georgia et al., 2013). Intestine specific ablation was used to show
that Dnmt1 was required for proliferation and crypt formation in the perinatal period. Loss

of Dnmt1 in the intestinal epithelium led to increased DNA damage and apoptosis (Elliott
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et al., 2015). The role of Dnmt1 in the development of the lower urinary tract was
assessed by conditionally ablating Dnmt1 in the epithelium of the bladder, urethra and
prostate. Similar to previous studies on Dnmt1 ablation, widespread DNA damage and
p53-mediated apoptosis was observed. This was accompanied by a reduction in prostate
bud formation, highlighting the role of Dnmt1 in maintaining cell proliferation and survival
of early prostate progenitors (Chapter 3). Dnmt1 deletion in the lower urinary tract led to
the breakdown of the Wolffian duct-urethra junction which was permissive for the
movement of Wolffian duct cells into the urethra and bladder epithelium, where these
ectopic cells reprogrammed to acquire bladder characteristics including Uroplakin
expression (Joseph et al.,

2018a). Studies using genetic models of DNA

methyltransferase deletion have been summarized in Table 1.2.

Table 1.2 DNA methyltransferase deletion studies

Model Phenotype Reference
Global DNMT1 3-fold reduction in genomic 5mC levels (Lietal., 1992)
null mice Recessive embryonic lethal
Embryos are developmentally retarded
Embryos die at mid-gestation
DNMT3A-/- DNMT3A-/- mice appear normal at birth but become (Okano et al.,
DNMT3B-/- mice runted and die at around 4 weeks of age 1999)
DNMT3B-/- mice exhibit growth impairment, rostral
neural tube defects and die at mid-gestation
DNMT10 Heterozygous embryos from homozygous mutant (Howell et al.,
knockout mice females die during last third of gestation 2001)

Loss of methylation at imprinted loci

DNMT3L Azoospermia in homozygous males (Bourc'his et
knockout mice Heterozygous embryos from homozygous mutant al., 2001)
females die during mid-gestation
Loss of maternal methylation imprints

Cre-mediated DNMT1 deletion leads to hypomethylation and (Jackson-

homozygous aberrant expression of 10% of genes Grusby et al.,
DNMT1 deletion DNMT1 depleted cells undergo p53-mediated 2001)

in fibroblasts apoptosis

Cre-mediated 95% of cells in the brain hypomethylated (Fan et al.,
DNMT1 deletion Die immediately after birth from respiratory distress; 2001)

in neuroblasts

defects in neuronal respiratory control
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(CamK-cre)

Cre-mediated
DNMT1 deletion
in telencephalic

precursors
(Emx1-cre)

Mutant mice viable but undergo severe neuronal cell

death from E14.5-P21
Deregulation of neuronal gene expression
Defects in neuronal morphology and excitability

(Hutnick et al.,

2009)

shRNA
knockdown of
DNMT1 in
primary human
keratinocytes

DNMT1 depleted cells exit progenitor compartment,

undergo premature differentiation
DNMT1 loss results in upregulation of cyclin-
dependent kinase inhibitors, cell cycle arrest and
impaired proliferation

(Sen et al.,
2010)

Cre-mediated
DNMT1 deletion
in hematopoietic
stem cells (HSC)

(Mx-cre)

Impaired HSC self-renewal

Increased cell cycling and inappropriate expression of

differentiation markers in myeloid progenitor cells

(Trowbridge et

al., 2009)

Cre-mediated

DNMT1 loss results in de-repression of p53

(Georgia et al.,

DNMT1 deletion G2/M cell cycle arrest and apoptosis 2013)
in pancreatic Pancreatic agenesis due to apoptosis of progenitors
cells
(Pdx1-cre)
Cre-mediated Defective photoreceptor differentiation (Rhee et al.,
Altered cell cycle kinetics; increased proportion of G1 2012)

DNMT1 deletion
in retinal cells
(Chx10-cre)

phase cells

Increased apoptosis of post-mitotic photoreceptors and

other neuronal types

Cre-mediated
DNMT1 deletion
in retinal cells
(Rx-cre)

Mice display smaller eyes
Impaired differentiation of retinal pigment epithelium
Defects in photoreceptor outer segment
morphogenesis

(Nasonkin et
al., 2013)

Cre-mediated
DNMT1 deletion

in intestinal cells

(Villin-cre)

Mice die few weeks after birth

Induction of differentiation markers in progenitor cells
Impaired methylation and expression of DNA damage

response genes and cell cycle regulators
Increased DNA damage and apoptosis of progenitor
cells

(Elliott et al.,
2015)

Cre-mediated
DNMT1 deletion
in Keratin 14
lineage cells
(K14-cre)

Uneven epidermal thickness, altered hair follicle size
Impaired proliferation at hair follicles, progressive
alopecia with age

(Li, 2012)

Cre-mediated

DNMT1 deletion

in Shh lineage
cells
(Shh-cre)

Mice die shortly after birth; respiratory complications
arising from severe lung hypoplasia
Epithelial depletion of urethral and bladder epithelium
Premature differentiation and loss of bladder
progenitors

Cell cycle arrest and apoptosis of prostate progenitors;

reduction in prostate bud number

(Joseph et al.,
2018a)
Chapter 3
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1.6.4. DNA methylation in adult homeostasis and disease

Changes in DNA methylation are associated with the formation of specialized tissue types

in the mature organism.

e Genome-wide methylation patterns

CpG dinucleotides occur at a much lower frequency than expected in the genome. 60-
90% of CpG dinucleotides in the mammalian genome are methylated at the 5’ position of
cytosine. Deamination of 5-methylcytosine to thymine makes methylated CpG
dinucleotides prone to mutation, reducing their representation in the genome. Most of the
methylated CpG nucleotides are scattered throughout the genome and participate in the
silencing of retrotransposons and repetitive elements. Clusters of unmethylated CpGs,
called CpG islands, are found at the transcription start sites of several housekeeping
genes and a few tissue-specific genes. 72% of promoter sequences contain CpG islands
(Saxonov et al., 2006). Most CpG islands are found at the 5 region of genes, where
transcription originates. CpG islands can extend from between 500-2000 base pairs.
Since CpGs within islands are unmethylated, these sites are not prone to 5’-cytosine
deamination and conversion to thymine. In addition, permanent binding of transcriptional
machinery and DNA-binding proteins at CpG islands prevents de novo methylation of
CpG islands. Unmethylated CpG islands are associated with transcriptionally active
genes, mostly housekeeping genes and tumor suppressors (Bird, 1986; Ghosh et al.,
2010). The majority of CpG islands are unmethylated irrespective of whether the
associated gene is transcriptionally active or inactive. Methylation of CpGs within CpG
islands have been described and this results in the stable silencing of genes (Deaton and

Bird, 2011).
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e Tissue-specific methylation patterns

Formation of differentiated tissue during development involves dramatic changes in DNA
methylation. Tissue-specific methylation patterns established during development
coordinate specialized gene expression programs in multiple tissue types. In addition,
demethylation of developmentally methylated regions also contributes to the
establishment of tissue-specific methylation patterns. Tissue-specific genes with CpG
island promoters are usually unmethylated in all tissue types, even when the gene is
inactive. In contrast, tissue specific genes with non-CpG island promoters display tissue
specific methylation patterns. Broadly, DNA methylation at promoter regions is negatively

correlated with gene expression (Eckhardt et al., 2006; Han et al., 2011).

There is conflicting evidence for tissue-specific differential methylation at CpG islands.
Expression of known tissue specific genes do not always correlate with promoter
methylation (Walsh and Bestor, 1999; Warnecke and Clark, 1999). Later studies identified
tissue specific differentially methylated regions and the genes located near these regions
were then assessed for tissue specific expression. This approach identified 5% of CpG
islands which displayed tissue-specific methylation patterns (Song et al., 2005). Another
study showed that promoters with “weak” CpG islands, which are intermediate between
CpG rich promoters and non-CpG promoters, display a high frequency of methylation.
These weak CpG islands are more prone to de novo methylation during development
and contribute to the differential methylation observed between somatic and germ cells
(Weber et al., 2007). Tissue-specific differentially methylated regions have also been
identified in intergenic and intragenic regions of genes with non-CpG island promoters

(Liang et al., 2011).
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e Expression of DNA methyltransferases in adult tissues

Adult tissues express lower levels of DNA methyltransferases compared to embryonic
tissues. DNMT1, DNMT3A and DNMT3B expression is widespread across adult human
tissues, with DNMT1 expressed at the highest level (Robertson et al., 1999). The
maintenance methyltransferase DNMT1 is required for the faithful propagation of
methylation patterns in proliferating adult tissues. DNMT1 expression protects against
genomic hypomethylation, chromosomal instability and accumulation of mutations (Chen
et al., 1998; Chen et al., 2007; Gaudet et al., 2003). In adult tissues, DNMT1 is highly
expressed in rapidly dividing somatic tissues including epidermis (Sen et al., 2010) and
intestine (Sheaffer et al., 2014). DNMT1 regulates the fine balance between self-renewal
and differentiation in adult stem cells. Differentiation involves demethylation and
activation of tissue specific genes with concomitant methylation and repression of stem
cell genes. DNMT1 expression prevents differentiating cells from reverting back to an
undifferentiated state (Schmidt et al., 2012). In self-renewing somatic tissues, DNMT1
methylates and suppresses differentiation gene promoters and prevents cell cycle exit in
tissue progenitors (Sen et al., 2010). DNMT1 maintains methylation of intestinal stem cell
enhancers for normal intestinal differentiation (Sheaffer et al., 2014). DNMT1 and
DNMT3A are also highly expressed in non-proliferating post-mitotic neurons where they
regulate synaptic plasticity, learning and memory (Feng, 2010). DNMT1 is highly
expressed in developing prostate tissue but its expression is considerably reduced in the
adult prostate. DNMT1 expression is upregulated in cycling cells from prostates of

castrated mice supplemented with testosterone (Figure 1.2).
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Figure 1.2 DNMT1 expression in the mouse and human prostate

Tissues sections from (A) young human (21 weeks of gestation), (B) young mouse
(postnatal day 9) (C) adult human (23 years) and (D) adult mouse (7 weeks) were labeled
with antibodies to DNMT1 (in red) and E-cadherin (in green). Regions enclosed in white
boxes within (A), (B), (C) and (D) are magnified in (A’), (B’), (C’) and (D’). Prostate tissue
from (E) intact, (F) castrated and (G) castrated and testosterone supplemented mice were
labeled with antibodies to DNMT1 (in red). DAPI staining is shown in blue. Abbreviations

Ur: Urethra, Pr: Prostate.
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e DNA methylation and disease

Errors in DNA methylation contribute to several diseases including cancer, syndromes
caused by imprinting errors (Prader-Willi, and Angelman syndromes), Fragile X
syndrome and ICF syndrome (Robertson, 2005). Among these, the role of DNA
methylation in cancer has been extensively studied. DNMT1 and DNMT3A are modestly
overexpressed in several tumor tissues while DNMT3B is significantly overexpressed
(Jahangiri et al., 2018; Robertson et al., 1999). Paradoxically, cancer is associated with
global hypomethylation and genomic instability, with significant reduction in methylation
at repetitive elements. Several cancer types display aberrant hypermethylation at
promoter associated CpG islands. Hypermethylation of genes involved in apoptosis, cell
cycle regulation, cell invasion and DNA repair provide cancer cells with survival
advantages over normal cells. De novo methylation of imprint control regions can result
in aberrant regulation of imprinted genes. Loss of imprinting, allowing bi-allelic expression

of growth promoting genes like Igf2, promotes tumor growth (Robertson, 2005).

e DNA methylation and aging

5-methyl cytosine (5mC) levels gradually decline over the lifetime of an organism in a
process called epigenetic drift. The rate of loss of 5mC is inversely correlated with the
lifespan of the organism and is determined by environmental factors like diet (Maegawa
et al., 2017). Longer-lived rodents lose 5SmC at a slower rate compared to rodents with a
shorter life span (Wilson et al., 1987b). Accelerating the loss of 5mC by 5-azacytidine
treatment or exposure to chemical carcinogens shortens the life span of in vitro cultured
cells (Fairweather et al., 1987; Holliday, 1986; Wilson et al., 1987a). Studies in humans

have shown that centenarian DNA has 7% less methylated cytosines than a newborn.
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Centenarian genomes display loss of methylation at non-CpG island promoters and
repetitive DNA sequences like LINE elements and LTR-retrotransposons (Heyn et al.,
2012). Another cohort of elderly subjects displayed a longitudinal decline of methylation
in Alu repetitive elements after repeated evaluation (Bollati et al., 2009). Sufficient DNA
methylation levels are needed for healthy aging, as demonstrated using DNMT1 haplo-

insufficient mice (Liu et al., 2011).

Alteration of DNA methylation patterns with age occur from cumulative environmental
exposures and lifestyle factors (Jung and Pfeifer, 2015). This is best exemplified by the
phenotypic changes observed in monozygotic twins with age. Monozygotic twins possess
identical genomes and epigenomes early in life but display divergence in DNA
methylation and histone modifications with age (Fraga et al., 2005). Aging related
changes in DNMT expression and availability of methyl donors with age contributes to
epigenetic drift (Ciccarone et al., 2016; Zampieri et al., 2015). Aging fibroblasts show a
downregulation of DNMT1 and significant overexpression of DNMT3B. These opposing
changes in DNMT expression may explain the global hypomethylation and site-specific
hypermethylation observed in aging cells (Casillas et al., 2003; Lopatina et al., 2002).
Despite widespread changes to the DNA methylome with age, it is not fully understood if
these changes contribute to aging-related diseases. Changes in DNA methylation have
been definitively linked to cancer, an age-related disease. Both global hypomethylation
and promoter hypermethylation can result in cellular transformation (Jung and Pfeifer,
2015; Zampieri et al., 2015). Aging related hypermethylation of autophagy genes have

been linked to neurodegenerative diseases and chronic inflammation (Khalil et al., 2016).
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e DNA methylation and prostate disease

In this section | will briefly describe two disease conditions of the prostate: Prostate cancer
and Benign Prostatic Hyperplasia (BPH) and the current knowledge of the role of DNA

methylation in these diseases.

Prostate cancer and DNA methylation

Prostate cancer is characterized by malignant growth of the prostate and is the third most
common cancer type in the United States. Age is a significant risk factor for the
development of prostate cancer. Common treatment strategies include anti-androgens
(bicalutamide, flutamide, enzalutamide), androgen synthesis inhibitors (ketoconazole,
abiraterone acetate), radiation therapy, surgical castration and chemical castration

(LHRH agonists) (www.cancer.gov/types/prostate).

Tissue from metastatic prostate cancer, but not non-metastatic cancer, has drastically
reduced 5mC levels compared to normal tissues. This correlation between metastatic
capacity and 5mC content suggests that 5mC levels can be used as a biomarker to detect
metastatic tumors or that the reduction in 5mC contributes to metastatic progression
(Bedford and van Helden, 1987). Hypermethylation of the regulatory locus of pi-class
glutathione S-transferase gene GSTP17 is commonly observed in prostate cancer
precursor lesions and prostate adenocarcinoma. GSTP1 encodes an enzyme that
catalyzes cellular detoxification reactions (Brooks et al., 1998; Lee et al., 1994). CpG
island hypermethylation of multiple genes, including APC, RASSF1A, and RUNXS3, has
been detected in prostate cancer (Kang et al., 2004; Maruyama et al., 2002;
Yegnasubramanian et al., 2004). Methylation status of several genes, including APC and

RPRM, correlate with biochemical recurrence after radical prostatectomy (Ellinger et al.,
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2008). Hypermethylation of specific CpG islands in prostate cancer correlates with
hypomethylation of Alu and LINE-1 repetitive elements (Cho et al., 2007). Genome wide
methylation studies have identified differentially methylated regions (DMRSs) in prostate
cancer compared to benign tissues. These DMRs are enriched for binding by Enhancer
of zeste homolog 2 (EZH2), a key driver of prostate cancer (Kirby et al., 2017; Yang and
Yu, 2013). Relatively few studies, have examined DNA methyltransferase expression in
prostate cancer. One group reported upregulation of DNMT1 expression in prostate
cancer cell lines and tissue (Patra et al., 2002). DNMT1 inhibition with 5-azacytidine kills
prostate tumor cell lines at high doses (Patra et al., 2011) while promoting metastatic
invasion at lower doses (Lee et al., 2016). In a cohort of prostate tissue samples, DNMT1
expression was highest in poorly differentiated prostate cancer and lowest in well-
differentiated prostate cancer. DNMT1 expression was negatively correlated with GSTP1
and APC, which are hyper-methylated in prostate cancer. This suggests a role for DNMT1
in the methylation and repression of key tumor suppressors during prostate cancer

formation (Zhang et al., 2015a).

Benign Prostatic Hyperplasia and DNA methylation

Benign Prostatic Hyperplasia (BPH) is a non-malignant enlargement of the prostate. BPH
growth initiates by the age of 30 and continues throughout the individual’s lifetime. The
major risk factor for the development of pathological BPH is age. By the age of 50, 50%
of men develop pathological BPH (Berry et al., 1984). Enlargement of the prostate in BPH
constricts results in urethral constriction and manifestation of lower urinary tract
symptoms (LUTS). LUTS include storage (increased frequency, urgency, nocturia) and

obstructive symptoms (weak stream, incomplete voiding, urinary obstruction, overflow
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incontinence) (McVary et al., 2011). BPH in association with LUTS is significant financial
burden (Saigal and Joyce, 2005; Wei et al., 2005) and negatively impacts quality of life
but does not lead to significant morbidity if treated. BPH is treated with three major classes
of drugs, alpha adrenergic receptor blockers, 5-alpha reductase inhibitors and
phosphodiesterase-5 inhibitors (Bechis et al., 2014; Kaplan and Gonzalez, 2007;
Roehrborn, 2008). Alpha adrenergic receptor blockers and phosphodiesterase-5
inhibitors relax bladder and prostate smooth muscle to facilitate bladder emptying. 5-
alpha reductase inhibitors lower Dihydrotestosterone (DHT) concentrations to shrink the
prostate and relieve urethral constriction. If these drugs or their combinations do not

alleviate LUTS, prostatectomy is performed.

Prostates with BPH have significantly lower levels of global 5mC compared to normal
tissue (Bedford and van Helden, 1987). DNMT1 is expressed at low levels in BPH tissue
(Zhang et al., 2015a). Although BPH is characterized by global hypomethylation,
recurrent hypermethylation of the tumor suppressor gene 14-3-3Sigma occurs in BPH
tissues (Henrique et al., 2005). DNMT1 regulates the methylation and repression of
SRD5A2 gene expression in BPH samples. DNMT1 expression in SRD5A2 silenced BPH
tissues is regulated by the inflammatory mediators IL-6, TNFa and NF-kB (Ge et al., 2015;
Niu et al., 2011). Methylation and repression of the SRD5A2 gene results in an androgenic
to estrogenic switch. Decreased reliance of androgenic pathways in BPH could be behind

the reduced efficacy of 5-alpha reductase inhibitors in some patients (Wang et al., 2017).

e Impact of environmental factors on DNA methylation

DNA methylation is influenced by environmental factors including diet (Hahn et al., 2017;

Yoon et al., 2017), particulate pollution (Baccarelli et al., 2009; De Prins et al., 2013;
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Madrigano et al., 2011), carcinogens and benzene exposure (Bollati et al., 2007). The
Developmental Origins of heath and disease hypothesis (DOHaD) states that early life
environmental influences can impact adult disease. DNA methylation is one mechanism
by which signatures of early life exposures can be embedded in the genome. The
heritable and stable nature of DNA methylation would allow these early changes to persist
into adulthood. The DOHaD hypothesis originated from observations made in low birth
weight infants. Infants with low-birth weight were more prone to cardiovascular disease
later in life, suggesting that poor fetal nutrition can increase adult disease susceptibility

(Barker, 2007; Wadhwa et al., 2009).

Maternal diet can influence DNA methylation patterns in offspring. This is best illustrated
by the seminal Agouti mouse studies. Transcription from the agouti gene locus is
associated with increased obesity and yellow coat color. Viable yellow agouti mice (A%)
have an IAP retrotransposon inserted at the 5’ end of the agouti gene. Expression of the
agouti gene is regulated by methylation of the IAP retrotransposon insert. Maternal diet
enriched in methyl donors increases IAP methylation in offspring, which shuts down
agouti gene transcription and produces lean mice with brown coat color. Thus, DNA
methylation changes from maternal exposures completely shuts down the IAP gene and
modifies offspring phenotype (Cooney et al., 2002; Waterland and Jirtle, 2003). The Dutch
famine studies have demonstrated differential methylation of several metabolism genes,
including the IGF2 locus, with prenatal exposure to poor nutrition. Exposed individuals
have poor metabolic regulation, increased body mass index and higher risk for developing

schizophrenia (Heijmans et al., 2008; Tobi et al., 2009).
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Developmental exposures to hormones and endocrine disrupting chemicals have been
shown to alter prostate development. Early prostate development is dependent on
androgens (testosterone and dihydrotestosterone). Disrupting androgen action or
exposure to estrogenic compounds alters early prostate development with long-term
consequences on the adult prostate. Commonly occurring environmental toxins like
Bisphenol A (BPA), Dioxin (TCDD) and phthalates are capable of interfering with
endocrine signaling and are called endocrine disruptors. Exposing pregnant mice to low
doses of estrogen or estrogenic compounds (BPA or diethylstilbestrol) increases the
number of prostate glands formed during fetal life and increases adult prostate size
(Gupta, 2000; Timms et al., 2005; vom Saal et al., 1997). Developmental exposures to
estrogens or BPA increases susceptibility to prostate cancer in rats (Ho et al., 2006).
Prenatal exposure to the endocrine disruptor ethinylestradiol, found in oral
contraceptives, pre-disposes male and female gerbils to prostate lesions with aging
(Perez et al., 2016). Exposure to estrogenic chemicals alters DNA methylation in the
prostate. Developmental exposure to estradiol and BPA alters DNA methylation patterns
of several genes including phosphodiesterase type 4 variant 4 (PDE4D4), Pitx3, Wnt10b,
Paqgr4, Sox2, Chst14, Tpd52 and Creb3/4. These DNA methylome changes persist into
adulthood (Cheong et al., 2016; Ho et al., 2006; Tang et al., 2012). Additional research is
required to ascertain whether differential regulation of these genes contributes to prostate

cancer.

Maternal exposure to the persistent environmental contaminant TCDD alters prostate bud
specification by disrupting Aryl hydrocarbon receptor signaling (Lin et al., 2003; Vezina et

al., 2008b). Exposure to TCDD during in utero and lactational stages decreases adult rat
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prostate size by impairing early prostate proliferation and differentiation (Roman et al.,
1998). In utero and lactational exposure to TCDD predisposes mice to lower urinary
dysfunction in later life (Ricke et al., 2016b). Early TCDD exposure can alter DNA
methylation at imprinted loci in preimplantation embryos (Wu et al., 2004). Further
research is required to link TCDD induced DNA methylation changes to defects in

prostate growth.

DNA methyltransferase co-factor S-adenosyl methionine (SAM) is the source of methyl
groups for DNA methylation. Following removal of the methyl group, SAM is converted to
S-adenosyl homocysteine (SAH) and homocysteine. Homocysteine re-methylation to
replenish pools of SAM requires several methyl group donors like methyl-folate,
methionine and betaine. Availability of methyl donors in the diet can influence DNA
methylation. This is elegantly illustrated by studies in the Agouti mouse model. Early life
exposure to BPA hypomethylates the IAP retrotransposon element upstream of the agouti
gene and shifts coat color to yellow. Maternal diet supplementation with methyl donors
reverses BPA-induced hypomethylation and shifts coat color back to brown (Dolinoy et
al., 2007b). Mice carrying the axin fused (Axinf!) allele with an insertion of the IAP
retrotransposon display variable tail kinking. Maternal methyl donor supplementation
increases methylation of the Axinfu allele and suppresses tail kinking in offspring

(Waterland et al., 2006).

Dietary folate is the most well-studied methyl donor. Folates are water soluble vitamins
that participate in one-carbon transfer, DNA synthesis, cell growth, hematopoiesis and
metabolism. While folates occur naturally in the diet, folic acid is the synthetic form that

is supplemented in fortified food stuffs or consumed as dietary supplements. Folates and
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folic acid are converted to 5-methyl tetrahydrofolate which provides methyl groups for the
conversion of homocysteine to methionine. Methionine is converted to SAM, the methyl
donor for DNA methylation reactions. Adequate consumption of folates is required to

maintain SAM pools.

In 1998, the United States mandated folic acid fortification in cereal grains. Folic acid
fortification has raised serum folate levels in populations of several age groups, most
significantly in children and older populations. Older populations, who are most prone to
folate deficiency, showed an increase in serum folate levels from 26.2 nmol/L to 57.8
nmol/L after fortification (Pfeiffer et al., 2012; Pfeiffer et al., 2007). Maternal consumption
of folic acid during the peri-conceptional period has been shown to reduce the incidence
of neural tube defects (NTDs) in offspring (MRC, 1991). Post-fortification, folic acid levels
have increased in women of childbearing age and resulted in a 19% reduction in the
prevalence of NTDs (CDC, 2007; Honein et al., 2001; Williams et al., 2015). The exact
mechanism of how folates reduce the risk of NTDs remains unknown. DNA methylation
changes associated with defects in folate metabolism have been linked to NTDs. Studies
in rodents have demonstrated that tissues with NTDs had lower levels of SAM and

displayed genomic hypomethylation (Wang et al., 2015).

In addition to participating in methylation, folates are important players in nucleotide
biosynthesis and polyamine synthesis. The complex role of folates in the body could yield
protective or deleterious effects depending on the context. High gestational folic acid has
been shown to have adverse effects on offspring in rodent studies (Barua et al., 2014a;
Barua et al., 2016b). Multiple clinical trials have associated folic acid supplement

consumption with increased risk of prostate cancer (Collin et al., 2010; de Vogel et al.,
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2013; Wien et al., 2012). However, a few meta-analysis studies using combined data
across multiple randomized trials have failed to identify an association between folic acid
supplementation and prostate cancer risk (Qin et al., 2013; Vollset et al., 2013). Despite
contradictory data, the prevalence of folic acid supplement consumption warrants further
research in this area. Maternal supplementation, food grain fortification and consumption
of multi-vitamin supplements have resulted in populations that have been exposed to high
levels of folic acid throughout their lifetime. It is important to fully understand the
consequences of folate supplementation at various stages of life and during disease
processes. Studies examining the impact of folate supplementation in animal models and

humans are summarized in Table 1.3.

Table 1.3 Studies examining the effects folate supplementation on development

and disease

Study Findings Reference

Animal models of folic acid supplementation

Pregnant rats on folic acid Embryos from folic acid supplemented dams  (Achon et al.,

supplemented diet (20-fold displayed lower body weight and length 1999)
higher than recommended)
Pregnant rats on folic acid Maternal folic acid supplementation (Ly et al.,
supplemented diet (2.5- increased risk of mammary 2011)
fold higher than adenocarcinoma in female offspring
recommended)
Mammary tumors induced
by 7,12-

dimethylbenz[alanthracene
in female offspring

Pregnant rats on folic acid = Maternal folic acid supplementation reduced (Sie et al.,
supplemented diet (2.5- risk of colorectal cancer in male offspring 2011)
fold higher than
recommended) Increased colorectal DNA methylation and
Colorectal cancer induced reduced DNA damage

by azoxymethane in male
offspring
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Pregnant mice on folic Folic acid supplementation associated with (Pickell et al.,
acid supplemented diet embryonic delay, growth retardation, thinner 2011)
(20-fold higher than ventricular walls
recommended)
Pregnant mice on folic Folic acid supplementation results in (Mikael et al.,
acid supplemented diet embryonic loss, embryonic defects and 2013)
(10-fold higher than ventricular defects
recommended)
0.4 mg/kg or 4 mg/kg folic Higher dose of folic acid alters gene (Barua et al.,
acid throughout gestation expression in cerebellar hemispheres of 2014a)
and lifetime offspring
Higher dose of folic acid moderately affects
behavior

0.4 mg/kg or 4 mg/kg folic  Higher dose of folic acid results in differential  (Barua et al.,

acid throughout gestation methylation of key developmental genes in 20164, b;
and lifetime cerebellar hemispheres Barua et al.,
2014b)
Sex-specific changes in imprinted and autism
linked genes
Pregnant mice on folic Female offspring of folic acid supplemented (Keating et
acid supplemented diet dams display increased body weight and al., 2015)
(20-fold higher than insulin resistance
recommended)
Pregnant mice on folic Offspring of dams on high folic acid diet (Bahous et
acid supplemented diet display short term memory impairment and al., 2017)
(10-fold higher than decreased hippocampal size
recommended)

Female mice on folic acid Offspring of females on high folic acid diet (Henzel et al.,
supplemented diet prior to show defects in reversal learning 2017)
mating (17-fold higher than

recommended)
Gestational folic acid Airways of offspring from folic acid (Iscan et al.,
supplementation during supplemented dams displayed airway 2018)
pregnancy in mouse remodeling
asthma model
Thicker epithelial and smooth muscle layer in
airway

4 mg/kg or 24 mg/kg folic Folic acid supplemented males mice show (Keil et al.,

acid throughout gestation improvement of urinary symptoms in a 2015a)

and lifetime (12-fold higher
than recommended)

hormone induced model of urinary
obstruction

4 mg/kg or 24 mg/kg folic
acid throughout gestation
and lifetime (12-fold higher

than recommended)

Folic acid supplemented mice show reduced
response to castration induced prostate
involution. Prostates of castrated folic acid
supplemented mice are larger than prostates
from castrated control diet mice

(Joseph et al.,
2018b)
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2 mg/kg folic acid Folate deficient diet blocks prostate cancer  (Bistulfi et al.,
(control), 0.3 mg/kg progression 2011)
(deficient) and 20 mg/kg Folate supplementation had no effect on
(10-fold higher than prostate cancer growth

recommended) fed to
TRAMP mice after weaning
Human studies on maternal folic acid supplementation

Women at risk for NTDs Infants from women given folic acid (MRC, 1991)
~_given 4 mg folic acid/day supplementation had reduced risk of NTDs
Women who consumed Offspring of women who had consumed folic (Steegers-
400 ug folic acid/day acid displayed increased methylation of the ~ Theunissen et
during peri-conceptional IGF2 differentially methylated region al., 2009)

period compared to
women who had refrained Increased /IGF2 methylation was associated

from folic acid with reduced birth weight
consumption
Folic acid consumption Folic acid supplement intake in late (Whitrow et
through diet and pregnancy increases risk of childhood al., 2009)
supplements estimated by asthma in offspring

questionnaire in a group of
490 pregnant women

Folic acid supplementation High folic acid levels associated with atopic (Kiefte-de
during pregnancy dermatitis in offspring Jong et al.,
estimated by questionnaire 2012)
Women who had Folic acid consumption in the peri- (Suren et al.,
consumed folic acid conceptional period reduced risk of autistic 2013)
during peri-conceptional disorders in offspring

period compared to
women who had refrained
from folic acid
consumption
Folic acid consumption Offspring of women who consumed folic acid  (Veeranki et
estimated in women from  during first trimester only or first trimester and al., 2015)

records of prescription later had increased risk of developing
filling childhood asthma
Folic acid supplement Offspring of women with high folic acid (Yang et al.,
exposure in pregnant supplement exposure had increased risk of 2015)
women estimated by developing infant asthma

questionnaire
Impact of folic acid supplementation on prostate cancer

Plasma levels of folates Increasing levels of plasma folate positively  (Hultdin et al.,
were tested for association correlated with prostate cancer risk 2005)
with prostate cancer risk
(Northern Sweden Health
and disease cohort)

Prostate cancer Folic acid supplementation increased the (Figueiredo et
occurrence was assessed long-term probability of being diagnosed with al., 2009)
after folic acid prostate cancer

supplementation
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(Aspirin/Folate polyp
prevention study)

Plasma levels of folates Folate levels showed a positive correlation (Collin et al.,

were tested for association with prostate cancer risk 2010)
with prostate cancer risk

(ProtecT study)
Serum folate levels were Patients with increased serum folate levels  (Tomaszewski

tested for association with had greater cancer proliferation as measured et al., 2011)

prostate cancer cell by Ki67 positivity in biopsy tissue
proliferation in biopsies
(University of Pittsburgh)
Oral folic acid Increased prostate cancer risk after folic acid (Wien et al.,
supplementation was supplementation compared to placebo 2012)
tested for association with
increased cancer risk
(Meta-analysis of multiple
studies)
Serum folate levels were High serum folate concentration associated (de Vogel et
tested for association with  with moderate increase prostate cancer risk al., 2013)
prostate cancer risk
(JANUS cohort, Norway)

Meta-analysis of published Folic acid supplementation does not have a (Qin et al.,
randomized trial data to significant association with prostate cancer 2013)
study the association of incidence

folic acid supplementation

on cancer risk
Meta-analysis of Folic acid supplementation does not have a  (Vollset et al.,
randomized trial data to significant effect on prostate cancer incidence 2013)

study the association of
folic acid supplementation
with cancer incidence

1.7. Addressing gaps in knowledge

The following gaps in knowledge have been addressed by the work presented in this

thesis:

1.7.1. What is the role of DNA methylation in lower urinary tract development?

DNMT1 expression has been shown to be important for the development of several

organs including the intestine, retina and pancreas. The role of DNA methylation in lower

urinary tract development was previously unknown. In Chapter 2, | describe the role of
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the key maintenance methyltransferase, DNMT1, during lower urinary tract development.
DNMT1 expression in the urethra and bladder is required for epithelial cell survival and
normal differentiation. This is a demonstration that epigenetic mechanisms in addition to

classical signaling pathways are important regulators of lower urinary tract development.

1.7.2. How is the Wolffian duct-urethra junction maintained?
The Wolffian duct-urethra junction is a rare junction of epithelia from different germ layers.
Several studies have described the formation of this junction by epithelial fusion.
However, no studies had described mechanisms of how this junction is maintained or the
consequences if it is breached. Results from Chapter 2 show that epithelial depletion by
DNMT1 deletion on one side of the junction allows cells from the other side to invade
across the junction. Consequently, invading Wolffian duct cells in the bladder

mesenchyme are reprogrammed to acquire bladder characteristics.

1.7.3. What is the requirement of epithelial DNMT1 in prostate budding?
Fetal exposures to endocrine disrupting chemicals found in the environment affect
prostate budding and elicit changes in DNA methylation. The impact of these DNA
methylation changes on prostate budding are not fully understood. In Chapter 3, |
describe the genetic approach used to study the requirement of DNMT1 in the epithelium
of the budding prostate. DNMT1 expression is required for survival and cell cycle
progression of prostate progenitor cells and DNMT1 deletion reduces the number of
prostate buds formed. RNA-Seq analysis showed that the expression of several genes
increases multiple fold in the DNMT1 deleted prostates. Endocrine disrupting chemicals
could alter DNA methylation and transcription in the developing prostate through changes

in DNMT1 expression.
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1.7.4. Do multiple lineages constitute prostate buds?
The adult prostate contains multiple lineages and there is increasing interest in whether
these lineages originate during fetal development of the prostate. In Chapter 3, | show
that developing prostate buds is comprised of at least two lineages by using DNMT1
deletion as a novel tool to lower the proliferation rate of a population of cells to test their

incorporation into fast-growing prostate buds.

1.7.5. What is the impact of a methyl donor enriched diet on adult prostate
homeostasis?
Cereal grain fortification, maternal supplementation and vitamin supplement use have
caused folate levels to increase across age groups in the United States. Mice fed a folic-
acid enriched diet display a reduction in symptoms associated with hormone-induced
urinary dysfunction. However, the consequences of a folic acid-enriched diet on prostate
homeostasis and response to androgen deprivation were unknown. In Chapter 4, | show
that continuous exposure to a folic acid-enriched diet attenuates prostate involution in
response to castration. This previously unknown interaction between folic acid and
androgen deprivation has important implications for androgen deprivation therapies that

are used for the treatment of prostate disease.
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2.1. Introduction

The bladder’s specialized epithelium, or urothelium, consists of basal, intermediate and
superficial cell layers which collaborate to establish and maintain a protective barrier
against water, ions and pathogens (Georgas et al., 2015). Uroplakins, expressed on
apical surfaces of terminally differentiated superficial cells, form crystalline plaques to
establish a permeability barrier. Breach of this barrier exposes bladder mucosa,
musculature and surrounding nerve fibers to urinary irritants, causing pain and voiding
dysfunction (Khandelwal et al., 2009). Although bladder urothelium has a slow turnover
rate, it rapidly regenerates in response to injury or infection. Bladder urothelium
regenerates from basal and intermediate cell progenitors specified during embryonic
development (Gandhi, 2013; Papafotiou et al., 2016; Shin et al., 2011). There is a clear
role for retinoid (Gandhi, 2013) and other classical developmental signaling pathways
(Shin et al., 2011) in progenitor specification, but the role of epigenetic factors is poorly
understood. Highlighting the importance of epigenetics in bladder development, a recent
study demonstrated that the Polycomb repressor complex 2, which has histone
methyltransferase activity, is essential for maintenance of embryonic and adult urothelial
progenitors (Guo et al., 2017). The initial purpose of this study was to investigate whether
DNA methylation is required in lower urinary tract development and specifically in bladder
urothelial  development. The key maintenance methyltransferase, = DNA
methyltransferase-1 (Dnmt1) coordinates many aspects of organogenesis (Elliott et al.,
2015; Georgia et al., 2013) and maintains progenitors required for tissue regeneration
(Sen et al., 2010). Dnmt1 is required for progenitor survival, cell differentiation and lineage

commitment in developing intestine (Elliott et al., 2015), retina (Nasonkin et al., 2013) and
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pancreas (Georgia et al., 2013), but its requirement in bladder and urethral development

has not been examined.

We used a Shhe® (Harfe et al., 2004) driver to conditionally delete Dnmt1 in embryonic
mouse urethral and bladder epithelium, where it is highly expressed (Keil et al., 2013) .
Embryonic day (E) 18.5 mutants harbored an abnormally thin bladder urothelium
characterized by discontinuous Uroplakin expression, fewer basal and intermediate cells,
and widespread apoptosis. At earlier developmental stages, Dnmt1 depleted urethral and
bladder epithelium lost DNA methylation, progressively activated the DNA damage
response and P53, and underwent apoptosis at E15.5. By following Shh lineage marked
cells in urethra and bladder at this stage, our initial focus on DNA methylation gave rise
to a far more important discovery: that Wolffian duct epithelial cells migrate into the
damaged lower urinary tract of mutant mice and reprogram to acquire urethral and
bladder epithelial markers (FOXA1, Keratin 5, P63 and Uroplakin). Our results establish
a new paradigm for bladder regeneration: depletion of urothelial progenitors can trigger
recruitment of Wolffian duct epithelial cells into the urethra and bladder, where they
expand and reprogram to restore the Uroplakin barrier. This previously unknown function
of Wolffian duct epithelium as a reservoir for bladder replacing cells has important

implications for bladder regenerative therapies.

2.2. Materials and Methods

Data dissemination
Raw image files and other data generated as part of this study can be found at GUDMAP

Consortium https://doi.org/10.25548/W-QXXC (Vezina, 2018). RNA-Seq data was
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deposited in Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/) Accession number:

GSE115477.

Conditional urogenital tract endodermal Dnmt1 knockout embryos (Dnmt1cKO)

Mice were housed as previously described (Mehta et al., 2011) in clear plastic cages
containing corn cob bedding and maintained on a 12-hr light and dark cycle at 25+5°C
and 20-50% relative humidity. Feed (Diet 2019 for males and Diet 7002 for pregnant
females, Harlan Teklad, Madison, WI) and water were available ad libitum. All procedures
performed on mice were approved by the University of Wisconsin-Madison Animal Care
and Use Committee and were carried out in accordance with the Guide for the Care and
Use of Laboratory Animals. Mice carrying the Dnmti1Flox allele (B6.129S4-
Dnmt1tm2Jae/Mmucd) were from the Mutant Mouse Research and Resource Centers at the
University of California, Davis (MMRRC, 014114-UCD). Genotyping for the Dnmt1Flox
allele was carried out as described previously (Jackson-Grusby et al., 2001). Mice
carrying the Shhee allele (B6.CgShhim!(EGFP/ere)Ctd - The Jackson Laboratory, 005622)
were genotyped as described previously (Harfe et al., 2004). Mice carrying the Cre
inducible R26R-LacZ reporter allele (B6;129S4-Gt(ROSA)26Scrtm1SoJ - The Jackson
Laboratory, 003309) were genotyped wusing the following primers: 5'-
AAAGTCGCTCTGAGTTGTTAT -3'and 5'-GCGAAG AGTTTGTCCTCAACC-3' (Soriano,
1999). Mice carrying the R26R-EYFP  reporter  allele (B6.129X1-
Gt(ROSA)26Sotm1(EYFP)CosJ The Jackson Laboratory, 006148) were genotyped using the
following primers: 5'-AAAGTCGCTCTGAGTTGTTAT -3' and 5'-
AAGACCGCGAAGAGTTTGTC -3' (Srinivas et al., 2001). Dnmt1Flox mice were bred to

mice carrying either the R26R-LacZ or R26R-EYFP alleles to obtain Dnmt1Flox/Flox;
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R26R/R26R females. These females were crossed with Shhcre/+; Dnmt1Flox/+ males in
timed matings. The mating pair was placed together in a microisolator cage between 4-6
pm in the evening. Females were removed to a separate cage between 6-7 am on the
morning of the next day after confirming the presence of a copulatory plug. Noon of the
same day was considered to be embryonic day (E) 0.5. Dams were euthanized by CO:2
asphyxiation to harvest embryos at different embryonic stages. Of the resulting offspring,
Shhcre/+; Dnmt1Flox/+; R26R/+ embryos (Control) were used as controls and compared
to age-matched mutant litter mates of the genotype Shhcre/+; Dnmt1Flox/Flox; R26R/+
(Dnmt1cKO). Male and female embryos prior to gonadal differentiation were identified by
genotyping for the Sry gene locus with the following primers: 5'-
TGCAGCTCTACTCCAGTCTTG-3’ and 5-GATCTTGATTTTTAGTGTTC-3' (Kim et al.,
2011). For each analysis n>3 litter independent male or female embryos of each genotype

were used.

Fluorescent Immunohistochemistry

Fluorescent immunohistochemistry was performed as described previously (Abler et al.,
2011a). In brief, 5 ym paraffin sections were deparaffinized in xylene and hydrated
through a series of ethanol washes. Heat mediated antigen retrieval was performed by
boiling slides in 10 mM sodium citrate (pH 6.0) for 20 mins in a conventional microwave
oven. Tissues were washed with a solution containing 25 mM Tris-HCI, pH 7.5, 140 mM
NaCl, 2.7 mM KCI, and 0.1% Tween-20 (TBSTw) and non-specific binding sites were
blocked for 1 hr in TBSTw containing 1% Blocking Reagent (Roche Diagnostics,
Indianapolis, IN), 5% normal goat sera, and 1% bovine serum albumin fraction 5

(RGBTw). Tissues were incubated overnight at 4°C with primary antibodies diluted in
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RGBTw. Following primary antibody incubation, tissues were washed several times in
TBSTw and incubated with secondary antibodies diluted in RGBTw for 1 hour at room
temperature. Images were obtained using a Leica SP8 Confocal Microscope fitted with
a 20X oil immersion objective (HC PL Apo CS2 NA = 0.75) (Leica, Wetzlar, Germany) or
a Nikon Eclipse E600 compound microscope fitted with 10X (Plan Fluor NA = 0.30) and
20X (Plan Fluor NA = 0.50) (Nikon Instruments Inc., Tokyo, Japan) or a Keyence BZ-
X710 microscope (Keyence, Osaka, Japan). Sections from both experimental groups
were imaged using the same exposure settings or laser power for a given antibody
combination. The tile-scanning function was used to obtain images of entire tissue
sections containing the urethra and bladder to reduce sampling bias. For primary and
secondary antibody information see Table 2.1.

Hematoxylin-Eosin staining

5 um paraffin sections were washed in xylene and rehydrated through a series of graded
ethanol washes. Slides were washed in water and a drop of Hematoxylin QS (Vector
Laboratories, Burlingame, CA, US) was placed over the tissue for 8 minutes. Slides were
washed in tap water and phosphate buffered saline to develop stain. Slides were then
washed in a 50% ethanol solution followed by a 75% ethanol solution. Slides were
incubated in Eosin working solution (0.25% Eosin, 60% ethanol, 0.5% glacial acetic acid)
for 2 minutes and dehydrated through a series of graded ethanol washes. Slides were
washed in xylene and mounted with Richard-Allan Scientific™ Mounting Medium (Thermo
Fisher Scientific, Waltham, MA, USA) before coverslips were applied. Images were

obtained using an Eclipse 80i compound microscope.

RNA in situ Hybridization
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In situ hybridization for tissue sections was carried out as described previously (Abler et
al., 2011b; Keil et al., 2012). For in situ hybridization, tissues were fixed overnight in
phosphate buffered saline containing 4% paraformaldehyde, embedded in OCT
embedding medium, cut into 10 ym sections and mounted on glass slides. Slides were
air-dried for 15 mins and fixed for 1 hour in 4% paraformaldehyde. Slides were washed
in phosphate buffered saline containing 0.1% Tween20 (PBSTw) and incubated for 20
mins in PBSTw containing 6% hydrogen peroxide. Following PBSTw washes, slides were
incubated in PBSTw containing 5 ng/pl Proteinase K for 8 mins. After proteinase
digestion, slides were fixed for 10 mins in a 0.2% glutaraldehyde, 4% paraformaldehyde
solution. Following this, slides were incubated in acetylation solution (0.1M
Triethanolamine, 0.078M HCI, 0.25% acetic anhydride) for 10 mins. Slides were
incubated in prehybridization solution (50% formamide, 25% SSC, 1% Roche blocking
reagent #11096176001, 10 ug/ml yeast tRNA, 10 pg/ml heparin) for 1 hour and hybridized
with 0.2 pyg/ml of digoxygenin conjugated RNA probe overnight at 60.5 C. After overnight
incubation with probes, slides were washed with formamide containing solutions, treated
with RNase solution and blocked in 10% sheep serum, 1% Roche blocking reagent and
1% BSA for 2 hours. Slides were incubated overnight with anti-digoxygenin alkaline
phosphatase conjugated antibodies (Roche #11093274910). Following overnight
antibody incubation, slides were washed and incubated in BM purple alkaline
phosphatase precipitating substrate (Roche #11442074001). After completion of the
colorimetric reaction, tissues were fixed overnight in phosphate buffered saline containing

4% paraformaldehyde before imaging using a Nikon Eclipse 80i compound microscope.
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For primer sequences using for making RNA probes and complete probe sequences see

Table 2.1.

Assay for B-galactosidase activity

B-galactosidase activity was assessed as previously described by (Cheng et al., 1993)
with modifications described by (Mehta et al., 2013). Briefly, freshly dissected tissues
were fixed for 20 minutes on ice in phosphate buffered saline (PBS) containing 4%
paraformaldehyde, rinsed with cold PBS and incubated in a solution containing 5 mM
KsFe(CN)3,5 mM KsFe(CN)s, 2 mM MgClz, 0.02% NP-40, 0.01% sodium deoxycholate,
and 1mg/ml X-Gal. Tissues were light protected and incubated for 3 hours at 37 C on a
rocking platform. Tissues were fixed overnight in PBS containing 4% paraformaldehyde

before imaging.

Wolffian duct epithelium/bladder mesenchyme recombinants

Wolffian ducts were dissected from E14.5 CD-1 wildtype embryos. Bladders were
dissected from embryos heterozygous for UBC-GFP (ubiquitous GFP). Epithelium and
mesenchyme were separated by incubation in 1% Trypsin (in Hanks Balanced Salt
Solution containing 7.5% NaHCO3) for 90 mins at 4 C followed by microdissection.
Isolated Wolffian duct epithelium was placed on top of bladder mesenchyme on a sterile
filter placed in the well of a 6-well dish containing 1 ml of DMEM/F12 (Fisher
#SH30271.01) with 6.7 ng/ml Sodium Selenite, 10 pug/ml Insulin, 5.5 pg/ml Transferrin, 1
ng/ml Dihydrotestosterone and antibiotics (Penicillin/Streptomycin/Fungizone Fisher
#SV30079.01). Tissue recombinants were allowed to adhere for 24 hours and grafted
under the renal capsule of athymic nude mice. Grafts were harvested after 3 weeks, fixed

overnight in 4% paraformaldehyde and processed for immunohistochemistry.
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E14.5 Bladder grafts

Lower urinary tracts were dissected from E14.5 Control and Dnmt1cKO embryos obtained
through timed matings. Bladders were severed from the urethra and Wolffian ducts and
grafted under the renal capsule of athymic nude mice. Grafts were harvested after 3
weeks, fixed overnight in 4% paraformaldehyde and processed for

immunohistochemistry.

Bladder urothelium thickness measurements

Hematoxylin-eosin stained tissue sections were imaged for measuring thickness of
bladder compartments namely the urothelial layer, lamina propria and muscularis propria.
Image analysis was performed using Imaged v1.51k. For urothelium, the shortest
distance between the lamina propria and bladder lumen were measured across five
different regions using the Straight-line tool. Three litter independent samples per

genotype were analyzed.

Cell density counts for bladder layers

5 ym bladder sections were fluorescently labeled with antibodies to E-cadherin (CDH1)
and Smooth muscle actin alpha and the nuclear dye DAPI as described above. The
unlabeled region between E-cadherin labeled urothelium and Smooth muscle actin
labeled muscularis propria was defined as the lamina propria. Image analysis was
performed using ImagedJ v1.51k. The Freehand selection tool was used to select the
lamina propria region. The Measure function was used to determine the selected area.
The Clear Outside function was used to clear from the image regions residing outside the
lamina propria. The Split Channels option was used to isolate DAPI staining. Individual

lamina propria nuclei were counted using the Analyze particles function. Lamina propria
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cell density was computed as the number of nuclei per mm squared of lamina propria

area. Three litter independent samples per genotype were analyzed.

Pixel staining intensity for COL1A1 antibody

5 um bladder sections were fluorescently labeled with antibodies against COL1A1, CDH1
and the nuclear dye DAPI as described above. Image analysis was performed using
Imaged v1.51k. The Freehand selection tool was used to select the lamina propria region
where the COL1A1 antibody staining was localized. The Measure function was used to
find the area of the selection. The Clear Outside function was used to clear regions
outside the lamina propria. The Split Channels option was applied to isolate COL1A1
staining. Thresholding was applied, and the area covered by thresholded pixels was
measured using Analyze>Measure functions. Pixel density was computed as the area of
antibody stained pixels to the total selection area. Results were presented as a

percentage value. Three litter independent samples per genotype were analyzed.

Cell counts for differentiation markers, cleaved caspase-3

5 pm bladder sections were fluorescently labeled with antibodies to various cellular
proteins. Image analysis was performed using ImagedJ v1.51k. Cells positive for various
markers were counted manually using the Cell Counter plugin. Three litter independent

samples per genotype were analyzed.

Statistical Analysis

Statistical analysis was carried out using R version 3.2.4. Homogeneity of variance was
determined using Bartlett's test or Levene’s test using R packages. Student’s t-test was
performed on parametric data with two groups. One-way ANOVA was performed on

parametric data with more than two groups. P values less than 0.05 were considered
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statistically significant. Results are presented as mean + standard error of the mean
(SEM) from at least three litter independent samples per genotype. NS: Not significant,

* p<0.05, ** p<0.01, *** p<0.001.

RNA-Seq

E15.5 Control and Dnmt1cKO bladder epithelium was isolated by trypsin digestion as
described previously (Cunha and Baskin, 2016). Dissected tissues were placed directly
into RLT Plus lysis buffer (Qiagen) for later processing. For each batch of harvest,
dissected tissues from multiple embryos were pooled into one lysate. Total RNA was
purified from the RLT Plus lysates using the RNeasy Plus Micro Kit (Qiagen) according
to manufacturer’s instructions. For constructing the RNA-Seq library, total RNA from each
batch of samples (using an input of ~100 ng total RNA) were used following the LM-seq
protocol (Hou et al., 2015). The reads generated from the Illumina HiSeq 3000 (69 cycles
of insert read and 10 cycles of index read) were processed with CASAVA-1.8.2
basecalling software (lllumina). The demultiplexing step allotted approximately 333
million total reads across the all the samples, ranging from ~0.3 million to ~13.6 million
reads assigned per sample. Reads were mapped to Mus musculus reference mm10
assembly with an average of ~74.5% mapping rate using Bowtie (Langmead et al., 2009),
and gene expression estimates were obtained using RSEM (Li and Dewey, 2011).
Differentially expressed genes were identified using the DESeq2 package (Love et al.,
2014). Independent filtering was performed to eliminate genes with less than 10 reads in
all samples combined. Genes with adjusted p-value or False discovery rate (FDR) <0.1
were considered to be differentially expressed. Gene Ontology enrichment analysis for

biological processes was conducted using WebGestalt (Wang et al., 2017).
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2.3. Results

Dnmt1 deletion in Shh lineage cells leads to neonatal lethality

Mice carrying one copy of the Shh¢® transgene and one copy of a Dnmt1flox allele
(Jackson-Grusby et al., 2001) served as experimental controls for mice carrying one copy
of the Shhere allele and two copies of the Dnmt1flox allele (Dnmt1cKO). Initial observation
of Dnmt1cKO neonates revealed severe lung hypoplasia, cyanosis and death at postnatal
day O (Figure S 2.1 A-B). Subsequent studies with embryos examined at or before E18.5,
prior to development of respiratory complications, revealed viable Dnmt1cKO embryos
with a normal external appearance and a crown-rump length comparable to controls
(Figure S 2.1 C). Cre recombination, evaluated by inducible R26R-LacZ or R26R-EYFP
lineage reporters, localized to bladder and urethral epithelium but not caudal Wolffian or
Mullerian duct epithelium (Figure 2.1 A, S 2.3 C). All subsequent Figure panels are from

male embryos unless otherwise specified.

Wolffian duct epithelial cells are recruited into the Dnmt1 depleted lower urinary
tract

We first tested whether DNMT1 protein abundance and global DNA methylation were
reduced in E18.5 Dnmt1cKO mutants. DNMT1 and 5-methylcytosine (5mC) were not
detected in Shh lineage (EYFP+) epithelial cells in Dnmt1cKO mutants. The most
surprising finding was the presence of many EYFP-, DNMT1+, 5mC+ cells in Dnmt1cKO
urethra and bladder (Figure 2.1 A-B, S 2.1 D-E). We used a different lineage reporter
(R26R-LacZ) to evaluate Shh lineage cell distribution. A sizeable cluster of lineage
negative (non-stained with X-Gal) epithelial cells accumulated between the bladder neck

and Wolffian duct of Dnmt1cKO mutants (Figure 2.1 C-D). Presence of Shh lineage
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negative cells in this region is unusual considering that the entire epithelium of the urethra

and bladder derives from Shh lineage cells (Seifert et al., 2008).

Incomplete Cre mediated recombination could cause Shh lineage negative cells to
accumulate but this is unlikely given these cells are not randomly distributed but instead
restricted to a discrete anatomical region. In addition, 100% Cre recombination was
observed in controls (Figure S 2.1 F-N). We then contemplated the unusual possibility
that Shh lineage negative cells are recruited to the Dnmt1cKO urethra from a different
source. Wolffian duct epithelium, marked by Paired Box 2 (PAX2) and Paired Box 8
(PAX8) (Bouchard et al., 2002), is the closest non-endodermal epithelial source and
derives from a Shh negative lineage (intermediate mesoderm). PAX2+, PAX8+ cells were
restricted to control mouse Wolffian ducts as expected but surprisingly extended into
Dnmt1cKO urethra and bladder (Figure 2.1 E-F). Pax2 and Pax8 mRNAs were expressed
in patterns resembling their protein expression (Figure S 2.2 A-D) and we confirmed
PAX8+ cells were indeed integrated into Dnmt1cKO urethral epithelium because they
were externally bounded by a continuous laminin a1 (LAMA1) stained basement
membrane (Figure S 2.2 E-F). Collectively, these results support the hypothesis that
Wolffian duct epithelial cells are recruited into Dnmt1cKO urethra and bladder and that
cell recruitment is unidirectional (urethra/bladder epithelial cells do not invade Wolffian
duct epithelium). Ureters and Mdullerian ducts could be additional sources of PAX2+,
PAX8+ cells but there was no evidence of cell movement from either of these tissues into
the urethra and bladder (Figure S 2.2 I-J and K-L). Further, when Dnmt1cKO bladders
are severed from the Wolffian ducts and grafted, no PAX2+ cells appear in bladder

(Figure S 2.2 M-N).
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We examined multiple developmental stages, spanning E12.5-E18.5, to pinpoint when
Wolffian duct cells are recruited into Dnmt1cKO urethra and bladder. Between E12.5-
E14.5, no PAX2+ Wolffian duct cells were observed in urethra or bladder of either
genotype (Figure 2.1 G-J, S 2.2 G-H). The Wolffian ducts were separated from the urethra
and bladder by the urogenital sinus (UGS) ridge, an epithelial thickening on the urethral
side of the Wolffian duct-urethra junction. The UGS ridge was present and its size
comparable between genotypes at E13.5 and E14.5 (Figure 2.1 G-J). At E15.5, the
Dnmt1cKO UGS ridge was smaller than controls and was completely absent by E18.5
(Figure 2.1 K-N). Wolffian duct cells colonized the male Dnmt1cKO urethra at the onset
of UGS ridge depletion at E15.5 and progressively expanded into the bladder. None of
the ectopic PAX2+ Wolffian duct cells expressed the Shh lineage label, indicating these
cells do not acquire Shh expression or lose DNMT1 within urethra or bladder (Figure S

2.1 N-O).

Onset of Wolffian duct cell recruitment at E15.5 excludes the possibility that these cells
are remnants of the transitory Wolffian duct derivative, the common nephric duct. The
common nephric duct typically recedes at E11.5 (Batourina et al., 2005) and there was
no evidence of Wolffian duct cell recruitment into the urethra until E15.5. We also found
that Wolffian duct cells are recruited to the female Dnmt1cKO urethra at E15.5, prior to
Wolffian duct degradation at E16.5 (Figure S 2.3), suggesting this phenomenon occurs in

both sexes.

Wolffian duct cells recruited to the Dnmt1 depleted lower urinary tract acquire

bladder epithelial characteristics
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We found that bladder mesenchyme can instructively reprogram Wolffian duct epithelium
when the tissues are combined and grafted under the kidney capsule for continued
development (Figure S 2.4 G-J). We tested whether similar reprogramming occurs in
Wolffian duct cells recruited to the bladder. During normal development and
differentiation, bladder epithelium initially expresses the definitive endoderm marker
FOXA1 and then acquires Keratin 5 (KRT5), P63 and Uroplakin (UPK) to generate basal
(KRT5+, P63+, UPK-), intermediate (KRTS5-, P63+, UPK+) and superficial (KRT5-, P63-
, UPK+) cells (Gandhi, 2013). During embryonic development in control mice, Wolffian
duct epithelium exhibits a columnar morphology in contrast to the cuboidal morphology
of urethral epithelium and does not express FOXA1, KRT5, P63 or Uroplakins. At the
onset of Wolffian duct epithelial cell recruitment into the Dnmt1cKO lower urinary tract
(E15.5), only a few PAX2+ cells were present in the urethra and these cells expressed
FOXA1 but not KRT5 or P63 (Figure S 2.4). At E18.5, many PAX2+ cells resided in the
Dnmt1cKO urethra and bladder and all co-expressed FOXA1 (Figure 2.2 A-B). PAX2+,
PAX8+ cells residing closest to the Wolffian duct-urethra junction were KRT5-, P63- and
those in the bladder neck and bladder were KRT5+, P63+ (Figure 2.2 C-J). These results
indicate that recruited Wolffian duct epithelial cells progressively differentiate as they
migrate away from the Wolffian duct and into bladder. Consistent with this hypothesis,
recruited Wolffian duct cells near the E18.5 Dnmt1cKO Wolffian duct had a columnar
morphology resembling Wolffian duct epithelia while those in the bladder had a cuboidal

morphology resembling bladder epithelia (Figure 2.2 O).

Cell counts show that 100% of Wolffian duct cells (Shh lineage negative) in the urethra

express PAX2 whereas only 64% of Wolffian duct cells in the bladder express PAX2
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(346/537 cells counted) (Figure S 2.1 N). We hypothesized that Wolffian duct cells enter
the bladder from the urethra as a homogenous population and some lose PAX2
expression upon differentiation. We tested and confirmed that bladder-recruited Wolffian
duct cells (Shh lineage negative, EYFP- cells) achieved expression of Uroplakin (UPK),
the defining marker of bladder superficial cells (Figure 2.2 P-Q). These UPK+ Wolffian
duct cells appeared to be PAX8- (Figure 2.2 K-N) although adjacent basal cells were
PAX8+. We interpret these results as evidence that Wolffian duct cells partially retain their
identity when reprogrammed to basal cells but lose their Wolffian duct identity when

reprogrammed to superficial cells.

Dnmt1 depleted lower urinary tract epithelia differentiate inappropriately and are
abnormally thin

Having characterized Wolffian duct cell recruitment and reprogramming in Dnmt1cKO
lower urinary tracts, we turned our attention to the Dnmt1 depleted epithelium into which
they are recruited. Dnmt1cKO urethras exhibited abnormal dorsal-ventral patterning and
disorganization, with acellular holes in the epithelium (Figure 2.3 A-F). Dnmt1cKO
bladders were abnormally large, filled with urine (Figure S 2.5 A-B), and featured a thinner

epithelium than controls (Figure 2.3 G-I).

We hypothesized Dnmt1 deficiency causes inappropriate epithelial differentiation and cell
depletion, creating a permissive environment for colonization by Wolffian duct cells. We
focused on the bladder apex region because it is least contaminated by recruited Wolffian
duct cells (Figure 2.1 A-B) and made three observations supporting inappropriate
differentiation of Dnmt1 depleted bladder epithelial cells. First, | noted a precocious

appearance of KRT5+, P63+ basal epithelial cells in E15.5 Dnmt1cKOs compared to
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controls (Figure 2.3 J-K, 2.3 R, S 2.5 ). Second, E18.5 Dnmt1cKO bladders had fewer
KRT5+, P63+ basal cells than controls and were characterized by weak and
discontinuous UPK expression, consistent with impaired barrier function (Figure 2.3 L-O,
2.3 R). Third, E18.5 Dnmt1cKO bladder cells ectopically expressed the squamous
epithelial marker Keratin 17 (KRT17) (Guo et al., 2017) which was absent in control
bladder cells (Figure 2.3 P-Q) and Wolffian duct derived bladder epithelium (Figure S 2.6
Q-T). The proportion of basal, intermediate and superficial cells in Dnmt1cKO bladder
epithelium was also different than controls (Figure 2.3 R). An increased frequency of
superficial cells at the expense of basal and intermediate populations supports the
hypothesis that Dnmt1 deficiency drives premature cell differentiation and depletes
bladder progenitors. Bladder development is dependent on reciprocal signaling between
the epithelium and mesenchyme. Non-cell autonomous effects of epithelial DNMT1
deletion were observed in Dnmt1cKO bladder mesenchyme including reduced lamina
propria cell density and decreased COL1A1 expression (Figure S 2.5 C-H). The
expression profile of Wolffian duct derived bladder epithelium closely resembled control
bladder urothelium but the proportion of bladder epithelial sub-types was changed (Figure
S 2.6). UPK staining was discontinuous where Dnmt1 was depleted (EYFP+) but
continuous where Wolffian duct cells (EYFP-) replaced the damaged epithelium (Figure
S 2.6 U-X, S 2.7). This is evidence that recruited Wolffian duct cells not only differentiate

towards a bladder fate, but also restore the UPK barrier.

Dnmt1 depleted lower urinary tract cells are hypomethylated and undergo

apoptosis
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To understand the mechanisms underlying epithelial depletion and disorganization, we
performed RNA-Seq analysis of isolated E15.5 bladder epithelium (at onset of Wolffian
duct migration). We observed increased abundance of P53 targets including Cdkn1a1,
Ccng1 and Pmaipi1 (Noxa) (Figure S 2.8). Previous studies in developing intestine and
pancreas associated Dnmt1 depletion with DNA hypomethylation and P53-mediated
apoptosis characterized by Gamma-H2AX activation (DNA damage marker), P53
activation (Ser15 phosphorylation) and Caspase 3 cleavage (Elliott et al., 2015; Georgia
et al., 2013). We examined whether a similar series of events precipitates apoptosis of
Dnmt1cKO urethra and bladder epithelium. Loss of DNMT1 protein and 5mC labeling was
detected as early as E13.5 in Dnmt1cKO urethra and bladder (Figure S 2.9 A-D).
Immunolabeling showed that Phospho-Gamma-H2AX (Figure 2.4 A-H) and Phospho-P53
Serine 15 (Figure 2.4 |-P) were increased in Dnmt1cKO urethra and bladder starting at
least as early as E13.5. Phospho-P53 Serine 15 appeared to localize to mitochondria,
was restricted to Dnmt1 depleted (EYFP+) cells and was absent from recruited Wolffian

duct cells (EYFP-) (Figure S 2.9 E-P).

We next tested whether DNA damage and P53 phosphorylation triggered apoptosis in
Dnmt1cKO epithelial cells. Cleaved Caspase 3 positive lower urinary tract epithelial cells
were rare and their frequency did not differ between genotypes at E13.5 and E14.5
(Figure 2.4 Q-T). By E15.5 and continuing through E18.5, cleaved Caspase 3 positive
epithelial cells were significantly more frequent in Dnmt1cKOs than controls (Figure 2.4
U-Z). Cleaved Caspase 3 staining in Dnmt1cKOs was confined to Dnmt1 depleted Shh
lineage (EYFP+) cells and was absent from recruited Wolffian duct (EYFP-) cells (Figure

S 2.10). Thus, DNA hypomethylation, DNA damage and P53 activation precede apoptosis
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in Dnmt1cKO urethra and bladder epithelia at E15.5, and apoptosis coincides with
Wolffian duct cell recruitment. Because Wolffian duct cells are not recruited into the lower
urinary tract until Dnmt1 deficient cells undergo apoptosis, | conclude Wolffian duct cell

recruitment is a consequence of Dnmt1 ablation.

2.4. Discussion

Our results support the model in Figure 2.5. Dnmt1 ablation in urethral and bladder
epithelium causes global DNA hypomethylation, initiates a DNA damage response and
drives P53-mediated apoptosis. Urethral and bladder epithelial cell depletion and UGS
ridge breakdown are triggers for Wolffian duct cell recruitment. Recruited cells migrate
into the bladder, acquire bladder-specific markers and restore the bladder’s Uroplakin
barrier. These results identify Wolffian duct epithelium as a new reservoir for bladder

epithelial cell replacement.

This is the first study to investigate the role of DNMT1 in urethra and bladder
development. Dnmt1 deletion in the lower urinary tract caused extensive epithelial
damage as evidenced by acellular holes in the epithelium, increased frequency of
apoptotic cells, thinning of bladder epithelium and discontinuous Uroplakin staining. DNA
hypomethylation is accompanied by activation of the DNA damage response, P53
accumulation and apoptosis. The sequence of molecular events leading to Dnmt1
deficient bladder cell apoptosis matches that described in Dnmt1 depletion studies in the
developing intestine (Elliott et al., 2015) but the outcome is unique: Dnmt1 ablation in
lower urinary tract epithelium triggers cell movement events that were not detected in

previous conditional Dnmt1 mutant studies. Together, our results demonstrate a
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requirement for Dnmt1 in maintaining global DNA methylation and progenitor cell survival

in the developing bladder epithelium.

Early in embryonic development, Wolffian ducts elongate along the anteroposterior axis,
turn towards the midline and fuse with the cloacal epithelium (precursor of urethral and
bladder epithelia). The timing of Wolffian duct-urethra junction formation is critical and the
mechanism has been thoroughly characterized (Chia et al., 2011), but it was not known
how this junction is maintained during lower urinary tract development and maturation.
Our study reveals a novel and unexpected role of cell survival mediated by Dnmt1 in
maintaining the junction by preventing the intermixing of Wolffian duct and urethral cells.
Although the Wolffian duct-urethra junction is formed normally in Dnmt1 mutants, it is not
maintained. Our results demonstrate for the first time that the Wolffian duct-urethral
junction can be destabilized and breached by epithelial depletion/injury of the urethral
epithelium. Other instances of epithelial injury to the urethra could potentially cause this

to happen in humans.

Wolffian duct cell recruitment into the urethra and bladder is a novel and unprecedented
observation, but | only examined embryonic stages due to neonatal lethality of Dnmt1cKO
mutants. Our results raise new questions about whether postnatal Wolffian duct
derivatives (vas deferens, seminal vesicle) retain the capacity to invade the postnatal
urethra and bladder. Intriguing support for this possibility exists in patients with the rare
condition of nephrogenic adenoma, a benign lesion of the bladder or urethra observed
most frequently in patients with a history of bladder injury, inflammation, infection, kidney
stones or urogenital surgeries (Ford et al., 1985; Mazal et al., 2002). Presence of PAX2

and PAX8 immuno-positive cells in bladder and urethral biopsies is diagnostic for
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nephrogenic adenoma (Pina-Oviedo et al., 2013), but the source of these cells is not
completely known. One study demonstrated that exfoliated kidney epithelial cells from
donors colonize bladders of kidney transplant recipients who later developed nephrogenic
adenoma (Mazal et al., 2002). Whether other cell types, including Wolffian duct
epithelium, can also be recruited to the postnatal bladder has not been examined. The
adult regenerative capacity of Wolffian duct derivatives is an important avenue to pursue.
Our study and nephrogenic adenoma demonstrate the ability of injured bladder epithelium
to recruit non-bladder cells to repair itself. These non-bladder cells could behave
differently from normal bladder epithelium in disease contexts and could contribute to

disease in the long-term.

One of the most surprising observations from this study is the newly recognized capacity
of mesodermal Wolffian duct epithelial cells to acquire endodermal bladder epithelial
characteristics after invading Dnmt1cKO bladder epithelium. Tissue recombination
studies using in vivo grafting of tissue recombinants have identified the inductive
capacities of embryonic bladder mesenchyme. Embryonic bladder mesenchyme induces
urothelial differentiation when recombined with adult bladder epithelium (Oottamasathien
et al., 2006) or adult mesenchymal stem cells (Anumanthan et al., 2008), and | report
here for the first time that the bladder mesenchyme can instructively reprogram Wolffian
duct epithelium. The presence of Wolffian duct epithelial cells in the inductive bladder
mesenchyme niche of Dnmt1cKO mutants provides a unique opportunity to study
Wolffian duct epithelial reprogramming by bladder mesenchyme in vivo. Once in the
bladder, recruited Wolffian duct epithelial cells acquire expression of KRT5, P63 and

Uroplakin, signifying urothelial differentiation. Progressive differentiation of recruited
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Wolffian duct cells as they move from urethra to bladder suggests that the degree of
reprogramming could depend on the time spent in the new niche or relative location within

this niche.

Bladder basal and intermediate cells had been considered the only populations to
participate in bladder regeneration after injury (Gandhi, 2013; Papafotiou et al., 2016).
Here we demonstrate that Wolffian duct epithelial cells can also repopulate injured
bladders and restore a Uroplakin barrier. This capacity can potentially be leveraged for
bladder regeneration therapies. Currently, intestinal epithelium is used as a source of
tissue for creating neo-bladders for urine repositories. However, disparate functions of
intestinal and bladder epithelium lead to complications, which include excess mucous
production that increases urine viscosity and impairs neo-bladder emptying (N'Dow et al.,
2001). Alternate strategies for bladder replacement include the use of acellular matrices
as scaffolds to guide regeneration (Lin et al., 2015). Our results support the possibility
that Wolffian duct-derived tissue may be another cell source for autologous bladder
regeneration. Crucial to future studies is a determination of whether Wolffian duct
derivatives retain the capacity to reprogram into bladder epithelial cells during postnatal

stages or in adulthood.
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2.5. Figures and Tables
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Figure 2.1 Wolffian duct-derived epithelial cells are recruited into Dnmt1

conditional knockout (Dnmt1cKO) lower urinary tracts

(A-B) Lower urinary tract sagittal sections labeled with antibodies against DNMT1 (red)
and EYFP (green, labels Shh lineage cells). DNMT 1+, EYFP- cells in Dnmt1cKO urethras

are indicated by white arrows. Boxed areas in (A) and (B) are magnified in (A’), (A”) and
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(B*), (B”). (C-D) Lateral views and (C’-D’) ventral views of lower urinary tracts treated with
X-Gal to reveal LacZ activity (blue) in Shh lineage cells. A wedge of LacZ- cells is
enclosed with black dashed lines. (E-F) Lower urinary tract sagittal sections labeled with
antibodies against Wolffian duct epithelial markers PAX2 (red) and PAX8 (green). PAX2+,
PAX8+ cells in Dnmt1cKO UGS epithelium indicated by white arrows. (G-N) Lower urinary
tract sagittal sections from sequentially staged Control and Dnmt1cKO embryos labeled
with antibodies against PAX2 (red) and EYFP (green, labels Shh lineage cells). White
arrowheads indicate the UGS ridge and asterisks indicate a deficient UGS ridge in
Dnmt1cKO embryos. White arrows mark PAX2+, EYFP- cells in Dnmt1cKO urethra and
bladder. DAPI staining shown in blue. Scale bar: 100 um. Abbreviations: Wd: Wolffian

Duct, Ur: Urethra, Bl: Bladder, Bl Neck: Bladder Neck.
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Figure 2.2 Recruited Wolffian duct cells acquire bladder characteristics as they

expand into the Dnmt1cKO urethra and bladder.

E18.5 male lower urinary tract sagittal sections labeled with antibodies against (A-B)
FOXA1 (green) and PAX2 (red, labels Wolffian duct epithelium), (C-F) PAX2 (red) and
P63 (green, labels basal epithelium), (G-J) PAX8 (red, labels Wolffian duct epithelium)

and KRT5 (green, labels basal epithelium), (K-N) PAX8 (red) and UPK (green, labels
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superficial epithelium). White arrows indicate PAX2+ or PAX8+ cells in Dnmt1cKO urethra
and bladder epithelia. The anatomical region shown in each panel (urethra or bladder) is
depicted in the schematic diagram. (O) E18.5 male Dnmt1cKO lower urinary tract labeled
with CDH1 (red, labels epithelial cells) and EYFP (green, labels Shh lineage cells). (P-Q)
E18.5 bladders sections labeled with antibodies against PAX8 (red) and UPK (green).
White dotted lines mark the bladder epithelial-stromal interface. DAPI staining shown in

blue. Scale bar: 50 ym. Abbreviations: same as Figure 2.1.
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Figure 2.3 Dnmt1 depleted lower urinary tract epithelial cells precociously

differentiate and disorganize beginning at E15.5.

(A-B) H&E stained E18.5 urethral sections. Black arrows indicate acellular holes in

Dnmt1cKO urethral epithelium. (C-D) E18.5 urethral sections labeled with basal markers

KRT5 (green) and P63 (red). (E-F) E15.5 urethra sections labeled with KRT5 (green) (G-

H) H&E stained E18.5 bladder sections used to quantify (1) Bladder epithelial thickness.



126

(J-K) E15.5 bladder sections stained with antibodies against P63 (red) and KRTS (green).
E18.5 bladder sections from region depicted in diagram stained with (L-M) P63 (red) and
KRTS (green) (N-O) P63(red) and UPK (green), or (P-Q) KRT17 (red) and KRT5 (green).
(R) Percentages of basal, intermediate and superficial bladder epithelial cells at E15.5
and E18.5. Dashed lines demarcate the epithelial-mesenchymal interface. DAPI staining
shown in blue. Scale bar: 50 ym. Graphical data are reported as mean + SEM of at least
three male mice/genotype. Student's t-test * p<0.05, ** p<0.01, *** p<0.001.
Abbreviations: Same as Figure 2.1. in addition to LP: Lamina propria, BLE: Bladder

Epithelium, Cntrl: Control, KO: Dnmt1cKO
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Figure 2.4 Hypomethylation triggers DNA damage and P53-mediated apoptosis in

Dnmt1cKO urethra and bladder.
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E13.5-E18.5 lower urinary tract sections were labeled with antibodies against: (A-H)
Gamma H2AX (red, marker of DNA damage response) and (I-P) Phospho-P53 Serine 15
(red, marks active P53). (J') and (L’) are magnified regions from (J) and (L). (Q-X) Cleaved
Caspase 3 (red, marks apoptotic cells) and EYFP (Shh lineage label, not shown to better
visualize red labeling). Percentage of Cleaved Caspase 3+ Shh lineage cells determined
at (Y) E15.5 and (Z) E18.5. White arrows indicate apoptotic cells. White dashed lines
demarcate the epithelial-mesenchymal interface. DAPI staining in blue. Scale bar: 50 pym.
Graphical data are reported as mean + SEM of at least three male mice/genotype.

Student’s t-test * p<0.05, ** p<0.01, *** p<0.001. Abbreviations: Same as Figure 2.1.

E13.5 E15.5 E18.5
Loss of DNMT1 P53 mediated apoptosis Wolffian duct
Loss of 5SmC Migration of Wolffian cells in bladder
DNA damage duct cells

Apoptotic ‘
\Wd cells ‘

Blﬂ—» <\ —

Ur Endoderm

Lineage+ Wd
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KRT5+ 55;5" d
+  FOXA1+
Do UPK+

Figure 2.5 Model of Wolffian duct cell recruitment and reprogramming in

Dnmt1cKO mice.
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Figure S 2.1 Shh lineage negative Wolffian duct epithelial cells are embedded in

E18.5 Dnmt1cKO urethral epithelium.

(A-B) Images of Control and Dnmt1cKO pups at Postnatal day O (shortly after birth).

Dnmt1cKO pups are cyanotic and die shortly after birth. (C) Crown-rump length (mm)
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was determined for E18.5 Control and Dnmt1cKO embryos. Crown-rump length was 20.5
+ 1 mm in controls and 21.2 + 0.2 mm in Dnmt1cKOs, (n=3/genotype, Student’s t-test
p=0.62). Results are represented as mean+ SEM. NS: Not significant. (D-E) E18.5 male
urethras immunolabeled with antibodies against 5-methylcytosine (red) and EYFP (green,
Shh lineage label). (B’-C’) show the isolated red channel. White arrows identify 5SmC+
EYFP- cells. (F-1) E15.5 and (J-M) E18.5 urethra and bladder sections immunolabeled
with antibodies to PAX2 (red, labels Wolffian duct epithelium) and Shh lineage label (LacZ
or EYFP). White arrowheads indicate PAX2+ cells in urethra or bladder epithelium. (N)
Cell counts for PAX2+ and Shh lineage label+ cells in E18.5 urethra and bladder. (O)
E18.5 male Dnmt1cKO lower urinary tract labeled with DNMT1 (red) and EYFP (green,
labels Shh lineage cells). Long white arrow indicates path taken by Wolffian duct epithelial
cells into the bladder. White dashed lines demarcate the epithelial-mesenchymal
interface. DAPI staining is shown in blue. Graphical data are reported as mean + SEM.
Student’s t-test NS: Not significant. Scale baris 100 um. Abbreviations Wd: Wolffian Duct,

Ur: Urethra, BIl: Bladder.
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Figure S 2.2 Wolffian duct epithelium is the source of PAX2/PAX8+ cells in

Dnmt1cKO urethra and bladder.

(A-D) Pax2 and Pax8 mRNA staining evaluated by in situ hybridization was undetectable

in urethral sections from Control embryos but detected in Dnmt1cKO urethral epithelium
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(indicated by black arrows). (E-F) E18.5 male urethral sections were labeled with
antibodies against LAMA1 (green, marks basement membrane) and PAX8 (red, labels
Wolffian duct epithelium). White arrows indicate PAX8+ cells in Dnmt1cKO urethral
epithelium. (G-H) E12.5 male lower urinary tract sections were labeled with antibodies
against PAX2 (red, labels Wolffian duct epithelium) and EYFP (green, Shh lineage label).
There is no apparent persistent common nephric duct in Dnmt1cKO lower urinary tract.
(I-J) E15.5 urethral sections from male and female Dnmt1cKO embryos labeled with
PAX2 and CDH1 (green, labels epithelial cells). (I') and (J’) represent (I) and (J) with
green channel isolated. White arrows indicate PAX2+ cells in Dnmt1cKO urethral
epithelium. (K-L) E15.5 male lower urinary tract sections were labeled with antibodies
against PAX2 (red) and EYFP (green, Shh lineage label). White arrows indicate PAX2+
cells in Dnmt1cKO urethral epithelium. White arrowheads indicate location of ureters. (M-
N) E14.5 control and Dnmt1cKO bladders were separated from Wolffian ducts and
urethra and grafted under the renal capsule of athymic nude mice for 3 weeks. Tissue
sections were labeled with antibodies against PAX2 (red) and EYFP (green, Shh lineage
label). Boxed areas in (M) and (N) are magnified in (M) and (N’). Asterisk indicates
absence of bladder epithelium. Dashed lines demarcate the epithelial-mesenchymal
interface. DAPI staining is shown in blue. Scale bar is 100 ym. Abbreviations Wd: Wolffian
Duct, Ur: Urethra, BI: Bladder, PBL: Primitive bladder, Md: Mullerian duct, BLE: Bladder

epithelium, BM: Bladder mesenchyme
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Figure S 2.3 Wolffian duct epithelium is the source of PAX2+, PAX8+ cells in

Dnmt1cKO female urethra and bladder.

(A-B) E18.5 female lower urinary tracts were labeled with antibodies against PAX8 (red,
labels Wolffian and Mdullerian duct epithelium) and LAMA1 (green, basement membrane
marker). Boxed areas are magnified in A’ and B’. White arrows indicate PAX8+ cells
invading female urethral epithelium. (C-D) Lateral views and (C’-D’) ventral views of E18.5
female lower urinary tracts stained with X-Gal to reveal LacZ activity (blue) in Shh lineage

cells. All control mouse bladder and urethral epithelial cells were LacZ+ but in
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Dnmt1cKOs, a wedge of LacZ- cells (Shh lineage negative) spanned from the urethra
through the bladder neck. Black arrows indicate regions lacking LacZ activity. Asterisks
indicate the Sinus vagina, the endodermal region where the Mullerian ducts meet the
urethra. (E-F) E15.5 female urogenital sinuses were immunolabeled with antibodies
against PAX2 (red, labels Wolffian and Mullerian duct epithelium) and EYFP (green).
Boxed areas in (F) are magnified in (F’). White arrows indicate Wolffian duct epithelial
cells invading female urethral epithelium. DAPI staining is shown in blue. Scale bar is 100

pum. Abbreviations: Wd: Wolffian duct, Md: Mullerian duct, Ur: Urethra, Bl: Bladder
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Figure S 2.4 At E15.5, Wolffian duct-derived epithelial cells acquire the endodermal
marker FOXA1 but not P63 or Keratin 5; Wolffian duct epithelial reprogramming by

bladder mesenchyme in tissue recombinants.

E15.5 male lower urinary tract sagittal sections were labeled with antibodies against (A-
B) PAX2 (red, labels Wolffian duct epithelium) and FOXA1 (green, labels endoderm
derived tissues) (B’) Pixels with FOXA1 and PAX2 labeling were isolated and pseudo
colored from (B) for assessing FOXA1 expression in invading Wolffian duct cells. (C-D)
PAX2 (red) and P63 (green, labels basal epithelium) and (E-F) PAX2 (red) and KRT5
(green, labels basal epithelium). White arrows indicate PAX2+ cells in Dnmt1cKO urethra

and bladder epithelia. Heterotypic tissue recombinants of isolated E14.5 wildtype Wolffian
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duct epithelium and E14.5 GFP expressing bladder mesenchyme were grafted under the
renal capsule of athymic nude. Tissue sections from 3-week old grafts were labeled with
antibodies against (G) PAX2 (red) and GFP (green, expressed in bladder mesenchyme)
(H) PAX2 (red) and FOXA1 (green) (I) PAX2 (red) and P63 (green) (J) PAX2 (red) and
KRT5 (green) White arrowheads indicate PAX2+ cells that acquired FOXA1, P63 or
KRT5. DAPI staining is shown in blue. Scale bar is 100 ym. Abbreviations Wd: Wolffian
duct, Md: Mdllerian, Ur: Urethra, WDE: Wolffian duct epithelium, BM: Bladder

mesenchyme
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Figure S 2.5 Dnmt1cKO bladders are enlarged, display stromal defects and

impaired epithelial differentiation.

(A-B) Brightfield microscope images of E18.5 male control and Dnmt1cKO bladders.
Black dashed lines enclose the bladder. Scale bar is 500 um. (C-D) E18.5 male bladders

were labeled with antibodies against SMA (red, labels smooth muscle actin) and CDH1
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(green, labels epithelial cells). Scale bar is 50 ym. (E) Lamina propria cell density
quantified from images represented in (C) and (D). (F-G) E18.5 male bladders were
labeled with antibodies against COL1A1 (red, labels Collagen 1a1) and CDH1 (green,
labels epithelial cells). Scale bar is 50 ym. (H) COL1A1 staining intensity in the lamina
propria quantified from images represented in (F) and (G) (I) Sections from E13.5-E18.5
bladders stained with KRT5 (green, basal epithelial marker). White dashed lines indicate
the epithelial-mesenchymal interface. Scale bar is 50 um. DAPI staining is shown in blue.
Graphical data are reported as mean + SEM. Student’s t-test NS: Not significant.
Abbreviations Wd: Wolffian duct, Ur: Urethra, Bl: Bladder, MP: Muscularis propria, LP:

Lamina propria, BLE: Bladder Epithelium
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Figure S 2.6 Comparison of Dnmt1 ablated bladder epithelium (Shh lineage
positive) and invading Wolffian duct epithelial cells (Shh lineage negative) lining

the bladder

Figures in a column depict region of interest depicted in diagram above it. E18.5 bladder
sections were labeled with antibodies to Shh lineage label EYFP (green) and (A-C)
FOXA1 (red) (D) Quantification of percentage FOXA1+ bladder epithelial cells (E-G) P63
(red) (H) Quantification of percentage P63+ bladder epithelial cells (I-K) KRTS (red) (L)
Quantification of percentage KRT5+ bladder epithelial cells (M-O) KRT14 (red) (P)
Quantification of percentage KRT14+ bladder epithelial cells (Q-S) KRT17 (red) (T)
Quantification of percentage KRT17+ bladder epithelial cells (U-W) UPKIIIl (red) (X)
Percentage of bladder apical surface covered by Uroplakin . White dashed lines indicate
the epithelial-mesenchymal interface. Scale bar is 50 um. DAPI staining is shown in blue.
Graphical data are reported as mean £+ SEM. ANOVA * p<0.05, ** p<0.01, *** p<0.001.
Abbreviations KO Shhlin+: Dnmt1cKO Shh lineage positive cells, KO Shhlin-: Dnmt1cKO

Shh lineage negative cells.
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Figure S 2.7 Dnmt1 ablated bladder epithelium (Shh lineage positive) has
discontinuous Uroplakin barrier while invading Wolffian duct epithelial cells (Shh

lineage negative) lining the bladder have continuous Uroplakin barrier

(A-B) E18.5 male bladder sagittal sections were labeled with antibodies against
Uroplakin Il (red, marks Uroplakin barrier) and EYFP (green, marks Shh lineage cells).
Boxed areas in A and B are magnified in A’, A” and B’, B”. White arrows indicate regions
lacking Uroplakin Ill labeling. DAPI staining is shown in blue. Scale bar is 100 um.

Abbreviations Bl Neck: Bladder Neck, Bl: Bladder
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Figure S 2.8 RNA-Seq analysis shows upregulation of P53 target genes in E15.5

Dnmt1cKO bladder epithelium compared to Control bladder epithelium.



143

Isolated E15.5 bladder epithelia from Control and Dnmt1cKO embryos were used for
RNA-seq analysis. (A) Principal components analysis of samples (B) Summary of
differential gene expression between genotypes. (C) Biological processes enriched in
upregulated genes from Dnmt1cKO bladder epithelium. (D) Heatmap of selected
upregulated genes in Dnmt1cKO vs Control bladder epithelium. Abbreviations FDR: False

Discovery Rate
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Figure S 2.9 P53 activation in Dnmt1cKO lower urinary tracts occurs specifically in

DNMT1- Shh lineage cells and not invading DNMT1+ Wolffian duct epithelial cells.

E13.5 male lower urinary tracts were labeled with antibodies against (A-B) DNMT1 (red)

or (C-D) 5-methylcytosine (red) (E-P) E18.5 male lower urinary tracts were labeled with
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antibodies against Phospho-P53 Serine 15 (red, marker of activated P53) and EYFP
(green, labels Shh lineage cells). P53 immunostaining is punctate (likely associated with
mitochondria) and to aide visualization, green and red channels are overlaid in E, H, K,
and N; the green channel is isolated in F, I, L, O, and the red channel is isolated in G, J,
M, P. White dashed lines demarcate the epithelial-mesenchymal interface. DAPI staining
is shown in blue. Scale bar is 50 um. Abbreviations Ur: Urethra, Wd: Wolffian duct, BI:

Bladder.

E18.5 CONTROL:Urethra Dnmt1cKO:Urethra CONTROL:BI Dnmt1cKO:BI

EYFP+DNA  cCASP3+EYFP+DNA

CASP3+DNA

C

Figure S 2.10 Apoptosis in Dnmt1cKO lower urinary tracts occurs specifically in

DNMT1- Shh lineage cells and not invading DNMT1+ Wolffian duct epithelial cells.

(A-L) E18.5 control and Dnmt1cKO male lower urinary tracts were labeled with antibodies
against Cleaved Caspase 3 (red, apoptotic marker) and EYFP (green, Shh lineage label).

Cleaved Caspase 3 staining is punctate and to aide visualization, green and red channels
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are overlaid in A, D, G, and J; the green channel is isolated in B, E, H, K, and the red
channelisisolated in C, F, |, L. Dashed white lines demarcate the epithelial-mesenchymal
interface. White arrows indicate cleaved Caspase 3 positive cells. DAPI staining is shown

in blue. Scale bar is 50 um. Ur: Urethra, BI: Bladder.

Table 2.1 Reagents and resources

Reagent or Resource Source/Reference Identifier

Antibodies

Mouse monoclonal anti-5 methyl cytosine Abcam Cat#ab10805;
RRID:AB 442823

Mouse monoclonal anti-CDH1 BD Transduction Labs Cat#610181;
RRID:AB_397580

Rabbit monoclonal anti-CDH1 Cell Signaling Cat#3195S

Rabbit monoclonal anti-Cleaved Casp3 Cell Signaling Cat#9664;

(Asp 175)

RRID:AB_2070042

Mouse monoclonal anti-COL1A1

Novus Biologicals

Cat#NB600-450;
RRID:AB_10124390

Rabbit monoclonal anti-DNMT1 Cell Signaling Cat#D63A6;
RRID:AB_10828695
Mouse monoclonal anti-FOXA1 Millipore Cat#05-1466;
RRID:AB_1977191
Chicken polyclonal anti-GFP Abcam Cat#ab13970;
RRID:AB_300798
Rabbit polyclonal anti-GFP Rockland Cat# 600-401-215,
Immunochemicals RRID:AB_828167
Rabbit polyclonal anti-Histone H2AX Cell Signaling Cat#2577;
(phospho Ser139) RRID:AB_2118011
Chicken polyclonal anti-KRT5 Biolegend Cat#905901;
AB 2565054

Mouse monoclonal anti-KRT14

Thermo Fisher Scientific

Cat# MS-115-P0,
RRID:AB_63786

Rabbit monoclonal anti-KRT17 Abcam Cat#ab109725;
RRID:AB_10889888

Chicken polyclonal anti-LacZ Abcam Cat# ab9361,
RRID:AB_307210

Rabbit polyclonal anti-Laminin Sigma Cat#L.9393-.2ml;
RRID:AB 477163

Mouse monoclonal anti-P53 (phospho Cell Signaling Cat#9286;

Ser15) 16G8 RRID:AB_331741

Mouse monoclonal anti-P63 Biocare Medical Cat#CM163A;

RRID:AB_10582730

Rabbit polyclonal anti-PAX2

Covance

Cat#PRB-276P-200;
RRID:AB_291611

Mouse monoclonal anti-PAX8

Thermo Fisher Scientific

Cat# MA1-117;
RRID:AB_2536828

Mouse monoclonal anti-Smooth muscle

actin alpha

Leica

Cat#ncl-sma;
RRID:AB 442134




Rabbit polyclonal anti-UPK (pan)

Tung-Tien Sun, New
York University

Mouse monoclonal anti-UPKIII

Fitzgerald Industries

Cat# 10R-U103a,

International RRID:AB_1289312
Goat polyclonal anti-Chicken Alexa488 Jackson Cat#103-545-155;
conjugated Immunoresearch RRID:AB_2337390
Goat polyclonal anti-Mouse Alexa488 Jackson Cat# 115-547-003;
conjugated Immunoresearch RRID:AB_2338869
Goat polyclonal anti-Rabbit Alexa488 Jackson Cat# 111-547-003;
conjugated Immunoresearch RRID:AB_2338058
Goat polyclonal anti-Mouse Alexa594 Jackson Cat# 115-585-062;
conjugated Immunoresearch RRID:AB_2338876
Goat polyclonal anti-Rabbit Alexa594 Jackson Cat# 111-586-045;
conjugated Immunoresearch RRID:AB_2338067
Sheep polyclonal anti-Digoxygenin Alkaline  Roche Cat#11093274910;

phosphatase conjugated

RRID:AB_514497

Experimental Models: Organisms/Strains

Mouse: B6.129S4-Dnmt 1tm2Jae/Mmucd

MMRRC, UC Davis

Stock#014114-UCD;
RRID:MMRRC_014
114-UCD

Jackson Laboratory

Stock#005622;
RRID:IMSR_JAX:00
5622

Mouse: B6;129S4-Gt(ROSA)26Sertm1SortJ

Jackson Laboratory

Stock#003309;
RRID:IMSR_JAX:00
3309

Mouse: B6.129X1-
Gt(ROSA) 26Son‘m1(EYFP)Cos/J

Jackson Laboratory

Stock#006148;
RRID:IMSR_JAX:00
6148

Mouse: CD-1 IGS mouse (wildtype)

Charles Rives

Stock#022

Mouse: C57BL/6-Tg(UBC-GFP)30Scha/J

Jackson Laboratory

Stock#004353,
RRID:IMSR_JAX:00
4353

Mouse: Athymic nude nu/nu

Jackson Laboratory

Stock#002019

Sequence-Based Reagents

Mouse Pax2 ISH probe Forward primer
5-TGGAGACTCCCAGAGTGGTG-3’

This paper

N/A

Mouse Pax2 ISH probe Reverse primer

5-
CGATGTTAATACGACTCACTATAGGGCC
TGAAGC TTGATGTGGTC-3 (T7 binding
site underlined)

This paper

N/A

Mouse Pax8 ISH probe Forward primer
5-CCCAGAGAGTCACACAAAGG-3

This paper

N/A

Mouse Pax8 ISH probe Reverse primer
5-CGATGTTAATA
CGACTCACTATAGGGGGTAGCCACTGG
TTGAGAGG-3' (T7 binding site underlined)

This paper

N/A

Pax2 ISH probe binding site

This paper

NM_011037.4

Pax8 ISH probe binding site

This paper

NM_011040.4

Software and Algorithms

ImagedJ

imagej.nih.gov

Version 1.51k

R for Windows

cran.r-project.org

Version 3.2.4
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Adobe lllustrator adobe.com CC2017

Adobe Photoshop adobe.com CC2017
Deposited Sequence data

RNA-Seq data (14 samples) deposited in This paper GEO Accession:
Gene Expression Omnibus (GEO) GSE115477
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CHAPTER 3. EPITHELIAL DNA METHYLTRANSFERASE-1
REGULATES CELL SURVIVAL, GROWTH AND MATURATION IN

DEVELOPING PROSTATIC BUDS

Adapted from Diya B Joseph, Anoop S Chandrashekar, Lisa L Abler, Li-Fang Chu,

James A Thomson and Chad M Vezina

(Manuscript under review at Developmental Biology)
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3.1. Introduction

Prostatic buds arise from the urethral epithelium in response to androgen signaling in
adjacent mesenchyme. Coordinated epithelial-mesenchymal interactions guide
morphogenesis in the developing prostate as in other budding organ systems. While
morphogens, growth factors and their receptors have been a major focus of mechanistic
studies, few studies have examined how epigenetic processes engage in morphogenesis.
DNA methyltransferase-1 (DNMT1) carries out cytosine methylation of unmethylated
daughter strands in newly replicated DNA (Monk et al., 1987; Reik et al., 2001). Dnmt1
knockout mice die at mid-gestation, highlighting a critical role in early embryonic
development (Li et al., 1992). We previously reported that Dnmt1 expression domains
change synchronously with prostatic bud specification and initiation. Dnmt1 expression is
widespread in urethral epithelium and stroma prior to bud formation at E16.5 and restricts
to highly proliferative basal epithelial cells during prostatic bud specification and initiation
(Keil et al., 2013). DNA methylation regulates prostate morphogenesis through diverse
molecular processes including epithelial adhesion and androgen receptor signaling. We
found that DNA methylation decreases prior to prostatic bud initiation at the androgen
receptor (Ar) locus and increases during prostatic bud outgrowth at the E-cadherin (Cdh1)
locus. By selectively inhibiting DNA methylation with the DNMT1 inhibitor 5-aza-2’-
deoxycytidine (6AzadC) at key developmental stages, we either increased Ar abundance
and accelerated prostatic bud formation or increased Cdh1 abundance and interfered

with bud outgrowth (Keil et al., 2014a; Keil et al., 2014b).

Our previous findings revealed essential roles of DNA methylation in prostatic bud

morphogenesis, but we did not pinpoint whether prostatic bud formation requires DNMT1
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in the mesenchyme or epithelium because it was not possible to deliver 5AzadC in a cell-
specific manner. We were also unable to examine the requirement for DNMT1 in vivo
because 5AzadC is a lethal teratogen (Bulut et al., 1999) which interacts non-specifically
with other epigenetic processes (Wozniak et al., 2007), and interferes with testicular

development and androgen synthesis (Choi et al., 2013; Cisneros and Branch, 2003).

To circumvent limitations of pharmacological DNMT1 inhibition, we employed targeted
genetic approaches to delete Dnmt1 in the urethral epithelium that gives rise to prostatic
buds. Targeted genetic approaches have been used previously to interrogate the role of
DNMT1 in the developing bladder (Joseph et al., 2018), intestine (Elliott et al., 2015),
retina (Nasonkin et al., 2013) and pancreas (Georgia et al., 2013), but the prostate has
not been studied in this context. We used a Shhcre driver (Harfe et al.,, 2004) to
conditionally delete Dnmt1 across urethral epithelium from which prostatic buds emerge
(cDnmt1KOs) and discovered that DNMT1 is required for prostatic bud formation and
elongation and maintains urethral epithelial cell integrity, cell cycle progression and
survival. DNMT1 depleted cells undergo G2/M cell cycle arrest and apoptosis. cDnmt1KO
urethras, rescued from embryos and grafted under the kidney capsule for continued
development, are devoid of mature prostate glands. These findings establish a critical
role for DNMT1 in regulating prostate budding by maintaining survival of urethral epithelial

cells from which prostate buds emerge.

The exact identity of urethral epithelial cells that give rise to prostate buds remains
unclear. It was initially believed that a single urethral epithelial cell type, characterized by
expression of basal epithelial cell markers KRT14 and TRP63, gave rise to prostatic bud

and ductal epithelium (Kurita et al., 2004; Signoretti and Loda, 2006; Signoretti et al.,
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2005). Recent results indicate these factors are not ubiquitous across the prostatic bud.
KRT14 and TRP63 are more abundant in epithelial cells of the lateral and distal portions
of prostatic buds (margin cells) than inner (core) prostatic bud epithelial cells (Abler et al.,
2011a; Mehta et al.,, 2013). Whether molecular differences extend to functional or
physiological differences between prostatic bud epithelial cell populations has not been
examined. A greater understanding of these molecular differences and how it is
established could resolve which developmental processes (oriented cell division,
convergent extension, collective cell migration, epithelial-to-mesenchymal cell transition)
underlie prostatic bud elongation. In this study, we show that prostatic bud epithelial cells

divide parallel and perpendicular to the bud axis to elongate and widen prostatic buds.

Having demonstrated oriented cell division in prostatic buds and the requirement for
DNMT1 in cell survival, we leveraged our new findings to pinpoint the contribution of cell
proliferation to prostate bud elongation. Specifically, we used Dnmt1 deletion as tool to
determine whether DNA methylation-dependent cell proliferation is equally required in all
epithelial cells within the prostate bud. The approach involved a ShhereEr2 driver to achieve
Dnmt1 inactivation in a subset (mosaic) of urethral epithelium (iDnmt1LOFs). Though
prostatic bud development proceeds normally in iDnmt1LOF mice, DNMT1- cells are not
randomly distributed in prostate buds. Replication competent DNMT1+ cells accumulate
preferentially in prostatic bud margins and tips while DNMT1- replication impeded cells
are excluded from bud margins and tips, accumulating instead in prostatic bud cores.
These results are consistent with differing cell proliferation requirements in prostatic bud
margin versus core epithelial cells and allow for the possibility that prostatic bud core cells

arise from a non-proliferative mechanism such as cell migration.
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3.2. Materials and Methods

Animals

Mice were housed as previously described (Mehta et al., 2011). All procedures performed
on mice were approved by the University of Wisconsin-Madison Animal Care and Use
Committee and were carried out in accordance with the Guide for the Care and Use of
Laboratory Animals. All embryos used in this study were obtained from timed matings.
Mice carrying the Dnmt1Flox allele (B6.129S4-Dnmt1tm2Jae/Mmucd) were from the Mutant
Mouse Research and Resource Centers at the University of California, Davis (MMRRC,
014114-UCD). Genotyping for the Dnmt1Flox allele was carried out as described
previously (Jackson-Grusby et al., 2001). Mice carrying the ShhereErn2 allele (B6.129S6-
Shhim2(cre/ERT2)CiYY - The Jackson Laboratory, 005623) and the Shhcre allele (B6.Cg-
Shhim1(EGFPrere)Cjt) - The Jackson Laboratory, 005622) were genotyped as described
previously (Harfe et al., 2004; Mehta et al., 2013). Mice carrying the Cre inducible R26R-
LacZ reporter allele (B6;129S4-Gt(ROSA)26S0tm1So7J The Jackson Laboratory, 003309)
were genotyped as described previously (Soriano, 1999). Mice carrying the R26R-EYFP
reporter allele (B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/)  The Jackson Laboratory, 006148)
were genotyped as previously described (Srinivas et al., 2001). Dnmt1Flox mice were
bred to mice carrying either the R26R-LacZ or R26R-EYFP alleles to obtain
Dnmt1Flox/Flox; R26R/R26R females. These females were used for timed matings with
Shhcre/+; Dnmt1Flox/+ or ShhcreErt2/+; Dnmt1Flox/+ males. Dams were euthanized by
CO2 asphyxiation to harvest embryos. Of the resulting male offspring, cre/+; Dnmt1Flox/+;

R26R/+ embryos were used as controls and compared to litter mates of the genotype
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cre/+; Dnmt1Flox/Flox; R26R/+. Wildtype C57BI6/J or CD-1 mice were obtained from the

Jackson laboratory or Charles River laboratories respectively.

Tamoxifen administration

Pregnant dams were dosed intra-peritoneally with sterile corn oil (2.5 ml/kg) containing
10% ethanol, tamoxifen (200 mg/kg mouse weight, Sigma #T756482, St. Louis MO) and
progesterone (75 mg/kg mouse weight, Watson #NDC0591-3128-79, Corona CA) on
embryonic day 9.5 to activate Cre recombinase in embryos carrying the ShhereEn2 gllele.
Dams were euthanized by CO2 asphyxiation and embryos were collected at embryonic

day 18.5.

Renal grafting

Embryonic day 18.5 urogenital sinuses were placed under the renal capsule of 6-12 week
intact male athymic nu/nu mice (The Jackson Laboratory, 002019). Grafts were grown for

1 month before tissues were collected.

Fluorescent Immunohistochemistry

Fluorescent immunohistochemistry was performed as described previously (Abler et al.,
2011a). Dissected tissues were fixed overnight in 4% paraformaldehyde and processed
to obtain paraffin sections. 5 ym paraffin sections were deparaffinized in xylene and
hydrated through a series of ethanol washes. Heat mediated antigen retrieval was
performed by boiling slides in 10 mM sodium citrate (pH 6.0) for 20 mins in a conventional
microwave oven. Tissues were washed with a solution containing 25 mM Tris-HCI, pH
7.5, 140 mM NaCl, 2.7 mM KCI, and 0.1% Tween-20 (TBSTw) and non-specific binding

sites were blocked for 1 hr in TBSTw containing 1% Blocking Reagent (Roche
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Diagnostics, Indianapolis, IN), 5% normal goat sera, and 1% bovine serum albumin
fraction 5 (RGBTw). Tissues were incubated overnight at 4°C with primary antibodies
diluted in RGBTw. Following primary antibody incubation, tissues were washed several
times in TBSTw and incubated with secondary antibodies diluted in RGBTw for 1 hour at
room temperature. Tissues were washed in TBSTw and labeled with 4’,6-diamidino-2-
phenylindole, dilactate (DAPI) to visualize cell nuclei and mounted in phosphate buffered
saline containing 80% glycerol and 0.2% n-propyl gallate. Images were obtained using a
Leica SP8 Confocal Microscope fitted with a 20X oil immersion objective (HC PL Apo
CS2 NA = 0.75) (Leica, Wetzlar, Germany) or a Nikon Eclipse E600 compound
microscope fitted with 10X (Plan Fluor NA = 0.30) and 20X objectives (Plan Fluor NA =
0.50) (Nikon Instruments Inc., Tokyo, Japan). Sections from both experimental groups
were imaged using the same exposure settings or laser power for a given antibody
combination. The tile-scanning function was used to obtain images of entire tissue
sections containing the urethra to reduce sampling bias. For primary and secondary

antibody information see Table 3.1.

EdU Proliferation assay

5-ethynyl-2’-deoxyuridine (Thermo Fisher Cat #A10044-50 mg) was dissolved in sterile
saline to a concentration of 1 mg/ml. Timed pregnant females were dosed
intraperitoneally at 5 mg EdU/kg body weight two hours prior to euthanasia to label S
phase cells in embryos. Tissue sections from EdU dosed embryos were labeled using the

Click-iT EdU Alexa Fluor 488 Imaging kit (Thermo Fisher Cat #C10337).

Mitotic spindle angle measurements
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Mitotic spindles in tissue sections were labeled using antibodies to Gamma tubulin
(Abcam #ab11317). Spindle angles were computed with respect to a tangent drawn to
the closest bud edge using ImageJ v3.3.1 as previously described (Feng et al., 2013).
Spindle angles were binned into 3 categories: 0-30 degrees (parallel to axis of bud
extension), 30-60 degrees (random) and 60-90 degrees (perpendicular to axis of bud

extension).

RNA in situ Hybridization

In situ hybridization for whole tissues was carried out as described previously (Abler et
al., 2011b; Keil et al., 2012a). For in situ hybridization on tissue sections, lower urinary
tracts fixed overnight in phosphate buffered saline containing 4% paraformaldehyde were
embedded in OCT embedding medium and cut into 10-micron sections before probe
hybridization. Sequences for primers used in riboprobe synthesis are as follows: Mouse
Nkx3-1 5- CAGTGGCTGATGTCAAGG-3 and 5-
CGATGTTAATACGACTCACTATAGGGCTAAGCAGGA AGGGCAGGAG-3.  After
completion of the colorimetric reaction, tissues were fixed overnight in phosphate buffered
saline containing 4% paraformaldehyde before imaging using a Nikon Eclipse 80i

compound microscope or an Olympus SZX10 dissecting microscope.

Hematoxylin-eosin staining

5-micron paraffin sections were washed in xylene and rehydrated through a series of
graded ethanol washes. Slides were washed in water, Hematoxylin QS (Vector
Laboratories, Burlingame, CA, US) was added dropwise to cover tissue sections and

tissues were stained for 8 minutes. Slides were washed in tap water and phosphate
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buffered saline to develop stain. Slides were then washed in a 50% ethanol solution
followed by a 75% ethanol solution. Slides were incubated in eosin working solution
(0.25% eosin, 60% ethanol, 0.5% glacial acetic acid) for 2 minutes and dehydrated
through a series of graded ethanol washes. Slides were washed in xylene and mounted
with Richard-Allan Scientific™ Mounting Medium (Thermo Fisher Scientific, Waltham,
MA, USA) before coverslips were applied. Images were obtained using a Nikon eclipse

80i compound microscope.

Whole-mount tissue staining

Lower urinary tract tissue was harvested from E18.5 embryos. Tissues were briefly
washed in cold phosphate buffered saline and fixed in 4% paraformaldehyde solution for
20 mins on ice. Tissues were washed in 25 mM Tris-HCI, pH 7.5, 140 mM NacCl, 2.7 mM
KCI, and 0.1% Triton-X100 (TBSTx). Tissues were then digested with 1 mg/ml
Collagenase from Clostridium histolyticum, washed and post-fixed in 4%
paraformaldehyde for 20 mins. Tissues were washed and blocked for 1 hr in TBSTx
containing 1% Blocking Reagent (Roche Diagnostics, Indianapolis, IN), 5% normal goat
sera, and 1% bovine serum albumin fraction 5 (RGBTx) with 0.5% Triton X-100 and 1%
dimethyl sulfoxide. After blocking, tissues were incubated in RGBTx containing primary
antibodies overnight at room temperature. Tissues were washed 5 times for 1 hour in
TBSTx and incubated with secondary antibodies diluted in RGBTx (overnight at 4°C).
Tissues were washed 5 times for 1 hour each in TBSTx and cleared in Citifluor (Electron

Microscopy Sciences). Images were obtained using a Leica SP8 Confocal Microscope.

RNA-Seq
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Urethral epithelia were isolated by trypsin digestion as described previously (Cunha and
Baskin, 2016). Dissected tissues were placed directly into RLT Plus lysis buffer (Qiagen)
for later processing. Dissected tissues from multiple embryos were pooled into one lysate.
Total RNA was purified from the RLT Plus lysates using the RNeasy Plus Micro Kit
(Qiagen) according to manufacturer’s instructions. For constructing the RNA-Seq library,
total RNA from each batch of samples (using an input of ~100 ng total RNA) was used
following the LM-seq protocol (Hou et al., 2015). The reads generated from the lllumina
HiSeq 3000 (69 cycles of insert read and 10 cycles of index read) were processed with
CASAVA basecalling software (lllumina). The demultiplexing step allotted approximately
124.7 million total reads across the all the samples, ranging from ~0.7 million to ~18.9
million reads assigned per sample. Reads were mapped to Mus musculus reference
mm10 assembly with an average of ~66% mapping rate using Bowtie (Langmead et al.,
2009), and gene expression estimates were obtained using RSEM (Li and Dewey, 2011).
Differentially expressed genes were identified using the DESeq2 package (Love et al.,
2014). Independent filtering was performed to eliminate genes with less than 10 reads in
all samples combined. Genes with adjusted p-value or False discovery rate (FDR) <0.05
were categorized as differentially expressed. Gene Ontology enrichment analysis for
biological processes was conducted using WebGestalt (Wang et al., 2017). RNA-Seq
data was deposited in Gene Expression Omnibus (www.ncbi.nim.nih.gov/geo/)

Accession number: GSE121086.

Real-time quantitative PCR

Quantitative PCR was carried out as previously described (Keil et al., 2014a; Keil et al.,

2012b). Relative mRNA abundance was determined using the ACt method (Yuan et al.,
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2006) and normalized to the abundance of housekeeping gene Ppia. Urethral tissue from
four embryos was used for analysis. Primers sequences are provided in the Key resource

table.
Statistical Analysis

Statistical analysis was conducted using R version 3.3.1. Two tailed Student’s t-test was
performed on untransformed data that passed the Bartlett’'s test for homogeneity of
variance. P values less than 0.05 were considered statistically significant (* p<0.05, ** p<
0.01, ** p<0.001). Results are presented as mean + standard error of mean (SEM) from

at least 3 litter independent male embryos per genotype.

3.3. Results

Epithelial DNMT1 is required for prostate bud formation

We used Shhcre and Dnmt1Flox alleles to test whether Dnmt1 deletion from urethral
epithelium reduces prostatic budding. The Shhcre allele expresses Cre recombinase
throughout the urethral epithelium starting as early as E10.5, which is prior to the onset
of prostate bud formation at E16.5 (Seifert et al., 2008). We compared embryos carrying
one copy of the Shhcre allele and one copy of the Dnmt1Flox allele (control) to those
carrying one copy of the Shhcre allele and two copies of the Dnmt1Flox allele
(cDnmt1KO). Cre inducible R26R-LacZ or R26R-EYFP alleles were also incorporated to

visualize Cre-mediated recombination.

cDnmt1KO newborns do not survive more than a few minutes, are cyanotic and have
severely hypoplastic lungs compared to controls (Joseph et al., 2018). DNMT1 protein is

detectable in most urethral epithelial cells and is especially abundant in prostatic bud
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epithelial cells of control mice but is undetectable in Shh lineage labeled cDnmt1KO
urethral epithelium (Figure S 3.1 A-B). 5-methylcytosine (5mC) immunoreactivity is
abundant in control urethral epithelium but is undetectable in cDnmt1KO urethral

epithelium (Figure S 3.1 C-D).

We tested whether prostate bud formation is impaired by labeling isolated E18.5 urethras
with an in-situ hybridization probe against NK3 homeobox 1 (Nkx3-1) and counting
labeled buds. cDnmt1KO fetuses have fewer total prostatic buds (Figure 3.1 A-C) and
specifically fewer dorsal and anterior prostatic buds than controls (Figure S 3.2 A).
cDnmt1KO prostatic buds are unusually short and wide compared to control buds (Figure
3.1 D-E). We also show that deleting a single Dnmt1 allele (controls) does not affect the
quantity of prostatic buds compared to cre negative mice (Figure S 3.2 B), thereby

validating single Dnmt1flox mice as appropriate controls for subsequent experiments.

To summarize, DNMT1 expression in the urethral epithelium maintains DNA methylation

and is required for prostate bud formation and elongation.

DNMT1 maintains urethral and prostatic epithelial cell organization

We performed immunolabeling with an antibody against Keratin 5 (KRT5) to assess basal
epithelial surface integrity across the budding prostatic urethra. KRTS labeling in the basal
layer is discontinuous in cDnmt1KO tissues while control tissues appear normal with a
continuous KRT5 layer (Figure 3.1 F-G). The tight-junction protein ZO-1 was visualized
as a secondary epithelial integrity measure and is apically localized and continuous in
control urethral epithelium but noticeably less abundant and non-apically distributed,

especially around acellular holes of cDnmt1KOs (Figure 3.1 H-I). Our results indicate that
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Dnmt1 expression is required for maintaining urethral and prostatic basal epithelial

organization and tight junctions.

DNMT1 is required for normal cell cycle progression in urethral and prostatic

epithelium

We used Ki67 immunostaining to test whether a cell proliferation defect underlies
impaired prostatic budding in cDnmt1KOs. Nuclear Ki67 is expressed in active phases of
the cell cycle. We were surprised to observe a higher percentage of Ki67 positive urethral
epithelial cells in cDnmt1cKOs than in controls, despite reduced prostate bud formation
in cDnmt1KOs. (Figure 3.2 A-C). To further investigate this counterintuitive finding, we
decided to examine cell proliferation within the urethral epithelium in greater detail. We
performed a short pulse labeling with EAU to compare S-phase cell frequencies between
genotypes. Despite a greater frequency of cells entering the cycle (Ki67+), the frequency
of cells progressing to S-phase is significantly lower in Dnmt1cKOs compared to controls

(Figure 3.2 D-F).

We hypothesized that cell cycle arrest at later stages promotes Ki67+ epithelial cell
accumulation in Dnmt1cKO urethral epithelium. Phospho-histone H3 Serine 10
immunostaining was used to calculate percentages of G2 and M phase cells. G2 phase
nuclei have speckled Phospho-histone H3 Serine 10 labeling while M phase nuclei are
intensely and homogeneously labeled (Ozawa, 2008). The percentage of G2 phase cells
is greater in cDnmt1KOs than controls while the percentage of M phase cells does not
differ between groups (Figure 3.2 G-I). Together these results indicate that cDnmt1KO

urethral and prostatic bud epithelia undergo G2/M cell cycle arrest.
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DNMT1 suppresses DNA damage, p53 activation and apoptosis in the developing

urethral and prostatic bud epithelium

We used RNA-Seq to identify molecular mechanisms contributing to G2/M cell cycle
arrest in cDnmt1KO urethras. Urethral epithelia were isolated at E15.5, prior to prostate
bud outgrowth. We found that 434 genes are more abundant and 602 genes less
abundant in cDnmt1KOs compared to controls (Figure 3.3 A-B). Among genes
upregulated in cDnmt1KOs are those involved in DNA methylation and the intrinsic
apoptotic signaling pathway, including the p53 target gene cyclin dependent kinase
inhibitor 1a (Cdkn1a, also known as p21) (Fischer, 2017) (Figure 3.3 C-D). Cdkn1a
controls the G2/M cell cycle checkpoint (Agarwal et al., 1995; Niculescu et al., 1998) and
its increased abundance in cDnmt1KOs is consistent with G2/M arrest. We used real-time
RT-PCR to confirm Cdkn1a mRNA is also significantly more abundant in E18.5
cDnmt1KO whole prostatic urethras (epithelium+mesenchyme) than in controls (Figure

3.4 A).

Checkpoints prevent cells with incomplete DNA replication or DNA damage from passing
incomplete or abnormal genetic material to daughter cells. In Figure S1, we show that
depleting DNMT1 diminishes 5mC. DNA hypomethylation is a trigger for the DNA damage
response (Elliott et al., 2015; Palii et al., 2008), which involves activation of ATM kinases
that phosphorylate and stabilize p53 to induce apoptosis (Banin et al., 1998; Georgia et
al., 2013; Jackson-Grusby et al., 2001). There are more cells immune-positive for the
DNA damage marker gamma H2AX in cDnmt1KO urethral epithelia than in control
epithelia (Figure 3.4 B-C) and p53 phosphorylated at Serine 15 accumulates cDnmt1KO

urethral epithelia (Figure 3.4 D-E). We also show there are more cleaved caspase 3
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positive apoptotic cells in cDnmt1KO urethral epithelia compared to that of controls
(Figure 3.4 F-H). Thus, loss of DNMT1 protein leads to DNA hypomethylation, which
triggers a DNA damage induced, p53-mediated apoptotic cell death pathway in
cDnmt1KO urethral epithelium. Collectively, we found that DNMT1 maintains DNA

methylation and cell survival in urethral and prostatic bud epithelia.

DNMT1 expression is required for prostate glandular development

Prostatic gland genesis is not complete until approximately one month after birth but
cDnmt1KO pups die soon after birth (Joseph et al., 2018). We therefore rescued E18.5
prostatic urethras from control and cDnmt1KO embryos and grafted them under the
kidney capsule of intact male athymic nude mice for continued growth and development.
Grafts from control and cDnmt1KO embryos do not differ in size (Figure 3.5 A-B). Control
grafts contain glandular structures resembling mature prostatic ducts and seminal
vesicles, both with visible intra-luminal secretions. Seminal vesicle tissue is expected in
grafts, as the fetal material used for grafting contains seminal vesicle remnants despite
removal of much of the tissue by dissection. However, cDnmt1KO grafts are completely
devoid of prostatic glands and instead only contain seminal vesicle tissue (Figure 3.5 C-

D).

As further evidence for impaired prostate gland genesis in cDnmt1KO mutants, we used
immunohistochemistry to visualize the seminal vesicle epithelial cell marker PAX2 (Quick
et al., 2010) and the endodermal marker FOXA1 (Hou et al., 2007; Taube et al., 2010).
Most of control graft glandular epithelia is FOXA1+, consistent with the endodermal origin

of prostate tissue. In contrast, glandular epithelia in cDnmt1KO grafts are devoid of
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FOXA1+ cells and instead harbor PAX2+ cells, consistent with seminal vesicle identity

(Figure 3.5 E-H).

We visualized the Cre inducible EYFP reporter to test whether glandular epithelia in grafts
derive from an endodermal (EYFP+, prostate) or an intermediate mesoderm origin
(PAX2+, EYFP-, ejaculatory duct and seminal vesicle). Most control graft glandular
epithelial cells are EYFP+. In contrast, cDnmt1KO graft glandular epithelia are PAX2+,
EYFP-, indicating seminal vesicle epithelium (Figure 3.5 I-L). Although cDnmt1KO grafts
do not contain prostate glands, presence of mature seminal vesicle tissue confirms that
grafting was successful. We conclude that DNMT1 expression in fetal prostate epithelia

is required for prostate glandular development and maturation.

Conditional DNMT1 depletion is a new strategy for examining cell replication

requirements in epithelial morphogenesis

Prostatic buds have been postulated to elongate through a combination of oriented cell
division and epithelial-mesenchymal transition, yet there is little direct evidence
supporting either mechanism (Grant and Kyprianou, 2013). We observe that prostatic bud
epithelial cells divide in an oriented manner, with mitotic spindles aligned parallel or

perpendicular to the axis of bud elongation (Figure 3.6 A-C).

In previous figures, we show that DNMT1 depleted cells undergo cell cycle arrest and are
‘replication impeded’ while DNMT1 expressing cells are ‘replication competent’. We
leveraged these observations to examine the requirement for cell replication across

prostatic bud epithelial cells. We used an inducible ShhereEn2 gllele to delete Dnmt1 in a



168

subset of urethral epithelial cells, creating a mosaic urethral epithelium containing

replication impeded (DNMT1-) and replication competent (DNMT1+) cells.

Embryos carrying one copy of the ShhereEn2 gllele and one copy of the Dnmt1Flox allele
(control) were compared to embryos carrying one copy of the ShheeEn2 gllele and two
copies of the Dnmt1Flox allele (iDnmt1LOF). Pregnant dams were dosed with tamoxifen
at £9.5 to activate Cre recombination in the urethral epithelium prior to the onset of
prostate budding. Prostatic bud number does not differ significantly between control and
iDnmt1LOF embryos (Figure 3.6 D-F). The Cre inducible LacZ reporter protein is
expressed in a patchy pattern in iDnmt1LOFs (Figure 3.6 G-H) and Cre recombination

causes DNMT1 ablation and loss of methylation (Figure 3.6 I-J).

Replication competent DNMT1+ cells accumulate in prostatic bud tips while

replication impeded DNMT1- cells accumulate in the prostatic bud core

Because Dnmt1 expression in urethral epithelia is required for prostatic bud formation,
we hypothesized that iDnmt1KO prostatic buds would selectively accumulate replication
competent cells (DNMT1+, 5mC+) and exclude replication impeded (DNMT1-, 5mC-)
cells. Antibodies to the basal protein Keratin 14 (K14) were used to label the basal layer
of urethral epithelium and developing prostatic buds. An antibody to 5mC was used to
identify replication competent (5mC+) and replication impeded cells (5mC-). All cells in
control urethral epithelia are 5mC+. In iDnmt1LOF urethras, the K14+ (basal layer and
prostatic buds) had a higher percentage of 5SmC+ cells compared to the K14- cell layer
(intermediate/superficial layers) (Figure 3.7 A-C). This suggests that DNMT1-, 5mC-

replication impeded cells are excluded from K14+ basal and prostatic bud layers.
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Our results also show that 5mC- cells are not entirely excluded from prostatic buds but
can instead accumulate in the core of prostatic buds (Figure 3.7 A-C). This finding
suggests there are two discrete populations of prostatic bud epithelia that contribute to
prostatic bud formation by distinct mechanisms. Cells at the margins and tips of prostatic
buds elongate buds axes by cell proliferation, a notion supported by the observation that
complete ablation of Dnmt1 in urethral epithelium results in fewer and shorter buds
(Figure 3.1 A-C). However, accumulation of replication impeded DNMT1- cells in
prostatic bud cores from mosaic iDnmt1LOF mutants suggest these cells participate in
prostatic bud growth by a proliferation independent mechanism, potentially via cell

migration from the intermediate and superficial layers of the urethra.

3.4. Discussion

This study is the first to examine the requirement of DNMT1 in prostate bud formation.
Nkx3-1 positive prostatic bud formation is impaired in cDnmt1KO embryos, accompanied
by defects in prostatic bud shape, abnormal distribution of Keratin 5 and ZO-1 indicating
epithelial disorganization, and evidence of DNA damage and p53 activation. These
changes are associated with increased expression of the p53 target gene Cdkn1a, G2/M
cell cycle arrest and apoptosis. Collectively, these defects are the likely mechanism for

impaired prostate bud formation and gland genesis in cDnmt1KO mutants.

In contrast to pharmacological agents that act globally, our model specifically induces cell
cycle arrest in the epithelial cells of the urethra and developing prostate without affecting
the surrounding mesenchyme. Dnmt1 ablation results in a ‘replication impeded’ cell,
which we define as cell cycle arrested. We show that Dnmit1 depleted cells are

hypomethylated, exhibit a DNA damage response and arrest in the G2 phase of the cell
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cycle. Dnmt1 deleted cells can escape arrest but undergo apoptosis in the M-phase or
after re-entering G1 phase (Chen et al., 2007). Because repeated cell divisions are
required to deplete 5mC levels in Dnmt1 deleted cells, our model of Dnmt1 deletion

targets fetal urethral and prostate cells that divide rapidly during organogenesis.

We used two different strategies to delete Dnmt1 in urethral epithelium (Figure 3.8). The
Shhcre allele confers complete recombination and widespread Dnmt1 deletion in urethral
epithelium, leading to a drastic reduction in prostate bud number due to cell cycle arrest
and apoptosis of urethral and prostate epithelial cells. In contrast, the tamoxifen inducible
ShhereEr2 gllele confers mosaic inactivation of Dnmt1, resulting in DNMT1+ and DNMT1-
cell occupation of the same tissue. Mosaic inactivation of Dnmt1 using the ShhereE2 allele
does not affect prostate bud number indicating that sufficient cells escaped Cre
recombination and constituted prostate buds. Within mosaic iDnmt1LOF mutants,
DNMT1+ cells accumulate in the rapidly proliferating Keratin 14+ basal layer and in
prostatic buds, suggesting a competitive advantage over the replication impeded DNMT1-

cells and highlighting a requirement for DNMT1 in prostate bud formation.

We used gamma tubulin immunostaining to evaluate whether prostatic bud epithelial cell
division occurs in an oriented manner. We found that mitotic spindles are largely parallel
and perpendicular to the long axes of prostatic buds, supporting a role of oriented cell
division in prostatic bud elongation and widening. We used iDnmt1LOF mice to examine
whether cell division is required across all prostatic bud epithelial cells. Replication
competent (DNMT1+) cells accumulate in margins and tips of iDnmt1LOF prostatic buds
but replication impeded (DNMT1-) cells accumulate in prostatic bud cores. It is unlikely

DNMT1- cells incorporate into buds by cell division because they are replication impeded.
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Their presence in buds therefore challenges the existing paradigm that prostatic buds
form and elongate exclusively by a proliferation dependent mechanism and suggests that
prostatic bud core cells may arise from a different mechanism. We then asked, what is
the origin of prostatic bud core cells and by which mechanisms do they integrate into
prostatic buds? One possible origin is urethral intermediate or superficial epithelium
(Abler et al., 2011a). The intermediate and superficial urethral epithelial layers (Keratin
14-) in iDnmt1LOF mutants accumulate 5mC- cells similar to the core of prostatic buds.
Intermediate and superficial epithelial cells could stream into prostatic bud cores while
margin cells are extending prostatic bud axes by oriented cell division. Existence of two
distinct cell lineages within prostatic buds opens several new lines of investigation. Do
characteristics and behaviors of these cells remain different into adulthood? Do both cell
lineages possess or retain progenitor capacities and can they generate all prostatic
epithelial cell types? Further studies are required to follow these separate lineages into

adulthood to determine how they contribute to the composition of the adult prostate.

In conclusion, we have established a requirement for urethral epithelial DNMT1 for
prostatic bud formation and survival of early prostatic bud epithelial cells. Using Dnmt1
ablation as a novel tool, we have identified that prostatic buds are elongated in part by
oriented cell division, but that a unique cell lineage in prostatic bud cores arises by a

proliferation independent mechanism.
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3.5. Figures and Tables
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Figure 3.1 DNMT1 is required for prostate bud formation and maintains epithelial

organization in the urethra

E18.5 control and cDnmt1KO urethras were (A-B) labeled with an Nkx3-1 riboprobe to
visualize prostatic buds (purple) and (C) buds were quantified. (D-E) 10-micron frozen
sections from E18.5 control and cDnmt1KO urethras were labeled with an Nkx3-1
riboprobe (purple) to visualize the cellular organization of prostatic buds. Black dashed
lines indicate the epithelial-mesenchymal interface. (F-G) E18.5 control and cDnmt1KO
male urethras were stained in whole-mount with an antibody against KRT5 (in green) to
visualize the basal epithelial surface of the urethra and prostatic buds. (H-1) E18.5 urethral
sections were labeled with antibodies against ZO-1 (in red, labels tight junctions) and

CDH1 (in green, labels epithelium). The white arrow indicates an acellular hole with apical
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Z0-1 staining in cDnmt1KO urethra. DAPI staining is shown in blue. Scale bar is 100
microns. Graphical results are the mean + SEM of at least three mice per group. p-values

indicate significant differences (*** p<0.001) between groups based on Student’s t-test.
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Figure 3.2 DNMT1 is required for normal cell cycle progression in urethral and

prostatic epithelial cells

(A-B) E18.5 urethra sections were labeled with antibodies against Ki67 (red, labels
proliferating cells) and EYFP (green, labels Shh lineage epithelium). (C) Ki67 positive

cells as a percentage of total urethral Shh lineage cells was determined. (D-E) E18.5
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urethra sections were labeled for EAU (in red, labels S-phase cells) and EYFP (in green,
labels Shh lineage epithelium). White arrowheads indicate EdU positive cells. (F) EdU
positive cells as a percentage of total urethral Shh lineage cells was determined. (G) G2
and M phase cells as a percentage of total urethral Shh lineage cells was determined (H-
I) E18.5 urethra sections were labeled with antibodies against Phospho-histone H3 Ser10
(PHH3 in red, labels cells in the G2 and M phase) and EYFP (in green, labels Shh lineage
epithelium). (H’) and (I’) show (H) and (I) with the green channel excluded. G2 phase cells
have speckled nuclear staining of PHH3 and are indicated by white arrows. M phase cells
have bright, uniform nuclear staining for PHH3 and are indicated by orange arrowheads.
White dashed lines indicate the epithelial-mesenchymal interface. DAPI staining is shown
in blue. Scale bar is 50 microns. Graphical results are the mean + SEM of at least three
mice per group. p-values indicate significant differences (** p<0.01, *** p<0.001) between
groups based on Student’s unpaired t-test. NS: Not significant p>0.05. Abbreviations are

WD: Wolffian duct, Ur: Urethra.
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Figure 3.3 RNA-Seq analysis shows upregulation of p53 target genes in E15.5

cDnmt1KO urethral epithelium compared to control urethral epithelium.

(A) Experimental design for isolation and RNA-seq analysis of E15.5 control (n=4

samples) and cDnmt1KO urethral epithelium (n=8 samples). (B) Principal components

analysis (C) Heatmap of differentially expressed genes from enriched biological

processes (D) Biological processes enriched in upregulated genes from cDnmt1KO

urethral epithelium.
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Figure 3.4 DNMT1 suppresses DNA damage, p53 activation and apoptosis in the

developing urethral epithelium

(A) RT-PCR for Cdkn1a mRNA in E18.5 control and cDnmt1KO urethras. (B-C) E18.5
urethra sections were labeled with antibodies against Gamma-H2AX (in red, DNA
damage marker) and LacZ (in green, labels Shh lineage epithelium). (D-E) E18.5 urethra
sections were labeled with antibodies against Phospho-p53 Ser15 (in red, marks active
p53). (F-G) E18.5 urethra sections were labeled with antibodies against Cleaved caspase
3 (in red, marks apoptotic cells) and EYFP (in green, labels Shh lineage epithelium).
Green channel is excluded for ease of visualization. (H) Percentage of cleaved Caspase
3 labeled cells in the Shh lineage urethral epithelium. White arrowheads indicated cleaved

Caspase 3 positive apoptotic cells. White dotted lines indicate epithelial-mesenchymal
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interface. DAPI staining is shown in blue. Scale bar is 50 microns. Graphical results are
the mean + SEM of at least three mice per group. p-values indicate significant differences

(* p<0.05, ** p<0.01) between groups based on Student’s unpaired t-test.
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Figure 3.5 DNMT1 is required for prostate gland genesis and maturation in renal

grafts



178

(A-B) Brightfield images of renal grafts overlaid with EYFP (in green, labels Shh lineage
epithelium). Scale bar is 1 mm. (C-D) Hematoxylin and eosin labeling of sections from
renal grafts. (E-F) Sections from renal grafts were labeled with antibodies against PAX2
(in red, marks seminal vesicle epithelium) and FOXA1 (in green, marks prostate
epithelium). (G) and (H) show magnified regions from (E) and (F). (I-J) Sections from
renal grafts were labeled with antibodies against PAX2 and EYFP. (K) and (L) show
magnified regions from (1) and (J). DAPI staining is shown in blue. Scale bar is 100
microns. Images are representative of at least three mice per group. Abbreviations are

Pr: Prostate, SV: Seminal Vesicle.
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Figure 3.6 Prostatic buds extend by oriented cell division but mosaic inactivation

of Dnmt1 does not affect bud formation

(A-B) Wildtype E18.5 prostatic bud sections were labeled with antibodies to Gamma
tubulin (in green, labels the mitotic spindle) and CDH1 (in red, labels epithelium). The
mitotic spindle axis is indicated by the white dashed line. Mitotic spindle angles are
computed with respect to a tangent drawn to the nearest prostatic bud edge indicated by
solid white lines. (C) Graph showing the percentage of mitotic cells (n=21) with mitotic
spindle angles that fall into the bins 0-30 degrees (parallel), 30-60 degrees (random) and

60-90 degrees (perpendicular). (D-E) E18.5 control and iDnmt1LOF urethras were
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labeled with an Nkx3-1 riboprobe to label prostatic buds (in purple, scale bar is 500
microns) and (F) buds were quantified. Graphical results are the mean + SEM of at least
three mice per group. There were no differences between groups based on Student’s
unpaired t-test test. Not significant NS p>0.05 (G-H) E18.5 urethra sections were labeled
with antibodies against DNMT1 (in red) and LacZ (in green, labels Shh lineage
epithelium). (I-J) E18.5 urethra sections were labeled with antibodies against 5mC (in red)
and DNMT1 (in green). White arrows indicate DNMT1-, 5mC- regions. White dotted lines
indicate the epithelial-mesenchymal interface. Scale bar is 100 microns. Images are
representative of three mice per group. DAPI staining is shown in blue. Abbreviations are

Bl: Bladder, Ur: Urethra.
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Figure 3.7 Replication competent DNMT1+ cells preferentially localize to prostatic
bud margins while replication impeded DNMT1- cells accumulate in prostatic bud

cores

(A-B) E18.5 urethra sections were labeled with antibodies against 5mC (in red) and
Keratin 14 (in green). (A’) and (B’) show (A) and (B) with green channel excluded.
Magnified regions from (A’) and (B’) with blue channel excluded are shown in insets 1
and 2. (C) The percentage of 5mC positive cells was determined as a function of all
epithelial cells in either the K14+ or K14- cell layers. Graphical results are the mean +
SEM of six mice per group. p-values indicate significant differences (*** p<0.001) between

groups based on Student’s unpaired t-test. White dashed lines indicate the epithelial-
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mesenchymal interface. Scale bar is 100 microns. DAPI staining is shown in blue.

Abbreviation Ur: Urethra.

CONTROL Dnmt1cKO Mosaic Dnmt1
mutants

@ Replication competent (DNMT1+, 5mC+)
(O Replication impeded (DNMT1-, 5mC-)

Figure 3.8 Model of the role of DNMT1 in prostatic bud formation
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CONTROL cDnmt1KO CONTROL cDnmt1KO
Shhcre/+;Dnmt1F/+ Shhcre/+;Dnmt1F/F Shhcre/+;:Dnmt1F/+ Shhcre/+:Dnmt1F/F
;R26R-LacZ ;R26R-LacZ ;R26R-LacZ ;R26R-LacZ

DNMT1 + LacZ +DNA
5mC + CDH1 +DNA

5mC
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Figure S 3.1 cDnmt1KO mutants have loss of DNMT1 protein and 5-methylcytosine

in Shh lineage urethral epithelium

(A-B) E18.5 urethra sections were labeled with antibodies against DNMT1 (in red) and
LacZ (in green, labels Shh lineage epithelium). (A’) and (B’) show magnified regions from
(A) and (B). (A”) and (B”) show (A’) and (B’) with green channel excluded. (C-D) E18.5
urethra sections were labeled with antibodies against 5mC (red) and CDH1 (green, labels
epithelium). (C’) and (D’) show magnified regions from (C) and (D). (C”) and (D”) show
(C’) and (D’) with green channel excluded. White dotted lines enclose the urethral
epithelium. DAPI staining is shown in blue. Scale bar is 200 microns. Images are

representative of three mice per group. Abbreviations are Bl: Bladder, Ur: Urethra.
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Figure S 3.2 Anterior, ventral and dorsal bud counts in cDnmt1KO mutants;

Number of prostatic buds in control tissues do not differ from cre negative animals

(A) Anterior, ventral and dorsal prostate bud counts from control and cDnmt1KO mutants.

(B) Prostate bud counts from E18.5 control (Shhcre/+; Dnmt1flox/+) and cre negative

(+/+; Dnmt1flox/+) embryos. Graphical results are the mean + SEM of three mice per

group. p-values indicate significant differences (** p<0.01, *** p<0.001) between groups

based on Student’s unpaired t-test. NS: Not significant p>0.05.

Table 3.1 Reagents and resources

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse monoclonal anti-5 methylcytosine  Abcam Cat#ab10805;
RRID:AB_442823
Chicken polyclonal anti-LacZ Abcam Cat# ab9361,
RRID:AB_307210
Chicken polyclonal anti-GFP Abcam Cat#ab13970;
RRID:AB_300798
Rabbit polyclonal anti-Ki67 Abcam Cat#ab15580;
RRID:AB_443209
Rabbit polyclonal anti-Gamma Tubulin Abcam Cat# ab11317;

RRID:AB_297921




Rabbit polyclonal anti-PAX2 Covance Cat#PRB-276P-200;
RRID:AB 291611

Mouse monoclonal anti-FOXA1 Millipore Cat#05-1466;
RRID:AB_1977191

Chicken polyclonal anti-KRT5 Biolegend Cat#905901; RRID:
AB_2565054

Rabbit monoclonal anti-5 methylcytosine  Cell Signaling Cat#28692

Rabbit monoclonal anti-DNMT1 Cell Signaling Cat#D63A6;
RRID:AB_10828695

Rabbit monoclonal anti-CDH1 Cell Signaling Cat#3195S

Rabbit polyclonal anti-Histone H2AX Cell Signaling Cat#2577;

(phospho Ser139) RRID:AB_2118011

Mouse monoclonal anti-p53 (phospho Cell Signaling Cat#9286;

Ser15) 16G8 RRID:AB_331741

Rabbit monoclonal anti-Cleaved Casp3 Cell Signaling Cat#9664;

(Asp 175) RRID:AB_2070042

Rabbit polyclonal anti-Phospho-Histone Cell Signaling Cat#9701;

H3 (Ser10) RRID:AB_331535

Mouse monoclonal anti-CDH1 BD Transduction Labs Cat#610181;

RRID:AB_397580

Mouse monoclonal anti-ZO1

Thermo Fisher Scientific

Cat#33-9100;
RRID:AB_2533147

Mouse monoclonal anti-KRT14

Thermo Fisher Scientific

Cat# MS-115-P0,
RRID:AB_63786

Goat polyclonal anti-Chicken Alexa488 Jackson Cat#103-545-155;
conjugated Immunoresearch RRID:AB_2337390
Goat polyclonal anti-Mouse Alexa488 Jackson Cat# 115-547-003;
conjugated Immunoresearch RRID:AB_2338869
Goat polyclonal anti-Rabbit Alexa488 Jackson Cat# 111-547-003;
conjugated Immunoresearch RRID:AB_2338058
Goat polyclonal anti-Mouse Alexa594 Jackson Cat# 115-585-062;
conjugated Immunoresearch RRID:AB_2338876
Goat polyclonal anti-Rabbit Alexa594 Jackson Cat# 111-586-045;
conjugated Immunoresearch RRID:AB_2338067
Sheep  polyclonal  anti-Digoxygenin Roche Cat#11093274910;

Alkaline phosphatase conjugated

RRID:AB_514497

Chemicals, Peptides, and Recombinant Proteins

Tamoxifen, free base Sigma T5648; CAS: 10540-29-
Aldrich 1

5-ethynyl-2’-deoxyuridine (EdU) Thermo A10044
Fisher

Critical Commercial Assays

Click-iT® EdU Alexa Fluor® 488 Imaging Kit Thermo C10337
Fisher

Deposited Data

RNA-Seq data This paper GEO: GSE121086

Experimental Models: Organisms/Strains

Mouse: B6.129S4-Dnmt 1tm2Jae/Mmucd MMRRC, UC Stock#014114-UCD;
Davis RRID:MMRRC_014114

-Ucb

Mouse: B6. CgShhtm1(EGFF/ere)CjtJ Jackson Stock#005622;

Laboratory RRID:IMSR_JAX:0056

22
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Mouse: B6.129S4-Gt(ROSA)26Scrtm1Sort Jackson Stock#003309;
Laboratory RRID:IMSR_JAX:0033
09
Mouse: B6.129X1-Gt(ROSA) 26Sortm1(EYFP)Cosl Jackson Stock#006148;
Laboratory RRID:IMSR_JAX:0061
48
Mouse: B6.129S6-Shhtm2(cre/ERT2)Clt] | Jackson Stock#005623;
Laboratory RRID:IMSR_JAX:0056
23
Mouse: CD-1 IGS mouse (wildtype) Charles Stock#022
Rives
Mouse: C57BL/6 Jackson Stock#000664,
Laboratory RRID:IMSR_JAX:0006
64
Mouse: Athymic nude nu/nu Jackson Stock#002019
Laboratory
Oligonucleotides
Primer: Cdknia Forward 5~ This paper N/A
ATACCGTGGGTGTCAAAGCAC-3’
Primer: Cdknia Reverse 5~ This paper N/A
ACAGGGAGGGAGCCACAATAC-3
Primer: Ppia Forward 5~ This paper (Keil et al., 2014a)
TCTCTCCGTAGATGGACCTG-3
Primer: Ppia Reverse 5~ This paper (Keil et al., 2014a)
ATCACGGCCGATGACGAGCC-¥
Mouse Nkx3-1 ISH probe Forward primer This paper (Abler et al., 2011a)
5-CAGTGGCTGATGTCAAGG-3
Mouse Nkx3-1 ISH probe Reverse primer This paper (Abler et al., 2011a)
5'-
CGATGTTAATACGACTCACTATAGGGCTAAGCA
GGAAGGGCAGGAG-3’ (T7 binding site underlined)
Nkx3-1 ISH probe binding site NM_010921.3 This paper (Abler et al., 2011a)
Software and Algorithms
ImagedJ imagej.nih.go  Version 1.51k
v
R for Windows cran.r- Version 3.3.1
project.org
Adobe lllustrator adobe.com CC2017
Adobe Photoshop adobe.com CC2017

DESeq?2 package

bioconductor.
org

(Love et al., 2014)
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CHAPTER 4. A FOLIC ACID-ENRICHED DIET ATTENUATES
PROSTATE INVOLUTION IN RESPONSE TO ANDROGEN
DEPRIVATION

Adapted from Diya B Joseph, Anoop S Chandrashekar, Li-Fang Chu, James A

Thomson and Chad M Vezina

A folic acid-enriched diet attenuates prostate involution in response to androgen

deprivation. The Prostate (2018) ;1-12. https://doi.org/10.1002/pros.23723
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4.1. Introduction

The prostate is susceptible to aging related hyperplastic growth, which contributes to
urethral obstruction and urinary dysfunction (McVary, 2006; Rosen et al., 2005). Diet is a
potential risk modifier for prostate-related urinary disorders. For example, excessive
caloric intake is associated with obesity and diabetes, which in turn increases risk of
benign prostatic hyperplasia (BPH) and associated Lower Urinary Tract symptoms
(LUTS) (Breyer and Sarma, 2014; Parikesit et al., 2016; Parsons et al., 2013; Sarma and
Kellogg Parsons, 2009). On the other hand, dietary modifications and supplements are
increasingly used alone or in combination with pharmacological and surgical interventions
in attempt to control BPH symptoms (Espinosa, 2013). Environmental factors, including
diet, have also been linked to prostate cancer incidence. Dietary modifications are gaining
popularity as inexpensive and minimally invasive strategies for reducing prostate cancer
risk, slowing its progression and preventing advanced disease (Ma and Chapman, 2009;

Stacewicz-Sapuntzakis et al., 2008).

Folates are water soluble vitamins involved in numerous biochemical processes including
one-carbon transfer, DNA synthesis, cell growth, hematopoiesis, metabolism and DNA
methylation. Folates are the naturally occurring form of Vitamin B9 and are particularly
concentrated in green leafy vegetables (Crider et al., 2012). Folic acid is the synthetic
form in fortified food stuffs and most multi-vitamin supplements, the use of which is
prevalent across all age groups, and particularly in older men (Bailey et al., 2010a; Bailey
et al., 2011; Bailey et al., 2010b). Folic acid consumption by pregnant women is so
effective in reducing the incidence of neural tube defects in offspring (Honein et al., 2001;

MRC, 1991) that the United States mandated folic acid fortification of cereal grains
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beginning in 1998 (Jagerstad, 2012). This action has affected many individuals, not just
pregnant women. In fact, 34% of American men over 60 years of age have serum

biomarkers consistent with folic acid excess (Bailey et al., 2010c).

Despite the overwhelming positive effects of folic acid in preventing neural tube defects,
the consequences of folate supplementation at various stages of life and during disease
processes are not fully understood. The complex roles of folates in the body could yield
protective or deleterious effects depending on the context. Unmetabolized folic acid
reduces natural killer cell function in post-menopausal women (Troen et al., 2006a).
Maternal and post-weaning folic acid supplementation increases mammary cancer risk in
rats (Ly et al., 2011) and induces anxiety-like behavior in mice (Barua et al., 2014a). Folic
acid supplementation changes DNA methylation at several gene loci in mice and humans
with unknown consequences (Barua et al., 2016a, b; Barua et al., 2014b; Sie et al., 2011,
Steegers-Theunissen et al., 2009). Folates are also involved in the synthesis of
polyamines (Bistulfi et al., 2009; Sun et al., 2002), depletion of which has been proposed
as a prostate cancer therapy (Devens et al., 2000). We reported previously that a folic
acid (FA) enriched diet given from conception through adulthood diminishes urinary
symptom severity in male mice with hormone induced urinary obstruction (Keil et al.,
2015). However, the impact of folic acid supplementation on adult prostate homeostasis

has not been specifically investigated.

Here we examine how exposure to a FA enriched diet during the in utero period and
continuing into adulthood affects the mouse prostate and its response to androgen
deprivation by castration. Though intact mouse prostate weight weights are unaffected by

diet, mice exposed to the FA enriched diet have significantly higher prostate wet weights
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compared to mice on a control diet after castration. The FA enriched diet also leads to
taller prostate luminal epithelial cells and more abundant secretory protein-encoding
mMRNAs compared to control diet mice after castration. Together, our results indicate that
dietary folic acid attenuates the prostate response to androgen deprivation. This has
important implications for androgen deprivation therapies that are commonly used to treat
prostate cancer and benign prostatic hyperplasia (McConnell, 1990; Nicholson and Ricke,
2011; Perimutter and Lepor, 2007). Elevated folate levels could diminish the efficacy of

these therapies.

4.2. Materials and Methods

Mice

C57BL/6J (000664, The Jackson laboratory) nulliparous females were housed as
previously described (Keil et al., 2015). At sexual maturity, females were placed on a base
diet (control diet, Envigo 2019, Harlan Teklad, Madison, WI) containing 4 mg folic acid /
kg feed or the same base diet containing 24 mg folic acid / kg feed (FA enriched diet,
Envigo 120256, Harlan Teklad, Madison, WI) for 2 weeks prior to mating. The
manufacturer of the diet estimates 4 mg folic acid/kg feed in the Control diet. This estimate
includes folates derived from cereal grains and yeast extract. The folic acid enriched diet
is prepared by adding 20 mg folic acid/kg feed to the Control diet. While absolute values
of folic acid may differ seasonally, the magnitude of difference is consistently the same:
20 mg folic acid / kg feed. The control diet (4 mg folic acid/kg feed) provides twice the
daily folic acid requirement for mice (2 mg folic acid/kg feed) (Meadows et al., 2015). The
FA enriched diet provides approximately 12 times the daily folic acid requirement for mice

(Meadows, 2015) which is comparable to the 10x higher dose consumed by pregnant
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women at risk for neural tube defects (0.4 mg/day vs 4 mg/day) (CDC, 1991). The 2-week
loading period has been shown to raise maternal serum folic acid concentrations (Oh et

al., 2009).

Dams were placed on the diets throughout pregnancy and lactation and resulting offspring
were also maintained on the same diet throughout the experiment. At 7 weeks of age,
male mice were euthanized by CO2 asphyxiation for tissue collection (Intact) or subject to
bilateral orchiectomy (castration) under isoflurane anesthesia and given 5 mg/kg
ketoprofen for analgesia. Castrated mice were euthanized 3, 10 or 14 days post-
castration. Body weights were recorded at time of necropsy and prostate, seminal
vesicles and serum were collected. Prostate and seminal vesicle absolute wet weights
were measured using an analytical balance and divided by mouse whole body weights to
obtain relative weights. All procedures involving mice were approved by the University of
Wisconsin Animal Care and Use Committee and conducted in accordance with the

National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Fluorescent Immunohistochemistry

Fluorescent immunohistochemistry was performed as described previously (Abler et al.,
2011). Dissected tissues were fixed overnight in 4% paraformaldehyde solution and
embedded in paraffin for sectioning. 5 um paraffin sections were deparaffinized in xylene
and hydrated through a series of ethanol washes. Heat mediated antigen retrieval was
performed by boiling slides in 10 mM sodium citrate (pH 6.0) for 20 mins in a conventional
microwave oven. Tissues were washed with a solution containing 25 mM Tris-HCI, pH
7.5, 140 mM NaCl, 2.7 mM KCI, and 0.1% Tween-20 (TBSTw) and non-specific binding

sites were blocked for 1 hr in TBSTw containing 1% Blocking Reagent (Roche
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Diagnostics, Indianapolis, IN), 5% normal goat sera, and 1% bovine serum albumin
fraction 5 (RGBTw). Tissues were incubated overnight at 4°C with primary antibodies
diluted in RGBTw. Primary antibody sources and dilutions are: Ki67 (ab15580, 1:400
dilution) from Abcam, Cambridge, MA, USA. CDH1 (610181, 1:500 dilution) from BD
Biosciences, San Jose, CA, USA. Cleaved Caspase 3 Asp175 (9664, 1:200 dilution) from
Cell Signaling Technology, Beverly, MA, USA. Androgen Receptor (sc-816, 1:200
dilution) from Santa Cruz Biotechnology, Dallas, TX, USA. Tissues were washed several
times in TBSTw and incubated with secondary antibodies diluted in RGBTw for 1 hour at
room temperature. The secondary antibodies and dilutions are: goat anti-Mouse
AlexaFluor488 (115-547-003, 1:500 dilution), goat anti-Rabbit AlexaFluor594 (111-586-
045, 1:500 dilution), goat anti-Mouse AlexaFluor594 (115-585-062, 1:500 dilution), goat
anti-Rabbit AlexaFluor488 (111-487-003, 1:500 dilution) from Jackson ImmunoResearch,
West Grove, PA, USA. Following several washes with TBSTw, tissues sections were
incubated with 4’,6-diamidino-2-phenylindole, dilactate (DAPI) to visualize cell nuclei and
mounted in phosphate buffered saline containing 80% glycerol and 0.2% n-propyl gallate.
Images were captured using a Leica SP8 Confocal Microscope fitted with a 20X oil
immersion objective (HC PL Apo CS2 NA = 0.75) (Leica, Wetzlar, Germany) or a Nikon
Eclipse E600 compound microscope fitted with 10X (Plan Fluor NA = 0.30) and 20X (Plan
Fluor NA = 0.50) objectives (Nikon Instruments Inc., Tokyo, Japan). Tissue sections from

both diet groups were imaged using the same exposure settings.

Prostate luminal cell height measurements
Fluorescent immunohistochemistry for the epithelial marker E-cadherin (CDH1) was

performed as described above on 5 ym paraffin sections of ventral prostate tissue.
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Images were obtained using a 20x objective on a Nikon Eclipse E600 compound
microscope. Prostate luminal cells were identified by their characteristic tall, columnar
morphology. Cell heights were measured using the Straight-line tool and
Analyze>Measure function in ImageJ. Measurements were taken from 7 individual cells
separated by > 5 cells in each field. Ventral prostate tissue sections from at least three

mice per diet group were used for analyses.

Proliferative and apoptotic index measurements

Fluorescent immunohistochemistry for Ki67 and cleaved Caspase 3 was performed as
described above on 5 pm paraffin sections of ventral prostate tissue. Slides were
counterstained with DAPI to visualize nuclei. Images were obtained using a 20x objective
on a Nikon Eclipse E600 compound microscope. DAPI stained nuclei in the field were
counted using the Analyze Particles function in Imaged. Ki67 and cleaved Caspase 3
positive cells were manually counted using the Cell counter plugin for ImagelJ.
Proliferative index is defined as Ki67 positive cells as a percent of total cells and the
apoptotic index is defined as cleaved Caspase 3 positive cells as a percent of total cells.
Ventral prostate tissue sections from at least three mice per diet group were used for

analyses.

Real time quantitative PCR

Quantitative PCR was carried out as previously described (Keil et al., 2012) on ventral
prostate tissue using gene-specific primers. Primer sequences are provided in Table 4.1.
Relative mRNA abundance was determined using the ACt method (Yuan et al., 2006)
and normalized to the abundance of beta-2-microglobulin (B2m). Ventral prostate tissue

from at least three mice per diet group were used for analyses.
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Serum Testosterone measurements

Mice were euthanized by CO2 asphyxiation and blood was collected by cardiac puncture,
clotted for 45 mins and centrifuged at 6000g for 10 mins to clear the serum. Serum
testosterone measurements were carried out using a testosterone ELISA kit (#55-
TESMS-EO01, ALPCO, Salem, NH, USA) following the manufacturer’s instructions. Sera

from at least three mice per diet group were used for the analysis.

RNA-Seq

RNA was isolated from the ventral prostates of mice belonging to six experimental groups:
Control diet-Intact (N=4), FA diet-Intact (N=4), Control diet-3d post-castration (N=3), FA
diet-3d post-castration (N=4), Control diet-10d post-castration (N=4) and FA diet-10d
post-castration (N=4) using the lllustra RNAspin Mini kit (#25-0500-72, GE Healthcare,
Chicago, lllinois, USA). Approximately 100 ng of total RNA from each diet group was used
to construct the RNA-Seq library according to the LM-seq protocol (Hou et al., 2015). The
reads generated from the Illlumina HiSeq 3000 (78 cycles of insert read and 10 cycles of
index read) were processed with CASAVA-1.8.2 basecalling software (lllumina). The
demultiplexing step allotted approximately 253 million total reads across all the samples,
ranging from ~6.5 million to ~15.8 million reads assigned per sample. Reads were
mapped to Mus musculus reference mm10 assembly with an average of ~82.4% mapping
rate using Bowtie (Langmead et al., 2009), and gene expression estimates were obtained
using RSEM (Li and Dewey, 2011). Differentially expressed genes were identified using
the EBSeq package (Leng et al., 2013). Gene Ontology enrichment analysis for biological
processes was conducted using WebGestalt (Wang et al.,, 2017). RNA-seq data are

available in Gene Expression Omnibus under GSE116299.
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Statistics

Statistical analyses were conducted with R version 3.2.4. Homogeneity of variance was
determined using Bartlett’s test or Levene’s test packages for R. Student’s t-test was
performed on parametric data with two groups. P values less than 0.05 were considered
statistically significant. Results are presented as mean + standard error of the mean

(SEM). NS: Not significant, * p<0.05, ** p<0.01, *** p<0.001.

4.3. Results

FA enriched diet blunts castration-mediated mouse prostate gland involution

Reducing androgen synthesis is a therapeutic strategy for prostate-related growth
diseases including BPH and prostate cancer. Our primary goal was to determine if
continuous dietary FA supplementation modifies the prostate involution response to
castration. Folate levels have risen across all age groups in the US, including women of
child bearing age, children and older adults, since cereal grain fortification was mandated
in 1998 (CDC, 2007; Pfeiffer et al., 2012; Pfeiffer et al., 2007). Our study design parallels
this historical change by continuously exposing male mice to high levels of folic acid
across all life stages. C57BI6/J female mice were loaded on a control or FA enriched diet
2 weeks before mating and through pregnancy and lactation. Male offspring were

continued on a matched diet through study completion (Figure 4.1 A).

The first objective was to test whether the FA enriched diet affects prostate homeostatic
regulation by changing prostate wet weight. We did not find significant diet group
differences in body weight (Figure 4.1 B), relative prostate weight (all prostate lobes

combined) (Figure 4.2 A) or relative seminal vesicle weight in intact mice (Figure 4.2 E).
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We next tested whether a FA enriched diet interferes with castration-induced prostate
involution. 7-week old sexually mature mice were castrated and tissues weighed at 3, 10
and 14 days post- castration. The relevance of these time points is that prostate apoptosis
peaks approximately 3 days post-castration and prostate involution is complete by 14
days post-castration (Lee, 1981; Wang et al., 2007). Body weights did not differ between
diet groups for each treatment (Figure 4.1 B). Relative prostate and seminal vesicle
weights were reduced by castration in both diet groups as expected. However, castration-
mediated prostate gland involution was unexpectedly incomplete in FA enriched diet fed
mice, as evidenced by significantly greater relative prostate weights than castrated control
diet fed mice at 3, 10 and 14 days post-castration (Figure 4.2 B-D). Similarly, FA enriched
diet fed mice had significantly greater relative seminal vesicle weights than castrated

control diet fed mice at 3 and 10 days post-castration (Figure 4.2 F-H).

FA enriched diet prostates retain greater luminal epithelial secretory gene
expression and luminal cell heights after castration

Castration causes prostate luminal epithelial cells to undergo apoptosis (English et al.,
1987; Isaacs et al., 1994; Lee, 1981; Wang et al., 2007). Dietary modulation of prostatic
apoptosis could underlie differences in the castration response. We tested whether there
were also diet-mediated changes to prostatic cell proliferation for the same reason.
Indices of Ki67 labeling (proliferation) and Cleaved Caspase 3 labeling (apoptosis) were
very low in intact mouse ventral prostates and unaffected by diet. Likewise, ventral
prostate Ki67 and Cleaved caspase 3 labeling indices did not differ significantly between

control and FA enriched diet fed castrated mice (Figure 4.3 A-N).
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Because prostate cell cycling was unaffected by diet, we evaluated changes to prostate
secretory protein synthesis as an alternative explanation for why prostates of FA enriched
diet fed castrated mice are larger than those of control diet fed castrated mice. Androgen
dependent secretory proteins are stored in apically localized granules within prostate
luminal epithelial cells (Cohen et al., 1998). Castration reduces secretory granule number
and luminal epithelial cell height (Kawamura et al., 1993). Ventral prostate luminal
epithelial cell height is progressively reduced by castration in both diet groups as
expected. However, the FA enriched diet confers partial resistance and is associated with
taller luminal epithelial cells at 3 and 10 days post-castration compared to control diet fed

mice (Figure 4.3 O-U).

Castration reduces androgen dependent prostatic secretory gene transcription and
secretory protein content, which is a major component of prostate weight (Isaacs et al.,
1994; Mills et al., 1987; Wang et al., 1997). We focused on the ventral prostate and
quantified mRNA abundance of spermine binding protein (Sbhp), a ventral prostate-
specific secretory protein (Mills et al., 1987). Castration reduces Sbp mRNA abundance
but Sbp mRNA was significantly more abundant in castrated FA diet fed mice compared
to control diet fed mice at 10 days and 14 days post-castration (Figure 4.4 A). We further
quantified abundance of another mRNA encoding a ventral prostate specific androgen
dependent secreted protein, Serine protease inhibitor Kazal-type 1 (Spink1) (Berquin et
al., 2005). Similar to Sbp, Castration reduces Spink71 mRNA expression but Spink1 mRNA
was significantly more abundant in castrated FA diet fed mice compared to control diet

fed mice at 10 days and 14 days post-castration (Figure 4.4 B). Taken together, our
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results suggest that the increased prostate weights in castrated FA diet mice are a result

of increased secretory activity and not increased proliferation or decreased apoptosis.

FA enriched diet does not change circulating androgens or Androgen receptor
expression

We hypothesized that the FA diet might impair testosterone metabolism, thereby
prolonging its half-life in castrated mouse serum and slowing the rate of prostate gland
involution. Such a mechanism would explain the taller luminal cells and more abundant
secretory gene mRNA expression in FA enriched diet mice compared to control diet fed
castrated mice. Serum testosterone concentrations were measured by ELISA. As
expected, testosterone concentrations were reduced at 3 and 10 days post-castration
compared to intact mice in both diet groups. Surprisingly, there were no diet group
differences in serum testosterone concentrations among intact or castrated mice (Figure

4.5 A).

We tested whether the FA diet changed ventral prostate Androgen receptor (Ar) mMRNA
abundance as an alternative mechanism to blunt glandular involution following castration.
Relative Ar mRNA abundance was increased in both diet groups after castration,
consistent with the previous observation that AR signaling negatively regulates Ar
transcription (Banerjee et al., 2001). However, Ar mRNA abundance in castrated mice
did not differ between control and FA enriched diet mice (Figure 4.5 B). Nuclear
localization of AR, an indicator of active androgen signaling, is detected in luminal
epithelial cells and a subset of stromal cells in intact prostates from both diet groups.
However, nuclear AR is undetectable at 3, 10 and 14 days post castration in both diet

groups (Figure 4.5 C-J).
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FA enriched diet changes the mouse ventral prostate gene expression signature,
affecting genes involved in nucleotide metabolism and DNA repair

To identify global changes in gene expression in FA enriched diet mice, RNA-Seq
analysis was performed on RNA from intact, 3 and 10 days post-castration ventral
prostates from both diet groups. Comparing Intact mice from both diet groups, we
observed upregulation of 123 genes and downregulation of 193 genes in the FA enriched
diet prostates (Table 4.2). Gene Ontology analysis revealed that genes upregulated in
the FA enriched diet prostates were enriched for biological processes involved in DNA
repair and cellular response to DNA damage stimulus. Downregulated genes in the FA
enriched diet prostates were enriched for biological processes involved in muscle
contraction and endoplasmic reticulum stress (Table 4.3). These results indicate that the
FA enriched diet changes the gene expression program in ventral prostates from intact

mice.

Comparing mice from both diet groups at 3 days post-castration, we observed
upregulation of 113 genes and downregulation of 131 genes in the FA enriched diet
prostates (Table 4.2). Downregulated genes in the FA enriched diet prostates at 3 days
post-castration were enriched for biological processes regulating cell motility and
migration (Table 4.3). Comparing mice from both diet groups at 10 days post-castration,
we observed upregulation of 38 genes and downregulation of 84 genes in the FA enriched
diet prostates (Table 4.2). The lower number of differentially expressed genes at 10 days
post-castration compared to intact mice could be due to the overall reduction in
transcriptional activity in the prostate following androgen deprivation. Upregulated genes

in the FA enriched diet prostates at 10 days post-castration were enriched for biological
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processes mediating purine nucleotide metabolism (Table 4.3). Significant upregulation
of differentially expressed genes associated with the purine ribonucleoside diphosphate
metabolic process (Ampd3, DIg2 and P2rx7) were confirmed by quantitative PCR (Figure
4.6). In summary, the FA enriched diet changes the baseline transcriptional program of
the intact mouse ventral prostate. The ventral prostate gene expression pattern of mice
consuming a FA enriched diet was different than that of control diet fed mice at 3 and 10

days post-castration.

4.4. Discussion

We showed that dietary folic acid supplementation changes mouse prostatic gene
expression and blunts castration-mediated prostate involution. Mice fed a diet
supplemented with folic acid at 12 times the daily requirement for mice, and examined 3,
10 and 14 days after castration had larger prostates, taller prostatic luminal epithelial cells
and more abundant ventral prostate specific Sbp and Spink1 secretory gene mRNA than
treatment matched controls. In addition, the FA enriched diet changed the prostatic gene
expression profile, specifically affecting genes involved in nucleotide biosynthesis and
DNA repair. Because androgens are required for prostate and seminal vesicle
maintenance, attenuated involution of both organs after castration suggests that the FA
diet affects these organs by the same mechanism. Taller prostatic luminal epithelial cells
and more abundant secretory mRNAs are consistent with glandular secretory activity

enduring longer after castration in FA enriched diet fed mice than in controls.

Folic acid is a synthetic and oxidized form of dietary folates and is more stable and
bioavailable. Excessive folic acid consumption causes un-metabolized folic acid to

accumulate in circulation. Unmetabolized folic acid is detectable in serum of 40% of older
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adults and is particularly abundant in folic acid supplement users (Bailey et al., 2010c).
The consequences are not always beneficial (Caudill, 2010; Crider et al., 2011; Smith et
al., 2008). For example, excessive unmetabolized folic acid has been linked to impaired
immune function in post-menopausal women (Troen et al., 2006b). Folic acid, in the form
of folate, also participates in several metabolic processes including nucleotide
biosynthesis, polyamine synthesis and DNA methylation that influence cell proliferation
and survival. Folic acid reduces efficacy of anti-proliferative cancer drugs in vitro (Xavier
et al., 2016) and supports cancer stem cell-like properties of human colorectal cancer
cells in vitro (Farias et al., 2015). In this model, we do not observe any effect of the FA
enriched diet on prostate cell proliferation. The impact of the FA enriched diet on
castration-mediated prostate involution could be a consequence of a systemic shift in
metabolism that favors cell survival, a notion supported by the altered prostatic gene

expression profile resulting from continuous exposure to the FA enriched diet.

The impact of folates on prostate cancer risk is currently inconclusive. A 5-year clinic trial
involving folic acid supplementation found no correlation between folic acid
supplementation and cancer risk (Vollset et al., 2013). However, in another study, men
given folic acid supplements had an increased risk of prostate cancer compared to the
placebo group although baseline folate levels in non-supplement users were inversely
associated with prostate cancer risk (Figueiredo et al., 2009). Additional studies report
that high serum folate levels modestly increase prostate cancer risk (Collin et al., 2010;
de Vogel et al., 2013) and prostate cell proliferation in prostate cancer patients
(Tomaszewski et al., 2011). Further research on the impact of folates on prostate biology

is needed due to widespread fortification and supplement use.
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Serum folate levels have risen in all age groups in the last few decades, with aging men
experiencing a substantial increase (Pfeiffer et al., 2012). We found that a FA enriched
diet attenuates the prostate involution response to castration. Because drugs that reduce
or prevent androgen synthesis are widely used for treating BPH and prostate cancer, our
study identifies a new need to address interactions between dietary folate and androgen-

reducing therapy efficacy.

In conclusion, we identified an interaction between dietary folic acid supplementation and
tissue involution in response to androgen deprivation. Dietary folic acid supplementation
attenuated the involution of two androgen dependent organs, the prostate and seminal
vesicle, after castration. In the prostate, this was accompanied by greater luminal
epithelial cell secretory activity and secretory gene expression compared to castrated
controls. Given the widespread use of folic acid in dietary supplements and fortified food
stuffs, our conclusions warrant further research into the interaction between folic acid

supplementation and anti-androgen therapies used to treat prostate disease.
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4.5. Figures and Tables
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Figure 4.1 Study design

(A) Study design. (B) Mouse body weights do not change across diet or treatment groups.
Number of mice per group: Control-Intact N=8, FA-Intact N=11, Control-3d post cast N=8,
FA-3d post cast N=7, Control-10d post cast N=14, FA-10d post cast N=15, Control-14d
post cast N=5, FA-14d post cast N=5. Results are presented as mean + SEM.

Homogeneity of variance was tested using Bartlett’s test. p-values represent results from



208

unpaired Student’s t-test between diet groups for each treatment. NS: Not significant

p>0.05. Abbreviations FA: Folic Acid, d post cast: days post castration.
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Figure 4.2 Mice fed a FA enriched diet and then castrated have greater prostate and

seminal vesicle weights than mice fed a control diet and castrated.

Relative prostate and seminal vesicle (SV) wet weights were determined as percentage
of mouse body weight for: (A, E) Intact mice or mice (B, F) 3 days (C, G) 10 days (D, H)
or 14 days post castration. N value indicates number of mice/group. Results are
presented as mean + SEM. Homogeneity of variance was tested using Bartlett’s test. p-
values represent results from unpaired Student’s t-test between diet groups for each

treatment.



210

SIS RN 3d post 10d post G. Proliferative Index
Intact castration castration 51 s
y a5{ — i
e 4 5
£ £ 35 :
S 8 3 i NS
; 2.5 '
© 2 i :
9!.\9 1.5 4 : : N_S
1 5 s
E 0 H ]
Intact 3d post 10d post
cast cast
OControl BFA
CDH1+Cleaved Casp3+DNA 34 ,,q¢ 10d post N. Apoptotic Index
Intact castration castration HE
0.7 - No
@ E ;
§ g 0.6 - - : :
T +054 —— B8
Q a :
(&} 00.4 - :
o Z
- 0.3 4 :
m I}
c_:go.z ] :
%) H
BEOJ E '
oy -
Intact 3d post10d post
cast cast
OControl HFA
CDH1+DNA 3d post 10d post
Intact castration castration u. Ventral prostate
25 - luminal cell height
= NS =
£ 20 - Poox
8 oy B
o 15 -
c : :
e : .
L 10 1 ] H
£ : :
5 ] :
i 0

Intact 3d post 10d post
cast cast
OControl BFA

Figure 4.3 Greater luminal epithelial cell heights in castrated FA diet prostates

compared to control diet mice but no differences in prostate cell proliferation and

apoptosis between diet groups.
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Mouse ventral prostate sections were labeled with antibodies to CDH1 (red) and Ki67
(green). Representative images are shown for (A-B) Intact mice or mice (C-D) 3 days (E-
F) or 10 days post-castration. (G) Proliferation indices were compared between diet
groups. Number of mice per group: Control-Intact N=7, FA-Intact N=8, Control-3d post
cast N=7, FA-3d post cast N=7, Control-10d post cast N=6, FA-10d post cast N=5. Mouse
ventral prostate sections were also labeled with antibodies to CDH1 (red) and Cleaved
caspase 3 (green). Representative images are shown for (H-l) Intact mice or mice (J-K)
at 3 days (L-M) or 10 days post-castration. (N) Apoptotic indices were compared between
diet groups. Number of mice per group: Control-Intact N=8, FA-Intact N=10, Control-3d
post cast N=8, FA-3d post cast N=6, Control-10d post cast N=6, FA-10d post cast N=4.
Ventral prostate sections from both diet groups were labeled with antibodies to CDH1
(red). Representative images are shown for (O-P) Intact mice, (Q-R) mice at 3 days post-
castration (S-T) and 10 days post castration. (U) Prostate luminal epithelial cell heights
were compared between diet groups. N values for groups are as follows: Control-Intact
N=4, FA-Intact N=5, Control-3d post cast N=4, FA-3d post cast N=3, Control-10d post
cast N=6, FA-10d post cast N=5. DAPI staining is show in blue. Scale bar is 50 ym. White
arrowheads indicate Ki67 or cleaved caspase 3 labeled cells. White double headed
arrows depict cell height of selected luminal epithelial cells. Graphical results are
presented as mean + SEM. Homogeneity of variance was tested using Bartlett’s test. p-
values represent results from unpaired Student’s t-test test between diet groups for each

treatment. * p<0.05, ** p<0.01, ***p<0.001, NS: Not significant p>0.05.
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Figure 4.4 Mice fed a FA enriched diet and then castrated have relatively more

ventral prostate specific secretory mRNAs Sbp and Spink1, than controls.

(A) mRNA abundance of Sbp was measured in Intact, 3 days, 10 days and 14 days post-
castration ventral prostates from FA enriched diet or control diet fed mice. The abundance
of Sbp was normalized to that of B2m. N values for groups are as follows: Control-Intact
N=4, FA-Intact N=4, Control-3d post cast N=3, FA-3d post cast N=4, Control-10d post
cast N=4, FA-10d post cast N=3, Control-14d post cast N=3, FA-14d post cast N=3. (B)
mMRNA abundance of Spink1 was measured in Intact, 3 days, 10 days and 14 days post-
castration ventral prostates from FA enriched diet or control diet fed mice. The abundance

of Spink1 was normalized to that of B2m. N values for groups are as follows: Control-
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Intact N=4, FA-Intact N=4, Control-3d post cast N=3, FA-3d post cast N=4, Control-10d
post cast N=3, FA-10d post cast N=3, Control-14d post cast N=3, FA-14d post cast N=3.
Graphical results are presented as mean + SEM of mRNA abundance. p-values represent
results from unpaired Student’s t-test between diet groups for each treatment, * p<0.05.

Comparisons that did not produce significant p-values (>0.05) are not indicated.
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Figure 4.5 The FA enriched diet does not change circulating androgens or prostatic

Androgen receptor (Ar) abundance compared to controls
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(A) Serum testosterone concentrations were determined by ELISA. Serum from N=3
mice/group was used for analysis. (B) Ventral prostate Ar mMRNA abundance normalized
to B2m. N values for groups are as follows: Control-Intact N=4, FA-Intact N=4, Control-
3d post cast N=3, FA-3d post cast N=4, Control-10d post cast N=4, FA-10d post cast
N=4. Graphical results are presented as mean + SEM. p-values represent results from
unpaired Student’s t-test between diet groups for each treatment. Comparisons that did
not produce significant p-values (>0.05) are not indicated. Mouse ventral prostate
sections were also labeled with antibodies to Androgen receptor (AR, red) and CDH1
(green). Representative images are shown for (C-D) Intact mice or mice (E-F) at 3 days
(G-H) or 10 days post-castration or (I-J) or 14 days post-castration. DAPI staining is show

in blue. Scale bar is 50 ym.
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3.5 - ventral prostate
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Figure 4.6 Increased expression of genes involved in purine ribonucleoside

metabolism in FA enriched diet prostates after castration.
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mRNA abundance of Ampd3 (N=4 mice/diet group), DIg2 (N=4 mice/diet group), Fbp1
(N=3 mice/diet group) and P2rx7 (N=3 mice/diet group) were measured in 10 days post-
castration ventral prostates from FA enriched diet or control diet fed mice. mRNA
abundance was normalized to that of B2m and expressed as relative fold change to
control diet samples. Graphical results are presented as mean + SEM. p-values represent
results from unpaired Student’s t-test between diet groups for each treatment. * p<0.05,

** p<0.01, NS: Not significant p>0.05.

Table 4.1 Quantitative RT-PCR primer sequences

Gene Genbank entry Forward 5'-3' Reverse 5'-3'
name
B2m NM_009735.3 GTGACCCTGGTCTTTCTGGTG  TATGTTCGGCTTCCCATTCTC

Sbhp NM_011321.2 AGAGCCCAGAATGTCCTGGG TTATCACGTGCTCTCCGTCC
Spink1 NM_009258.5 GAAACGCATAGAGCCTGTCCTC AACGAACCCACTTGCCAAAC

Ar NM_013476.3 GATGGTATTTGCCATGGGTTG GGCTGTACATCCGAGACTTGTG
Ampd3 NM_001276301.1 TGACTGGGTTTGACAGTGTGG ACTATAGGGCGGGTTCTGCTC
Dig2 NM_001243046.1 ACATCCCGCTCCTAAGTTTCC CTTTGCTTTCTGGGCTGAGTG
Fbp1 NM_019395.3 GGATTGTGGTGTCAACTGCTTC ATTGATGGCAGGGTCAAAGTC
P2rx7 NM_001038839.2 GCCAACTATGAACGGCTCTTG  CCATGATTCCTCCCTGAACTG

Table 4.2 Summary of differential gene expression determined by RNA-Seq

Comparison Differentially Upregulated in Downregulated
expressed FA diet in FA diet
genes (FDR
cutoff 0.05)

Intact: FA vs Control diet n= 316 n= 123 n= 193

3d castration: FA vs Control diet n= 244 n=113 n= 131

10d castration: FA vs Control diet n=122 n= 38 n= 84




Table 4.3 Enriched GO terms in differentially expressed gene sets

Differentially
expressed GO ID
gene list Biological FDR (cutoff
Treatment [analyzed Process Category p-value |0.05) #genes |Genes
cellular response Bcl3,Gadd45a,Ei24,Mc1r,Rad23a,
upregulated in to DNAdamage Morf4l1,Tdp2,Uchl5,Rec8,Dmap1,
Intact FA GO: 0006974 |stimulus 2 .85E-06 2.01E-02 14 Ube2tNsmced4a,Ap5s1,Parp9
Mc1r,Rad23a,Morf411,Tdp2,Uchl5,
upregulated in Rec8,Dmap1,Ube2t Nsmce4a,Ap
Intact FA G0:0006281 |DNArepair 4.82E-06] 2.01E-02 11 5s1,Parp9
Mybpc1,Actc1,Atp2a1,Casq1,Mef2
downregulated muscle system a,Myh4,Myh8,MyI3,Myl,Tcap,Tead1
Intact in FA G0:0003012 |process 5.37E-09| 4.47E-05 16 |, Tnni2, Tnnt3,Mybpc2,Pgam2,Trdn
Mybpc1, Acte,
Atp2a1,Casq1,Myh4, Myh8, Myl3,
downregulated muscle Myl1, Tcap, Tnhni2, Tnnt3, Mybpc2,
Intact in FA G0:0006936 |contraction 1.50E-08| 6.25E-05| 14 [Pgam2, Trdn
response to Dnajc3,Txndch,Atp2a1,Pdia4,Pdia
downregulated endoplasmic 3,Sel1l,Creb312,Erlin1,Dnajb 9,Ed
Intact in FA G0:0034976 |reficulum stress | 1.41E-07| 2.93E-04 12 |em3,Deri3,Syvn1
Sema3d,Cygb,Capn7,Ecm1,Lam
a4,Mmp9,Cxcl2,Cxcl5,Sphk 1,Stats
3d downregulated regulation of cell a,Tac1,Ndrg4,Pla2g7,Cxcl3,Nsmf,
castration [in FA G0:0030334 |migration 7.96E-07| 4.31E-03 16 |Rin4
Sema3d,Cygb,Capn7,Ecm1,Lam
a4,Mmp9,Cxcl2,Cxcl5,Sphk 1,Stats
3d downregulated regulation of cell a,Tac1,Ndrg4,Pla2g7,Cxcl3,
castration |in FA G0:2000145 |motility 1.69E-06| 4.69E-03 16 |NsmfRtn4
Sema3d,Cygb,Artn,Capn7,Ecm1,
Lama4,Mmp9,Pstpip2,Cxcl2,Cxcl5
3d downregulated ,Sphk1,Stat5a,Stat5b,Tac1,Ndrg4,
castration [in FA G0:0016477 |cell migration 416E-06| 6.71E-03| 20 [Pla2g7,Cxcl3,Nsmf,Vav3,Rin4
purine nucleoside
diphosphate
10d upregulated in metabolic
castration |FA G0:0009135 [process 9.84E-06 3.31E-02 4 Ampd3,Fbp1,P2rx7,DIg2
purine
ribonucleoside
diphosphate
10d upregulated in metabolic
castration [FA G0:0009179 |process 9.84E-06| 3.31E-02 4 Ampd3,Fbp1,P2rx7,DIg2
purine
ribonucleoside
monophosphate
10d upregulated in metabolic
castration |FA GO0:0009167 |process 3.15E-05| 4.47E-02 5 Ampd3,Fbp1,Myh8,P2rx7,DIg2
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CHAPTER 5. CONCLUSIONS AND FUTURE RESEARCH

OPPORTUNITIES
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5.1. Further investigation into maintenance mechanisms of the Wolffian
duct-urethra junction

Epithelial junctions are essential for organogenesis and cell specialization. Junctions
formed by epithelial fusion, cell segregation or patterning gradients define sequential
tissue compartments and confer them with specialized functions needed for complex
physiological processes such as respiration, digestion and excretion. Following the
establishment of these junctions, they need to be constantly maintained to prevent
intermingling of epithelial populations. The Wolffian duct-urethra junction, along with
cloacal and oropharyngeal membranes, comprise a rare junctional subtype between
epithelia from two different germ layers. The Wolffian duct-urethra junction is established
during embryonic development when mesoderm-derived Wolffian ducts (also called
nephric or mesonephric ducts) fuse with the endoderm-derived cloaca at embryonic day
(E)9.5 in mice. The Wolffian duct-urethra junction is one of the few junctions formed by
fusion of epithelial structures, the other being the ureter-bladder junction. The junction is
transitory in females (Wolffian ducts degenerate by E16.5 in females but are maintained
throughout life in males) (Welsh et al., 2006; Welsh et al., 2009; Zhao et al., 2017). The
two epithelial populations separated by the Wolffian duct-urethra junction possess and
maintain unique identities throughout urogenital tract growth and differentiation. The
distinct molecular and histological characteristics of the Wolffian duct and urethral
epithelium are maintained by the unique inductive mesenchyme surrounding each
epithelial structure. The findings described in Chapter 2 demonstrate that the Wolffian
duct-urethral junction keeps the epithelium of the Wolffian duct and urethra distinct,

preventing them from being reprogrammed by heterotypic mesenchyme.
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My work (described in Chapter 2) reveals an unexpected role for Dnmt1 in maintaining
the Wolffian duct-urethral junction. Here, | define junction maintenance as the separation
of the two epithelial populations without intermixing. In the absence of urethral Dnmt1
expression, Wolffian duct epithelial cells crossed the Wolffian duct-urethra junction and
were found intermixing with urethral and bladder epithelium. | found that the urogenital
sinus (UGS) ridge formed normally in Dnmt1 mutant mice but then receded in response
to urethral epithelial cell death and impaired differentiation, allowing Wolffian duct
epithelial cells to cross the Wolffian duct-urethra junction. Based on our observations, the
UGS ridge is lost because of endodermal depletion which creates a permissive
environment for Wolffian duct cell invasion. These findings raise the possibility that the
UGS ridge actively maintains the Wolffian duct-urethra junction. In our study, endodermal
depletion and loss of the UGS ridge was caused by apoptosis associated with Dnmt1
ablation. These results also suggest that damage to endodermal cell populations through
mechanisms other than apoptosis may function more broadly as a trigger for Wolffian
duct epithelial cell movement into the urethra and bladder. Further studies are required
to identify the types of tissue damage that can trigger breakdown of the Wolffian duct-

urethra junction.

These results provide crucial insights into how the Wolffian duct-urethra junction is
maintained, but the entire mechanism has not been elucidated yet. The Wolffian duct-
urethra junction is a lineage junction (or lineage boundary) between two cell populations
derived from distinct progenitors. Epithelial junctions elsewhere in the body are generally
maintained by two major mechanisms. The first is a cohesive mechanism which restricts

cell movement through transmembrane spanning anchors such as the cadherins
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(Dahmann et al., 2011; Halbleib and Nelson, 2006). The second is a repulsive
mechanism mediated by signaling molecules such as Eph receptors and ephrins (Batlle
and Wilkinson, 2012; Cayuso et al., 2015). Epithelial disorganization and loss of apico-
basal polarity (reduced ZO-1 staining in the Dnmt1 mutant urethra) indicates that cell-cell
adhesion is impaired in Dnmt1 ablated endodermal epithelium. This raises the question
of whether reduced cell-cell adhesion in the urethral epithelium but not in the Wolffian
duct epithelium is sufficient for the invasion of Wolffian duct epithelial cells. The
appearance of individual invading cells suggests that invading Wolffian duct cells are not
adhered to each other and do not migrate as epithelial sheets. Invading cells appear to
break cell-cell adhesions with the Wolffian duct epithelium to move into the urethral
epithelium. These results indicate that the Wolffian duct epithelium is not restricted by
adhesive forces, although Wolffian duct cell-cell adhesions might be sufficient to prevent
reciprocal movement of urethral epithelial cells into the Wolffian duct epithelium. Other
mechanisms like cell-cell repulsion might be involved in junction maintenance. Our results
are consistent with the hypothesis that urethral epithelial cells actively repulse Wolffian
duct epithelial cells to maintain the junction. This repulsive force could be maintained by
cell autonomous or non-autonomous factors that are yet to be determined. When urethra
and bladder epithelial cells are depleted, the repulsive force is lost, and the junction
breaks down. The fact that | did not observe reciprocal invasion into the Wolffian duct by
urethral epithelial cells is evidence that Wolffian duct epithelium possesses its own
repulsive force against the urethral epithelium. By deleting Dnmt1 in the Wolffian duct
epithelium using the Hoxb7-cre (Yu et al., 2002) , | can test whether epithelial damage to

the Wolffian duct permits urethral epithelium to invade across the Wolffian duct-urethra
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junction. Further studies are required to identify the exact signaling pathways controlling

maintenance of the Wolffian duct-urethra junction.

5.2. Probing the role of DNMT3A, DNMT3B and demethylases in lower
urinary tract and prostate development

The results described in Chapter 3 demonstrate the requirement for epithelial DNMT1
expression for prostate bud formation. Epithelial Dnmt1 deletion leads to widespread
hypomethylation, DNA damage, P53-activation, cell cycle arrest and apoptosis. DNMT1
expression is required for normal cell cycle progression and survival of early prostate
progenitors. Further, | demonstrated that cells at the tips and margins of prostate buds

have a greater requirement for DNMT1 expression than cells in the core of prostate buds.

By identifying the role of DNMT1 in lower urinary tract development, | have just made a
start in understanding the wider role of the DNA methylation machinery in this process.
Previous studies have shown that temporal changes in expression of the DNA
methylation machinery occur during prostate development. There is a shift in Dnmt
expression from the urethral mesenchymal to the urethral epithelium and prostate buds
as development proceeds. As the expression of the Dnmts are coupled with the cell cycle,
this shift could be a consequence of increased epithelial proliferation and reduced
mesenchymal proliferation during prostate bud outgrowth. However, it is interesting that
the shift in expression does not occur equally for the all the Dnmits. Dnmt1 mRNA
expression is strongly localized to prostate buds by E18.5. At this stage Dnmt3a appears
to be widespread in both the epithelial and mesenchymal compartments while Dnmt3b
appears to be mostly in the developing prostate buds and mesenchymal compartment.

(Keil et al., 2013). Immunohistochemistry for DNMT3A protein levels at E18.5 confirms
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that DNMT3A is expression is widespread in the epithelium and mesenchyme. At this
stage, DNMT3B protein can be detected in the nuclei of cells at the tips of prostate buds
(Figure 5.1). The disparate expression patterns of DNMT3A and DNMT3B during prostate
budding suggests that they play different roles during this process. Further studies are
required to test this by conditionally depleting Dnmt3a and Dnmit3b in the urethral
epithelium during prostate budding. This would involve the use of Shhcre alleles and
existing floxed alleles for Dnmt3a (Kaneda et al., 2004) and Dnmt3b (Dodge et al., 2005).
To account for redundancies in de novo methylation functions, double knockouts of

Dnmt3a and Dnmt3b can be generated.

Conditional epithelial Dnmt1 ablation and widespread demethylation results in a reduction
in prostate bud number. The labile nature of DNA methylation marks allows rapid
transcriptional remodeling and makes it an important regulatory process in prostate
development. The shift of DNMT1 expression from the mesenchyme to epithelium turns
on stromal Androgen receptors and regulates the onset of prostate bud formation (Keil et
al., 2014a). Reduction of Dnmt1 expression can lead to passive DNA demethylation over
several cell divisions. Rapid demethylation can be carried out by the demethylases Tet7,
Tet2 and Tet3 which are expressed in the urethra during prostate development (Keil et
al., 2013). The consequences of sustained DNA methylation can be studied using
epithelium or mesenchymal cre drivers and floxed alleles for the Tet genes (Kang et al.,

2015; Zhang et al., 2013; Zhao et al., 2015).
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E18.5 urethra
DNMT3A+DNA DNMT3B+DNA

Figure 5.1 DNMT3A and DNMT3B expression in developing prostate buds

Urethral sections from male embryos were labeled with antibodies to (A) DNMT3A (Santa
Cruz Biotechnology # sc-20703) and (B) DNMT3B (Novus Biologicals # NB100-56514).
DAPI staining is shown in blue. White dotted line represents the epithelial-mesenchymal

interface. Scale bar is 50 microns. Epi: Epithelium, Mes: Mesenchyme.

5.3. Transcriptional requlation by DNA Methylation in the lower urinary tract

Comparison of the transcriptomes of Dnmt1 mutant and control urethral epithelia at E15.5
yielded several insights into the role of DNA methylation during this crucial period of
development (Chapter 3). At E15.5, the urethral mesenchyme is at the cusp of signaling
to the urethral epithelium to initiate prostate bud formation. DNMT1 protein expression
reduces in the mesenchyme and concentrates in the developing prostate buds. In
developing buds, methylation of the E-cadherin (Cdh7) gene promoter has been shown
to promote budding. Inhibition of DNMT1 expression by the pharmacological DNA
methylation inhibitor, 5’-aza-deoxycytidine, blocked prostate bud elongation by de-

repressing E-cadherin expression (Keil et al., 2014Db).
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RNA-Seq analysis of Dnmt1 mutant urethral epithelium at E15.5 revealed several
candidate genes that were significantly upregulated by the loss of Dnmt1. Out of these,
some upregulated genes were P53 target genes and genes involved in the cell cycle or
apoptosis. These genes were expressed in the control urethral epithelium, but their
expression was increased several-fold in Dnmt1 deleted urethral epithelium. | identified
another group of differentially expressed genes whose expression increased from barely
detected in the controls to highly expressed in the Dnmt1 mutant urethral epithelium.
Several genes in the category participate in spermatogenesis and germ cell development
(Taf7l, Dazl, Stra8 etc.) (Anderson et al., 2008; VanGompel and Xu, 2011; Zhou et al.,
2013) but other genes like Wnt10b, Krt13 and Krt17 exhibited similar de-repression of
expression (Table 5.1). This RNA-Seq dataset provides a starting point for identifying
DNA methylation regulated genes in the epithelium of the developing prostate. Further
confirmatory studies using methylation-specific PCR are required to confirm the
methylation status of promoters associated with these genes. Changes in DNMT1
expression caused by endocrine disrupting environmental chemicals could fundamentally
alter the transcriptional program of the developing prostate by modifying expression of

DNA methylation regulated genes.

5.4. Differentiation of Wolffian duct derivatives by bladder mesenchyme:
Implications for bladder regenerative therapies

During development, epithelial-mesenchymal interactions play an important role in the
differentiation of bladder urothelium and stroma (Baskin et al., 1997). The remarkable
inductive capacity of the embryonic bladder mesenchyme has been demonstrated in
several experimental models. Primary cultures of adult rodent bladder epithelial cells

organize into urothelium when artificially recombined with embryonic bladder
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mesenchyme even after several passages (Oottamasathien et al., 2006). Going a step
further, it was demonstrated that bladder mesenchyme can direct differentiation of
embryonic stem cells into endodermal urothelium (Oottamasathien et al., 2007). The
inductive capacity of embryonic bladder mesenchyme was also demonstrated to direct
the differentiation of non-embryonic mesenchymal stem cells into bladder urothelium

(Anumanthan et al., 2008).

As described in Chapter 2, cells from the embryonic Wolffian duct can be reprogrammed
by bladder mesenchyme to create cells that resemble basal, intermediate and uroplakin
expressing superficial bladder urothelium. Another observation was that the Wolffian duct
cells only acquire expression of Keratin 5, P63 and Uroplakins in the bladder and not in
the urethra. This suggests that the bladder mesenchyme expresses additional signals
that can direct cells to form bladder urothelium. Comparing the transcriptomes of bladder
mesenchyme to urethral mesenchyme can provide a list of genes that are differentially
expressed in the bladder mesenchyme compared to the urethral mesenchyme. These
genes products could be the mediators of the inductive capacity of embryonic bladder

mesenchyme to induce urothelial differentiation.

When a patient suffers from interstitial cystitis or bladder cancer, autologous cells cannot
be used for bladder regeneration. Currently, bladder replacement is performed by
removing the diseased bladder and replacing it with a segment of intestine which serves
as a urine reservoir. However, the specialized functions of the intestine often lead to
complications including metabolic changes, increased mucous production, urinary tract
infection and stone formation when the intestinal epithelial is in prolonged contact with

urine (Vasdev et al., 2013). In several cases, the portion of the bladder that is diseased
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is removed and the bladder is augmented by a segment of intestine. In such cases,
reprogramming of the adjacent bladder urothelium due to the proximity to the intestinal
stroma is a serious concern that has been experimentally demonstrated in rodents (Li et
al., 2000). Other cell sources are being sought out as alternatives to the intestinal

epithelium.

Based on the results described in Chapter 2, the Wolffian duct epithelium could be an
alternate source of epithelium to regenerate the bladder. Directed differentiation of
Wolffian duct epithelium into Uroplakin positive urothelium and seeding onto biomatrices
can be done to form artificial bladders. For this, the signals emanating from the bladder
mesenchyme that direct urothelial differentiation must be completely elucidated. In
addition, the capacity of adult Wolffian duct epithelium to be reprogrammed to form
urothelium must be tested. The ureters are also a potential source of cells for bladder

regeneration as these Wolffian duct derivatives already express Uroplakins.

5.5. Exploring folic acid interaction with prostate disease and androgen
reduction therapies

In Chapter 4, | describe the interaction between a folic acid enriched diet and the prostate
response to androgen deprivation. In this study, mice were exposed to a folic acid
enriched diet throughout gestation and until reaching sexual maturity at 7 weeks of age.
When these mice were castrated, their prostates were consistently larger than the
prostates of castrated control diet mice. In addition, we observed that the castrated folic
acid diet prostates had greater luminal cell heights (indicating increased secretory activity)

and increased expression of the prostate specific secretory genes Sbp 7 and Spink1. Folic
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acid supplementation also results in transcriptional changes in the prostate with increased

expression of genes involved in the purine nucleotide metabolism pathway.

The diet regimen used in this study mimics the lifetime of folic acid consumption that
people are exposed to. Folic acid is consumed in the form of prenatal vitamins, from
fortified foods and in the form of multi-vitamin supplements. In this study, | only examined
one method of androgen deprivation namely surgical castration. Finasteride, a 5-alpha-
reductase inhibitor, blocks the conversion of testosterone to the more potent
Dihydrotestosterone and is used to shrink prostate size in patients with Benign Prostatic
Hyperplasia (BPH). The impact of folic acid supplementation on finasteride mediated

androgen deprivation is a clinically relevant avenue to pursue.

Androgen deprivation therapies are used as treatments for prostate cancer and Benign
prostatic hyperplasia (BPH) which are prevalent in aging men. This same population
consumes large amounts of folic acid in the form of vitamin supplements (Bailey et al.,
2011; Bailey et al., 2010). The study described in Chapter 4 suggests that the folic acid
diet could interfere with the prostate response to androgen deprivation therapies used to
treated prostate cancer and BPH in older men. Further studies are required to confirm the
interaction of folic acid supplementation with androgen responsiveness in the aging and

diseased prostate.

Clinical studies have tenuously linked folic acid consumption with prostate cancer risk
(Collin et al., 2010; de Vogel et al., 2013; Figueiredo et al., 2009; Tomaszewski et al.,
2011). The interaction between folic acid supplementation and prostate cancer

progression can be tested in experimental rodent models of prostate cancer.
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Table 5.1 Selected differentially expressed genes upregulated in Dnmt1cKO

urethral epithelium compared to Control urethral epithelium

Gene Gene name TPM- TPM- Log2 Fold p-adj
Control Dnmt1cKO change
Dnmt1cKO
over
Control
Taf7l TATA-Box Binding 0.25 336.48 9.74 2.10E-27
Protein Associated
Factor 7 Like
Sycp1 Synaptonemal Complex O 53.47 9.23 1.03E-14
Protein 1
Dazl Deleted in Azoospermia  1.48 155.70 6.21 5.75E-13
Like
Syce1 Synaptonemal Complex 0 96.82 8.98 1.77E-12
Central Element Protein
1
Wnt10b Wingless-type MMTV 1.45 54.74 4.47 2.29E-06
integration site family
10b
Stra8 Stimulated by Retinoic 0 18.34 6.50 0.00013
Acid 8
Krt13 Keratin 13 3.85 137.08 4.59 0.00029
Hoxd13 homeobox D13 44.28 257.89 1.77 0.00524
Krt17 Keratin 17 66.44 387.04 2.09 0.02641

TPM: Transcripts per million, p-adj: Adjusted p-value; p <0.05 indicates differential

expression
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Figure 5.2 Proposed role of DNA methylation in lower urinary tract development

and prostate homeostasis
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APPENDIX 1: DNMT1 DELETION IN LUMINAL EPITHELIUM DOES
NOT AFFECT ADULT PROSTATE HOMEOSTASIS AND

REGENERATION

A1.1 Introduction

The study described in Chapter 3 demonstrates the requirement for DNMT1 expression
in the epithelium of the developing prostate. DNMT1 is closely linked to cell proliferation
which occurs at rapid rates in the developing prostate epithelium. DNMT1 is required for
ensuring proper cell cycle progression and maintaining cell survival in the developing
prostate epithelium. | tested whether DNMT1 expression is similarly required for adult
prostate homeostasis and regeneration. To test this, | used a PbCre-4 mouse line that
carries the cre gene under the control of an engineered promoter containing sequences
from the rat Probasin gene promoter. This allele causes Cre recombination in prostate
luminal epithelial cells which can be identified as early as 1 week after birth (Wu et al.,
2001). To test the requirement for Dnmt1 in the adult prostate, | performed deletion of

Dnmt1 using Dnmt1 floxed alleles (Jackson-Grusby et al., 2001) and the PbCre-4 allele.

A1.2 Materials and Methods

Generation of adult prostate specific Dnmt1 mutants

Mice were housed as previously described (Mehta et al., 2011) in clear plastic cages
containing corn cob bedding and maintained on a 12-hr light and dark cycle at 25+5°C
and 20-50% relative humidity. Feed (Diet 2019 for males and Diet 7002 for pregnant
females, Harlan Teklad, Madison, WI) and water were available ad libitum. All procedures

performed on mice were approved by the University of Wisconsin-Madison Animal Care
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and Use Committee and were carried out in accordance with the Guide for the Care and
Use of Laboratory Animals. Mice carrying the Dnmti1Flox allele (B6.129S4-
Dnmt1tm2Jae/Mmucd) were from the Mutant Mouse Research and Resource Centers at the
University of California, Davis (MMRRC, 014114-UCD). Genotyping for the Dnmt1Flox
allele was carried out as described previously (Jackson-Grusby et al., 2001). The PbCre-
4 line and its genotyping have been described previously (Wu et al., 2001). Mice carrying
the R26R-EYFP reporter allele (B6.129X1-Gt(ROSA)26Sctm1(EYFP)Cos/) (The Jackson
Laboratory, 006148) were genotyped wusing the following primers: 5'-
AAAGTCGCTCTGAGTTGTTAT -3' and 5'-AAGACCGCGAAGAGTTTGTC -3' (Srinivas
etal., 2001). Dnmt1Flox mice were bred to mice carrying the R26R-EYFP alleles to obtain
Dnmt1Flox/Flox; R26R/R26R females. These females were crossed with Pbcre-4/+;
Dnmt1Flox/+ males. Mice carrying one copy of the Pbcre-4 transgene and one copy of a
Dnmt1flox allele (Control) served as experimental controls for mice carrying one copy of

the Pbcre-4 allele and two copies of the Dnmt1flox allele (Pbcre-4; Dnmt1LOF).

Male mice were euthanized by CO2 asphyxiation at 7 weeks of age for tissue harvesting.
A separate group of mice from each genotype were castrated at 7 weeks of age and
implanted with a testosterone capsule after 2 weeks. The prostate regenerated for 7 days
and the mice were euthanized for tissue harvesting. Tissue wet weights were obtained

using an analytic balance and are presented as percentages of mouse body weights.
Fluorescent Immunohistochemistry

Fluorescent immunohistochemistry was performed as described previously (Abler et al.,
2011). Primary antibody sources and dilutions are: 5SmC (ab10805, 1:200 dilution) from

Abcam, Cambridge, MA, USA and GFP (600-401-215, 1:200 dilution) from Rockland
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Immunochemicals, Limerick, PA, USA). The secondary antibodies and dilutions are: goat
anti-Mouse AlexaFluor594 (115-585-062, 1:500 dilution), goat anti-Rabbit AlexaFluor488

(111-487-003, 1:500 dilution) from Jackson ImmunoResearch, West Grove, PA, USA.

Statistics

Statistical analyses were conducted with R version 3.2.4. Homogeneity of variance was
determined using Bartlett’'s test packages for R. Student’s t-test was performed on
parametric data with two groups. P values less than 0.05 were considered statistically
significant. Results are presented as mean + standard error of the mean (SEM). NS: Not

significant

A1.3 Results

To test whether Dnmt1 deletion in luminal epithelial cells impacted postnatal and adult
prostate growth, tissues from 7-week old mice from each genotype were harvested and
the prostate weights compared. Intact prostate weights did not differ significantly between
the Control and PbCre-4; Dnmt1LOF groups. | then tested whether Dnmt1 deletion would
affect the ability of the prostate to regenerate to full size after castration and testosterone
supplementation. 7-week old male mice from both genotypes were subjected to one
round of castration and regeneration. Following this, the mice were euthanized, and the
tissues were harvested for prostate weight comparisons. Regenerated prostate weights
did not differ significantly between the Control and PbCre-4; Dnmt1LOF groups.
Immunohistochemical analysis showed patchy Cre recombination with no change in DNA

methylation (measured by 5mC) in the intact and regenerated prostates from each group.
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Figure A1. 1 No change in prostate weight after Dnmt1 deletion in adult luminal

epithelium

Relative prostate wet weights were determined as a percentage of mouse body weight
for Intact mice (n=7/genotype) and mice that had undergone castration and regeneration

(n=3/genotype). Results are presented as mean + SEM. p-values represent results from

unpaired Student’s t-test. NS: Not significant P>0.05.
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Figure A1. 2 Dnmt1 deletion did not affect DNA methylation in the adult ventral

prostate

Mouse ventral prostate sections were labeled with antibodies to 5mC (red) and EYFP
(green). Representative images are shown for intact and regenerated prostates from the
Control and PbCre-4; Dnmt1LOF groups. Scale bar is 50 microns. DAPI staining is shown

in blue.

A1.5 Discussion

Dnmt1 deletion in the adult prostate luminal epithelium did not cause significant loss of

DNA methylation. As shown in Chapter 2 and 3, Dnmt1 deletion severely impacts
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progenitor cells that are dividing and differentiating. The intact prostate has a low rate of
cell proliferation. The regenerating prostate has a lot of cell proliferation, but it is likely
that the basal cells proliferate to give rise to the new luminal epithelial cells. The luminal
epithelial cells themselves are terminally differentiated and do not undergo multiple
rounds of cell division. As multiple rounds of cell division are required to deplete DNMT1
and 5mC levels, these cells are unaffected by Dnmt1 deletion. Keratin 5 or Keratin 14 cre

drivers could be used to test the requirement for DNMT1 in prostate basal epithelial cells.
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APPENDIX 2: IMMUNOHISTOCHEMICAL COMPARISON OF NOVEL
EPITHELIAL AND STROMAL SUBTYPES IN THE HUMAN AND

MOUSE PROSTATE

e Staining and imaging of adult human prostates shown in Appendix 2 was carried
out by Diya Binoy Joseph and adapted from:
Gervaise H. Henry, Alicia Malewska, Diya B. Joseph, Venkat S. Malladi, Jeon
Lee, Jose Torrealba, Ryan J. Mauck, Jeffrey C. Gahan, Claus G. Roehrborn, Gary
C. Hon, Jeffrey C. Reese, Ryan C. Hutchinson, Chad M. Vezina, Douglas W.
Strand
A Cellular Anatomy of the normal Human Prostate
Cell Reports (2018), in press

e Staining and imaging of young human and mouse prostate tissues was carried out

by Simran K Sandhu under the supervision of Diya Binoy Joseph.

A2.1 Introduction

The mouse and human prostate differ considerably in anatomy. While the human prostate
is a walnut shaped organ with ducts confined within a capsule, the mouse prostate
consists of multiple lobes similar to leaves on a tree branch. Despite the striking
anatomical differences, the mouse prostate is a widely used model for studying human
prostate diseases including prostate cancer, Benign prostatic hyperplasia (BPH) and
prostatitis. The mouse prostate contains the basic epithelial cell types found in the human
prostate which are the basal, luminal and neuroendocrine cells. Within these epithelial

sub-types, further stem cell sub-populations and castration resistant luminal epithelial
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cells have been identified (Collins et al., 2005; Wang et al., 2009). The identification of
these sub-populations suggests that the basal, luminal and neuroendocrine cell
populations are more complex and heterogenous than previously thought. However, the
heterogeneity of the basal, luminal and neuroendocrine cell populations has not been fully
characterized. To address this, a group at the UT Southwestern Medical Center (Gervaise
et al, Cell Reports, in press) performed single cell RNA-sequencing on healthy prostate
tissue from human donors. The single cell RNA-sequencing study provides a snapshot of
all the cell types in the normal human prostate. This technique was used to identify novel
basal and luminal epithelial sub-populations in the prostate. The immunohistochemical
markers used in this study have been informed by this single cell RNA-sequencing study.
Compared to the epithelium, the prostate stroma is relatively underexplored. The single
cell RNA-sequencing dataset divides prostate stromal cells into paracrine fibroblasts and
prostate smooth muscle cells. The distribution of stromal cell populations in the prostate

have been assessed by immunohistochemistry.

The aims of this study are the following:

1. To verify the novel sub-types identified by single RNA-sequencing using
immunohistochemistry.

2. To test whether the novel epithelial and stromal sub-populations identified in human
prostates are also found in the mouse prostate. This is a relevant line of investigation
as the mouse is a widely used model for studying human prostate disease.

3. To test whether the novel epithelial and stromal sub-populations are specified in the
developing prostate. Tissues from the branching stage of the prostate (17-22 weeks

in humans and postnatal day (P) 9 in mice) were used to test whether the novel cell
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populations can be detected at early stages of prostate development and whether

their abundance increases or decreases in the adult tissue.

A2.2 Materials and Methods

Generation of mouse tissues

Mice were housed as previously described (Mehta et al., 2011) in clear plastic cages
containing corn cob bedding and maintained on a 12-hr light and dark cycle at 25+5°C
and 20-50% relative humidity. Feed (Diet 2019 for males and Diet 7002 for pregnant
females, Harlan Teklad, Madison, WI) and water were available ad libitum. All procedures
performed on mice were approved by the University of Wisconsin-Madison Animal Care
and Use Committee and were carried out in accordance with the Guide for the Care and
Use of Laboratory Animals. For adult mouse tissues, C57BI6/J mice (Jackson
Laboratories #000664) between 7-12 weeks of age were euthanized by CO2 and the
lower urinary tract was harvested. The anterior prostate lobes, bladder and seminal
vesicle were removed. The urethra with the ventral, lateral and dorsal prostate lobes
attached was fixed in 4% paraformaldehyde overnight before embedding in paraffin. For
young mouse tissues, postnatal day 9 male mouse pups were euthanized and the lower

urinary tract (urethra, bladder and prostate) was harvested.

Human tissues

Paraffin embedded adult human prostate tissues sections from organ donors were
obtained from the Southwest Transplant alliance and the UT Southwestern Medical
Center courtesy of Dr. Douglas Strand in the Department of Urology. Young human

prostates were obtained from the University of Pittsburgh.



247

Fluorescent Immunohistochemistry

Fluorescent immunohistochemistry was performed as described previously (Abler et al.,
2011). Images were obtained using the Keyence BZ-X710 All-in-one fluorescence

microscope. Antibody sources and dilutions are listed in Table A2.1.

A2.3 Results

Immunohistochemical detection of a novel basal epithelial sub-populations in the

human prostate

Single cell RNA-sequencing in the adult human prostate identified a Keratin 13 (KRT13)
expressing epithelial sub-population in the prostate. Immunohistochemistry on adult
human prostates confirmed the existence of this KRT13+ population. KRT13+ cells
appeared to be a sub-population of the Keratin 5+ basal epithelial population. The basal
sub-population expressing Keratin 14 (KRT14) does not overlap with the KRT13
expressing cell population. In the adult human prostate, KRT13+ cells were enriched in
the urethra and the urethra-proximal prostate ducts while the KRT14+ cells were found

further away from the urethra.

| then looked at young human samples to determine when the KRT13+ and KRT14+
populations emerge. KRT13+ cells are enriched in the urethra and prostate ducts of the
young human prostates while no KRT14 expression is detected at this stage. Conversely,
mouse prostates express KRT14 in the urethra and prostate while no KRT13 expression

is detected at the young and adult stages (Figure A2. 1).

Distribution of prostate stromal cell types is conserved across mouse and human
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Human single cell RNA-sequencing confirmed that two major types of stromal cells exist
in the prostate: paracrine fibroblasts (Decorin, DCN+) and prostate smooth muscle cells
(Myosin heavy chain 11, MYH11+ or Smooth muscle actin, ACTA2+). The distribution of
these cell types was conserved between the adult human and mouse. DCN expressing
fibroblasts are concentrated in the urethral and proximal prostate region. The smooth
muscle cells are distributed throughout the prostate organ. This same distribution is
observed in the young human prostate. In the young mouse prostate, DCN expressing
fibroblasts are mostly absent. The organization of smooth muscle cells differ between the
mouse and human. In the mouse, smooth muscle cells are organized into thick bands
around prostate ducts. In humans, smooth muscle cells form small bundles distributed

throughout the prostate organ (Figure A2. 2).

A novel KRT13+ epithelial sub-population is enriched in the urethra and proximal

prostate region

The distribution of KRT13+ cells followed a striking pattern in the young and adult human
prostate. KRT13 expression was highest in the urethra and the prostate ducts closes to
the urethra (proximal). KRT13 expression gradually reduces with distance from the

urethra and is mostly absent in the distal prostate ducts (Figure A2. 3).

Immunohistochemical detection of a novel luminal epithelial sub-population

expressing Dehydrogenase/Reductase 7 (DHRS7)

Single cell RNA-sequencing in the adult human prostate identified a DHRS7 expressing
luminal epithelial sub-population in the prostate which overlapped with Keratin 8/18

expression. Immunohistochemistry on adult human prostates confirmed the existence of
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this DHRS7+ population. DHRS7+ cells are present in the urethra and prostate ducts of
young humans. DHRS7 expression is absent in the adult urethra but is present in prostate

ducts (Figure A2. 4).

A novel SCGB1A1+ epithelial sub-population is enriched in the urethra and

proximal prostate region

Single cell RNA-sequencing identified prostate epithelial cells expressing Secretoglobin
Family 1A member 1 (SCGB1A1). SCGB1A1 is highly expressed in lung club cells. Club
cells participate in immunomodulation through the secretion of proteins that activate the
immune response. The existence of SCGB1A1+ cells in the prostate suggests that these
cells could perform similar functions as the lung club cells. SCGB1A1+ cells are abundant
in the young human prostate and are present in the urethra and proximal ducts but absent
in the distal ducts. A similar pattern is observed in the adult human prostate. SCGB1A1+
cells are abundant in the adult human urethra and are detectable in the proximal prostate
ducts near the urethra. Distal ducts are completely devoid of SCGB1A1+ cells (Figure A2.

5).

Immunohistochemical detection of a novel neuroendocrine sub-population

expressing Secrotogranin Il (SCG2)

Single cell RNA-sequencing in the adult human prostate identified a SCG2 expressing
neuroendocrine cell population in the prostate which overlapped with the established
neuroendocrine marker Chromogranin A (CHGA). Immunohistochemistry on young and

adult human prostates confirmed the existence of CHGA+ neuroendocrine cells
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expressing SCG2. Neuroendocrine cells were enriched in the urethra and prostate ducts

proximal to the urethra (Figure A2. 6).

A2.4 Fiqures and Tables
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Figure A2. 1 Comparison of novel prostate basal epithelial subtypes (Keratin 13+

and Keratin 14+) in the human and mouse prostate

Sections containing prostate tissue from young human, adult human, young mouse and
adult mouse were stained with antibodies to Keratin 5 (green), Keratin 13 (white) and
Keratin 14 (red). Magnified regions of interest from the prostate and urethra are shown
below the image of the whole-mount tissue. DAPI staining is shown in blue. Scale bar is

1 mm.



251

Smooth Muscle cells ++ Decorin + DNA

Young Human Adult Human Adult Mouse

Distal

O

“Proximal =

Figure A2. 2 Comparison of prostate stroma cell subtypes (Decorin+ paracrine
fibroblast and MYH11 or ACTA2+ prostate smooth muscle cells) in the human and

mouse prostate

Sections containing prostate tissue from young human, adult human, young mouse and
adult mouse were stained with antibodies to MYH11 for human tissue and ACTAZ2 for
mouse tissue (green), Keratin 5 (white) and Decorin (red). Magnified regions of interest
from the proximal prostate, distal prostate and urethra are shown below the image of the

whole-mount tissue. DAPI staining is shown in blue. Scale bar is 1 mm.
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Figure A2. 3 The Keratin 13+ epithelial cell population is enriched in the urethra and

proximal region of the developing and adult human prostate

Sections containing prostate tissue from young human and adult human were stained
with antibodies to Keratin 5 (green), Keratin 13 (white) and Keratin 8/18 (red). Magnified
regions of interest from the proximal prostate, distal prostate and urethra are shown below

the image of the whole-mount tissue. DAPI staining is shown in blue. Scale baris 1 mm.
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Figure A2. 4 The DHRS7+ luminal epithelial cell population is present in prostate

ducts from young human and adult human prostate.

Sections containing prostate tissue from young human and adult human were stained
with antibodies to Keratin 5 (white), DHRS7 (green) and Keratin 8/18 (red). Magnified
regions of interest from the proximal prostate, distal prostate and urethra are shown below

the image of the whole-mount tissue. DAPI staining is shown in blue. Scale bar is 1 mm.
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Figure A2. 5 The SCGB1A1+ epithelial cell population is enriched in the urethra and

proximal region of the young human and adult human.

Sections containing prostate tissue from young human and adult human were stained
with antibodies to Keratin 5 (green), SCGB1A1 (white) and Keratin 8/18 (red). Magnified
regions of interest from the proximal prostate, distal prostate and urethra are shown below

the image of the whole-mount tissue. DAPI staining is shown in blue. Scale bar is 1 mm.
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Figure A2. 6 SCG2+ neuroendocrine cells are enriched in the urethra and proximal

region of the young human and adult human.

Sections containing prostate tissue from young human and adult human were stained
with antibodies to Keratin 5 (white), SCG2 (green) and Chromogranin A (red). Magnified
regions of interest from the proximal prostate, distal prostate and urethra are shown below

the image of the whole-mount tissue. DAPI staining is shown in blue. Scale bar is 1 mm.
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Table A2. 1 Antibodies used forimmunohistochemical comparison between human

and mouse prostate

Antibody Clone Dilution Supplier Conjugate RRID
KRT5 chicken 1:400 Biolegend #905901 n/a AB_2565054
polyclonal
MYH11 MYH11/9 1:200 LS Bio n/a AB_2728109
23 #LS-C390741-100
Decorin Rabbit 1:100 Sigma HPA003315 n/a AB_1078639
polyclonal
DHRS7 rabbit 1:200 Sigma Aldrich n/a AB_10600803
polyclonal #HPA031121
KRT8/18 guinea 1:1000 Fitzgerald n/a AB_1284055
pig #20R-CP004
polyclonal
KRT14 LLO02 1:100 Thermo Scientific n/a AB 63786
#ms-115-p0
KRT13 EPR3671 1:200 Abcam n/a AB_2134681
#ab92551
SCGB1A1 394324 1:200 Novus Biologicals n/a AB_2183286
MAB4218-SP
CHGA CHGA 1:100 Sigma Aldrich n/a AB_ 2728111
(419) #SAB4200728
SCG2 rabbit 1:100 Sigma Aldrich n/a AB_1856656
polyclonal #HPA011893
anti- goat 1:500 Jackson Alexa488 AB_2337390
chicken polyclonal Immunoresearch
#103-545-155
anti- goat 1:500 Thermo Scientific Alexa546 AB_ 2534089
mouse polyclonal #A11030
anti-rabbit goat 1:500 Thermo Scientific Alexa633 AB_2535731
polyclonal #A21070
anti-rabbit goat 1:500 Jackson Alexa594 AB_2728112
polyclonal Immunoresearch
#111-516-045
anti- goat 1:500 Jackson Alexa647 AB_2337446
guinea pig polyclonal Immunoresearch

#106-605-003

A2.5 Discussion

Although this study only used a limited set of markers, these results begin to highlight the
immense complexity in the cell types of the prostate. Further studies are required to
characterize the functions of the newly identified cell types. Of particular interest are the

KRT13 and SCGB1A1 expressing cell populations. KRT13 expression has been detected
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in prostate stem cells, where its knockdown reduced the self-renewal capacity of stem
cells (Hu et al., 2017). KRT13+ cells reside in the urethra and proximal prostate which
are thought to be where prostate stem cells reside. SCGB1A1 expressing club cells in the
lung are well characterized cells that participate in immunomodulation (Rawlins et al.,
2009). The knowledge in the lung field can be extended to study the function of these
cells in the prostate. SCGB1A1 cells are located in the urethra and prostate ducts draining
into the urethra. At this location, these cells are poised to sense the entry of microbes into
the prostate. These cells could potentially coordinate immune responses to prostate

infection resembling their role in the lung (Fehervari, 2016).

The novel cell types described in this study are specified at early stages in prostate
development and are retained into adulthood. Conditional knockout of these cell types in
mouse models can be used to investigate whether these populations are required during
early prostate development. Further, it can be tested whether these cell types expand in

number during prostate cancer or Benign prostatic hyperplasia.

Although the distribution of prostate stromal cells is conserved between mouse and
human prostates, expression of other markers like KRT13 and KRT13 differ between the
mouse and human prostate. The mouse being a widely used model for studying prostate
disease, it is imperative to constantly compare the cellular anatomy of the mouse and

human prostate based on new research.
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