1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Differentiation. 2012 October ; 84(3): 252—-260. doi:10.1016/j.diff.2012.05.004.

The Development of Cervical and Vaginal Adenosis as a Result
of Diethylstilbestrol Exposure In Utero

Monica M. Laronda, Kenji Unno, Lindsey M. Butler, and Takeshi Kurita"
Division of Reproductive Biology Research, Department of Obstetrics and Gynecology, Feinberg
School of Medicine, Northwestern University, Chicago, lllinois 60611

Abstract

Exposure to exogenous hormones during development can result in permanent health problems. In
utero exposure to diethylstilbestrol (DES) is probably the most well documented case in human
history. DES, an orally active synthetic estrogen, was believed to prevent adverse pregnancy
outcome and thus was routinely given to selected pregnant women from the 1940s to the 1960s. It
has been estimated that 5 million pregnant women worldwide were prescribed with DES during
this period. In the early 1970s, vaginal clear cell adenocarcinomas (CCACSs) were diagnosed in
daughters whose mother took DES during pregnancy (known as DES daughters). Follow up
studies demonstrated that exposure to DES in utero causes a spectrum of congenital anomalies in
female reproductive tracts and CCACs. Among those, cervical and vaginal adenoses are most
commonly found, which are believed to be the precursors of CCACs. Transformation related
protein 63 (TRP63/p63) marks the cell fate decision of Millerian duct epithelium (MDE) to
become squamous epithelium in the cervix and vagina. DES disrupts the TRP63 expression in
mice and induces adenosis lesions in the cervix and vagina. This review describes mouse models
can be used to study the development of DES-induced anomalies, focusing on cervical and vaginal
adenoses, and discusses its molecular pathogenesis.
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|. History of Diethylstilbestrol (DES) Administration and Resulting
Epidemiology
Clinical use of DES

DES, an orally active nonsteroidal estrogen, was first synthesized in 1938 by a research
team at the University of Oxford led by Sir Robert Robinson and based on a formulae by Sir
Edward Charles Dodds (Dodds et al., 1939; Dodds et al., 1938) (Fig. 1). It became the first
estrogenic substance to be easily synthesized and administered. Pharmaceutical companies,
such as Eli Lily and Winthrop, registered DES for sale in the United States and several
European countries. In September of 1941, the United States Food and Drug Administration
(FDA) approved the use of DES to treat gonorrheal vaginitis, atrophic vaginitis, menopausal
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symptoms, and postpartum lactation suppression (Meyers, 1983). Immediately after the
approval, DES use spread in the US, and physicians immediately started prescribing DES to
treat conditions other than those approved, such as menstrual problems, morning sickness
and infertility.

A husband and wife team at Harvard, Dr. George Van Siclen Smith and Dr. Olive Watkins
Smith, strongly promoted prescribing DES to a subset of pregnant women (Smith et al.,
1946). They had previously discovered a correlation between pregnancy loss and decreased
estrogen levels in urine (Smith et al., 1941). Thus, the Smiths believed that estrogen
deficiency was the major cause of pregnancy loss. They began a clinical trial in 1943 and
concluded that DES administration was beneficial in preventing premature deliveries and
miscarriages. Based on their observations, the Smiths recommended administration of DES
to women that were at risk for complications during pregnancy to improve their outcomes.
Candidates included pregnant women with diabetes, a history of miscarriage or operations
on their ovaries, uterus or cervix (Smith et al., 1946; Smith, 1948). In 1947, the FDA
approved DES for pregnant women to prevent miscarriages. DES treatment of pregnant
women became common practice for obstetricians (Seaman, 2003). That same year, DES
was also prescribed to women in the Netherlands. However, its use to prevent complications
during pregnancy was not strongly endorsed until the 1950’s. DES was later approved for
use during pregnancy in France, Finland, Denmark, England, Germany, and other European
countries, though the extent of its use has not been well documented (Palmlund et al.,
1993a). The recommended regimen began at seven to eight weeks post last menstruation
(PLM) at 5 mg/day, and was increased by 5 mg every other week up to 125 mg/day at 35
weeks PLM. The National Cooperative Diethylstilbestrol-Adenosis (DESAD) project
reported that the median total dose was over 4 g among participants with complete
information on dosage (Labarthe et al., 1978; O’Brien et al., 1979). However, DES doses
given to pregnant women varied between hospitals, and there was nearly a 10-fold
difference between the median total dose at Baylor College of Medicine (1,625 mg) and
Massachusetts General Hospital (10,424 mg). The latter hospital had the highest median
total dosage and used the Smith and Smith regimen most frequently.

Despite its common use, the effectiveness of DES in improving the outcome of a given
pregnancy was questioned by scientists, and the Smiths’ original studies were criticized for
the lack of proper control groups. In 1953, the result of a large-scale double-blind clinical
trial at the University of Chicago was published involving 1,646 pregnant participants. The
clinical trial concluded that DES did not reduce the incidence of abortion, prematurity or
postmaturity. It even suggested that DES may “favor” premature labor (Dieckmann et al.,
1953). DES usage declined approximately 30 percent in the US in the 5 years following this
publication. Nonetheless, the Smiths maintained their position on the benefit of DES
treatment in the prevention of miscarriage, and published a paper to defend their theory
(Smith and Smith, 1954). Pharmaceutical companies continued to promote DES for pregnant
women, and DES remained a routine treatment for pregnant women throughout the 1960°s.

Increased risk of vaginal adenocarcinomas following DES exposure

Seven young patients between 15 and 22 years old were diagnosed with vaginal
adenocarcinomas at Massachusetts General Hospital between 1966 and 1969. One case was
endometrioid and the other six cases were clear cell adenocarcinomas (CCACs) (Herbst and
Scully, 1970). Vaginal cancers usually occur in patients at 40 years or older, and were
almost always epidermoid (squamous cell) carcinomas, rendering these cases highly unusual
(Herbst et al., 1970). A retrospective case-control study based on 8 vaginal adenocarcinoma
cases and 32 matched controls was published in 1971 (Herbst et al., 1971). A statistically
significant association between in utero DES exposure and risk of vaginal adenocarcinoma
(P < 0.00001) was discovered. This finding was supported by another case-control study
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published that same year, which identified five cases of vaginal adenocarcinoma in young
women who were born between 1951 and 1953 (Greenwald et al., 1971). All five mothers
took synthetic estrogens (DES or Dienestrol) during their pregnancy. In response to these
reports, the US FDA issued a drug bulletin in late 1971 warning physicians that prescribing
DES to a pregnant woman could harm the unborn baby (FDA, 1972). In 1972, a study
further strengthened the link between developmental DES exposure and vaginal
adenocarcinoma by identifying 7 more cases of vaginal CCACs in girls, ages 7 to 19 years
old, whose mother took DES during the first trimester of pregnancy. Although
administration of DES to one mother was not confirmed, she took an unknown hormone for
vaginal bleeding during pregnancy (Noller et al., 1972).

In response to these reports, the registry of women exposed to DES in utero (DES
daughters) was founded in 1974, and the DESAD project was initiated to locate and monitor
the health of DES daughters over time (Labarthe et al., 1978). The Registry for Research on
Hormonal Transplacental Carcinogenesis was developed by Dr. Arthur Herbst and
colleagues at Massachusetts General Hospital to track cases of cervical and vaginal CCAC
world-wide and is now located at the University of Chicago. As of December 2007, the
registry has accessioned approximately 760 cases of CCAC, two-thirds of which were
exposed to DES in utero. Other organizations, such as DES Action, created in the
Netherlands in 1981, and Association Info-DES of France in 1992, were formed to help
provide information and support to DES daughters in their respective countries (Palmlund et
al., 1993Db). Data collected through the DESAD project have established correlations
between the schedule of treatment (timing and dose) and symptoms. Decades of follow up
studies enabled scientists to determine the long-term effects of in utero DES exposure.

Il. Cervical and Vaginal Adenosis

Definition

Incidence

Two types of epithelia line the human cervix; columnar epithelium lines the endocervix, as
in the uterus, and squamous epithelium lines the ectocervix, as in the vagina. The location of
the boundary between these two cell types is called the squamocolumnar junction (SCJ).
Cervical and vaginal adenoses, which are defined as the development of columnar
epithelium in the ectocervix or vagina, are the most common reproductive anomalies in DES
daughters. This congenital anomaly has been observed in fetuses and newborns, in addition
to young girls and adults, who were exposed to DES in utero (Johnson et al., 1979). The
columnar epithelium may cover the surface (surface adenosis), or form glands within the
stromal wall of the cervix and vagina (occult adenosis) (Johnson et al., 1979) (Fig. 2).
Although the location of the SCJ varies depending on age, menstrual status, pregnancy and
contraceptive use, it is usually found within the cervical canal. However, in DES daughters
the SCJ can be found within the vagina, instead of the cervix, forming surface adenosis
(Hart et al., 1976).

Since cervical and vaginal adenosis is benign and can be asymptomatic, the presence of this
disease is not always brought to the attention of a physician. In addition, sensitive detection
of vaginal adenosis requires histological analysis of biopsy samples. A routine cytology
screening detected vaginal adenosis in only 20 — 40% of patients in which biopsy histology
identified the presence of a lesion (Robboy et al., 1976). Although an accurate prevalence
rate for this disease is not known, vaginal adenosis has been estimated to affect between 34
- 91% of DES-exposed women (Antonioli and Burke, 1975; Bibbo et al., 1975; Herbst et
al., 1975; Ng et al., 1975; Kaufman et al., 1977; O’Brien et al., 1979; Johnson et al., 1979)
and less than 4% of unexposed women (Bibbo et al., 1975; Herbst et al., 1975; Johnson et
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al., 1979). The significantly varied prevalence among DES-daughters appeared to reflect the
sensitivity of detection methods used, but may also be due to the point in gestation at which
DES treatment began (Sherman et al., 1974, Stafl et al., 1974). The presence of adenosis
increased with earlier administration and higher dose of DES treatment. In particular,
exposure prior to the 18th week of gestation was strongly associated with a higher incidence
of adenosis (O’Brien et al., 1979). The incidence of adenosis was also correlated with the
incidence of CCAC. The presence of adenosis lesions has been detected in almost all of the
DES daughters with cervical or vaginal CCAC. Therefore, adenosis is widely accepted to be
the precursor of adenocarcinoma in DES daughters, though it has not been directly proven.
In fact, adenosis lesions are benign, and the progression of adenosis to CCAC should require
multiple events. In this regard, the atypical adenosis has been suggested to be the immediate
precursor of CCACs (Robboy et al., 1984). CCACs of the cervix and vagina will be
discussed in a later section.

Development of the vagina

A clear understanding of the biology of the developing vagina is essential to understanding
the molecular pathogenesis of vaginal adenosis. The cellular origin of vaginal epithelium
and the contributions of Mullerian duct, Wolffian duct and urogenital sinus cells had been
debated for decades. The recent cell-lineage tracing experiment in mice finally determined
that Millerian duct epithelium (MDE) is the only source of adult vaginal epithelium (Kurita,
2010). The Mullerian duct, urogenital sinus and residual Wolffian duct epithelium (WDE)
were detected in the lower genital tract of female mice at birth (P0). As females developed,
the sinus vagina retreated posteriorly as the Millerian duct elongated caudally. The
Mdillerian vagina developed with a lumen, unlike the sinus vagina, whose epithelium
remained solid throughout development (Kurita, 2010, 2011). In adult mice, the entire
vagina is lined with epithelial cells of Miillerian duct origin, while urogenital sinus epithelial
cells were found in the vulva (Fig. 3).

The MDE is developmentally plastic and is induced to differentiate as either squamous or
columnar epithelium by paracrine factors produced in the adjacent mesenchyme. Neonatal
vaginal epithelium recombined with uterine mesenchyme differentiated into columnar cells
that expressed appropriate markers for uterine epithelium. Likewise, neonatal uterine
epithelium recombined with vaginal mesenchyme differentiated into vaginal epithelium
(Cunha, 1976; Boutin et al., 1991; Kurita et al., 2001). However, adult uterine and vaginal
epithelia have been terminally differentiated into their respective cell types and do not
dedifferentiate in response to mesenchymal induction (Kurita et al., 2001). These
observations suggest that vaginal and cervical adenoses are a failure of squamous
differentiation in the MDE during organogenesis of the lower female reproductive tract.

Mouse models of DES exposure and pathogenesis

Following the discovery of the link between in utero DES exposure and vaginal
adenocarcinoma, Forsberg reported formation of vaginal adenosis in mice treated neonatally
with estrogen (Forsberg, 1972). When newborn female mice were given 5 g per day of
DES or 17p-estradiol for 5 days after birth, extensive adenosis lesions were identified in the
anterior part of the vagina at 10 days of age. Susceptibility to DES-induced adenosis is strain
dependent. Nonetheless, formations of adenosis lesions in mice exposed neonatally to DES
have been confirmed in several mouse strains (Newbold and McLachlan, 1982; Plapinger
and Bern, 1979).

One critical problem with this mouse model is that developmental exposure to DES has
astounding effects on the physiology of female mice, including on the neuroendocrine
system (Halling, 1992; Lopez et al., 1984; 1986; Dalterio et al., 1985; Halling and Forsberg,
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1990). Since these organs do not appear to be the primary targets of fetal DES exposure in
humans, the effects on these systems are not likely to be involved in the pathogenesis of
cervical and vaginal adenoses. A disrupted endocrine system can affect the development and
physiology of pubertal and mature mice, and thus alterations in the gene expression in
mature urogenital organs could be secondary to these changes. Therefore, analyses of mice
at pubertal or adult ages, that had been treated with DES neonatally, would not elucidate the
molecular mechanism underlying the pathogenesis of cervical and vaginal adenoses. In
addition, as we discuss below, DES induces vaginal adenosis by changing the epithelial cell
fate of undifferentiated MDE. The cell fate of MDE is established during the first five days
of postnatal life in mice (Cunha, 1976; Kurita et al., 2001). To make a clear distinction
between the cause and effect of DES-induced vaginal adenosis, the effects of DES action
must be studied before epithelial cell fate is established.

Inhibition of TRP63 by DES in the developing cervix and vagina

The transcription factor transformation related protein 63 (TRP63/p63) (Yang et al., 1998)
was highly expressed in the squamous epithelia of the cervix and vagina, but not in the
columnar epithelium of the uterus (Kurita and Cunha, 2001; Kurita et al., 2004). In mice,
TRP63 was undetectable in the vagina and cervix until just before birth, suggesting that
TRP63 may be involved in squamous differentiation of the MDE (Kurita et al., 2004; Kurita
et al., 2005). Since 7rp63-null mice died at birth due to defects in skin development, their
female reproductive tracts could not be directly studied. Therefore, anlagen of uterus, cervix
and vagina were developed into mature organs by grafting them under the kidney capsule of
mature female mice (Kurita and Cunha, 2001; Kurita et al., 2004). In such grafts, the 7rp63
null uterine epithelium appeared normal, but the entire 7rp63-null vagina and cervix were
lined with columnar epithelium and contained gland-like structures instead of normal
squamous epithelium, demonstrating that the developmental loss of Trp63 is the cause of
adenosis. When wild-type newborn mice were exposed to DES, expression of 7rp63in
MDE was inhibited and TRP63-negative MDE differentiated into uterine-like glandular
epithelium within the cervix and vagina, as seen in 7rp63-null mice (Fig 4) (Kurita and
Cunha, 2001; Kurita et al., 2004). However, once MDE cells became positive for TRP63,
expression was not affected by DES exposure, suggesting that DES inhibited induction, but
not maintenance of 77p63expression in MDE (Kurita and Cunha, 2001; Kurita et al., 2004).
Hence, the timing of exposure was critical for the pathogenesis of DES-induced adenosis as
described below.

The expression pattern of tumor protein 63 (TP63/p63), the ortholog of mouse TRP63, has
been studied in the female reproductive tracts of human fetuses (Kurita et al., 2005). TP63
expression was greater in the caudal and lesser or absent in the cranial cells of the MDE in
the human fetus at PLM week 12 — 13, which is equivalent to the TRP63 expression in mice
at embryonic day (E) 16 - postnatal day (P) 1. The human specimens at PLM week 16 — 18
contained both TP63-positive and negative cells within the stratified epithelium of
ectocervical or vaginal anlagen, and the concentration of TP63-positive cells increased
caudally to cranially as the fetus developed. The expression pattern of TP63 in the vagina of
PLM 18 week fetuses appeared to be comparable to the expression in P2 — 3 mice. While
most epithelial cells were positive for TRP63 in the caudal (lower vaginal) regions, the
cranial (upper vaginal and cervical) regions contained substantial TRP63-negative epithelial
cells. Like P2 — 3 is the last point of greatest susceptibility to DES-induced adenosis in mice,
exposure to DES in humans within the first 18 weeks of pregnancy resulted in a higher
incidence of vaginal epithelial changes (O’Brien et al., 1979). This suggests that DES
induces vaginal or cervical adenosis in human fetuses by blocking the expression of TP63 in
MDE, as in mice.
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The Trp63gene is transcribed into two alternative splice variants producing isoforms with
and without the transactivation domain (TA). The isoforms containing or missing a TA
domain are called the TA and AN forms, respectively, and each of them has three alternative
splice variants of the carboxy terminus, identified as a., p and -y forms. In mice, the ANa
form (ANp63a), lacking the transactivating domain and containing the sterile alpha motif
domain, is the dominant form of TRP63 expressed in the neonatal and adult cervix and
vagina (Kurita et al., 2005). This is also true for the vaginal epithelium of the human fetus
(Kurita et al., 2005). These commonalities confirm the rationale for utilization of mouse
models to study the molecular pathogenesis of cervical and vaginal adenoses in DES
daughters.

ESR1-mediated DES action in vaginal epithelium

Estrogen receptor alpha (ERa) knockout mice (£srZ-null) exhibit resistance to neonatal DES
exposure, indicating that ERa is essential for DES-induced urogenital abnormalities (Couse
et al., 2001). However, whether ERa mediated DES action in the pathogenesis of vaginal
adenosis was not fully established due to a low prevalence of DES-induced adenosis in the
wild-type mice. The essential role of ERa in DES-induced vaginal adenosis was later
established by analysis of TRP63 expression in DES-treated £srZ-null mice (Kurita et al.,
2004). In the study, neonatal DES treatment inhibited TRP63 expression in the vaginal
epithelium of wild-type but not £srZ-null mice. In developing vaginae, ERa is expressed in
both epithelium and mesenchyme (Kurita et al., 2001). Therefore, the role of epithelial
versus mesenchymal ERa in DES-induced vaginal adenosis was further clarified through
tissue-recombination experiments. In this study, MDE from EsrZ-null (ERa negative) and
wild-type (ERa positive) mice was combined with £srZ-null or wild-type vaginal
mesenchyme. While DES failed to induce adenosis in £srZ-null MDE, DES completely
blocked TRP63 expression in wild-type MDE (Kurita et al., 2004; Kurita, 2011). Expression
of ERa in MDE was the single determinant if DES inhibited expression of TRP63, and the
presence or absence of mesenchymal ERa did not affect the result. Therefore, DES acts
through ERa within MDE and induces vaginal adenosis by blocking expression of TRP63.

A recent study suggested that Activin signaling from the stroma is the major factor
regulating proliferation and differentiation of vaginal epithelial cells (Nakajima et al., 2011).
The study further proposed that DES induces vaginal adenosis through disruption of this
signaling, because DES reduced AcvrZband /nhba mRNA by 20% and 40%, respective, and
upregulated /nabb mRNA 20 fold, as normalized to the level of PojamRNA. However, Ppia
is upregulated by estrogen in mouse uterus (Schroder et al., 2009), thus the analysis may
have been skewed by the effect of DES on the Ppia level. The authors also demonstrated
reduced Activin signaling by immunofluorescence analysis of phospho-SMAD?2. Although
the overall signal level for phospho-SMAD2 was reduced in the entire vagina of neonatally
DES-treated mice, the epithelial tissue that contained reduced phosphorylated-SMAD2 was
fully differentiated as squamous stratified epithelium, indicating that reduced Activin A
signaling is not necessarily associated with adenosis (Nakajima et al., 2011). While Activin
A signaling may play a role in vaginal epithelial differentiation or proliferation, it has been
shown that the underlying pathway through which DES causes adenosis is mediated by
intrinsic epithelial ERa signaling (Kurita, 2011). Therefore, alterations in pathways through
the stroma, such as down-regulation of Activin ligand, would not play a role in the
pathogenesis. How DES disrupts expression of TRP63 through ERa within epithelial cells
has yet to be elucidated. Recently, an essential role of androgen receptor (AR) binding to a
regulatory element of 7rp63 gene was demonstrated in developing mouse epididymal
epithelium (Murashima et al., 2011). Likewise, ERa may directly bind to the regulatory
elements of 7706310 block expression (Fig. 5).
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Additional studies of DES-induced abnormalities

Though mouse models for DES-induced pathology have existed for decades, little
advancement has been made toward our understanding of the mechanism for cervical or
vaginal pathology following DES treatment. Most studies have analyzed the effect of DES
on gene expression at a point in which epithelial cell fate is irreversibly altered. In addition,
cell fate is altered only in a small subpopulation of MDEs in DES-induced adenosis, thus,
global analysis may not detect a gene expression change that is critical for the pathogenesis
of vaginal adenosis. These are the challenges for future studies.

Studies conducted on the effects of DES on developmental genes have focused on changes
in the uterus more than the cervix and vagina. A number of mouse studies have shown
anomalies within the uterus following exposure to DES, which include disorganized
myometrium (Iguchi and Takasugi, 1987; Brody and Cunha, 1989), reduced glands (Iguchi
and Takasugi, 1987) and squamous metaplasia (Forsberg and Kalland, 1981). In mice,
neonatal DES-exposure disrupts expression of several genes that are essential for normal
development of the uterus. For example, DES down-regulated Wni7ain neonatal uteri, and
Wht7anull mice exhibit similar uterine defects to neonatally DES-exposed mice including
under-differentiation of myometrium, lack of uterine glands and squamous metaplasia
(Miller and Sassoon, 1998). This suggests that DES elicits its teratogenic effects via down-
regulation of Wnt7a. However, null mutations in Whnt7aaltered uterine expression of other
developmental regulators including Hoxal0and Hoxall, which are also down-regulated in
the uterus of neonatally DES-exposed mice (Gendron et al., 1997; Ma et al., 1998).
Therefore, the molecular mechanism of DES-induced uterine abnormalities appears to be
more than the disruption of Wnt7aexpression. Since these uterine abnormalities are not
observed in DES daughters, they are out of the scope of this review and are not discussed
further. For the potential molecular mechanisms underlying DES-induced uterine
abnormalities, please read a recent review by Ma (Ma, 2009).

lll. Cervical and Vaginal Adenocarcinoma

There is an association between prenatal DES exposure and increased risk of vaginal and
cervical CCAC. It has been hypothesized that CCACs develop from cervical and vaginal
adenoses because adenoses have been identified in nearly all CCAC cases (Herbst et al.,
1972; Herbst et al., 1974; Robboy et al., 1984). The Combined Cohort Follow-up Study,
which follows more than 4,600 women exposed to DES, estimated the incidence of CCAC
from birth to age 39 is 1.6 in 1,000 exposed women (Hoover et al., 2011; Troisi et al., 2007).
The significant divergence between the incidence rates of adenosis (approximately 90%)
versus CCACs (approximately 0.1 %) indicates that the progression of adenosis to CCAC is
an extremely rare event, even among DES daughters. The observed to expected ratio of
vaginal and cervical CCAC was 39.0 (95% confidence interval 15-104) among exposed
women (Troisi et al., 2007; Hoover et al., 2011). As discussed in the previous section,
prevalence of cervical and vaginal adenoses is approximately 30 times higher in DES
daughters compared to women without a history of DES exposure (4 versus 90 %). Thus, in
utero DES-exposure increased the risk of adenosis and CCACs to a similar degree (30
versus 40 times), suggesting that the high incidence of CCACs in DES daughters reflects a
high incidence of benign precursor lesions. Accordingly, the risk for malignant
transformation of adenosis to adenocarcinoma may not significantly differ between DES
daughters and the general population.

Because the prevalence of adenosis and CCACs differs greatly, the malignant
transformation of DES-induced adenosis to CCACs must require additional factors.
However, no postnatal factors, including pregnancy and oral contraceptive use, have been
identified to influence the risk of CCAC incidence in DES daughters (Palmer et al., 2000).
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Several genes commonly mutated in cancers have been investigated within CCAC samples.
However, there have been no mutations identified to be associated with CCACs of the
cervix and vagina. In a study of 24 CCAC cases (16 were associated with prenatal DES-
exposure), there were no mutations identified in the Wilms’ tumor (W72) tumor suppressor
gene, the ESR1 gene or KRAS and HRAS proto-oncogenes (Boyd et al., 1996). Samples
from 14 of 21 CCAC cases had nuclear accumulation of a tumor suppressor tumor protein
53 (TP53), which is often indicative of a loss of function mutation. However, no mutations
in the 7P53 gene were detected by single-stranded conformational polymorphism analysis
(Waggoner et al., 1996). The same authors speculated that the high BCL2 expression
observed in these cancer cells may have contributed to the absence of apoptosis, despite the
nuclear accumulation of wild-type TP53 (Waggoner et al., 1998). Nonetheless, causal
mutations of CCACs have yet to be identified. Unlike squamous cell carcinomas and non-
clear cell adenocarcinomas of the cervix (Naucler et al., 2011), CCACs appear to have
minimal or no association with the infection of high-risk types of the human papillomavirus
(HPV) (Pirog et al., 2000; Goto et al., 2005; Stewart et al., 2006; Liebrich et al., 2009;
Waggoner et al., 1994). Loss of function mutations in PTEN (phosphatase and tensin
homolog deleted on chromosome 10) have been detected in HPV-negative endometrioid
(2/5) and mucinous (2/6) cervical adenocarcinomas (Minaguchi et al., 2004; Hashiguchi et
al., 2006) as well as CCACs of the ovary (15/40 and 6/22) (Sato et al., 2000). However, to
this date, there have been no reports on P7TEN mutations in CCACs of the cervix or vagina.
The study of CCACs etiology in the cervix and vagina is hindered by its low incidence rate.
In this regard, the molecular mechanism underlying the progression of adenosis to CCACs
may be studied using mouse genetics. For example, simultaneous loss of 7rp63and a tumor
suppressor gene in vaginal epithelium may induce vaginal adenocarcinoma in a mouse
genetic model.

IV. Endocrine disruptors

There have been cases of cervical and vaginal adenoses and CCACSs reported in women who
have no history of DES exposure. In fact, the presence of glands in vaginae were described
in women who were born before DES was clinically used, or after the administration of DES
to pregnant women was stopped (Plaut, 1940; Sandberg et al., 1965; Sandberg, 1967;
Blaikley et al., 1971; Ruffolo et al., 1971; Kurman and Scully, 1974; Robboy et al., 1986;
Chattopadhyay et al., 2001; Paczos et al., 2010; Cebesoy et al., 2007; Accetta et al., 2001,
Charlton et al., 2001). In utero exposure to other hormones or environmental chemicals may
be the cause of non-DES associated adenosis in the cervix and vagina. We have
demonstrated that DES induces vaginal and cervical adenoses in mice by disrupting
induction of 7rp63 expression in MDE through epithelial ERa (Kurita et al., 2004; Kurita,
2011). Thus, compounds that can modulate ERa signaling are candidates for causal factors
of non-DES associated adenosis. In fact, estrogens or estrogen receptor modulators other
than DES have been shown to induce cervical or vaginal adenosis in humans (Sherman et
al., 1974) and animal models. In rodent models, 17p-estradiol (Forsberg, 1972), 17a-
estradiol (Forsberg and Kalland, 1981), estradiol benzoate (Plapinger and Bern, 1979),
dienestrol (Forsberg and Kalland, 1981), clomiphene citrate (Gorwill et al., 1982),
tamoxifen (Taguchi and Nishizuka, 1985), nafoxidine (Iguchi et al., 1986), coumestrol
(Burroughs et al., 1990) and bisphenol A (BPA) (Newbold et al., 2009) have been shown to
induce vaginal adenosis. Among these compounds, BPA is particularly important because
there is a high rate of exposure to this compound in the industrialized world (Vandenberg et
al., 2010).

BPA is present in our environment as an essential component of polycarbonate plastic and

epoxy resins. Commercial production of BPA began in 1957 in the United States and over 6
billion pounds is produced each year (Vandenberg et al., 2009). Though it has been
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suggested that BPA is promptly metabolized in the liver and intestines and excreted (Volkel
et al., 2002), a review of over 80 biomonitoring studies revealed that unconjugated BPA is
detected in blood, urine and other fluids of individuals of all ages from around the world
(VVandenberg et al., 2010). Additionally, studies in the United States, Germany and Japan
have shown detectable levels of BPA in the circulation of both pregnant women and their
fetuses (Yamada et al., 2002; Vandenberg et al., 2009; Ikezuki et al., 2002; Schonfelder et
al., 2002; Padmanabhan et al., 2008). Several other environmental chemicals possess
estrogen-like activities in some assays (Sonnenschein and Soto, 1998; Roy et al., 2009;
Vassalli et al., 1994; Korach et al., 1988). These xenoestrogens are detected in many
products, including pesticides (Soto et al., 1994), industrial detergents (White et al., 1994)
and flame-retardants (Legler and Brouwer, 2003). Exposure to a combination of these
compounds may cause non-DES associated adenosis.

Although it has not been demonstrated, the expression of TRP63 in MDE may also be
disrupted by a mechanism that does not involve ERa-mediated signaling. Since the
induction of TRP63, and thus cell fate determination of MDE, occurs within a narrow
developmental window, the effects of environmental compounds on vaginal development
should be tested in animal models. Continued investigation into the mechanisms of cell fate
decisions in the MDE is necessary to understand the onset of vaginal and cervical adenosis
and possible progression into CCAC by DES.
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Figure 1.

Chemical structure of diethylstilbestrol (DES).

The structure of DES (C1gH200>) is based on the PubChem Public Chemical Database, CID
448537.
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Figure 2.

Adult mice exposed neonatally to DES develop occult and surface adenosis.

Keratin 14 (A & C) or TRP63 (B & D) were detected in the vaginae of C57BL6 adult (P60)
mice that were injected subcutaneously with 2 g DES from PO — P4. The neonatal mice
received oil or DES every 24 hours, were ovariectomised at P35 and tissue was harvested at
P60. Examples of both occult adenosis (A & B) and surface adenosis (C & D) are shown.
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Figure 3.

Mullerian duct epithelium (MDE) is the solo source of the adult vaginal epithelium.

The contributions of MDE, Wolffian duct epithelium (WDE) and urogenital sinus
epithelium (UGE) were examined by the presence of enhanced green fluorescent protein
(EGFP)-positive cells throughout the surface of the entire vagina in 4-week-old females
containing the transgene for Rosa-tdTomato-EGFP and one of the following: Pax2-Cre
(EGFP is expressed in the MDE and WDE, A), Osri-Cre (EGFP is expressed in the UGE,
B), and Hoxb7-Cre (EGFP is expressed in WDE, C). The cranial portion of the vagina is
visible at the top of each panel. EGFP-positive cells were present in the vaginal epithelium
of Pax2-Cre, but not OsrI-Cre or Hoxb7-Cre reporter mice. Bars = 50 wm (Kurita, 2010).
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Figure4.

DES disrupts expression of TRP63 in the vaginae of neonatal wild-type mice.

TRP63 was detected in C57BL6 neonatal mice that were injected subcutaneously with 30 .l
corn oil (A) or 2 pg DES in 30 pl corn oil (B) from PO — P4. The neonatal mice received oil
or DES every 12 hours. Tissue was harvested at P5. Pictures show the fornix of the vagina.
Scale bar: 50 pm.
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Figure5.
DES inhibits activation of 7P63and induces adenosis through ERa within vaginal or
cervical epithelial cells.
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