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P63 is a p53 homologue required for cutaneous devel-
opment that is expressed in immature squamous ep-
ithelium and reserve cells of the cervix. Humans with
P63 mutations exhibit defects in limb, accessory or-
gan (skin appendage, breast, prostate), and genito-
urinary development. Because p63 expression pat-
terns imply a strong role of the gene in the female
genital tract development, newborn female p63—/—,
+/—, and +/+ mice were examined in situ , dissected,
and compared. Nuclear p63 protein was localized to
the skin, vagina, bladder, urethra, and basal colum-
nar cells of the caudal uterus in p63+/+ and +/—
animals. p63—/— mice exhibited abnormal genital
morphogenesis with hypoplastic genitalia, a single
cloacal opening, and persistence of columnar epithe-
lium at lower genital tract sites that normally undergo
squamous and urothelial differentiation. The defects
observed support p63-dependent pathways of genital
tract development that permit externally, ectodermal
basal cell replenishment integral to reciprocal epithe-
lial stromal signaling, urorectal septation, and model-
ing of the external genitalia; and internally, the emer-
gence of basal epithelial cell populations capable of
divergent epithelial cell differentiation in the vagina,
cervix, and urinary tract. Defects in the first pathway
explain imperforate anus, vaginal septum, genital hy-
poplasia, and micropenis reported in humans with
P63 mutations. The second is necessary for the gen-
eration of multipotential reserve cells in the cervix
and may be operative in other epithelial stromal in-
teractions integral to the emergence of uterine basal
cells later in life. (Am_J Pathol 2002, 161:1111-1117)

The human female reproductive tract is a complex mul-
tifunction organ system that passes through its most crit-
ical developmental stages in the first 12 weeks of gesta-
tion." The formation of the urorectal septum subdivides
the primitive cloaca and distinguishes the anorectal and
urogenital sinus.? The Mullerian duct terminates in the
urogenital sinus at the Mullerian tubercle and subsequent
interactions with the urogenital sinus form the cervix and
vagina.® The mucosal lining of the latter arises via re-
placement of urogenital sinus epithelium with squamous
mucosa and the vaginal uterine interface becomes the
squamocolumnar junction and subsequently, the cervical
transformation zone.* The caudal cloacal folds evolve into
the urogenital folds, which fuse ventrally to form the genital
tubercle (clitoris) and are joined by the labial folds to even-
tually form the labia minora and majora, respectively.®
Previously, Yang and colleagues® cloned a homologue
of the tumor suppresser gene p53, designated p63, and
identified multiple functions of this gene in vitro that were
attributed to two major transcripts encoding both full-
length, with p53-like (transactivating) activities, and trun-
cated, with DNA binding (dominant-negative) activities.
The major dominant-negative transcript isoform contains
a sterile @ motif domain at the carboxy terminus, ANp63a.
Sterile a motifs are protein modules of ~65 to 70 amino
acids found in many diverse proteins whose functions
range from signal transduction to transcriptional repres-
sion.® They localize p63 expression to basal squamous
cells and subcolumnar reserve cells of the cervix, breast,
salivary gland, and prostate. Subsequent studies in p63-
null mice showed that loss of p63 prevented the founder
(primitive) epithelial cells from proliferating, obviating
basal squamous cell replenishment and resulting in ab-
sence of skin development. The latter was associated
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with absence of mesenchymal growth and differentiation,
resulting in facial anomalies and defects in limb and tail
morphogenesis.” Subsequent studies of human uterine
cervical epithelium showed a strong predilection of p63
for reserve or immature squamous cells and parallel stud-
ies of the prostate, uterus, and breast have confirmed the
relationship between p63 expression and basal/reserve
cells in these sites.” '? These studies imply a potentially
significant role of p63 in the developing female urogenital
tract.7,12,13

This article summarizes the first detailed morphological
study of female reproductive anomalies in the p63-null
mouse. From this analysis of both p63-null and wild-type
heterozygotes a model of urogenital tract morphogenesis
is proposed in which epithelial p63 dictates both mesen-
chymal and epithelial differentiation.

Materials and Methods

Construction of p63-Deficient Mice

Targeted disruption of the murine p63 gene was per-
formed as previously described, and embryonic stem
(ES) cell lines heterozygous for the mutation were micro-
injected into the blastocysts of B57BL/6 and BALB/c
mice. Mice heterozygous for the mutation were interbred
and the genotype of progeny determined by Southern
blotting.® The Harvard Medical School is an Association
for the Assessment and Accreditation of Laboratory An-
imal Care (AAALAC) accredited institution and the mice
were cared for in accordance with institutional guidelines.

Dissection and Analysis of Murine Newborns

p63-null and wild-type newborn mice were fixed in 10%
neutral buffered formalin, embedded in paraffin in the
sagittal orientation, and serially sectioned. Selected sec-
tions were stained with hematoxylin and eosin and sec-
tions containing genital tract were culled for comparative
histological and immunohistochemical analysis.

Localization of p63 Expression in Murine and
Human Genital Tract

Preparation of a monoclonal antibody to p63 was de-
scribed in detail previously.® Briefly, a cDNA fragment
containing the N-terminal portion (amino acids 1 to 205)
of *Np63 was overexpressed as a glutathione S-trans-
ferase fusion protein and used for subsequent monoclo-
nal antibody production. Immunostaining for p63 was
performed on deparaffinized sections using horseradish
peroxidase-conjugated goat anti-mouse IgG antibody as
previously described.? For staining of mouse tissues,
secondary antibody was diluted 1:2500 to reduce back-
ground.

Results

External Phenotype of p63-Competent
(063+/+, p63+/—) and Homozygous
Null (p63—/—) Mice

A total of three homozygotes, six heterozygotes, and four
p63-null mice were studied. p63 wild-type and heterozy-
gote animals had identical phenotypes and are desig-
nated as p63-competent. Comparative urogenital gross
anatomy of p63-competent and -null mice is illustrated in
Figure 1. External characteristics that have been detailed
previously in p63-null mice consisted of dysmorphic
craniofacial development, absence of protruding limbs
and tail, and absence of skin (Figure 1A).” Relative to
wild-type (Figure 1B), the genital region of null mice
demonstrated clitoral hypoplasia (Figure 1C, black ar-
row). In addition, there was attenuation of the suprapubic
pelvic wall, exposing the anterior bladder (Figure 1C,
white arrow). Genital tracts of heterozygous and null mice
were further dissected, separated en bloc, and examined
(Figure 1, D and E). Caudal structures in the p63-null
animals were markedly hypoplastic (arrow), and accom-
panied by a reduction in supporting connective tissue
(Figure 1E). The uterus and upper genital tract was
slightly smaller by comparison but structurally identical to
heterozygotes and wild-type animals (Figure 1, D and E).

Whole mount sagitally sectioned caudal regions of
p63-competent and -null mice were compared (Figure 2,
A and B). Anomalies in the homozygous p63—/— mice
included structural defects in coordinate epithelial and
mesenchymal morphogenesis. The attenuated suprapu-
bic pelvic wall consisted of abdominal musculature only.
The principal structural genital anomalies extended from
the clitoris to the tail and consisted of a loss of skin and
squamous mucosa (Figure 2B). Associated with the latter
were: 1) marked reduction in size of the clitoris, because of
absence of both mature erectile tissue and overlying skin; 2)
absence of a recto-vaginal septum resulting in a common
cloacal opening; and 3) shortening of the tail (Figure 2B).
Cephalad to the cloaca, development and orientation of
rectum, uterus, and bladder were unremarkable except-
ing the epithelial alterations detailed below.

Histopathological Findings and p63
Immunohistochemistry in Urogenital Tracts of
p63-Competent Mice

Reproductive tracts of p63-competent and -null animals
are compared in greater detail in Figure 3. In this descrip-
tion, epithelia are defined as squamous (vaginal), cervi-
cal (Mullerian epithelium from the nonbifid portion of the
uterus), and uterine horn. A low-stratified vaginal squa-
mous mucosa formed a sharp transition with the cervical
epithelium (Figure 3A, arrowhead). The cervix was lined
by a pseudo-stratified tall columnar epithelium (Figure 3,
A and E) that was continuous with the uterine horns (not
shown). p63 expression was prominent in both the vag-
inal squamous and cervical columnar epithelia, concen-
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Figure 1. A: External phenotype of p63-null newborn mouse. B: p63-competent (+/—) animal with normal clitoral development (black arrow). C: p63-null
newborn exhibits a pelvic wall defect (white arrow) and hypoplastic clitoris (black arrow). Dissected reproductive tract of the p63-competent null mouse shows
developed introitus (bottom) in contrast to marked attenuation of supporting tissues and absence of exterior genital mucosa in the null animal (E, arrow).

trating in the basal and parabasal cells in both (Figure
3B). Just caudal to the squamocolumnar junction, p63
distinguished basal transitional cells of the urethra from
the vaginal squamous mucosa (Figure 3C). The urethral,
bladder, and ureteral mucosa was p63-positive (Figure
3D). p63-positive basal nuclei were found in lower fre-
quency in the cervix cephalad to the squamocolumnar
junction (Figure 3F) diminishing to occasional nuclei in
the uterine horns (not shown).

Histopathology of the Urogenital Tracts of
pP63-Null Mice

Stratified squamous epithelium was absent on the exter-
nal genitalia, introitus, and vagina. A variable stratified
low-columnar vaginal mucosa was formed by a conflu-
ence of the urogenital (urethral) epithelium and a variably
stratified low-columnar cloacal mucosa (Figure 3F). This
epithelium extended from its junction with the Mullerian
epithelium to the cloacal opening and onto the external
genitalia to the base of the clitoris (Figure 3G).

This region was also devoid of adnexal glands and
exhibited a highly cellular and vascular stroma suggest-
ing uninduced predifferentiated mesenchyme (Figure 3;
G, H, and I). To exclude the possibility that the cloacal
epithelium was present elsewhere but was sloughed after
birth, external surfaces from earlier gestational ages was

examined. The cloacal mucosa was limited to the genital
region.

Epithelia of the cervix (Figure 3J) and uterine horns
were not distinguished from the p63-competent mice,
except for the absence of p63 staining. Cervical and
uterine horn epithelia from both p63-competent and -null
mice showed abundant mitotic activity and apoptotic
cells in the epithelium and stroma. The ovaries were
normal in appearance, with numerous germ cells. Invest-
ing adventitia of the horns and ovaries was slightly dimin-
ished, in keeping with the appearance on macroscopic
examination (Figure 1E).

Discussion

This report demonstrates for the first time that expression
of p63 in the basal regenerative cells and their differen-
tiated squamous products profoundly influences both the
development of major structural components in the uro-
genital tract and the emergence of basal epithelial cells
capable of divergent (squamous, urothelial) differentia-
tion. The range of anomalies underscores the functional
diversity of p63 in the female urogenital tract (Table 1).
p63 is essential to cloacal septation and external genital
modeling, presumably via regenerative replication of
basal squamous cells, which in a process of reciprocal
signaling promotes proliferation and differentiation of the
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Figure 2. A: Sagittal section of p63+/— newborn mouse revealing normal bladder (b), clitoral (cD), uterine (u), and urethral (ur) development. The vaginal
introitus (i) is distinct from the anus (a). B: p63-null mouse with absent skin, clitoral hypoplasia, and absence of perineal rectovaginal septation with a common

cloacal (clo) opening.

subjacent perineal mesenchyme.” '3 In this scenario,
p63-expression initiates in the primitive ectoderm early in
development and is a permanent fixture in basal epithe-
lial cells. It is critical to maintaining epithelial cells respon-
sible for the induction of underlying mesenchyme, re-
modeling of the caudal (perineal) urorectal septum, and
development of the genital folds and clitoris. In the ab-
sence of functioning p63, this terminal epithelial-depen-
dent stromal induction does not take place and the va-
gina and anus terminate in a common opening (cloaca)
with adjacent genital hypoplasia. Further morphological
evidence that stromal induction and differentiation are re-
quired for this process is the presence of a highly cellular
stroma on the genitalia and clitoris, characteristic of an
uninduced (predifferentiated) mesenchyme. Defects in
urorectal septum development in humans (cloaca) are
typically accompanied by abnormalities of the genital
folds and genital tubercle development, similar to that
observed in the p63-null mouse.’ ' The restriction of
the cloacal abnormality in the p63-null mouse to the

perineum implies that the principal defect is in perineal
anogenital remodeling.

The precise molecular interactions that must be per-
turbed to produce the anomalies seen in the p63 mouse
have yet to be elucidated. The roles of p63 are diverse
and include involvement in proliferation and cell-cycle
arrest, positive and negative regulation of apoptosis, rep-
licative senescence, and development.’””22 Many of
these contrasting functions may be attributed to the
unique capacity of p63 to transactivate p53 target genes,
inhibit (via DNA binding) p53 functions, and effect pro-
tein-protein interactions via the sterile a motif region pe-
culiar to the major ANp63 « isoform.® Recently, a range of
human syndromes characterized by ectodermal dyspla-
sia, cleft palate, limb anomalies (ectrodactyly), and fre-
quently urogenital malformations, have been linked to a
diversity of heterozygous (dominant) p63 mutations. The
ectrodactyly, ectodermal dysplasia, and facial clefts syn-
drome is characterized by mutations in the DNA-binding
domain of ANp63a.?® In contrast, the acro-dermato-un-
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Figure 3. A: The vaginal-cervical squamocolumnar junction (arrow) joins tangentially sectioned vaginal squamous epithelium (right) with cervical Mullerian
epithelium (left). B: In a p63-competent mouse, nuclear p63 expression highlights the vaginal squamous mucosa (right) and extends into the basal cells of the
cervix (left). p63 expression at the junction of urethra (top) and vagina (bottom) is induced in basal urethral (ur) and squamous (s) cells, respectively (C), and
extends into the bladder (b) mucosa (D). E: Staining is present in individual cells and cell groups in the uterus. F: The uterine (u) Mullerian epithelium in the
p63-null mouse is contiguous with vaginal mucosa composed of both urogenital (uro) epithelium (top) and cloacal (clo) epithelium (bottom). G: Externally,
the latter paves a highly cellular (predifferentiated) perineal mesenchyme (arrow). Normal stroma with mucosa and adnexal glands (H) expressing p63 (1,
arrows). Cervical epithelium is unchanged relative to competent animal but is p63-negative (J).

gual-lacrimal-tooth syndrome is associated with gain of
function mutations in the DNA-binding domain of ANp63«
that do not alter DNA binding per se, but are associated
with increased expression of the 8Np63y isoform.?* In
Hay-Wells syndrome, also known as ankyloblepharon-
ectodermal dysplasia-clefting, the DNA-binding region is
unaltered, but amino acid substitutions are present in the
sterile a motif domain of ANp63a that is associated with
protein-protein interactions.?® Presumably, the effects
mediated by these mutations stem from dominant-nega-
tive and gain-of-function mechanisms rather than loss of
a functioning p63 allele.®® This hypothesis is supported
further by the normal appearance of the murine heterozy-

gotes (p63+/—) despite complete inactivation of one p63
allele.”

A consistent defect in all of the above syndromes is
ectodermal dysplasia, which is characterized by epider-
mal thinning, diminished hair follicles, abnormal dental
development, and hypoplastic sweat, salivary, and mam-
mary glands. Studies of animal models indicate that dis-
turbances of both ectoderm regenerative capacity and
differentiation, even in intact epithelium, will adversely
influence growth and patterning of underlying mesen-
chyme.?” These studies and the p63-null mouse pheno-
type suggest multiple functions of p63, including both the
maintenance of epithelial replenishment (proliferation)

Table 1. p63-Associated Epithelial Phenotypes of the Female Genital Tract

p63 Expression in

Site wild-type mouse Gestation Cell fate Anomalies in p63-null mouse

Uterine horn Focal basal Late Multi-potential None

Cervix Extensive basal Late Multi-potential Persistent Mullerian columnar epithelium

Vagina Diffuse Late Sguamous Persistent Mullerian and cloacogenic
epithelium

Introitus Diffuse basal Early Squamous Incomplete urorectal septation;
persistence of cloacal epithelium

Genital skin Diffuse basal Early Squamous Absence of epidermis and dermis;
clitoral hypoplasia;

Truncal skin Diffuse basal Early Squamous Absence of epidermis, dermis

Inducible, expression occurs later in development, is conditional and varies as a function of epithelial-stromal interactions; constitutive, expression

occurs early in development with the emerging ectoderm and is permanent.
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and direct participation in signaling across the cutane-
ous-stromal interface. The former is supported indirectly
by absent basal cell replenishment in p63-null animals
and more directly by a recent study in zebra fish embryos
that linked 8Np63 to proliferation of epidermal cells by
inhibiting p53 activity.®® The role of p63 in epithelial-
stromal interactions is less clear, but p63-null mice do not
express msx1, a mesenchymal protein dependent on
specific epithelial stromal interactions.'32728

A critical determinant of limb growth during embryo-
genesis is the formation of the apical ectodermal ridge,
which is induced by the underlying mesenchyme and
arises via p63-dependent replication of basal cells.?32°
Absence of p63 or excision of the apical ectodermal
ridge nullifies limb development, suggesting that the in-
creased concentration of p63-expressing cells in apical
ectodermal ridge facilitates mesenchymal signaling.
Stratification of epithelium is also seen in other areas of
coordinated mesenchymal growth, including the tail and
to a lesser degree, the epithelial surfaces of the brachial
arches.”3° Predictably, the squamous epithelial cells in
the early human embryo between the clitoris and anus
are stratified relative to those in the extra-genital truncal
ectoderm, evidence that the modeling of genital soft tis-
sue and completion of the urorectal septum, like the limbs
and palate, are coordinated with (and induced by) p63-
expressing proliferating epithelial cells (GL Mutter, un-
published data).® A range of urogenital anomalies asso-
ciated with human p63 mutations described above
(genital hypoplasia, micropenis, imperforate anus, trans-
verse vaginal septa, and anal atresia) indirectly validates
the significance of this association.®’

Traditional models of reproductive tract development
propose that vaginal epithelialization occurs via cepha-
lad migration of introital squamous mucosa with replace-
ment of cloacogenic and distal Mullerian epithelium.*
More recent models have proposed induction of epithe-
lial differentiation via interactions with underlying stro-
ma.3233 The latter are based on cross culturing of murine
newborn vaginal and uterine epithelia with uterine and
vaginal stroma, resulting in epithelial phenotypes specific
for underlying stroma.®* In this context the principal role
of p63 is in the induction and perpetuation of basal cells
capable of spawning squamous, reserve cells and
urothelial differentiation within the Mullerian and urogen-
ital sinus epithelium.®32 The default epithelia remaining
in the absence of this induction include the Mullerian
vaginal (cephalad), urogenital sinus (superior), and clo-
acal (inferior) epithelium, the latter present because of
the previous defect in urorectal septation (Figure 3F). The
contribution of p63 to Mullerian differentiation includes
both vaginal squamous and cervical reserve cells with
restricted and variably restricted cell fates.®? In the adult
human vagina and ectocervix, basal keratinocytes co-
express bcl-2, p63, and cytokeratin 14, the latter charac-
terizing commitment to squamous differentiation.®*? Re-
serve cells in the uterine cervix are associated with both
sgquamous and columnar epithelium, comprise both
CK14-positive and -negative populations, and accord-
ingly, support both squamous and columnar cell differ-
entiation.®° Bi-directional (squamocolumnar) differenti-

ation in both human and murine cervix is linked to
hormonal (estrogen) factors.®® A scenario in which hor-
mones disrupt mesenchymal induction of p63 has been
recently proposed to explain the effects of diethyl-stilbes-
trol during embryogenesis.3’

The gradient of p63 expression in the mouse cervix
and uterine horns parallels that seen in humans, in which
p63-positive cervical reserve cells diminish in number
cephalad and are not present in concentrated numbers
in the endometrium and fallopian tubes during reproduc-
tive life.® However, recent studies have established that a
p63-positive basal cell phenotype may reoccur in adult
human endometrium, a phenomenon most commonly
associated with alterations in the underlying stroma (in-
cluding regeneration and polyps).® p63 expression thus
appears conditional on unique epithelial-stromal inter-
actions that ultimately influence uterine epithelial differ-
entiation.%3’

It is not yet known whether humans with heterozygous
p63 mutations harbor alterations in the cervical epithe-
lium. However, dysplastic bladder epithelium has been
described in the ectrodactyly, ectodermal dysplasia, and
facial clefts syndrome, similar to that seen in the p63-null
animals.®® Appropriate histological studies of such indi-
viduals conceivably could reveal alterations in reserve
cell development and differentiation capacity that would
provide further insights into the role of p63 in the genesis
and maintenance of the cervical transformation zone.
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