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Tissue — A New Model for Investigating Urethral Development
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1School of Medicine, University of California, San Francisco, San Francisco, CA

2Department of Urology, University of California, San Francisco, San Francisco, CA
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Abstract

In this paper, we introduce our novel renal subcapsular xenograft model for the study of human
penile urethral and clitoral development. We grafted fifteen intact fetal penes and clitorides 8 to 11
weeks fetal age under the renal capsules of gonadectomized athymic mice. The mice were treated
with a subcutaneous pellet of dihydrotestosterone (DHT), diethylstilbestrol (DES) or untreated
with hormones. Xenografts were harvested after fourteen days of growth and analyzed via serial
histologic sectioning and immunostaining for Ki-67, cytokeratins 6, 7 and 10, uroplakin and the
androgen receptor. Non-grafted specimens of similar fetal age were sectioned and immunostained
for the same antigenic markers. 14/15 (93.3%) grafts were successfully propagated and harvested.
The developing urethral plate, urethral groove, tubular urethra, corporal bodies and preputial
lamina were easily identifiable. These structures demonstrated robust cellularity, appropriate
architecture and abundant Ki-67 expression. Expression patterns of cytokeratins 6, 7 and 10,
uroplakin and the androgen receptor in xenografted specimens demonstrated characteristic male/
female differences analogous to non-grafted specimens. DHT treatment reliably produced
tubularization of nascent urethral and vestibular structures and male patterns of androgen receptor
expression in grafts of both genetic sexes while estrogenic or hormonally absent conditions
reliably resulted in a persistent open urethral/vestibular groove and female patterns of androgen
receptor expression. This model’s success enables further study into causal pathways by which
endocrine-disrupting and endocrine-mimicking substances may directly cause disruption of
normal human urethral development or hypospadias.
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Introduction

Hypospadias is the second-most-common congenital anomaly of the urogenital tract,
occurring in 1:200 to 1:300 live male births in the USA [1-3]. Hypospadias is an
abnormality of urethral development characterized by an ectopic urethral meatus on the
ventral aspect of the penis, an abnormal urethral corpus spongiosum, penile curvature and
foreskin abnormalities [4, 5]. Office visits, surgical treatment and hospital recovery together
constitute a substantial cost to the healthcare system [6]. Patients with hypospadias seek
sexual contacts and engage in sexual intercourse at lower rates than age-matched controls
and are significantly more likely to report dissatisfaction with their genitals [5]. While the
etiology of hypospadias remains unknown, both genetic susceptibility and environmental
exposures appear to contribute [7-11]. Environmental exposures to estrogens, anti-
androgens, and industrial and agricultural chemicals cause hypospadias in laboratory
animals and have been linked to hypospadias in human epidemiologic studies [12-14].
Human males exposed in utero to the xenoestrogen diethylstilbestrol (DES) have an
increased incidence of hypospadias [15-17]. A recent multicenter study showed a strong
association between parental occupational and environmental exposures to endocrine
disruptors such as solvents, adhesives, Bisphenol A (BPA), pesticides, phthalates and flame
retardants and development of hypospadias in male children (OR 3.13 95% CI 2.11-4.65)
[18].

The two most widely used models for the study of hypospadias in the laboratory are the
mouse and rat [19-22]. Extensive efforts have focused on understanding urethral
development in these species [23-28]. Unfortunately, rats and mice are imperfect models of
human hypospadias for multiple reasons, including the presence of penile cartilage and bone
[22, 24], the existence of internal and external prepuces, low rates of spontaneous (non-
induced) hypospadias and the absence of perineal or penile-shaft hypospadias [19, 20]. As
morphogenic mechanisms of penile urethral development in rodents are radically different
from human mechanisms (Fig. 1), it is not surprising that murine “hypospadias” is
substantially different morphologically from the condition seen in humans [19]. Given these
vast anatomic differences, it has become apparent that to fully understand human
hypospadias, the focus must be on human urethral development. Definitive proof that
environmental agents adversely affect human penile urethral development should come from
direct testing of endocrine agents on human fetal organs.

There is an extensive literature on xenogransplantation of human fetal tissue into
immunodeficient mice stretching back to 1974, when Povlsen et al. demonstrated successful
propagation and histologic preservation of human fetal thymic, lung, pancreatic, adrenal,
renal, testicular and ovarian tissue grown subcutaneously in athymic mice for 5-64 days
[29]. Since this time, researchers have demonstrated normal growth and normal
differentiation of human fetal intestine [30], skin [31], lung [32], male and female
reproductive tract [33-35], prostate [36, 37] and ovary [38] transplanted into athymic or
severe combined immunodeficient (SCID) mice. Graft differentiation with measurable
production of circulating graft-specific hormones has been demonstrated in xenografted
human fetal pancreas [39-41], pituitary [42] and testis [43].
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Xenotransplantation provides a powerful model to ethically evaluate the effects of
therapeutics and toxicants on target human tissues. Grafted cancer cells from a wide range of
primary sites demonstrate high engraftment rates, biological stability and preservation of
tumor architecture and molecular markers in immunodeficient mice, allowing for evaluation
and development of novel anticancer agents [44, 45]. Intact xenografted human fetal internal
reproductive organs have been extensively used to study the teratogenic effects of
progesterone, diethylstilbestrol and other xenoestrogens on the developing prostate [36, 37]
and female genital tract [34, 35, 46]. Grafted organs in these models demonstrate high
engraftment rates in both control and toxicant groups under a variety of experimental
conditions.

Human tissue xenografts have been successfully propagated utilizing a variety of locations
within the immunocompromised mouse, including subcutaneous [29, 30, 40], renal
subcapsular [33, 37, 46, 47], orthotopic [48-50] and intraperitoneal [49, 51, 52] sites. While
orthotopic and intraperitoneal sites have advantages in promoting tumor growth and
metastasis in experiments with human cancer cells, the subcutaneous and renal subcapsular
sites have been more extensively utilized in xenotransplantation of intact human fetal organs.
The subcutaneous site has the advantages of easy access and large surface area and provides
the ability to visually and non-invasively monitor the growth of the graft, however graft take
rates are low. The renal subcapsular site is more extensively vascularized, resulting in graft
take rates approaching 100% [45, 47].

In the absence of a suitable animal model to study human urethral development, hypospadias
and the effects of exogenous hormones, endocrine disruptors and toxicants on these
processes, we have developed a novel and ethical system of investigation. In this work, we
describe our renal subcapsular xenografting model for the study of urethral development
utilizing human fetal penes and clitorides grown in athymic mouse hosts. We demonstrate a
high rate of engraftment, normal patterns of morphologic development, normal differential
gene expression and feasibility of growth in varying hormonal environments.

Human fetal external genital specimens were collected following elective pregnancy
termination procedures with approval by the institutional review board at the University of
California, San Francisco (UCSF). Collected specimens were placed in phosphate-buffered
saline (PBS) on ice for transport from procedure rooms. Male and female genital tubercles
were isolated under a dissecting microscope (Zeiss Stemi 2000-C, Carl Zeiss Ag,
Oberkochen, Germany) and stored at 2°C in RPMI 1640 medium (UCSF Cell Culture
Facility, San Francisco, CA, USA) for no more than 24 hours before grafting. Specimen age
was estimated using heel-toe length [53]. Sex was determined by polymerase chain reaction
(PCR) of the sex-determining region Y (SRY) gene, morphology of Wolffian and Mullerian
structures and/or presence of testes or ovaries [54].

All grafting procedures were performed in our IACUC-approved facility at UCSF.
Immediately prior to grafting, genital tubercles were transected at the most proximal point
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on the penile/clitoral shaft to excise any pre-existing tubular urethra from the specimen (Fig.
2).

In this way, urethral formation during the growth period could be attributed to
developmental events post-grafting. Specimens were transplanted under the renal capsule of
athymic nude mice (CD-1 NU/NU, Charles River Laboratories, Wilmington, MA) as
previously described [47] and a suture was placed to demarcate the distal end of the graft. To
achieve a standardized hormonal milieu for xenograft growth, mouse hosts were castrated to
eliminate endogenous sex steroids. Following gonadectomy, mouse adrenal glands do not
compensate by producing bioactive levels of estrogens or androgens [55]. We confirmed the
absence of trophic sex hormones of adrenal origin in castrated hosts by monitoring the
atrophic status of the host’s prostate via wet weight and histology. In a subset of our grafts, a
25mg pellet of dihydrotestosterone (DHT) (A8380, Sigma-Aldrich, St. Louis, MO, USA) or
diethylstilbestrol (DES) (D4628, Sigma-Aldrich, St. Louis, MO, USA) was implanted
subcutaneously at the time of grafting and gonadectomy. Our selection of DHT instead of
testosterone eliminates the possibility of aromatase-mediated conversion of testosterone to
estradiol. Grafts were grown for 14 days, at which time the animals were euthanized and the
grafts harvested. Grafts were fixed in 10% neutral buffered formalin for 48 hours, embedded
in paraffin, serially sectioned at 5 microns on a microtome (Leica RM2135, Leica
Microsystems, Wetzlar, Germany) and applied to glass slides (Fisherbrank Superfrost Plus,
Thermo Fisher Scientific, Waltham MA, USA). Non-grafted external genital specimens of
similar fetal age were fixed and prepared in identical fashion for comparison with
xenografts.

Every 20th section was stained with hematoxylin and eosin (H&E) to highlight tissue
architecture. Intervening slides were immunoassayed with primary antibodies against
cytokeratins 6 (K6), 7 (K7) and 10 (K10), uroplakin, Ki-67 and the androgen receptor (AR).
Slides were counterstained with Hoechst (33258) dye to highlight tissue architecture and to
distinguish xenograft tissue of human origin from the cells of the host mouse kidney [56].
Primary and secondary antibodies used and their dilutions are detailed in Table 1. Regarding
antigenic targets of immunostaining, cytokeratins are intermediate filament proteins that
provide mechanical support to epithelia [57, 58]. K6 is present in the basal and intermediate
layers of urothelium and epidermis as well as the urethral plate of developing external
genitalia. K7 is found in the apical layer of urothelium only. K10 is present in epidermis but
is absent in normal urothelium. Uroplakin is a highly-specific urothelial marker absent in
other tissue types [59]. Ki-67 is a specific marker for actively proliferating cells [60]. The
androgen receptor is a nuclear receptor activated by androgenic hormone binding whose
activity as a transcription factor appears to be critical in early development of male internal
and external genitalia [61].

Stained slides were visualized on a light microscope (Leica DM4000B, Leica Microsystems,
Wetzlar, Germany) and photographed using Leica Application Suite V 4.1.0 (Leica
Microsystems, Wetzlar, Germany). Digital images were enlarged and overlaid using Adobe
Photoshop (Adobe Systems, San Jose, CA, USA). Brightness and color balance were
adjusted in Adobe Photoshop, however no specific features were enhanced, obscured or
moved.
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Fifteen fetal male and female external genital specimens aged 8-11 weeks at the time of
collection were grafted. Fourteen grafts (93.3%) were successfully harvested. In all of these
specimens, developing urethral and vestibular structures were well-preserved. Focal areas of
central necrosis were observed in 5/14 (35.7%) specimens, however in none of these grafts
did necrosis include the developing urethra or vestibule. Graft health correlated with robust
expression of Ki-67 in the grafts (Fig. 3). In all grafts evaluated, Ki-67 expression was
increased in the area of the urethral plate and urethral groove.

Male Graft Results

Figure 4 depicts a non-grafted 11-week penis stained for K6, K7 and K10 demonstrating
normal architecture. K6 staining highlights the urethral plate with K7 absent in this region
(Fig. 4A). At mid-shaft, K6 is expressed in basal epithelial cells of the open urethral groove
with K7 staining apical epithelial cells in the dorsal aspect of the urethral groove only (Fig.
4B). K6/K7 in proximal sections fully circumscribes the tubularized urethra (Fig. 4C) with
K6 in basal epithelial cells and K7 in apical epithelial cells. In all grafted specimens,
uroplakin was expressed in apical epithelial cells in the same areas as K7 (Fig. 5).

Figure 6 shows a graft of an 8-week penis grown in the presence of DHT. This graft has
formed a tubular urethra. Some distortion of architecture is observed due to the compressive
effects of the renal capsule. However, regions of K6, K7, K10 and uroplakin staining
analogous to those in the non-grafted 11-week penis (Fig. 4) are identifiable. In this graft,
K6 is present in basal cells of the surface epidermis, urethral plate and basal layers of the
urethral groove and nascent tubularized urethra. K7 and uroplakin (not illustrated) are absent
in the surface epithelium and urethral plate, but co-expressed in the apical layers of the
urethral groove (Fig. 6B) and in the tubularized urethra (Fig. 6C). K10 is present in
epidermal layers but absent in urethral structures.

Conversely, in grafted male specimens grown in the presence of DES (not shown) or in the
absence of hormones, tubular urethral structures are not observed at any point in the graft. In
the depicted 9-week penile graft grown without hormones (Fig. 7), K6 stains the urethral
plate with K7 apical to K6 in the dorsal aspect of the urethral groove. Likewise, K10 is only
present in epidermal structures as is witnessed in non-grafted female specimens (Fig. 8) and
female grafts grown in the absence of androgen (Fig. 9).

Female Graft Results

Figure 8 depicts a non-grafted 11-week clitoris stained for K6, K7 and K10. K6 is present in
the distal vestibular plate with K7 absent (Fig. 8A). At mid-shaft, K6 is present in basal
epithelial cells of the vestibular groove with K7 present in apical cells of the dorsum of the
groove only (Fig. 8B). K10 is present in apical cell layers only in ventral and lateral aspects
of the vestibular groove and in the epidermis (Fig. 8E). Proximally, K6 demarcates basal
epithelial cells of the entire clitoral vestibule with K7 present apically only in the dorsal
region (Fig. 8C) and K10 present only in apical cells of the ventral and lateral regions of the
vestibule (Fig. 8F).
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The clitoral graft grown in a castrated host without endogenous sex hormones (Fig. 9) has
formed an open vestibular groove. In this graft, K6 is present in the vestibular plate and in
basal cells of the surface epidermis and the vestibular groove. The proximal vestibule is not
easily identified due to distortion from the renal capsule. K7 and uroplakin (not illustrated)
are absent in the surface epidermis and vestibular plate, but are seen in apical layers of the
dorsal aspect of the vestibular groove (Fig. 9B, C). K10 is present in superficial epidermal
layers. The presence of K10 in lateral/ventral regions of the vestibular groove and its
absence in the dorsal aspects of the vestibular groove are characteristic of the normal
vestibular groove.

Conversely, grafted female specimens grown in the presence of DHT (Figs. 10, 11) formed
tubular urethras. The urethral structure in a 9.5-week clitoris grown for two weeks with DHT
(Fig. 10C) is circumferentially demarcated by K7 and uroplakin with K10 absent as is seen
in normal male specimens (Fig. 4) and male grafts grown in the presence of DHT (Fig. 6).
The urethral structure shown in an 8.5-week clitoral specimen grown for two weeks with
DHT (Fig. 11C) is undergoing fusion and is similarly circumscribed by K7 and uroplakin
with K10 absent.

Androgen Receptor Results

Androgen receptor staining was prominently expressed in epithelial cells of the roof of the
urethral groove and lateral urethral folds of both non-grafted male specimens (Fig. 12A) and
male specimens grown in the presence of DHT (Fig. 12B). AR expression is reduced in
penile specimens grown in the absence of androgen (Fig. 12C). AR is sparsely expressed in
the epithelium of the roof of the vestibular groove and the vestibular folds of non-grafted
clitoral specimens (Fig. 12D) and clitoral xenografts grown in the absence of androgen (Fig.
12E). Clitoral xenografts grown in the presence of DHT exhibit extensive AR staining in the
roof and lateral aspects of the vestibular groove (Fig. 12F) as is observed in normal male
specimens.

Discussion

This paper presents our renal subcapsular xenograft model for the study of the development
of human external genitalia. To the extent of our knowledge, this is the first report of
successful xenotransplantation and growth of intact human fetal penes and clitorides in
immunocompromised animal hosts. Our graft take rate of 93% is consistent with the high
success rates seen in other whole-organ renal subcapsular xenograft studies [33, 37, 46, 54]
and provides further evidence of the value of this highly vascularized site in
xenotransplantation experiments. Central necrosis was seen to variable degrees in 35% of
the xenografts, a result that correlated with lower Ki-67 expression in these specific areas.
This problem can be ameliorated by grafting younger, smaller specimens, by placing
specimens in cold medium as soon as possible, and by grafting them as soon as possible.
These steps have reduced this problem in the course of our experiments.

Recent studies by our group have elucidated mechanisms of human penile urethral and
clitoral development [62, 63]. The urethra in the penile shaft forms via distal canalization of
a solid urethral plate to form a wide-open urethral groove, followed by proximal to distal
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fusion of the urethral folds, a process far more complicated than originally envisioned [64].
This results in formation of the tubular penile urethra and superficial midline penile raphe.
In the clitoral shaft, distal canalization of the analogous solid vestibular plate is not followed
by fusion of the vestibular folds, resulting in the open clitoral vestibule. Immunostaining of
non-grafted specimens for cytokeratins 6, 7 and 10 consistently reveals characteristic male/
female differences in expression. We have consistently observed patterns of cytokeratin
staining analogous to non-grafted specimens in our penile xenografts grown in the presence
of exogenous DHT and in clitoral xenografts grown in the absence of androgen. These
morphologic results indicate that developmental processes in external genital xenografts
proceed in a similar fashion to those seen /n vivo.

Our observations of rich androgen receptor staining present in the urethral folds of normal
male specimens and its relative absence in corresponding areas of normal female specimens
contribute to of our hypothesis that fusion at the urethral groove to form the male tubularized
penile urethra is mediated in part by androgen receptor-mediated signaling in the urethral
folds. These processes occur in developing external genitalia between 8-12 weeks of fetal
age and are demonstrated upon serial sectioning of specimens of these ages. Androgen
receptor staining patterns in our xenografts are analogous to those seen in non-grafted
specimens when male grafts are grown with DHT and female grafts grown in its absence.
These expression patterns were reversed when male grafts are grown in the absence of
androgen and female grafts in the presence of DHT. Our observation of androgen receptor
upregulation in the lateral aspects of the vestibular grooves of female grafts grown with
DHT align with our observations of tubularization in more proximal sections of those same
grafts. These observations are consistent with the hypothesis that expression of the androgen
receptor is itself androgen-regulated [61, 65]. Further experimentation in human genital
xenografts at the genetic level should corroborate these observations by examining levels of
AR-dependent nucleic acid transcription in these same areas.

We hypothesize that interruption of the canalization and/or fusion processes by exogenous
substances with hormonal activity may contribute to the constellation of urethral and penile
abnormalities seen in human hypospadias. Our xenografts have demonstrated robust growth
under varied hormonal growth conditions. This has held true in non-physiologic scenarios.
i.e. when male grafts were grown in DES-treated hosts or in the absence of androgen and
when female grafts were grown in androgenic conditions. Our findings of interrupted
urethral fusion in male grafts grown without androgen and induced urethral tubularization in
female grafts grown in the presence of androgen are consistent with prior animal studies [65]
and the human phenotypes seen in severe cases of congenital adrenal hyperplasia and in
complete androgen insensitivity syndrome [66—68]. Our ability to selectively induce male
and female phenotypes in this model will enable specific characterization and selective
manipulation of androgen-dependent gene pathways as well as controlled experiments with
endocrine-disrupting or endocrine-mimicking chemicals.

Our model has several potential limitations — we have not yet performed experiments
defining optimal growth times or the ideal level to transversely excise the external genital
from the anterior body wall to promote proximal fusion of the urethral groove. Further
experiments are needed to evaluate the interactions between exogenous substances and
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dogenous levels of hormones simulating situations occurring in our human environment.
presenting this model, we aim to enable these studies and further work establishing

potential causal pathways of endocrine alteration, abnormal urethral development and
human hypospadias.
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Figure 1.
Diagrammatic representations of urethral development in the human penile shaft (A-D), the

human glans/rat and mouse proximal penis (E-H) and rat and mouse distal penis (I-L)
showing similarities and differences. Note that the urethra in the shaft of the human penis
forms by fusion of the urethral folds whereas this mechanism occurs only in the distal glans
of the rat penis and mouse penis. In contrast, the urethra in the human glans forms by direct
canalization of the urethral plate.
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Figure 2.
Schematic demonstrating the xenografting process in a 10-week fetal clitoris. A: The distal

genital tubercle is transected at the most proximal aspect of the open vestibular groove (red
line) to ensure the absence of preexisting tubular structures and then grafted under the
kidney capsule of an athymic mouse. B: Xenograft under mouse kidney capsule immediately
prior to graft harvest. The nylon suture indicates the distal end/glans clitoris.
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Expression of Cytokeratin 6 (K6) and Ki-67 in two penile xenografts (Top: 8 weeks,
Bottom: 9 weeks) grown for 14 days with DHT. Top, A-C, approximate section levels:
Distal (A), mid-shaft (B) and proximal (C) transverse sections of a graft exhibiting a well-
preserved urethral plate (A), urethral groove (B) and tubularized urethra (C). Ki-67 is
expressed throughout the body of the penis, the urethral plate, the urethral groove and the
tubularzied urethra. Bottom, D—F, approximate section levels: Distal (D), mid-shaft (E) and
proximal (F) transverse sections of a second graft demonstrating central necrosis abutting
but not enveloping developing urethral structures. Note the absence of Ki-67 in the area of

necrosis and the presence of Ki-67 around the urethral groove.

Differentiation. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Isaacson et al.

Page 15

Gross 9.5-week human fetal penile specimen showing approximate levels of post-grafting
histologic sections.
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Figure 4.
Cytokeratin staining of serial sections through a non-grafted 11-week human fetal penis.

Top, A-C, approximate section levels: Distal (A), mid-shaft (B) and proximal (C) transverse
sections stained for K6 and K7. K6 is expressed in the urethral plate and in basal cells of the
surface epidermis, urethral groove and tubularized urethra. K7 is present only in apical
layers of the urethral groove and the tubularized urethra. Uroplakin (Fig. 5) is expressed in
the same areas as K7. Bottom, D-F, approximate section levels: Distal (D), mid-shaft (E)
and proximal (F) sections through the same penis stained for K6 and K10. K6 is expressed
as above. K10 is present in surface epidermis but absent in urethral structures.
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Gross 11-week human fetal penile specimen showing approximate levels of histologic
sections.
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Figure 5.
Co-localization of uroplakin and K7 staining at apical surfaces of urethral epithelia of a

xenograft exposed to DHT for 14 days. This xenograft formed a tubular urethra after two
weeks of renal subcapsular grafting.
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Figure 6.
Cytokeratin staining of serial sections through an 8-week human fetal penis grown for 14

days in a DHT-treated host. Top, A-C, approximate section levels: Distal (A), mid-shaft (B)
and proximal (C) transverse sections stained for K6 and K7. K6 is expressed in the urethral
plate (A), in basal cells of the surface epidermis, the urethral groove (B) and proximal
tubularized urethra (C) of the graft. K7 is present in apical layers of the urethral groove (B)
and the tubularized urethra (C) as in non-grafted penile specimens (Fig. 4). Bottom, D-F,
approximate section levels: Distal (D), mid-shaft (E) and proximal (F) sections through the
same xenograft stained for K6 and K10. K6 is expressed as above. K10 is present in apical
layers of the surface epidermis but is absent in urethral structures, indicating that these are
true urethral structures and not invaginations of surface epithelium.
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Gross 9.5-week human fetal penile specimen showing approximate levels of post-grafting
histologic sections.
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Figure 7.
Cytokeratin staining of serial sections through a 9-week human fetal penis grown for 14

days without hormones. Top, A-C, approximate section levels: Distal (A), mid-shaft (B) and
proximal (C) transverse sections stained for K6 and K7. K6 is expressed in the urethral plate
and basal cells of the surface epidermis and in basal layers of the urethral groove. K7 is
present only in apical layers of the dorsal aspect of the urethral groove) as in non-grafted
penile and clitoral specimens (Figs. 4, 8). Bottom, D—F, approximate section levels: Distal
(D), mid-shaft (E) and proximal (F) sections through the same xenograft stained with K6
and K10. K6 is expressed as above. K10 is present in apical cells of the surface epidermis,
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the lateral and ventral aspects of the urethral groove and is absent in the dorsal aspect of the
urethral groove as is seen in non-grafted penile and clitoral specimens.

Gross 9.5-week human fetal penile specimen showing approximate levels of post-grafting
histologic sections.
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Cytokeratin staining of serial sections through a non-grafted 11-week fetal clitoris. Top, A-
C, approximate section levels: Distal (A), mid-shaft (B) and proximal (C) transverse sections
stained for K6 and K7. K6 is expressed in the vestibular plate and in basal layers of surface
epidermis, the vestibular groove and vestibule. K7 is present only in apical layers of the
dorsal vestibular groove and vestibule. Uroplakin (not shown) is expressed in the same areas
as K7. Bottom, D-F, approximate section levels: Distal (D), mid-shaft (E) and proximal (F)
sections through the same clitoris stained for K6 and K10. K6 is expressed as above. K10 is
present in surface epithelial structures, ventral and lateral aspects of the vestibule but absent

in the dorsal aspects of these structures.
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Gross 11-week human fetal clitoral specimen showing approximate levels of histologic
sections.
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Cytokeratin staining of serial sections through a 9.5-week human fetal clitoris grown for 14
days in an untreated castrated host. Top, A-C, approximate section levels: Distal (A), mid-
shaft (B) and proximal (C) transverse sections stained for K6 and K7. K6 is expressed in the
vestibular plate, in basal cells of the surface epidermis and in basal layers of the vestibular
groove of the graft. K7 is present only in apical layers of the dorsal aspect of the vestibular
groove as in non-grafted clitoral specimens (Fig. 8). Bottom, D—F, approximate section
levels: Distal (D), mid-shaft (E) and proximal (F) sections through the same xenograft
stained with K6 and K10. K6 is expressed as above. K10 is present in apical cells of the
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surface epidermis, the lateral and ventral aspects of the vestibular groove and is absent in the
dorsal aspect of the vestibular groove as is seen in non-grafted clitoral specimens.

Gross 10-week human fetal clitoral specimen showing approximate levels of post-grafting
histologic sections.
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Figure 10.
Cytokeratin staining of serial sections through a 9.5-week human fetal clitoris grown for 14

days with DHT. Top, A-C, approximate section levels: Distal (A), mid-shaft (B) and
proximal (C) transverse sections stained for K6 and K7. K6 is expressed in the vestibular
plate, in basal cells of the surface epidermis, the vestibular groove and the proximal
tubularized urethral structure that formed within the graft. K7 and uroplakin (not shown) are
present in apical layers of the vestibular groove and the tubularized urethral structure as in
non-grafted penile specimens (Fig. 4). Bottom, D—F, approximate section levels: Distal (D),
mid-shaft (E) and proximal (F) sections through the same xenograft stained for K6 and K10.
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K6 is expressed as above. K10 is present in apical layers of the surface epidermis (D-E) but
is absent in the tubularized urethral structure.

Gross 10-week human fetal clitoral specimen showing approximate levels of post-grafting
histologic sections.
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Figure 11.
Cytokeratin staining of serial sections through an 8.5-week human fetal clitoris grown for 14

days with DHT. Top, A-C, approximate section levels: Distal (A), mid-shaft (B) and
proximal (C) transverse sections stained for K6 and K7. K6 is expressed in the vestibular
plate, in basal cells of the surface epidermis, the vestibular groove and the actively
tubularizing urethral structure of the graft. K7 and uroplakin (not shown) are present in
apical layers of the vestibular groove and the tubularizing urethral structure as in non-grafted
penile specimens (Fig. 4). Bottom, D-F, approximate section levels: Distal (D), mid-shaft
(E) and proximal (F) sections through the same xenograft stained for K6 and K10. K6 is

Differentiation. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Isaacson et al.

Page 30

expressed as above. K10 is present in apical layers of the surface epidermis (D-E) but is
absent in urethral/vestibular structures.

Gross 10-week human fetal clitoral specimen showing approximate levels of post-grafting
histologic sections.
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Figure 12.
Androgen receptor (AR) staining of non-grafted human specimens and human genital

xenografts. Top, A-C, penile specimens sectioned at the level of the urethral groove: AR
staining of an 11-week human fetal non-grafted penis (A), a 9-week penis grown for 14 days
with DHT (B), and an 8-week penis grown for 14 days without hormones (C). AR is
expressed in the epithelium of the dorsal urethral groove and in the urethral folds of normal
penile specimens and penile grafts grown with DHT (A, B) but absent in penile specimens
grown without hormone (C). Bottom, D-F, clitoral specimens sectioned at the level of the
vestibular groove: AR staining of an 11-week human fetal non-grafted clitoris (D), a 9.5
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week clitoris grown for 14 days with DES (E) and an 8.5 week clitoris grown for 14 days
with DHT (F). AR stains negative in the lateral aspects of the vestibular groove of normal
clitoral specimens and clitoral grafts grown with DES (D, E), but stains positive in clitoral
grafts grown with DHT (F).

Gross 11-week human fetal penile (top) and clitoral (bottom) specimens showing
approximate levels of histologic sections.
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Table 1

Primary and secondary antibodies used in control external genital and xenograft staining by manufacturer and
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1duosnuep Joyiny

dilution strength

Antigen Primary Antibody Dilution Secondary Antibody Dilution
(Manufacturer) (Manufacturer)

Cytokeratin 6 (K6) Acris Antibodies, Rockville MD, 1:200 AlexaFluor® 488 goat anti-rabbit, Thermo Fisher 1:500
USA Scientific, Waltham MA, USA

Cytokeratin 7 (K7) E. Birgitte Lane, PhD Laboratory, 1:5 AlexaFluor® 555 goat anti-mouse, Thermo Fisher 1:500
Dundee, UK Scientific, Waltham MA, USA

Cytokeratin 10 (K10) Agilent, Santa Clara, CA, USA 1:50 AlexaFluor® 555 goat anti-mouse Thermo Fisher 1:500
Scientific, Waltham MA, USA

Uroplakin (UPK) Nichriei Biosciences, Tokyo, Japan 1:1000 GE Healthcare, Chicago, I, USA 1:100

Ki-67 Leica Biosystems, Wetzlar, 1:100 AlexaFluor® 555 goat anti-mouse, Thermo Fisher 1:500
Germany Scientific, Waltham MA, USA

Androgen Receptor (AR) GeneTex, Irvine, CA, USA 1:100 GE Healthcare, Chicago, I, USA 1:100
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