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Abstract

The anorectal and urogenital systems arise from a common embryonic structure termed cloaca.
Subsequent development leads to the division/septation of the cloaca into the urethra, urinary
bladder, vagina, anal canal, and rectum. Defective cloacal development and the resulting anorectal
and urogenital malformations are some of the most severe congenital anomalies encountered in
children. In the most severe form in females, the rectum, vagina, and urethra fail to develop
separately and drain via a single common channel known as a cloaca into the perineum.

In this review, we summarize our current knowledge of embryonic cloaca development and
malformation, and compare them to what has already been described in literature. We describe the
use of mouse models of cloaca malformation to understand which signaling pathways and cellular
mechanisms are involved in the process of normal cloaca development. We also discuss the
embryological correlation of the epithelial and stromal histology found in step sections of the
common channel in fourteen human cloaca malformations. Finally, we highlight the significance
of these findings, compare them to prior studies, and discuss their implications for the pediatric
surgeons. Understanding and identifying the molecular basis for cloaca malformation could
provide foundation for tissue engineering efforts that in the future would reflect better surgical
reconstruction and improved quality of life for patients.

Keywords

anorectal malformation; cloaca; common channel

Mammals develop separate anorectal and urogenital canals by division (also called
septation) of a common transient embryonic structure called cloaca which develops by the
fourth week of intrauterine development in humans2 (Fig. 1A) and between days 10.5-12.5
post-fertilization in mice3. Cloaca is also defined as a small cavity at the posterior end of the
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gut tube lined by endoderm which is surrounded by mesenchyme derived from the
splanchnopleuric mesoderm. By the sixth week in humans, the embryonic cloaca is divided
into a ventral urogenital sinus and a separate dorsal hindgut (Fig. 1B). At the end of 6
weeks, the urorectal septum derived from the mesoderm completely separates the urogenital
sinus from the anorectum. By the twelfth week, the anal canal, vaginal and urethral openings
are established (Fig. 1C).

The simple columnar epithelium of the majority of the urethra becomes stratified at the
seventh week of gestation. At gestational term, this epithelium is mature and composed of
transitional epithelium as it exits the bladder (proximal end), pseudostratified and stratified
columnar epithelium (midportion), and stratified squamous cells near the external urethral
orifice (distal end). Mullerian columnar epithelium of the vaginal canal is replaced by
stratified squamous vaginal mucosa by 18 to 20t week of gestation. By 32 weeks, the
muscularis propria has an outer and inner muscle layer, and a discrete lamina propria layer is
recognized by histology®. Lastly, at term, the anorectal mucosa is lined with pseudostratified
columnar epithelium (proximal end), transitional epithelium, and squamous epithelium
(distal end).

Although the urethra, vagina, and anorectum all arise from a common structure, they are
morphologically and functionally different, and the molecular and morphogenetic
mechanisms that give rise to these different epithelial surfaces are unknown. The cloaca
mesenchymal cells have been considered to be essential in the differentiation process®:":8,
These mesenchymal cells express intrinsic regulators crucial during genitourinary tract
formation, including cloacal separation®. A proper balance of epithelial cell death called
apoptosis, cell growth, and maturation is needed in the process of cloaca separation.

Cloaca malformation: the most complex and severe form of anorectal

malformation

Anorectal malformations (ARM) represent a common pathology affecting children and
occur in approximately 1 in 5000 live births. They are part of a spectrum of disease that goes
from the most benign type called recto-perineal fistula with excellent functional prognosis to
very complex malformations such as cloaca and cloacal exstrophy. In females with cloaca,
the rectum, vagina and urethra fail to develop separately and instead drain via a common
channel that opens into the perineum as a single orifice’ (Fig. 2).

The spectrum of anomalies associated with cloaca malformation likely results from the
timing of embryological developmental arrest!. Although the precise etiology of the
developmental arrest is unknown, some studies implicate the pathogenesis lies within the
homeobox and sonic hedgehog signaling pathways rather than teratogenic or hereditary
causes?13, The defects are categorized by the length of the common channel that can be
measured endoscopically. The length of the common channel can vary from 1 to 10 cm. The
longer the common channel (>3 cm), the higher the chance for poor bowel control,
neurogenic bladder, and reproductive abnormalities. When the common channel is shorter
than 3 cm, about 20% of the patients will require intermittent catheterization in order to be
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able to empty their bladders. On the other hand when the common channel is more than 3
cm, 80% of the patients require intermittent catheterizationl4.

Patients with cloaca malformation have more urological risk of severe renal impairment
with the ultimate need of renal transplant3:15, Moreover, 30% of these patients suffer from
hydrocolpos a condition that must be suspected, diagnosed and treated during the newborn
period as it can aggravate an already existing urological condition by compressing the
trigone of the bladder causing megaureters and hydronephrosis6. Upon observation of
uterine and vaginal duplication, Manzella et al, speculated that cloaca malformations or
urogenital sinus interfered with miillerian duct fusion’. When a series of 22 patients born
with cloaca reached puberty, a concern arose as it was found that 60% these patients were
found to have duplicated Mdillerian systems that might become obstructed and manifest as
an acute abdomen during menarche8. This subsequently led to a change in practice
resulting in early evaluation of the patency of the Millerian structures at the time of the
main repair or at time of colostomy closure?®.

Prior to sexual activity, patients with cloaca should be evaluated to determine if the introitus
and vagina are adequate for intercoursel®:20. Fertility and obstetric outcomes in patients with
cloaca are still a subject of investigation with few reports in the literature of successful
pregnancies?1-25,

The genetic cause of ARM has not yet been established, and it deserves special analysis and
further investigation. For example, 95% of patients born with Down syndrome and ARM
have a specific type of ARM called imperforate anus without fistula that is otherwise very
uncommon (less than 5%) in patients without Down syndrome?6. Certain types of ARM
such as recto-perineal fistula and recto-vestibular fistula are also more common to run in
families when compared to more complex malformations2’. Recently a genome-wide copy
number variation study indicates that ARM are genetically a heterogeneous disease but this
study did not include cloaca anomalies?8.

While some of the pioneering surgical techniques used to correct ARM have been developed
by the faculty at our institution2?, there is often a profound impact on the function of the
digestive and urogenital system including poor bowel control, neurogenic bladder, chronic
urinary tract infections, and renal failure associated with mortality due to inherited
prognostic factors such as quality of the sacrum and presence of tethered cord that can not
be altered with surgical reconstruction. Moreover, 25% of cloaca patients also require a type
of vaginal replacement, most commonly with bowel. Disadvantages of having a bowel
neovagina includes the possibility of future complications such as ulcerative colitis in the
neovagina3® and malignant potential3:32 where the neovagina epithelium created with
rectum or colonic type of tissue creates a transition zone in which the graft is suddenly
subjected to new contacts or stresses33. We and others have shown that these transition
zones are susceptible to tumor formation in human and mice34:3%, Therefore, a critical need
to investigate the molecular reasons leading to the failed separation of the embryonic cloaca
remains.
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Signaling pathways involved in cloaca malformations

What are the signals that specify the portion of the endoderm to become the cloaca? What
are the signaling pathways involved in the division of the cloaca which give rise to the
various organ lineages including anorectum, vagina, and urogenital system? Even today,
summarized below, little is known about cloaca patterning, polarity, and the correlation
between the embryology/histology of cloaca malformation which may provide information
on cloaca septation.

Patterning of the cloaca endoderm and cloaca mesenchyme

Using human embryos, Li et al, found dorso-ventral patterning of the cloaca may involve a
noncanonical Wnt ligand, WNT5a. Its expression was predominately found on the dorsal
side of the cloaca that became the anorectum, and almost absent on the ventral side which
give rise to the urogenital sinus3®.

Paracrine factors that mediate cross-talk between the mesenchyme and epithelium are
crucial into the development of cloaca derivatives. For example, the transcription factors
Sx1 and Sx2, which are asymmetrically expressed in the mesenchyme surrounding the
embryonic cloaca, are required for the genitourinary tract formation including cloaca
septation37-38, This asymmetrical expression has been suggested to create an unbalanced
growth of the mesenchyme which turns out to be the driving force that separates the
cloaca®8. This morphogenetic movement has also been described in the urorectal septum
where BMP7 promote cell survival and proliferation of cloaca endoderm3®.

Cell-cell adhesion is also an important event in the movement of the cells as they migrate
during the process of cloaca septation. The Eph family of receptor tyrosine kinase and their
membrane anchored ephrin ligands play major roles cell adhesion. Mouse mutants for those
signaling genes*° develop hypospadias and incomplete cloacal septation, indicating that
bidirectional signaling mediated by these proteins plays an important role in the formation of
the anorectal and urogenital organs.

Sonic hedgehog (Shh) is an endoderm-derived secreted signaling molecule implicated in the
first phase of signaling from the endoderm to the mesoderm. Shh acts to specify positional
identities, and to promote cell proliferation and survival in a wide range of organ
systems#1-43, Shh is expressed in the cloaca endoderm and has both early and late functions
during anorectal and urogenital development*4. Mice with mutations in Shh signaling
pathways recapitulate the whole spectrum of ARM that are seen in humans?4-48,

Oriented cell division and cell polarity

Asymmetric cell divisions, in which the mitotic spindle orients perpendicularly to the
basement membrane*?, in some epithelia such as the skin has been shown to be required for
proper columnar stratification, differentiation, and tissue organization®C. Disruption of
oriented cell divisions has been reported in a model of ARM in which BMP7 knockout mice
have an arrest in cloaca septation39°1 as a result of dysfunction of the polarity pathway c-
Jun N-terminal kinase (JNK). Wnt5a, which activates the planar cell polarity signaling
pathway®? is crucial for anorectal development as Wnt5a knockout mice display an
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imperforate anus and rectourethral fistula®3. In zebrafish, defects in planar cell polarity
signaling are accompanied by cloaca malformation®#, suggesting that oriented cell division
and cell polarity are important processes in cloaca septation.

Embryology correlation of the histology findings in cloaca malformations

Our recent published work in mice and fourteen human specimens®® has implicated Bone
Morphogenetic Protein (BMP) and Shh as having a role in cloaca malformations resulting in
defects in epithelial differentiation (human specimen findings summarized in Table 1). This
altered Shh and BMP signaling occurs early in cloaca development, and then continues to
persist. We saw a nearly identical epithelial and stromal phenotype in the mouse Shh
knockout common channel. In the current review article we have further elaborated upon the
histology of the epithelial and stromal defects found in fourteen human cloaca specimens
with emphasis on the embryological correlation of these findings.

Epithelial defects in the common channel of cloaca patients

Owing to the inability to directly investigate human embryonic cloaca development, current
research has heavily relied on the use of mouse models of anorectal malformations. In our
previous study®®, human cloaca malformation specimens were analyzed from three different
areas (Fig. 2): “a”, near the vagina (n=4), “b”, near the rectum (n=5), and “c”, distal
common channel (n=5). All three areas were histologically examined via step-sections, and
stained with hematoxylin and eosin.

Histology from area “a” (n=4) revealed stratified squamous epithelium in all cases, colonic
mucosa in three cases, and urothelium in two cases. All four cases had foci of indeterminate
epithelium (not colonic, urothelium, vaginal, urethral, or transitional epithelium). Area “b”
(n=5) all had indeterminate epithelium, and colonic mucosa and urothelium was identified in
3/5 and 2/5 cases respectively. Stratified squamous mucosa consistent with vaginal type
mucosa was absent. There was no evidence of colonic or transitional epithelium in any
specimens from area “c” (n=5). Instead, we found the distal common channel was composed
of urothelium, urethral epithelium, indeterminate epithelium, and one case also showed
vaginal mucosa. The indeterminate region did not contain goblet cells, squamous cells, or
umbrella cells.

The mesonephric (wolffian) duct fuses with the cloaca by the 24! day in a human embryo
and remains with the urogenital sinus during the cloaca separation. The entrance of the
mesonephric duct into the primitive urogenital sinus serves as a landmark distinguishing the
cephalad vesicourethral canal which gives rise to the bladder and pelvic urethra from the
caudal urogenital sinus which gives rise to the distal vaginal vestibule.

Our in-depth study®® revealed the absence of vaginal mucosa from area “b” suggesting
alteration in the cloaca occurs after the sixth week when the urogenital sinus and hindgut are
separated. In addition, there is likely failure of the vaginal bulbs/plate to proliferate caudally
resulting in the lack of separation from the urogenital bulb which in normal circumstances
should have canalized by the 5! month of development®®.
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Normally the terminal part of the hindgut is an endoderm-lined chamber that is in contact
with the surface ectoderm at the cloaca membrane. This membrane is composed of
endoderm of the cloaca, and ectoderm of the anal pit. The cloaca is divided into dorsal and
ventral parts by the urorectal septum which develops in the angle between the allantois and
hindgut. As the septum grows toward the cloaca membrane, it develops forklike extensions
that produce infoldings of the lateral walls of the cloaca. These folds grow toward each other
and fuse to form a partition that divides the cloaca into two parts. The rectum and cranial
part of the anal canal dorsally and urogenital sinus ventrally®>7-61, By the 7" week of
gestation, the urorectal septum should fuse with the cloacal membrane forming the perianal
body in adults.

Upon further elaboration and speculation, the lack of transitional/colonic mucosa in area “c”
suggests 1) abnormal proximal dorsal fusion of the urorectal septum, urorectal septum
arrest, and/or 2) abnormal septal infoldings. The histology findings support the etiology of
cloaca malformations as the result of septal anomalies likely due to abnormal patterning of
paracrine factors like SIX1 and SIX2, BMP7, and Shh that mediate cross-talk between
mesenchyme and epithelium37-39: 44-48: 55 and/or possibly primary ciliopathies®*. However,
in the latter, structural or primary cilia dyskinesia would be a generalized process and should
be identified in other regions including the respiratory tract as well.

The absence of vaginal mucosa from area “b” suggests alterations in cloaca occur after the
6t week when the urogenital sinus and hindgut are separated. The lack of a developed
urogenital cavity is also likely from arrest and abnormal coordinated epithelial-
mesenchymal signalling as described in study by Haraguchi et al*” in sonic hedgehog
mutants. Aggarwal et al has suggested the timing of the insult to the urogenital septum
probably determines the severity of the manifestations®2.

Stromal defects in the common channel of cloaca patients

Our previous study®® showed the stroma in all cloaca samples analyzed was more
hypervascular than normal urothelium and vaginal mucosa stroma. The foci of smooth
muscle was disorganized and haphazardly arranged not resembling the muscularis mucosa
or propria layers of the colon or concentric smooth muscle layer of the urothelium. The
stromal hypervascularity and abnormal musculature may be the result of urogenital sinus
and cloaca membrane fusion likely the result of abnormal signaling pathway. This
unbalanced mesenchymal growth may also be due in part to abnormal paracrine factors. The
hypervascularity we detected in the stroma of cloaca patients and in the Shh knockout
mouse model may be due to an abnormal cross talk between Shh and BMP4, known to
regulate blood formation in zebrafish62.

Our comparative analysis of the nature of the epithelial and the stromal defects found in the
cloaca of Shh deficient mice with surgical tissues from human cloaca patients suggests that
defects in Shh signaling correlate with the pathology of the disease in humans®°. Our
histology/embryology correlative analysis supports the concept that human cloaca
malformations are likely the result of maturation arrest and signalling pathway anomalies.
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Implications for surgical procedures

Understanding the intrinsic molecular mechanisms that control septation and differentiation
of the three main types of tissue (urothelium, gastrointestinal and vaginal), as well as the
abnormal process that results in cloaca malformation, hopefully will guide us into future
research paths to elucidate the best way to grow vaginal tissue to be used clinically in cases
that require vaginal replacement.

Currently, all the available options for vaginal replacement such as: skin, buccal mucosal,
small bowel, colon, and rectum offer some risks, disadvantages, and

complications30-32: 63-67: since none of those work as well as native vaginal tissue. Future
complications include malignant potential31-32, no growth of a neovagina constructed during
infancy due to lack of hormonal response of the neovaginal tissue during puberty,
neovaginal prolapse®3-64, diversion colitis®3-65, ulcerative colitis in the neovagina3?, and
excessive mucous production®4 The fact that the vagina is an organ that does not require
much functionality (contraction, continence, and peristalsis) makes it an ideal cavity for
tissue engineering. A recent report described a tissue engineered autologous vagina that was
successfully used in 4 patients offering a good promise for patients with cloacal anomaly
that require vaginal replacement®8.

The present study represents a preliminary step to provide foundation for tissue engineering
efforts that in the future could reflect better surgical reconstruction in patients with cloacal
malformation.
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Fig. 1. Cloacal septation in human
(A) At 5 weeks gestation the cloaca is not separated. (B) At 6 week, the cloaca is divided

into the urogenital sinus and the hindgut. (C) By 12 weeks, the 3 openings (anus, vagina and
urethra), denoted by the black arrows, are formed. cl: cloaca; ugs: urogenital sinus; urs:
urorectal septum; hg: hindgut; ur: urethra.
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Cloaca malformation

Single opening

Fig. 2. Analysis of different regions of the common channel found in cloaca malformation
In cloaca malformation, the urethra, vagina and rectum fail to separate, and drain via a

single common channel. Three areas shown by the squares labelled “a”, “b” and “c” have
been analyzed histologically and molecularly®>. Area “a” is closest to the vagina, area “b” is
closest to the rectum and area “c” is the most distal part of the common channel.
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