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Abstract

This paper provides a detailed compilation of human prostatic development that includes human
fetal prostatic gross anatomy, histology, and ontogeny of selected epithelial and mesenchymal
differentiation markers and signaling molecules throughout the stages of human prostatic
development: (a) pre-bud urogenital sinus (UGS), (b) emergence of solid prostatic epithelial buds
from urogenital sinus epithelium (UGE), (c) bud elongation and branching, (d) canalization of the
solid epithelial cords, (e) differentiation of luminal and basal epithelial cells, and (f) secretory
cytodifferentiation. Additionally, we describe the use of xenografts to assess the actions of
androgens and estrogens on human fetal prostatic development. In this regard, we report a new
model of de novo DHT-induction of prostatic development from xenografts of human fetal female
urethras, which emphasizes the utility of the xenograft approach for investigation of initiation of
human prostatic development. These studies raise the possibility of molecular mechanistic studies
on human prostatic development through the use of tissue recombinants composed of mutant
mouse UGM combined with human fetal prostatic epithelium. Our compilation of human prostatic
developmental processes is likely to advance our understanding of the pathogenesis of benign
prostatic hyperplasia and prostate cancer as the neoformation of ductal-acinar architecture during
normal development is shared during the pathogenesis of benign prostatic hyperplasia and prostate
cancer.
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Introduction

The prostate arises from epithelial buds that emerge from the embryonic urogenital sinus
(UGS). Prostatic development has been studied in many mammalian species. While species-
specific details of prostatic development and anatomy have been noted, the developmental
process is remarkably similar in all species examined. The most detailed description of
prostatic development has been reported for the mouse and rat, while prostatic development
in the human is especially incomplete and under-represented in the literature. Prostatic
development can be subdivided into several stages: (a) pre-bud UGS, (b) emergence of solid
prostatic epithelial buds from urogenital sinus epithelium (UGE), (c) bud elongation and
branching, (d) canalization of the solid epithelial cords, (e) differentiation of luminal and
basal epithelial cells, and (f) secretory cytodifferentiation (Table 1). In all species
investigated, testosterone production by the fetal testes begins in the pre-bud stage (mice =
E13, rats = E15, humans = 6wks) (Feldman and Bloch, 1978; Bloch et al., 1971; Weniger
and Zeis, 1972). In humans the process of prostatic secretory cytodifferentiation occurs late
in the second as well as in the third trimesters (Wernert et al., 1987; Xia et al., 1990). The
overall process of secretory cytodifferentiation in the prostate is fundamentally similar to
that occurring in other exocrine glands and will not be examined in this paper.

Early reports of human prostatic development are mostly based upon histologic studies
published decades ago (Lowsley, 1912; Glenister, 1962; Andrews, 1951; Brody and
Goldman, 1940). Unfortunately, there is not a single publication that describes all 5 stages of
human prostatic development (Table 1). The pre-bud stage is illustrated in only 2 recent
papers (Shapiro et al., 2004; Wang et al., 2001). The Shapiro et al paper deals with the germ
layer origin of the prostatic utricle (Shapiro et al., 2004) with little emphasis on the pre-bud
UGS, but otherwise is an excellent contribution on the prostatic utricle. The paper by Wang
et al is the most detailed description of the pre-bud UGS, and reports the expression of a
spectrum of keratins (KRT8, KRT18, KRT14, KRT5, & KRT19), as well as TP63 and
GSTpi in pre-bud UGE at 9 weeks of gestation (Wang et al., 2001). The pre-bud UGE co-
expresses an array of immunohistochemical markers indicative of both luminal and basal
prostatic epithelial cells. During the course of prostatic development definitive luminal and
basal prostatic epithelial cells differentiate and locate to their respective anatomic niches
following canalization of the solid prostatic epithelial cords. Luminal epithelial cells lose
basal cell markers, while retaining luminal markers. Likewise, basal prostatic epithelial cells
lose luminal cell markers, while retaining basal epithelial cell markers (Wang et al., 2001).

The actual emergence of prostatic buds from the human fetal UGS is said to occur at 9 to 10
weeks of gestation: 9.5 weeks (Dauge et al., 1986), 10 weeks (Kellokumpu- Lehtonen et al.,
1980), and in a 40-to 60-mm crown rump fetus (9 to 10 week) (Zondek and Zondek, 1979).
The reported age range described above is likely due to the inherent difficulty of estimating
specimen age as described below. During human prostatic development individual bilateral
sets of prostatic buds emerge from specific locations from the UGS, and prostatic buds
elongate along specific anatomical trajectories within urogenital sinus mesenchyme (UGM)
(Timms et al., 1994; Timms, 2008; Timms and Hofkamp, 2011). Similar earlier observations
led Lowsley to describe “lobar” subdivisions of the developing prostate (Lowsley, 1912). It
is our interpretation that prostatic buds do not emerge synchronously, but instead form over
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an extended time frame. Emerging buds can be first seen at ~10 weeks in humans, and
additional budding appears to continue for several weeks. It is not known when the
emergence of prostatic buds is finally complete, but we suspect that it is in the second
trimester. It is also possible that several smaller buds may emerge but never develop into
major ducts, but likely undergo regression because of temporal inductive differences.

Elongation and branching morphogenesis of human prostatic buds has been illustrated in
several reports (Zhu et al., 2007; Adams et al., 2002; Dauge et al., 1986; Sebe et al., 2005;
Xue et al., 2000; Wernert et al., 1987; Xia et al., 1990; Zondek and Zondek, 1979; Timms et
al., 1994; Timms, 2008; Timms and Hofkamp, 2011). For many of these papers the analysis
is exclusively histologic. These papers report morphology of solid epithelial cords or
canalized prostatic ducts at various stages of development (Table 2). Photographs in the
papers listed in Table 2 provide morphologic information on prostatic bud elongation,
branching, canalization and secretory cytodifferentiation. As can be seen (Table 2), most of
these studies deal with advanced stages of prostatic development, with the bulk of
observations at 16 weeks and older when most of the prostate epithelium is in the form of
canalized ducts undergoing secretory cytodifferentiation. Also in Table 3, reported data on
epithelial differentiation markers are incomplete through the 5 stages of human prostatic
development. A comprehensive ontogeny of epithelial differentiation markers encompassing
bud elongation, branching, canalization and secretory cytodifferentiation will be presented in
this paper.

Prostatic epithelium contains at least 3 classes of cells: luminal epithelial cells, basal
epithelial cells and neuroendocrine cells. Luminal and basal prostatic epithelial cells each
express a unique set of keratins and other differentiation markers (Wang et al., 2001).
Neuroendocrine cells, which comprise only a small proportion of total human prostatic
epithelial cells, are also found in the human prostate and are derived from neural crest
(Szczyrba et al., 2017). Neuroendocrine cells expressing serotonin and chromogranin A have
been detected as early as 13 weeks of gestation, and by 25 weeks neuroendocrine cells were
identified in all prostates examined (Szczyrba et al., 2017; Xue et al., 2000).

For all species examined (including human), prostatic development is dependent upon
androgens. Reports of androgenic effects on the human fetal prostate appear in only 3
papers. Human fetal prostates have been grown in organ culture in the presence and absence
of androgens (Kellokumpu-Lehtinen et al., 1981; Kellokumpu-Lehtinen and Pelliniemi,
1988). In these studies the authors reported ultrastructural features of the epithelium and
associated mesenchyme. Unfortunately, the potential androgenic induction of prostatic buds
was not addressed. Zondek had the unique opportunity of studying a prostate from an
ancephalic fetus. The focus in their paper was squamous metaplasia within the developing
human prostate, which they proposed was due to a balance between estrogen and androgen
action. They suggested “that diminished androgen production (due to ancephaly) led to a
disturbance in the hormonal balance and was thus at least partly responsible for the extreme
metaplastic changes in the organ” (Zondek and Zondek, 1979).

Morphogenetic effects within the developing human prostate (like that in other animals) are
mediated via androgen receptors (AR), which have been reported in human fetal prostate
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(Adams et al., 2002; Majumder and Kumar, 1997; Aumuller et al., 1998; Letellier et al.,
2007; Levine et al., 1996; Saffarini et al., 2013; Singh et al., 2014). These papers
demonstrate the presence of AR in various stages of human prostatic development, but a
complete ontogeny of AR from pre-bud to secretory cytodifferentiation is not to be found in
a single publication. The most complete ontogeny of AR in the human fetal prostate was
reported by Adams et al (2002), who examined prostates from 11.5 to 34 weeks of gestation.
Expression of AR in prostatic stroma was consistently observed from as early as 11.5 weeks
to term (Adams et al., 2002). Stromal AR is in keeping with paracrine effects of androgens
on prostatic epithelial development (Cunha et al., 2004a). Epithelial AR was also seen in the
urothelium of the prostatic urethra (UGE) as well as in prostatic luminal epithelial cells at 15
weeks and thereafter (Adams et al., 2002). Androgen receptors continue to be expressed in
epithelial and stromal cells in xenografts of human fetal prostates (Saffarini et al., 2013). A
detailed ontogeny of AR expression from the pre-bud stage to advanced secretory
cytodifferentiation is one of the topics of this paper.

While testosterone can activate androgen receptors in the UGS by directly binding to the
AR, the more potent androgen, DHT, plays a critical role in prostatic development. DHT is
produced within the developing UGS by the enzyme 5a.-reductase, for which there are three
isozymes, 5aRl, 5aR2 and 5aR3 (Russell et al., 1993; Russell and Wilson, 1994; Uemura et
al., 2008; Li et al., 2011). DHT has a 10-fold greater affinity for the AR than testosterone
(Deslypere et al., 1992). 5-alpha-reductase 2 is required for normal development of the
prostate and male external genitalia (Andersson et al., 1991; Russell and Wilson, 1994).
Prostates of patients with 5aR2 deficiency are rudimentary (Radmayr et al., 2008; Imperato-
McGinley et al., 1992). 5-alpha-reductase 2 is predominantly expressed in prostatic
mesenchyme (Radmayr et al., 2008; Levine et al., 1996). The function of 5aRI in urogenital
development remains unclear. 5aR3 is associated with prostate cancer (Uemura et al., 2008;
Lietal., 2011).

The development of the prostate is susceptible to effects of estrogens, and exogenous
estrogens elicit a range of deleterious effects on the developing prostate in animal models
(Prins et al., 2006). Development of the prostate is independent of estrogen receptors since
the prostate is present in mice null for estrogen receptor alpha (ESR1), estrogen receptor
beta (ESR2) and aromatase, an enzyme required for synthesis of estradiol (Eddy et al., 1996;
Krege et al., 1998; Couse and Korach, 1999; Dupont et al., 2000; McPherson et al., 2001).
Estrogen signaling is not required for prostatic bud patterning (Allgeier et al., 2010).
Endogenous estrogens (primarily of maternal origin) elicit squamous metaplasia of the
human fetal prostatic epithelium (Zondek and Zondek, 1979). Prostatic squamous
metaplasia and other adverse effects have been reported in xenografts of human fetal
prostates grown in mouse hosts treated with diethylstilbestrol (DES) or estradiol benzoate
(Saffarini et al., 2015b; Saffarini et al., 2015a; Sugimura et al., 1988; Yonemura et al., 1995).
Accordingly, ESR1 and ESR2 have been detected in the human fetal prostate (Adams et al.,
2002; Shapiro et al., 2005). ESR1 was detected in prostatic luminal cells and in the stroma at
19 weeks of gestation and at 15 weeks in the prostatic utricle (Shapiro et al., 2005). ESR2
immunostaining was detected initially at 13 weeks in solid prostatic epithelial cords, and by
18 weeks intense ESR2 nuclear staining was seen in epithelium of canalized prostatic ducts
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(Adams et al., 2002). Shapiro et al (2005) reported ESR2 immunostaining throughout the
UGE and in the stroma at 7 weeks, which persisted in prostatic epithelium and stroma
through 22 weeks.

The compilation of epithelial differentiation markers and signaling molecules in the human
fetal prostate falls far short of that reported in mouse (Table 3). Letellier et al (2002) and
Adams (2002) published the most comprehensive reports on this topic for the human fetal
prostate. As above, a complete ontogeny of epithelial differentiation markers and signaling
molecules from pre-bud to advanced secretory cytodifferentiation remains to be consolidated
into a single publication.

Many of the earlier reports on human fetal prostatic development were published prior to the
common use of color photographs, and on the whole, human prostatic development has been
inadequately studied both at morphological and molecular levels. Experimental analyses
utilizing xenografts detail effects of exogenous estrogens on human fetal prostatic
development (Yonemura et al., 1995; Saffarini et al., 2013; Saffarini et al., 2015b; Saffarini
et al., 2015a), but this experimental approach has been under utilized.

This review of the literature on human fetal prostate development emphasizes the need for a
modern more complete treatment of this subject to provide a detailed ontogeny of human
prostatic development from the pre-bud stage to advanced secretory cytodifferentiation that
encompasses fetal prostatic gross anatomy, tissue morphogenesis (ductal budding,
elongation, branching) and includes an ontogeny of selected differentiation markers and
signaling molecules. To further explore androgen action in human prostatic development, we
include preliminary xenograft studies that emphasize the value of this method for direct
study the morphogenetic and molecular effects of androgens on the human fetal prostate.

Rodent prostatic development.

The current paradigm for prostatic development derives heavily from observations on
embryonic mice and rats. The prostate and bladder develop from the urogenital sinus (UGS),
the ventral division of the cloaca (Liaw et al., 2018; Yamada et al., 2003). The UGS, from
which the prostate develops, is located immediately below the developing bladder. The
bladder and future prostatic anlage become clearly demarcated by a constriction,
immediately caudal to the junction of Wolffian ducts within the UGS (Fig. 1). For images of
the freshly dissected mouse UGS with mesenchyme intact see our previojus publication
(Staack et al., 2003).

Mouse and rat prostates form in five stages: pre-bud, bud initiation, bud elongation,
branching morphogenesis and ductal canalization followed by differentiation of luminal and
basal epithelial cells. In the pre-bud stage, that portion of the UGS destined to form prostate
consists of a flattened tube of urogenital sinus epithelium (UGE) having a concave dorsal
and a convex ventral surface surrounded by urogenital sinus mesenchyme (UGM) (Fig. 2).
More caudally the UGE is circular in outline.

The adult mouse (and rat) prostate is organized into several individual lobes (ventral, dorsal,
lateral and anterior prostate) (Sugimura et al., 1986¢; Hayashi et al., 1991), and during
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prostatic development solid epithelial buds arise from the UGE in a bilaterally symmetrical
pattern indicative of the adult prostatic lobes (Timms et al., 1994; Timms, 2008). In the
mouse and rat each prostatic lobe forms from 2 to several individual buds per side (Fig. 3).
The mechanism of prostatic bud initiation is poorly understood, but is induced in response to
fetal testicular androgens and is initiated via signals from the surrounding UGM (Cunha et
al., 1987; Marker et al., 2003). In the pre-bud stage, androgens stimulate bands of Edar,
Nkx3-1, and Wnt10b mRNAs to appear in anterior, ventral, and dorsolateral prostatic
budding zones. These MRNAs are later focally restricted during bud initiation and
elongation to nascent prostatic bud tips (Keil et al., 2014a; Sciavolino et al., 1997; Bieberich
et al., 1996). Prostatic bud initiation is stochastic, and cords of UGS epithelium emerge and
recede throughout the budding process. In response to androgens selected buds are stabilized
as a result of activating WNT beta-catenin, which subsequently permits elongation of buds
within prostatic budding zones while inhibiting buds elsewhere (Mehta et al., 2013; Allgeier
et al., 2010). Prostatic bud number varies little between individual mice, suggesting a tightly
regulated process (Lin et al., 2003). Nonetheless, mouse prostatic bud patterns are disrupted
by estrogenic chemicals, anti-androgens, plasticizers, and environmental contaminants,
which can increase or decrease bud number in a dose-dependent fashion (Timms et al.,
1999; Moore et al., 2001; Timms et al., 2005; Lin et al., 2003; Donjacour and Cunha, 1988).
Whether these chemicals also interfere with human prostate development has not been
determined, but xenograft studies have shown that exogenous estrogens affect
histodifferentiation of developing human prostate and change the histological pattern of
prostate ducts (Saffarini et al., 2015b; Sugimura et al., 1988; Yonemura et al., 1995).

Elongating prostatic buds have two extremities: (a) Their proximal attachment to the
urogenital sinus/prostatic urethra and (b) their distal tip. During “ductal elongation” DNA
synthesis is vastly higher at the distal tips versus proximal regions of the elongating prostatic
buds in the developing mouse prostate (Sugimura et al., 1986d). Prostatic bud elongation is
controlled by intrinsic and extrinsic factors. DNA methylation status of E- cadherin is an
example of an intrinsic bud elongation mechanism. DNA methylation of the E-cadherin
promoter during the pre-bud stage and continuing through bud initiation reduces E-cadherin
transcription and increases bud epithelial cell motility (Keil et al., 2014b). Extrinsic
chemotactic factors also participate in prostatic bud elongation, as they do in other tissues
(Park et al., 1998; Weaver et al., 2000). Mouse and rat prostatic bud elongation is determined
in part by fibroblast growth factors 7 and 10 and other growth factors expressed by
mesenchymal condensates (also known as mesenchymal pads) in peripheral UGM (Timms
etal., 1994; Timms et al., 1995; Georgas et al., 2015; Sugimura et al., 1996; Thomson and
Cunha, 1999; Donjacour et al., 2003; Kuslak et al., 2007; Kuslak and Marker, 2007). It is
unknown whether DNA methylation status influences human prostatic bud elongation, or
whether human male UGS is characterized by FGF10expressing mesenchymal condensates.

Branching morphogenesis within exocrine glands is an extremely complex process that has
been extensively studied in a variety of organs (salivary gland, mammary gland, lung,
kidney, etc.) (Blake and Rosenblum, 2014; Iber and Menshykau, 2013; Ochoa-Espinosa and
Affolter, 2012; Patel et al., 2006; Sternlicht et al., 2006; Wang et al., 2017). Branching
morphogenesis occurs at the solid tips of elongating prostatic buds where DNA synthesis is
highest. In mice and rats the patterns of ductal branching morphogenesis are unique for each
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lobe of the prostate (Sugimura et al., 1986b; Hayashi et al., 1991). The ventral prostate has a
branching pattern similar to that of an elm tree with a short main duct and profuse branching
thereafter, whereas the branching pattern of the dorsal-lateral prostate is more like that of a
palm tree with long main ducts emerging from the prostatic urethra and branches occurring
far distal to the urethra.

The detailed literature on morphogenesis of the prostate in rats and mice coupled with recent
advances in the cellular and molecular mechanisms of prostatic development in laboratory
animals provide the conceptual and biologic framework for future studies on development of
the human prostate, a topic of considerable importance with clinical implications. Benign
prostatic hyperplasia (BPH) in humans is one of the major health problems that afflict a high
percentage of men as they age. A common feature shared during fetal prostatic development
and as well as during the pathogenesis of BPH is the neo-formation of ductal-acinar
architecture, an idea annunciated many years ago by John McNeal (McNeal, 1978). The vast
literature on prostatic development in laboratory animals serves as a guide for detailed
examination of human prostatic development. For the first time this paper provides a
compendium on human prostatic development from the pre-bud stage to advanced secretory
cytodifferentiation that encompasses fetal prostatic gross anatomy (Shen et al., 2018a),
tissue morphogenesis (ductal budding, elongation, branching) and includes an ontogeny of
selected differentiation markers and signaling molecules. It is hoped that this paper will
stimulate future studies on this important topic.

Materials and Methods

Human fetal prostates were collected from abortus specimens devoid of patient identifiers
after elective termination of pregnancy (Committee on Human Research at UCSF, IRB# 12—
08813). Given that current surgical procedures are disruptive, the initial challenge in human
prostate development is finding the fetal prostate in the abortus specimen. The bladder and
prostate complex can be found due its distinctive gross morphology (Fig. 4) (Shen et al.,
2018a). It is especially important to examine the proximal end of the umbilical cord, as
sometimes the bladder and prostate are attached. In other cases an intact pelvis containing
the bladder and prostate can be found. Gestational age of disrupted surgical specimens can
be estimated using heel-toe length (Drey et al., 2005). Ages of the human prostatic
specimens that were fixed in formalin and processed for histology and
immunohistochemistry are: 9.5, 10.5 (2), 11 (3), 11.5, 12 (5), 12.5 (2), 13 (4), 14 (3), 14.5
(2), 16 (3), 17 (2), 17.5, 18, 19, 19.5, 20 and 21 weeks of gestation (numbers in parentheses
indicates number of specimens at the specified age). Alternatively, crown-rump
measurements can be used (Robboy et al., 2017) if intact specimens are available.

It is important to appreciate that gestational timing of the human embryos (and fetuses) is in
the final analysis derived from patient interviews, even though information concerning the
last menstrual period is typically inaccurate, especially for second trimester abortions. In this
regard, a quote from the Carnegie embryo collection website is most informative. “An
embryo is assigned a Carnegie stage (numbered from 1 to 23) based on its external features.
This staging system is not dependent on the chronological age or the size of the embryo. The
stages are in a sense arbitrary levels of maturity based on multiple physical features.
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Embryos that might have different ages or sizes can be assigned the same Carnegie stage
based on their external appearance because of the natural variation which occurs between
individuals (Smith, 2016)”. Historically, most abortions involved vaginal delivery of intact
embryos/fetuses from which crown-rump measurements were used as a gauge of gestational
age (Streeter, 1951). Today, crown- rump measurements are rarely useful as current abortion
procedures disrupt overall specimen integrity. Accordingly, heel-toe length has been used to
determine fetal maturity, which gives a rough estimate of age (Drey et al., 2005). As the
Carnegie Collection literature advocates, gross images ordered by increasing size and
morphological complexity is more important than exact estimate of age (Shen et al., 2018a).
With this in mind, it should be recognized that actual embryonic/fetal ages in individual
papers are clearly estimates of questionable accuracy. Table 1 presents a timeline of human
prostatic development, and the ages given for human specimens are best approximations.
More important are the biological events that occur during these stages of prostatic
development.

Human fetal prostates 7 to 21 weeks of gestation were collected in ice cold saline, fixed in
10% buffered formalin and serially sectioned at 7um. Every 20t section was stained with
hematoxylin and eosin (H&E) to assess histology. Intervening paraffin sections were
immunostained with antibodies to a variety of proteins as described previously (Rodriguez et
al., 2012) (Table 4). Immunostaining was detected using horseradish peroxidase-based
Vectastain Kits (\ector Laboratories, Burlingame, CA). Alternatively, immunoflourescent
methods were used as described previously (Shen et al., 2015). For negative controls the
primary antibodies were deleted. This study is based upon analysis of 25 fixed human fetal
specimens 9 to 21 weeks of gestation. In addition, 4 human fetal prostates at 13 and 14
weeks of gestation and 11 female bladders/urethras at 10.5 to 14 weeks of gestation were
collected for xenograft studies described below.

For xenograft studies human fetal prostates were surgically isolated from the bladder and the
pelvic urethra and then transected in the midline to yield right and left halves which were
transplanted under the renal capsules of male athymic nude mice (CD- 1 NU/NU, Charles
River Laboratories, Wilmington, MA) as previously described (Cunha and Baskin, 2016).
The IACUC committee at UCSF approved all grafting procedures. The mouse hosts were
castrated at the time of transplantation, and the hosts either received a 20mg pellet of
dihydrotestosterone (DHT) (A8380, Sigma-Aldrich, St. Louis, MO, USA) or were untreated
(sham). Our selection of DHT instead of testosterone eliminates the possibility of aromatase-
mediated conversion of testosterone to estradiol. Grafts were grown for 1 to 2 months, at
which time the hosts were euthanized, and the grafts harvested. Grafts were fixed in 10%
neutral buffered formalin for 48 hours, embedded in paraffin, and serially sectioned at 7pm.
Every 20th section was stained with H&E to highlight tissue architecture. Intervening
sections were immunostained with a variety of primary antibodies (Table 4).

A 12 week human fetal prostate was processed using Light Sheet™ microscopy and double
immunostained with antibodies to E-cadherin to reveal epithelium and S100 to reveal
neurons and glia as described previously (Vives et al., 2003).
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Segments of human fetal female urethra immediately below the bladder, which is considered
to be anatomically homologous to the prostatic urethra, were also grafted into castrated male
hosts that were either untreated (N=4) or DHT-treated (N=5) to determine whether DHT
could induce prostatic development in the female urethra. After 4 or 8 weeks of in vivo
growth, the grafts were harvested and processed as above for histology and
immunohistochemistry.

C. Results

A. Gross anatomy.

Figure 4 presents the gross anatomy of human fetal prostates from 13 to 21 weeks. The
prostate is recognized as a distinct bulge immediately below the bladder. Outer edges of the
prostate present a smooth contour, even though extraneous connective tissue was frequently
present as well (Fig. 4). This extraneous tissue (when present) frequently contained pelvic
ganglia and neuronal processes (Figs. 10D & 17). The wholemount images in figure 4 will
be useful for future investigators in identifying human fetal prostates. When an intact pelvis
is obtained, it is useful to dissect the combined bladder-prostatic complex.

B. Histology.

Development of the human prostate (like that of the mouse) is appropriately subdivided into
the following sequential stages: (a) Pre-bud stage, (b) Initial budding, (c) Bud elongation and
branching, and (d) Ductal canalization (Table 1). In adulthood most human prostatic ducts
open into the urethra near the verumontanum (Fig. 5), reflecting the fact that human fetal
prostatic buds emerge in the region of the verumontanum where the Wolffian ducts (WD)
and the fused Mullerian ducts (prostatic utricle) join the UGS (prostatic urethra) (Figs. 6, 7
& 9). Figure 6 displays transverse sections through the verumontanum of the urogenital
sinus (UGS) of a 9-week pre-bud male fetus immunostained for Foxal (Fig. 6A), Pax2 (Fig.
6B), TP63 (Fig. 6C) and androgen receptor (Fig. 6D). Within organs and organ rudiments of
the urogenital system within the pelvis and perineum Foxal is an endodermal marker (Diez-
Roux et al., 2011; Robboy et al., 2017; Besnard et al., 2004), which stains urogenital sinus
epithelium (UGE) (Fig. 6A), as well as developing epithelia of the bladder, pelvic and penile
urethras, rectum and anal canal (Robboy et al., 2017; Shen et al., 2018b). Pax2 stains
epithelium of the WDs and prostatic utricle derived from the Mullerian epithelium (Fig. 6B).
Note that Pax2-positive epithelial cells contribute to the lining of the human prostatic urethra
(verumontanum) (Fig. 6B). This is a noteworthy difference from the mouse in which a tuft
of Foxal-positive endoderm-derived UGE separates the Foxal- positive UGE from Pax2-
positive WD epithelium (Joseph et al., 2018). TP63 is expressed in basal epithelial cells of
the UGS, but not in epithelium of the WDs and prostatic utricle (Fig. 6C). Androgen
receptor is expressed in urogenital sinus mesenchyme (UGM), in luminal cells of the UGE
and in WD epithelium, but not in the prostatic utricle (Fig. 6D). The epithelium lining the 9-
week UGS and covering the verumontanum is multilayered, and expresses a spectrum of
differentiation markers (Table 5). In keeping with the endodermal origin of UGE, FOXAL is
expressed in pre-bud UGE (Fig. 6A). Keratins 7 (Fig. 7A), 8 (Fig. 7B) and the androgen
receptor (AR, Fig. 6D) are expressed in apical layers of the UGE, while keratin 6 (Fig. 7A)
and TP63 (Fig. 6C) are expressed predominantly in basal layers. Keratin 19 is expressed
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throughout the full UGE thickness (Fig. 7C). Uroplakin and keratins 10, 14 and 15 are not
expressed in the pre-bud UGE (not illustrated). The Mullerian epithelium of the prostatic
utricle is negative for Foxal (Fig. 6A), TP63 (Fig. 6C) and AR (Fig. 6D), but reactive for
Pax2 (Fig. 6B).

The mouse colliculus seminalis or verumontanum is perhaps the least well- described
anatomical feature in the male reproductive tract. Substantial differences exist between the
verumontanum of human versus mouse. In both species the verumontanum is associated
with the prostatic urethra. In the adult mouse, the verumontanum is encircled by a thick
layer of striated muscle, known as the rhabdosphincter (Green, 1966; Nicholson et al., 2012)
(Fig. 8A). In the adult human prostate a similar sphincter of striated muscle composition has
been described, but is located distal to the verumontanum, and is discontinuous and meager
(McNeal, 1981). Thus, the rhabdosphincter is much more highly developed in mice versus
men. The prostatic utricle is present during prostatic development in both human and rodent
species (Figs. 67 & 9A) (Timms, 2008; Timms and Hofkamp, 2011), and in humans the
prostatic utricle is retained into adulthood opening onto the apex of the verumontanum
(Clemente, 1985). A prostatic utricle is also present in the adult mouse (Li et al., 2001), but
its connection to the adult prostatic urethra has not been described to our knowledge. In
humans, the ducts of the bilateral seminal vesicle joins the vas deferens to form the paired
ejaculatory ducts that traverse the prostate to open with the prostatic utricle at the apex of the
verumontanum (Clemente, 1985) (Fig. 5B). Fusion of the seminal vesicle ducts with the vas
deferens to form the ejaculatory ducts has been reported in mouse embryos (Timms and
Hofkamp, 2011; Lin et al., 2003). However, the Biology of the Laboratory Mouse (Green,
1966) (http://www.informatics.jax.org/greenbook/frames/frame13.shtml) contains a
histological section showing the bilateral vas deferens and bilateral ducts of the seminal
vesicle opening separately into the prostatic urethra at the verumontanum. Our recent
examination of the adult C57bl6 adult mouse verumontanum demonstrates the paired vas
deferens and ducts of the seminal vesicle open separately at the tip of the verumontanum in
some adult mice, while in other adult mice of the same strain paired ejaculatory ducts open
into the prostatic urethra on the verumontanum (Fig. 8B), meaning that the vas deferens and
ducts of the seminal vesicles have joined prior to opening at the tip of the verumontanum.
Whether ejaculatory ducts are present or absent in other mouse strains remains to be
determined. Therefore, although homology exists in the verumontanum between mouse and
human, distinct anatomical differences are evident.

Human prostatic bud initiation occurs at 10 to 11 weeks of gestation with the appearance of
solid epithelial buds that emerge from different quadrants of the human prostatic urethra
over a considerable cranial to caudal distance in the region of the verumontanum (Figs. 9-
10). The pattern of emergence of human (and mouse and rat) prostatic buds (Fig. 9) has been
studied previously, and three-dimensional reconstruction studies suggestion a distinct
developmental pattern of emergence of mouse and human prostatic buds (Fig. 9), which
directly relates to the adult pattern of prostatic ducts (Fig. 5) (Sugimura et al., 1986b;
Timms, 2008; Timms and Hofkamp, 2011). Figures 9 and 10 show that human prostatic
buds emerge from the urethra in the region of the verumontanum, which can be identified by
the presence of the prostatic utricle and ejaculatory ducts (Figs. 9B & 10). Figures 10A & B
show branched prostatic buds of varying length emerging from the lateral aspect of the
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verumontanum. A rich neuronal network is associated with the developing prostate and
bladder (Fig. 10D).

Homologies between human and mouse prostatic lobes/zones continue to be a subject of
speculation and debate (Shappell et al., 2004). One major difference between mouse and
human prostate is the ventral prostate, which is present in mice and rats and absent in
humans (See Figs. 5B, 8C & 10A-B) (Lee et al., 2011). The mouse anterior prostate (Fig.
9A) appears to be homologous to the human central zone, and the mouse dorsal and lateral
prostates (Fig. 9A) are likely homologues of the human peripheral zone (Lee et al., 2011)
even though a solid consensus on mouse/human lobe/zone homology remains unclear
(Shappell et al., 2004). Zonal morphology of the human prostate is derived from the work of
John McNeal (McNeal, 1981).

Epithelial proliferation appears to play an important role in emergence of human prostatic
buds. Ki67 expression is clearly elevated at the tips of emerging prostatic buds relative to the
UGE from which they emerge (Fig. 11). Figure 11A shows many buds on the ventral surface
of the UGE at 12 weeks of gestation (versus fewer buds on the dorsal and lateral surface of
the UGE). However, such ventrally emergent ducts are not present in adulthood (McNeal,
1981), and instead prostatic ducts drain into the lateral and dorsal aspects of the prostatic
urethra (Fig. 5) (Timms, 1997). In mice the tips of elongating prostatic ducts exhibit highest
levels of DNA synthesis (Sugimura et al., 1986d).

The solid prostatic buds emerging from the UGE mostly express the same differentiation
markers seen in the UGE prior to bud emergence (Table 5). Initiation of bud formation,
which starts at about 10-11 weeks postnatal, appears to continue over an extended period
based upon cursory analysis of serial sections of human fetal prostates >12 weeks of
gestation. Newly emerged solid prostatic buds extend into the surrounding UGM. Bud
elongation initially generates unbranched solid epithelial cords that subsequently undergo
branching and canalization.

Prostatic bud elongation, branching and canalization are processes that occur simultaneously
over many weeks beginning at about 12 weeks of gestation, and evidence suggests that
ductal branching patterns are different in individual prostatic “lobes”. Lowsley (1912)
identified five separate lobes of the human fetal prostate, and in rats and mice 4 distinct
prostatic lobes are recognized (ventral, dorsal, lateral and anterior) (Figs. 3 & 9A). Rodent
prostatic ductal branching patterns vary considerably between individual prostatic lobes
(Sugimura et al., 1986b; Hayashi et al., 1991). Thus, in laboratory rodents the distance from
the prostatic urethra to the first ductal branch point is short for the ventral prostate and
considerably longer for the dorsal and lateral prostates (Sugimura et al., 1986b; Hayashi et
al., 1991). We suspect that this is also true for human prostate, an idea supported by two
observations: (a) Measurements from serial sections of the distance from the prostatic
urethra to the first branch point is short in some areas (~250um) (Fig. 12A). (b) Thick
(0.5mm) coronal sections of human fetal prostate reveal ducts with an initial branch point
~1000um from their origin from the urethra (Fig. 12B). This ~4-fold difference in ductal
length to the first branch point is consistent with the idea that human ductal branching
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patterns may be lobe specific as is the case for mice and rats. Further studies are required to
definitively resolve this question.

Elongation of human prostatic ducts occurs principally via cell proliferation that is
concentrated/enhanced at/near the solid ductal tips as is also the case for developing mouse
prostate (Sugimura et al., 1986d), even though Ki67-labeled epithelial cells are observed
along the full length of developing human prostatic ducts from their origin at the urethra to
their distal tips (Fig. 11). Enhanced Ki67 labeling was observed consistently in solid
epithelial buds or solid epithelial cords in developing human fetal prostates over the time
frame of 12 to 19 weeks. While this was not quantified, our observations were consistent
from specimen to specimen. Four specimens were examined for Ki67 labeling (12 to 19
weeks) and all showed elevated Ki67 labeling at the tips of the solid epithelial cords, while
Ki67 labeling was reduced in canalized ducts closer to the prostatic urethra (Fig. 11B-D).
This observation fully corroborates similar observations from mouse prostatic development
(Sugimura et al., 1986d).

From 12 weeks onward prostatic buds are elongating, branching and canalizing to yield
luminized ducts composed of a continuous layer of basal epithelial cells and a continuous
layer of columnar luminal cells. In mice and rats, basal cells form a discontinuous layer
(Hayward et al., 1996b). By 19 weeks of gestation fully canalized ducts exhibit a high
degree of differentiation. Luminal epithelial cells express keratins 7, 8 and 19, Runxl and
androgen receptor, while basal epithelial cells express keratin 6, Runxl and TP63 (Fig. 13).
Surprisingly, keratin 14 immunostaining was rarely detected in human fetal prostatic basal
cells in specimens up to 19 weeks (not illustrated). Keratin 14 is a feature of adult prostatic
basal cells (Hudson et al., 2001). We believe that the unexpected absence of keratin 14
immunostaining in developing human prostatic ducts is a function of differentiation state of
the epithelium. Finally, uroplakin was expressed in epithelium of the prostatic urethra and in
proximal aspects of canalized ducts near the urethra, but not in prostatic ducts distal to the
urethra (Fig. 14A).

The gradual process of ductal elongation, branching and canalization occurs from week 12
onward and is initiated proximally at the urethra and progresses distally along the ducts.
Thus, from 12 to 19 weeks canalized ducts transition to solid epithelial cords at some point
along their proximal to distally axis (Fig. 14). In the course of proximal to distal
canalization, epithelial marker expression changes at the canalized-solid interface. The distal
portions of solid epithelial cords retain a similar pattern of marker expression seen in pre-
bud UGE (Table 5). In contrast, canalized ducts exhibit the highly differentiation state
described above. Intermediate patterns are seen at the canalized-solid interface. For example,
uroplakin, which is prominently expressed in urethral epithelium, is seen in central cells of
solid epithelial cords near the urethra (Fig. 14A). Keratins 7, 8 and 19, characteristic markers
of luminal cells, are seen in central cells of solid epithelial cords (Fig. 14B & G). TP63 is
normally expressed in basal cells of canalized ducts (Figs 13F and14C) and is expressed
throughout solid epithelial cords (Fig. 14C), but near the canalized-solid interface, central
cells are devoid of TP63. Such TP63-negative cells are believed to be differentiating luminal
cells. A similar pattern is seen in regard to keratin 6 (Fig. 14D). Androgen receptor, which is
normally confined to luminal cells, is absent in solid epithelial cords. This marker is turned
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on precisely at the canalized-solid junction (Fig. 14E & F). The pattern of expression of
Runxl (Fig. 14H) at the canalized-solid junction is similar to that of AR (Fig. 14E-F).

Differentiation of smooth muscle.

a-Actin is one of the earliest in a series of differentiation markers of smooth muscle, but
also is expressed in myofibroblasts (Darby et al., 1990) and myoepithelial cells (Gugliotta et
al., 1988). a-Actin is expressed in smooth muscle that develops within the bladder (Liaw et
al., 2018), prostate (Hayward et al., 1996¢) and the urethra (Sebe et al., 2005), and thus a-
actin was used to detect smooth muscle precursors and smooth muscle within the developing
human prostate. At 9 weeks of gestation smooth muscle a- actin is sparsely expressed in
peripheral ventral-lateral UGM (Fig. 15A). Continuing this trend, at 14 weeks a-actin-
positive smooth muscle bundles are seen in the ventral UGM and sparsely in dorsal UGM
(Fig. 15B). At 19 weeks a continuous layer of a-actin- positive smooth muscle extends
around the entire circumference of the UGM where solid epithelial cords are branching (Fig.
15C). Thus, distal ductal branching of the solid epithelial cords occurs peripherally in
regions rich in smooth muscle. At 19 weeks the urethra and most of the central portion of
the UGM is relatively deficient in a-actin- positive smooth muscle. Given that adult prostatic
stroma is mostly composed of smooth muscle (McNeal, 1983), this means that human
prostatic stroma is only partially differentiated at 19 weeks.

Xenograft studies

Human fetal prostates ranging in age from 13 to 14 weeks were bisected into right and left
halves, and the pieces grafted into castrated male nude mice that were either untreated (N=4)
or treated by a subcutaneous 20mg pellet of dihydrotestosterone (DHT) (N=4). At 13 and 14
weeks of gestation prostatic ducts were present prior to grafting. However, following 4
weeks of growth in the nude mice the number of ducts observed the DHT-treated grafts was
strikingly elevated relative to the androgen-deficient control group (4/4) (Figs. 16A1l versus
16B1). Androgen receptor expression was strikingly enhanced in DHT-treated versus
androgen-deficient control specimens (4/4) (Figs. 16A2 versus 16B2). In DHT-treated
human fetal prostate grafts, AR was broadly expressed in both stromal and epithelial cells
(Fig. 16A2), while in androgen-deficient control grafts AR was undetectable in prostatic
ducts and the associated stroma, but was present in peripheral stroma (4/4) (Fig. 16B1 &
16B2). In addition, ducts in the DHT-treated group consistently exhibited a higher degree of
epithelial differentiation compared to that seen in the control group in regard to expression
of TP63, keratins 7, 8 and 19 (4/4) (Fig. 17A-D). Keratin 14 was not detected in either solid
epithelial cords or canalized prostatic ducts of human fetal prostatic grafts grown in either
control or DHT-treated hosts. Patterning of a.-actin-positive smooth muscle was also
affected by DHT (Fig. 17E). Table 6 provides a comparison of marker expression in DHT-
treated and control human fetal prostatic xenografts. Surprisingly, neurons within ganglia
and neuronal processes were seen in grafts grown in both DHT-treated and control hosts
(Fig. 17F1 & 17F2). The presence and amount of neurons within ganglia and nerve fibers
may not be related to the presence/absence of DHT, but may depend upon whether ganglion
cells survived the dissection and grafting processes. Nonetheless, the important point is that
ganglion cells and nerve fibers can be studied in this xenograft model.
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NKX3.1 was not observed in solid prostatic epithelial cords whose development was
arrested due to androgen-deficiency in grafts grown for 4 weeks in untreated castrated hosts
(N=3/3) (Fig. 18A). Human fetal prostatic xenografts grown in DHT- treated hosts for 4
weeks exhibited ductal canalization and advanced glandular differentiation (Figs. 16-17),
and at least some of the “mature” luminal prostatic epithelial cells were reactive for NKX3.1
(Fig. 18B). This observation suggests that the expression of NKX3.1 in developing human
prostate is androgen-dependent and requires advanced differentiation of luminal cells.

Finally, to develop a model of de novo human prostatic morphogenesis/differentiation, the
segment of the human fetal female urethra immediately below the bladder (homologue of
the prostatic urethra) was grafted into castrated DHT-treated hosts (N=7) and untreated
castrated hosts (N=4) (Fig. 19A). This region of the female urethra consists of a multi-
layered urothelium with associated epithelial projections into the surrounding stroma (Fig.
19B). Following 4 or 8 weeks of in vivo growth, human female urethral grafts treated with
DHT (7/7) contained an abundance of prostate-like solid epithelial cords and canalized ducts
(Fig. 20A). The typical range of prostatic epithelial markers was observed: KRT19 (Fig.
20A) was expressed in urethral and prostatic epithelial cells. KRT7 (Fig. 20B) and KRT8
(not illustrated) were expressed in prostatic luminal cells and in central cells of solid
epithelial cords. KRT14 was not expressed (not illustrated) (Table 6). TP63 (Fig. 20C) was
expressed in basal cells of urethral epithelium, in canalized ducts and uniformly throughout
the solid epithelial cords. The androgen receptor immunohistochemical profile of DHT-
treated grafts of human female fetal urethra (Fig. 21A-B) was identical to that of xenografts
of DHT-treated human fetal prostate (Fig. 16) as well as non-grafted human fetal prostatic
specimens as described above (Figs. 13D & 14E-F). In DHT-treated xenografts of human
fetal female urethras, nuclear AR was observed broadly throughout the stroma, as well as in
luminal epithelial cells (Fig. 21A-B). NKX3.1 (Fig. 21C) was expressed in epithelial cells of
canalized ducts of DHT-treated female urethral grafts, but not in solid epithelial cords. A
similar pattern of NKX3.1 immunostaining has been reported for developing mouse prostate
(Maho Shibata and Michael Shen, personal communication). In mice NKX3.1 is a marker
expressed in developing and adult prostate and is absent in embryonic female UGE, but
present in male mouse UGE (Bhatia-Gaur et al., 1999). Finally, grafts of human female
urethra grown in DHT-treated hosts expressed human prostate specific antigen (PSA) and
prostatic acid phosphatase (Fig. 22), known markers of human prostatic epithelium (Dema
and Tudose, 1998; Lam et al., 1989). Expression of NKX3.1, prostate specific antigen and
prostatic acid phosphatase was only observed in canalized ducts exhibiting advanced
epithelial differentiation (Figs. 21 and 22). Thus, xenografts of human fetal female urethra
treated with DHT undergo prostatic differentiation.

Comparable control xenografts of human fetal female urethras (4/4) grown in untreated
castrated hosts maintained a urethra-like structure with associated solid epithelial buds,
which were rarely canalized (Figs. 20 & 21). Keratin 19 was expressed in the retained
urethral epithelium and in solid epithelial cords of control specimens (Fig. 20D). Keratins 7
(Fig. 20E) and8 (not illustrated) had a similar expression profile and were expressed in
urethral epithelium, in solid epithelial cords and in centrally located epithelial cells of solid
epithelial cords. TP63 was expressed throughout solid “ducts” in both DHT-treated and
control xenografts (Fig. 20F), and in basal epithelial cells of canalized ducts (Fig. 20F). In
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the absence of androgens (control xenografts) the solid (and the rare canalized) epithelial
cords were AR-negative, with rare AR-reactive stromal cells (Fig. 21D & E). NKX3.1 was
not detected in human fetal female urethral xenografts grown in androgen-deficient control
hosts (Fig. 21F) and prostate specific antigen and prostatic acid phosphatase was not
detected (not illustrated). Taken together, prostatic differentiation was induced by DHT in
human fetal female urethral xenografts and was absent in androgen-deficient control
xenografts (Table 6).

Discussion

Biologic and molecular mechanisms of human prostatic development are clearly relevant to
the pathogenesis of benign prostatic hyperplasia (BPH) and prostate cancer (PRCA). An
important feature shared in normal prostatic development and pathogenesis of BPH and
prostate cancer is the neoformation of ductal-acinar architecture. Implicit in this statement is
the role of epithelial-stromal interactions, regulation of epithelial proliferation, hormone
action, epithelial differentiation and the underlying molecular mechanisms operative in both
normal prostatic development and pathogenesis (Olumi et al., 1999; Cunha et al., 2002;
Cunha et al., 2004b; Marker et al., 2003; Ricke et al., 2012; Ricke et al., 2008; Ricke et al.,
2016; Nicholson et al., 2012; Nicholson et al., 2015). While the field of mouse prostatic
development has advanced considerably, studies of human prostatic development are
significantly under-represented in the literature and in many cases based upon old
technology. While mice and humans share many aspects of prostatic development, human
prostatic development and adult anatomy differ from that of mouse. Accordingly, a thorough
comparison of the molecular landscape between developing mouse and human prostate has
not been possible because the human fetal resources for such a comparison have been
limited, and in no case has the expression of genes/proteins been followed temporally
through the five distinct phases of human prostatic development. Accordingly, the goal of
this paper is provide guidelines on how to isolate human fetal prostate and to describe the
developmental process through the 5 stages of development: (a) pre-bud UGS, (b)
emergence of solid prostatic epithelial buds from UGE, (c) bud elongation and branching,
(d) canalization of the solid epithelial buds, (¢) differentiation of luminal and basal epithelial
cells, and (f) secretory cytodifferentiation. To this end, we present the histogenesis of the
human prostate as well as a limited number of differentiation and molecular markers
assessed by immunohistochemistry. Additionally, we illustrate findings based upon
xenograft studies that shed light on the cellular basis of human prostatic development, which
will be key to future mechanistic studies. This study, in conjunction with the earlier
literature, should advance understanding of human prostatic development and its relevance
to human prostatic pathogenesis. Finally it is important to utilize recent advances in the
molecular mechanisms of prostatic development in mice as a guide to future mechanistic
studies in human prostatic development, and to understand both the developmental and
molecular similarities as well as differences in human versus mouse prostatic development.

A distinctive anatomical feature in human prostate development is the verumontanum, which
is an elongated dorsal prominence projecting into the prostatic urethra. Three structures open
into the human prostatic urethra at/near the apex of the verumontanum, namely the prostatic
utricle (derived from the fused Mullerian ducts) flanked by the paired ejaculatory ducts
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(derived from the Wolffian ducts) (Clemente, 1985; Shapiro et al., 2004; Zondek and
Zondek, 1979; 1980). Comparable structures (verumontanum, prostatic utricle and
ejaculatory ducts) have been reported during mouse prostatic development (Timms et al.,
1994). However, the adult mouse verumontanum differs substantially from its human
counterpart in several respects: (a) the rhabdosphincter of skeletal muscle is much more
developed in mice versus men, (b) in humans the paired vas deferens and bilateral ducts of
the seminal vesicle join to form ejaculatory ducts that traverse the prostate before emptying
into the prostatic urethra, (c) in mice the ejaculatory ducts (when present) are very short,
joining together near the tip of the verumontanum. The surface epithelium of the
verumontanum in both humans and mice is derived from the endodermal epithelium of the
UGS, an idea confirmed by Foxal immunostaining (Fig. 6A). The WDs and prostatic utricle
are PAX2-positive, thus confirming an earlier report (Shapiro et al., 2004). Thus, the apex of
the human verumontanum represents a junction between endodermal epithelium of the UGS
and mesodermal epithelia of the Wolffian and Mullerian ducts. Examination of figure 6B
demonstrates that epithelial cells of Wolffian duct origin populate a restricted patch of
verumontanum surface epithelium. An alternative possibility is that some endoderm- derived
cells lose FOXA1 and acquired PAX2 expression in this region. How this mixing of epithelia
occurs, modulates with age and/or persists into adulthood and responds to injury remains to
be determined. While Wolffian and Mullerian ducts are both derived from mesoderm,
Wolffian duct epithelium is AR-positive, while Mullerian epithelium of the prostatic utricle
is not (Fig. 6D).

In rodents, the epithelia of the verumontanum and prostate are estrogen sensitive. In humans
this is manifest as squamous metaplasia attributed to high levels of maternal estrogens
(Zondek and Zondek, 1979), which can also be elicited by exogenous estrogens (DES or
17p-estradiol) in human fetal prostatic xenografts (Saffarini et al., 2015b; Sugimura et al.,
1988; Yonemura et al., 1995). Estrogens, including 17p-estradiol (E2), ethinyl-E2 (EE2),
diethylstilbestrol, and bisphenol-A have been shown to enlarge the verumontanum and alter
other aspects of prostate growth in laboratory animals (Timms et al., 2005; vom Saal et al.,
1997). Additionally, estrogens and other factors can developmentally alter the prostatic
anatomy, epigenetics, and gene signatures, which may have adverse consequences in
adulthood (Timms et al., 2005; Taylor et al., 2011; Ricke et al., 2016; Taylor et al., 2012).
Moving forward, assessing estrogen-induced changes in human prostate development will be
key to elucidating the role of fetal exposure to hormones and endocrine disrupting chemicals
to adult disease.

Mouse and human prostates are derived from endodermal UGE, even though only a
restricted portion of the UGE is the site of prostatic development. This idea is emphasized in
figures 1, 3, 9 and 10. In human prostatic development enduring prostatic ducts emerge from
the UGS along the lateral sides of the verumontanum. Lowsley described 5 bilateral groups
of prostatic buds (which he designated as lobes). One emerged from the ventral surface of
the UGS. This so-called ventral lobe is not present in the adult human prostate (McNeal,
1981). Presumably, the ventral buds are transitory structures that form and then regress in
the human prostate. Confirming Lowsley, we observed buds emerging from the ventral
aspect of the human fetal UGS at 12 weeks of gestation (Fig. 11A), while at 14 weeks such
ventral buds were not seen (Fig. 12A). Studies in mice have shown that prostatic bud
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initiation is stochastic, and that prostatic buds emerge and recede during the budding
process. Small epithelial outgrowths are observed in the absence of androgens, and
functional androgen receptors are not required for bud initiation (Allgeier et al., 2010). The
role of androgen and downstream signaling pathways is to support enlargement and
elongation of buds in appropriate anatomical positions, while at the same time repressing
buds that form in inappropriate positions (Mehta et al., 2013). The ontogeny of epithelial
androgen receptors is initiated in central cells within the solid prostatic epithelial cords and
then becomes localized to luminal prostatic epithelial cells within canalized ducts (Figs. 13,
14E-F, 16A2 & 21A-B), a process identical to that seen in rat prostatic development
(Hayward et al., 1996a).

Human prostatic bud formation and elongation appear to be due to focal epithelial
proliferation. Human prostatic buds emerging from the UGS are heavily labeled with Ki67
(Fig. 11A). During prostatic ductal elongation solid tips of ducts and solid prostatic
epithelial cords are clearly more heavily Ki67-labeled than proximally situated canalized
ducts (Fig. 11B-D). This pattern of enhanced proliferative activity at/near the ductal tips is in
complete agreement with a remarkably similar pattern of DNA synthetic activity in the
developing mouse prostate (Sugimura et al., 1986d). The basis of these regional differences
in epithelial proliferative activity is presumably related to regional differences in the
production of growth factors by UGM and possible regional differences in expression of
growth factor receptors in the epithelium, an idea in need of detailed exploration in the
developing human prostate. From studies in mice, proliferation of prostatic epithelium is
elicited by androgens acting via mesenchymal androgen receptors (Sugimura et al., 1986a).
This paracrine effect is elicited via growth factors such as FGF7 and FGF10 produced by
UGM (Thomson and Cunha, 1999; Sugimura et al., 1996; Donjacour et al., 2003). Thomson
and Cunha (1999) reported high levels of FGF10 mRNA in the rat ventral mesenchymal pad,
a zone of condensed mesenchymal cells located peripherally within the UGM described
previously (Timms et al., 1995). These observations suggest that UGM, the inducer of
prostatic epithelial development, is not homogeneous, but instead is regionally specified by
morphology (as mesenchymal condensates) (Timms et al., 1995) and by growth factor
expression (Thomson and Cunha, 1999). The rat ventral mesenchymal pad is also an inducer
of epithelial functionality (specification of secretory protein expression) (Timms et al., 1995;
Hayashi et al., 1993), and as a likely regulator of ductal branching patterns (Thomson,
2001). Examination of serial sections of developing human fetal prostates suggest that ductal
branching is most intense peripherally near the capsule where a-actin-positive cells are
particularly abundant (Fig. 15C), which begs the question as to whether this zone is
particularly rich in stromal growth factors? The differentiation of smooth muscle is a highly
asymmetric event with a-actin-positive cells initially appear in ventral-lateral UGM near the
capsule and subsequently forming a circumferential zone of a-actin-positive smooth muscle
near the prostatic capsule (Fig. 15). Future studies should reveal whether this heterogeneity
in UGM differentiation is coupled with regional differences in growth factor expression and
in induction of ductal branching morphogenesis.

Xenograft studies of human fetal prostates have been carried out previously and support the
idea that normal human prostatic development is dependent upon androgens (Yonemura et
al., 1995; Sugimura et al., 1988; Saffarini et al., 2013). Such grafts of human fetal prostate
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also respond to the adverse effect of exogenous estrogen (Yonemura et al., 1995; Sugimura
et al., 1988; Saffarini et al., 2015b; Saffarini et al., 2015a). In the present study we carried
out the simple experiment of dividing human fetal prostates into right and left halves, which
were grafted into DHT-treated or untreated castrated (androgen-deficient) hosts. In both
cases the human fetal prostatic grafts contained solid prostatic buds prior to transplantation.
Prostatic ductal morphogenesis, epithelial differentiation and marker expression was
enhanced by DHT and retarded as a result of androgen deficiency (untreated castrated hosts)
as expected. NKX3.1 3.1 was not detected in the solid prostatic epithelial cords of control
(androgen deficient) xenografts, but was expressed in a subset of luminal epithelial cells of
canalized ducts observed in DHT-treated prostatic xenografts. Likewise, in grafts of female
urethra (analogue of the prostatic urethra) prostatic ductal morphogenesis and epithelial
differentiation was induced by DHT which elicited advanced expression of a spectrum of
prostate- associated/specific epithelial markers. Significantly, DHT induced the expression
of NKX3.1, prostatic specific antigen and prostatic acid phosphatase, thus verifying that
ductal structures in xenografts of the DHT-treated human female fetal urethra were indeed
prostate. The expression of NKX3.1, prostatic specific antigen and prostatic acid
phosphatase in the xenografts was only seen in canalized and not in solid epithelial cords,
and thus is dependent upon advanced prostatic epithelial differentiation elicited by androgen.
Our observations regarding NKX3.1 differ slightly from that reported in the developing
mouse prostate (Bhatia-Gaur et al., 1999) in so far as in the mouse NKX3.1 is expressed in
the pre-bud male UGE, in solid prostatic buds and subsequently in canalized prostatic ducts,
while in human prostatic development NKX3.1 was only observed in luminized ducts. DHT
induction of human PSA (prostate specific antigen) and PAP (prostatic acid phosphatase) in
grafts of human female fetal urethra further validates our interpretation that the induced
glandular structures are indeed prostatic. Finally, grafts of human female urethra provide the
opportunity of examining androgen-induced initiation of human fetal prostatic budding (with
induction of NKX3.1, prostatic specific antigen and prostatic acid phosphatase) under
controlled experimental conditions. These findings confirm the long established concept that
prostatic development is androgen-dependent (Wilson et al., 1981), and emphasize the utility
of the xenograft approach for investigation of human prostatic development.

A novel finding that emerged in our xenograft studies is the presence of nerve fibers and
neurons in ganglia in grafts of human fetal prostate (Fig. 17F1-F2), which means that
neurons can survive the xenografting procedure and provides the opportunity of
investigating effects of hormones and other agents on development of innervation of the
prostate. An alternate explanation is that the nerves are of host origin. However, the presence
of ganglion cells (Fig. 17F1) in the grafts strongly supports the idea of human origin of these
cells.

We have shown previously that rat and mouse UGM can induce prostatic development in
human fetal and adult urinary bladder epithelium (Cunha et al., 1983; Aboseif et al., 1999).
These findings, coupled with the literature on human fetal prostatic xenografts and the
findings reported herein, raise the possibility preparing tissue recombinants composed of
mutant mouse UGM combined with fetal endodermal epithelium of human origin (from
urinary bladder, UGE or female urethra). Such heterospecific tissue recombinants could
advance mechanistic studies on human prostatic development.
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Figure 1.
UGS epithelium from a fetal mouse on gestation day 15 after removal of the mesenchyme.

Images were taken by scanning electron microscopy (SEM) at successive 90° rotations of
the sample, starting with a lateral view (A). Dotted line in (A) indicates that portion of the
UGS from which prostatic buds will emerge. Arrowheads show where the Mullerian ducts
entered the UGS epithelium. From Lin et al (2003) with permission.
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Figure 2.
Section of the urogenital sinus of a 16-day mouse embryo (pre-bud stage) showing

urogenital sinus epithelium (UGE), dense urogenital sinus mesenchyme (UGM) and
Wolffian ducts (WD). Prostatic buds have not yet developed.
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Figure 3.
UGS epithelium from a wild-type fetal mouse on gestation day 18 after removal of the

mesenchyme. Two lateral views (A and B), a view of ventral buds (C), and a view of anterior
and dorsal buds (D) taken by SEM. Ventral buds (blue), dorsal buds (green), lateral buds
(yellow), anterior buds (red), bladder neck (BN), and seminal vesicles (SV) are shown.
Prostatic epithelial buds on the lateral surfaces of the UGS that are difficult to classify as
either lateral or dorsal buds are tinted blue-green. From Lin et al (2003) with permission.
Scale bar in (B) applies to all images.
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Figure 4.
Wholemount images of human fetal prostates and bladders from 13 to 21 weeks. The

prostate is the distinct bulge below the bladder (arrows). Pr=prostate.
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Figure 5.
Drawings of adult human prostate. (A) Anterior wall of the urethra has been removed to

visualize the verumontanum (green) as well as the posterior and lateral walls of the prostatic
urethra. Note the distribution of openings of the prostatic ducts in the sulci (urethral recesses
or furrows) lateral to the verumontanum as described previously (Timms, 1997). (B)
Drawing of a transverse section through the verumontanum (highlighted in red) of an adult
human prostate showing the prostatic utricle and ejaculatory ducts joining the prostatic
urethra. The prostatic ducts emerge from the urethra in the recesses lateral to the
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verumontanum. Mucosal glands emerge from the ventral aspect of the urethra. Ejac. duct=
ejaculatory duct.
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Figure 6.
Sections of a pre-bud 9-week human fetal urogenital sinus (UGS) in the region of the

verumontanum, which is a dorsal prominence projecting into the UGS. The Wolffian ducts
(WD) flank the Mullerian-derived prostatic utricle, which opens into the UGS at/near the
apex of the verumontanum. Sections are immunostained for Foxal (A), Pax2 (B), TP63 (C),
and androgen receptor (AR) (D) as indicated. Scale bar applies to all images.
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Figure 7.
Sections through the verumontanum of a 9-week pre-bud UGS immunostained for keratins 6

& 7 (A), keratins 8 & 15 (B) and keratin 19 (C). WD= Wolffian duct, UGS= urogenital
sinus.
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Figure 8.
(A) Section of the adult mouse prostate just cranial to the verumontanum. Dorsal to the

prostatic urethra are the paired ducts of the seminal vesicles (SV duct) and the vas deferens
(VD). Note the thick rhabdosphincter (double-headed arrows) surrounding the central
structures. (B) A section of the adult mouse prostate at the level of the verumontanum,
which projects into the prostatic urethra and at this level is tethered dorsally and ventrally to
the wall of the prostatic urethra. The left side of the verumontanum displays the crescent-
shaped seminal vesicle duct (SV duct) dorsal to the vas deferens (VD). On the right side of
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the verumontanum, these two ducts have joined to form an ejaculatory duct (EJD).
Surrounding the prostatic urethra and internal to the rhabdosphincter is a circumferential
layer of peri-urethra glands (not labeled).
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Figure 9.
Three-dimensional reconstruction of mouse and human prostates. (A) Dorsal view of a

newborn mouse urogenital sinus reconstruction showing the dorsal prostatic outgrowths (in
green, arrow D) situated lateral to the prostatic utricle (white). The seminal vesicles (SV)
and ejaculatory ducts have been removed from this reconstruction to clearly illustrate that
the most cranial ducts from the elongated and paired anterior prostates (dark blue, AP), also
known as the coagulating glands which lie adjacent to the mouse seminal vesicles. Also
shown are a few of the lateral (yellow, arrow L) and ventral (light blue, arrow V) prostatic
ducts. The prostatic utricle is the midline structure in white. (B) Dorsal view of a 13-week
male human fetal prostate showing a similar paired pattern of prostatic ductal outgrowths
from the UGS. The most cranial dorsal prostate outgrowths correspond to the equivalent
anatomical location of the mouse coagulating glands. At these stages of ductal growth, the
mouse and human prostate budding patterns demonstrate striking similarities. The human
prostatic utricle is the midline structure in white, and also shown are the seminal vesicles
(SV). (C) Lateral view of the same human UGS. Modified from (Timms, 2008) and (Timms
and Hofkamp, 2011).
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Figure 10.
Light sheet™ three-dimensional reconstruction of a 12-week human fetal prostate

immunostained for E-cadherin (red, A-C) to display epithelium and S100 (D, green) to
display neurons. Lateral views (A, B & D) and dorsal view (C). Boxed area in (A) is
enlarged in (B) to show elongating and branching prostatic buds. (D) Shows the rich network
of ganglion cells and neuronal processes that are associated with the developing human
prostate. Ejd= ejaculatory ducts.
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Figure 11.
Sections of human fetal prostates stained for Ki67 at the ages indicated showing solid

prostatic epithelial buds/cords heavily labeled with Ki67 (arrowheads) and reduced Ki67
labeling in luminized ducts and in the urethra (Ur). Ejd= Ejaculatory ducts, Ur= Urethra,
UGS= urogenital sinus.
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Figure 12.
(A) Section of human fetal prostate at 14 weeks of gestation. The red dots indicate the

proximal origin of a prostatic duct and the first branch point, respectively. The distance
between these two points is ~250um. (B) A thick (0.5mm) coronal section of a 17-week
human fetal prostate photographed with transmitted light. Red dots are placed on 3 prostatic
ducts depicting ductal length to the first branch point. In all three cases the distance is
~1000pum. The thin white line above the scale bar in (B) is ~1000pum.
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Figure 13.
Sections of canalized human fetal prostatic ducts from 15- to 19-week fetuses exhibiting

advanced differentiation immunostained as indicated. Scale bar applies to all images.
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Figure 14.
Sections of human fetal prostatic ducts at or near the canalized-solid interface

immunostained as indicated. In (E &F) note that AR is absent of solid epithelial cords, but
present in canalized ducts. Double-headed arrows in emphasize differences between solid
epithelial cords and canalized ducts.
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Figure 15.
Transverse sections of developing human prostate immunostained for smooth muscle a-

actin. (A) is a section through the verumontanum of a 9-week pre-bud UGS in which sparse
a-actin-positive cells (white arrowheads) are seen in ventral-lateral UGM, whereas a-actin-
positive cells are abundant in the wall of the rectum. (B) is section of a human fetal prostate
showing smooth muscle bundles in ventral UGM at 15 weeks of gestation. (C) is a section of
a human fetal prostate at 19 weeks of gestation showing a-actin-positive smooth muscle
around the periphery where solid epithelial cords are branching. WD= Wolffian duct, UGS=
urogenital sinus, Ur= urethra, EJD=ejaculatory ducts.
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Figure 16.
Sections of xenografts of right and left halves of a 14-week human fetal prostate grown for 4

weeks in castrated male athymic mice treated with a 20mg pellet of dihydrotestosterone
(DHT) (Al & A2) or androgen-deficient control (sham) (B1 & B2) immunostained for
androgen receptor. A small number of solid buds were present at the time of grafting. In the
DHT-treated specimen, note the large number of ducts, many of which are canalized (A1 &
A2), while in the androgen-deficient control specimen few ducts are seen and few are
canalized (B1 & B2). Note the presence of AR broadly in epithelial and stromal cells in the
DHT-treated specimen (Al & A2). In the androgen-deficient control AR is absent (AR-) in
the stromal cells in close association with the epithelium but is present in peripheral stroma
(AR+) (B1 & B2).
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Figure 17.
Xenografts of right and left halves of a 14-week human fetal prostate grown for 4 weeks in

castrated male athymic mice treated with a 20mg pellet of dihydrotestosterone (DHT) or
untreated control (sham) as indicated. For TP63 and keratins 7, 8 and 19 the status of
epithelial differentiation is advanced in DHT-treated specimens (Al-El)versus androgen-
deficient control specimens (A2-E2). Patterning of a.-actin-positive smooth muscle is also
affected by DHT (EI versus E2). S100-positive ganglia and nerve fibers were seen in both
DHT-treated and control grafts (F1-F2). Scale bar in (D1 -D2) applies to (A-C).
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Figure 18.
Xenografts of right and left halves of a 14-week human fetal prostate grown for 4 weeks in

castrated male athymic mice treated with a 20mg pellet of dihydrotestosterone (DHT) or
untreated control (sham) as indicated immunostained for NKX3.1. Solid epithelial cords and
canalized ducts observed in androgen-deficient control specimens were devoid of NKX3.1
immunostaining (A), whereas canalized ducts (but not solid epithelial cords) of DHT-treated
specimens expressed NKX3.1 (B).
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ureters and urethra of a 13-weeks human female fetus. White lines depict the

segment of the female urethra that was xenografted into DHT- treated and untreated
castrated mouse hosts. (B) Section of a 15-week human fetal bladder neck prior to grafting.

Figure. 19
(A) Bladder.
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Figure 20.
Xenograft of a 12-week human fetal female urethra grown for 8 weeks in a castrated DHT-

treated host (A-C) immunostained for KRT19, KRT7 and TP63 as indicated. Xenografts of a
13-week human fetal female urethra grown for 8 weeks in a castrated DHT-treated host (D-
F) immunostained for KRT19, KRT7 and TP63 as indicated. Arrows in (C)) depict pockets
of TP63-negative epithelial cells in areas of incipient canalization.
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Figure 21.
A 12-week human fetal female urethra grown for 8 weeks in a castrated DHT-treated host

(A-C). Xenograft of a 13-week human fetal female urethra grown for 8 weeks in an
untreated castrated host (D-F). (A, B, D, E) were immunostained for androgen receptor
(AR). (C & F) were immunostained for NKX3.1. Arrows in (A) and (C) highlight solid
epithelial cords, which are mostly devoid of AR (A) and NKX3.1 (C).
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Figure 22.
A 12-week human fetal female urethra grown for 8 weeks in a castrated DHT-treated host

immunostained for (A) prostatic acid phosphatase (PAP) and (B) prostatic specific antigen
(PSA). PSA and PAP are expressed in ducts with lumina, but is reduced/absent in solid
epithelial cords (arrowheads). Scale bar applies to both images.
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Time line of human prostatic development in rats, mice and humans
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Developmental event Rat Age Mouse age  Human Age Human Crown-rump  Human Heal-toe
Pre-bud stage 14-18dpc  13-15dpc  8-9 wks 30-50mm 2-5mm
Initial budding 19 dpc 16-18dpc  10-11 wks 50-60mm 5-8mm
Bud elongation & branching morphogenesis ~ 1-50 dpn 1-40 dpn 11 wks & thereafter ~ 70-80mm 11mm
(11wks) (11wks)
Ductal canalization ~3-50dpn ~3-50dpn  11wks & thereafter ~ 70-93mm 12-14mm
(11-12wks) (11-12 wks)

dpc= days post-conception, dpn= days postnatal, wks=weeks
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Published images of human prostatic bud elongation, ductal branching, ductal canalization and secretory

cytodifferentiation.

Table 2.

Specimen Age Analysis/focus of paper Reference
(weeks)
32,38 &40 Histology (Zondek and Zondek, 1979)
28 & 30 Histology (Xiaetal., 1990)
22 & 28 Keratin IHC (Wernert et al., 1987)
8-25 Neuroendocrine cell differentiation (Xue et al., 2000;

12, 16, 28, 29, 39
18,19 & 23
13&25

19,21 & 22

190 36
9-16
19-22

18-23

Sonic & desert hedgehog
Estrogen receptor beta (ESR2)
Striated & smooth muscle histochemistry

Estrogen receptor alpha & beta (ESR1 & 2)

Androgen receptor
Sonic hedgehog

5a-reductase
immunohistochemistry

SOX9 immunohistochemistry

Szczyrba et al., 2017)
(Zhu et al., 2007)
(Adams et al., 2002)
(Sebe et al., 2005)

(Shapiro et al., 2005a;
Shapiro et al., 2005b)

(Aumuller et al., 1998)
(Barnett et al., 2002)

(Radmayr et al., 2008;
Levine et al., 1996;
Lunacek et al., 2007;
Bonkhoff et al., 1996)

(Wang et al., 2008)
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Epithelial differentiation markers reported previously in the developing human prostate

Table 3

Pre-bud

Markers

UGE

Solid
buds

Canalized ducts

Basal
cells

Luminal
cells

NE cells

KRTs/6, 2642

KRT191'2'6'12

KRT181‘ 612

KRT146'12

KRT86’12

P63l

ARLI479

ESRJ],-’J’,E

ESRZ‘S"E

PSAJ

EGFRI

Bcl2‘Z

P27'z

5CL-I'edUCt3584‘13‘14

SHH®

DHH®

PTC1 &PTC25
Glil®

GsTpi®
Chromogranin Awﬂ

Serotoninﬂ

Stroma= +

+

+

(1) Letellier et al (2007)

(2) Wemert and Seitz (1987)
(3) Adams et al (2002)

(3) Levine et al 1996)

(4) Zhu et al (2007)

(5) Wang et al (2001)

(6) Saffarini et al (2013)

(7) Shapiro et al (2005)

(8) Aumuller et al (1998)
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(9) Szczyrba et al (2017)
(10) Xue et al (2000)

(11) Trompetter et al (2008)
(12) Aumuller et al (1996)

(13) Radmayr et al (2008)
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Table 4.
Antibodies used in this study
Antibody Source Catalogue # Concentration
O -actin Sigma A2547 1/2000
GTF3C2 Abcam AB53218 1/100
Estrogen receptor O (ESR1)  Abcam Ab16660 1/100
Keratin 6 Acris Antibodies AM21068PU-S  1/200
Keratin 7 E.B. Lane LP1K 1/10
Keratin 8 E.B. Lane” LE41 1/10
Keratin 10 Dako M7002 1/50
Keratin 14 BioGenex LL002 1/100
Keratin 15 Sigma Sah4501658 1/50
Keratin 19 E.B. Lane”™ LP2K 1/10
TP63 Santa Cruz Biotechnology Sc-8343 1/100
Androgen receptor Genetex GTX62599 1/100
RUNX1 Abcam Ab92336 1/100
Uroplakinl T T.sun™™ 1/100
PAX2 Abcam Ab150391 1/50
FOXAL Atlas Antibodies HPA050505 1/500
E-cadherin BD Transduction Laboratories 610181 1/100
S100 Abcam Ab52642 1/1000

*
Institute of Medical Biology, Singapore

*:

*
New York University, New York
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Table 5

Epithelial differentiation markers during human prostatic development

Newly Bud elongation Canalized ducts
Pre-bud  emerged and branching (12-19wks)
solid buds

Canalized Solid Basal cells Luminal cells Urethra

Markers

K6 + + + +&- + - +
K7 + + + -&- - + +

1+

K8 + + + - &I+ - + +
K10 - - - - - - -
K14 - - - - -& -+ - -
K15 - + + + + - +
K19 + + + + - + +
Runxl ? + + + - & -+ + +
P63 + + + + + - +
Foxal + + + + + + +
Pax2 - - - - - - -
Uroplakin - - - - - - & -+ +
AR + + + +- -& -+ + +
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Table 6.

Page 57

Epithelial immunohistochemical profile of xenografts of human fetal prostates and human female urethras.

Markers” Prostatic Female urethral ~ Prostatic Female
xenografts xenografts xenografts urethral
(DHT) (DHT) (control) xenografts
(control)
Morphology  Canalized ducts Canalized ducts Solid “ducts” Solid “ducts”
Keratin 7 Luminal cellsonly ~ Luminal cellsonly  central cells *™ Central cells ¥
Keratin 8 Luminal cellsonly ~ Luminal cellsonly  central cells *™ Central cells ™
Keratin 14 Negative Negative Negative Negative
Keratin 19 All epithelial cells  All epithelial cells  All epithelial cells All epithelial cells
TP63 Basal cells only Basal cells only Basal & central cells  Basal & central cells
Androgen Luminal cellsonly  Luminal cellsonly  Negative Negative
receptor
FOXA1l Positive Positive Positive Positive
NKX3.1 Positive Positive Positive Negative
PSA ND Positive ND Negative
PAP ND Positive ND Negative

*
Only the predominant phenotype is reported. For additional information, see text.

Aok

Central cells located in the core of solid ducts.

PSA=prostate specific antigen; PAP=prostatic acid phosphatase ND=not done
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