Endocrine disruptors affect developmental
programming of HOX gene expression
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HOX gene expression determines the differential developmental identity of the Miillerian duct. Diethylstilbestrol
and several environmental xenoestrogens disrupt the development of the female reproductive tract by altering HOX
gene expression, leading to structural and functional defects. (Fertil Steril® 2008;89:e57—-8. ©2008 by American

Society for Reproductive Medicine.)

The effects of diethylstilbestrol (DES) on development of the
female reproductive tract is well recognized; however, the
molecular mechanisms that lead to DES-related anomalies
is still poorly characterized. Women exposed to DES in utero
frequently have alterations in Miillerian structures. In the
fetus, the Miillerian duct is initially a uniform undifferenti-
ated axial structure that gives rise to the fallopian tubes,
uterus, cervix, and upper vagina. The molecular mechanism
by which differential positional identity is assigned to this
axis involves HOX genes (1, 2). HOX genes are essential
mediators of axial development; they are highly evolution-
arily conserved transcription factors that are expressed in
a temporally and spatially linear manner (3). The HOX genes
are located in four separate genomic clusters. Their linear or-
ganization in each cluster precisely parallels their expression;
those HOX genes at the 3’ end of each cluster are expressed
earlier in development and in anterior locations, whereas the
more 5’ genes are expressed later and in more posterior loca-
tions. This unique organization allows for genetic informa-
tion to instruct spatial patterning during embryogenesis.
The particular HOX gene or combination of HOX genes
expressed in an organized linear fashion result in differential
axial identity.

The developing female reproductive tract is patterned by
the differential expression of HOX genes in the Miillerian
duct (1, 2). HOXAO9 is expressed at the anterior end and drives
developmental identity toward the fallopian tube or oviduct.
HOXA10 is expressed in the midportion of the duct and leads
to uterine identity. HOXAI11 is expressed just posterior to
HOXAI10 and results in lower uterine segment identity as
well as development of the cervix. Finally, HOXA13 is ex-
pressed at the distal end of the Miillerian duct, which gives
rise to the upper vagina. This “HOX code” for the developing
Miillerian duct is leads to the appropriate development of the
female internal genital tract. Mutation of either HOXA10 or
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HOXAT11, the two genes that give identity to the developing
uterus, result in uterine factor infertility in mice (4, 5).
Embryos do not implant in the HOXA10 or HOXAI1
knock-out; even normal wild-type embryos fail to implant.
The embryos from either the HOXA10 or HOXA11 knock
out will implant in pseudopregnant wild-type females,
demonstrating that the embryos are capable of implantation
and development; the defect is in the uterus. These effects
are likely because of failed regulation of the targets of
HOXAI10 transcriptional regulation; these genes include 83
Integrin and EMX2 (6, 7). In addition, in both the
HOXA10 and HOXA11 knock-out, there is a transformation
of the distal end of the uterine horns toward the morphologic
and histologic appearance of the oviduct.

The normal patterning of the Miillerian duct can be dis-
rupted by exposure to the synthetic estrogen, DES (8). We
have previously shown that in utero DES exposure in mice
leads to alterations in the normal pattern of HOX gene expres-
sion. The typical linear distribution is preserved; however, the
expression domain is shifted posteriorly. HOXA9, typically
expressed in the fallopian tubes is expressed in the uterus.
HOXA10 is expressed in the lower uterus, whereas
HOXAI11 expression is greatly diminished throughout the
uterus. Each of these genes is expressed at higher levels in
the vagina. This altered expression leads to altered positional
identity. A common finding in women exposed to DES in utero
is vaginal adenosis, where glandular tissue typical of mucosal
surfaces of the endocervix or endometrium is found in the
vagina. This displaced developmental identity is likely the re-
sult of the changes in the spatial expression of the HOX genes
that lead to this identity. The consequent increase in adverse
pregnancy outcome in DES-exposed women is likely the result
of this altered developmental programming. HOXA10 expres-
sion, which is necessary for normal uterine development and
subsequent embryo implantation, is decreased in the uterus
of DES-exposed women. This likely contributes to the limited
ability to successfully carry a pregnancy.

Humans are exposed to a wide variety of chemicals that
have estrogenic properties and the potential to alter estrogen
responsive genes. We investigated the ability of several
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FIGURE 1

Exposure to various xenoestrogens alters HOXA10
gene expression in the developing reproductive
tract. These exposures lead to permanent alteration
of gene expression in the adult. BPA, bisphenol A;
DES, diethystilbestrol: MXC, methoxychlor.
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estrogen-like endocrine disruptors (xenoestrogens) to alter
the expression of essential developmental genes such as the
HOX genes (Fig. 1) (9). Methoxychlor (MXC) is a pesticide
and a xenoestrogen. Methoxychlor alters HOX gene expres-
sion in a manner similar to DES (10). Specifically the HOX
gene responsible for normal uterine development and fertil-
ity, HOXA10, is permanently repressed in the uterus of
mice exposed to MXC in utero. This effect is mediated
through the HOXA10 estrogen response element (ERE) in
a dose-dependent fashion. Methoxychlor has been previously
associated with reproductive defects in mice, likely mediated
through this molecular mechanism (11).

The response to all xenoestrogens is not always the same.
Bisphenol A (BPA) is a xenoestrogen and a common compo-
nent of polycarbonate plastics, epoxies used in food storage,
and dental sealants. It has been previously associated with
adverse reproductive outcomes in both animal models and
humans (12, 13). When administered to mice in utero, the fe-
males demonstrate increased HOXA10 expression in the
adult (14). The expression persists long after exposure, and
is the result of altered developmental programming induced
by the xenoestrogen. Although the developmental conse-
quences of excess HOXA10 exposure in the adult are not
known, the consequences of BPA on reproductive success is
well know. It is likely that the permanently modified expres-
sion of HOXA10 contributes to the decline in reproductive
potential. Alterations in the normally precise temporal regu-
lation of HOXA10, either increased or decreased, may have
implications for reproductive success. Despite its opposite
effect on HOX gene expression in vivo, BPA behaves simi-
larly to MXC in vitro, stimulating the HOXA10 ERE (14).
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In vitro testing does not reflect the unexpected effect that
these xenoestrogens have on developmental programming.

Estrogenic compounds exhibit profound and lasting effects
on essential developmental genes in the reproductive tract.
These changes are likely to influence reproductive com-
petence. Humans are constantly simultaneously exposed to
a wide variety of xenoestrogens. The effect of this bulk expo-
sure is still unknown. Screening for an effect on essential
development gene such as HOX genes may give insight to
the effect of these compounds or mixtures on developmental
programming. The identification of these agents, combina-
tions, and vulnerable periods in development deserves high
priority for future investigation.
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