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Abstract

Purpose—The increasing incidence of hypospadias is partly attributed to increased gestational
exposure to endocrine disruptors. We investigated the effects of genistein, the primary
phytoestrogen in soy, on the molecular program of male urethral development.

Materials and Methods—Female mice were fed diets supplemented with genistein (500 mg/kg
diet) or control diets before breeding and throughout gestation. Urethras from embryonic day 17.5
male fetuses were harvested, and RNA was prepared, amplified, labeled and hybridized on whole
genome microarrays. Data were analyzed using packages from the R/Bioconductor project.
Immunohistochemical analysis and immunoblotting were used to confirm the activity of MAPK
and the presence of Ntrk1 and Ntrk2 during urethral development.

Results—Gestational exposure to genistein altered the urethral expression of 277 genes (p
<0.008). Among the most affected were hormonally regulated genes, including IGFBP-1, Kap and
Rhox5. Differentially expressed genes were grouped into functional pathways of cell proliferation,
adhesion, apoptosis and tube morphogenesis (p <0.0001), and were enriched for members of the
MAPK (p <0.00001) and TGF-p (p <0.01) signaling cascades. Differentially expressed genes
preferentially contained ELK1, Myc/Max, FOXO, HOX and ER control elements. The MAPK
pathway was active, and its upstream genistein affected tyrosine kinase receptors Ntrk1 and Ntrk2
were present in the developing male urethra.

Conclusions—Gestational exposure to genistein contributes to hypospadias by altering
pathways of tissue morphogenesis, cell proliferation and cell survival. In particular, genes in the
MAPK and TGF-p signaling pathways and those controlled by FOXO, HOX and ER transcription
factors are disrupted.
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Hypospadias is one of the most common congenital abnormalities, affecting approximately 1
in 125 male newborns yearly in the United States.> Although somewhat controversial, data
from independent long-term registries suggest that the incidence of hypospadias is
increasing, with a doubling of reported cases from 1970 to 1990.1-3 A putative cause for this
greater incidence may be an increase in environmental exposures during gestation,
particularly to sex hormones and estrogen disruptors. Supporting this hypothesis,
hypospadias has been linked to parental subfertility and use of assisted reproductive
technologies.# In addition, consumption of a vegetarian diet during gestation increases the
occur-rence of hypospadias up to 5-fold.> This latter finding may be due partly to increased
exposure of mothers to soy products, which contain phytoestrogens (such as genistein) that
act as endocrine disruptors and have been shown to decrease the anogenital distance and
cause hypospadias in laboratory mouse models.5:

Despite the high prevalence of hypospadias, the molecular mechanisms that drive urethral
development and go awry in this condition have only begun to be elucidated. In general,
hypospadias represents the arrested growth, formation and closure of the urethra and
external genitalia.® In addition to being regulated by androgens, a host of elegant animal
studies have also linked genital tubercle development and hypospadias to genes involved in
limb patterning, including members of the HOX, Fgf and sonic hedgehog signaling
cascades.®~14 Furthermore, by studying differential gene expression in the urethras of male
fetal mice before (embryonic day 14) and after (days 16, 17) sexual differentiation, Li et al
implicated members of the Wnt-Frizzled and TGF-B gene families in urethral patterning.®
However, to date there have been no studies performed on the molecular effects of endocrine
disruptors or other environmental agents on the developing urethra. By using differential
gene expression and functional annotation enrichment analysis, we begin to describe
signaling pathways that are altered during male urethral development on exposure of the
mother to genistein during gestation.

MATERIALS AND METHODS

C57BL/6J female mice were fed either soy free casein diets (control group, Jackson
Laboratory, Bar Harbor, Maine) or diets supplemented with 500 mg/kg genistein (LabDiet®,
experimental group, LC Laboratories®) for at least 2 weeks before breeding and throughout
the gestational period. Pregnancies were timed according to scheduled 6-hour pairings.
Pregnant females were euthanized on E 17.5 and urethras were harvested by
microdissection, allowing for separation of the urethra from the urogenital sinus tissue, and
then snap frozen in liquid nitrogen (fig. 1). A total of 16 male urethras were harvested from
the pups of 4 pregnant females in each experimental group (32 urethras total).

Pooled frozen urethral tissue from each experimental group was homogenized, and total
RNA was purified using the RNeasy® system. RNA quality was assessed using a 2100
bioanalyzer (Agilent Technologies Inc., Santa Clara, California), and high quality RNA
(RNA integrity score 10) was amplified, labeled and hybridized in triplicate (allowing for
Cy5 and Cy3 dye swaps) on 44,000 probe, whole genome mouse microarrays (Agilent
Technologies) according to manufacturer directions. A detailed explanation of the gene
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expression data preprocessing and array can be found in accompanying supplementary
materials online.

Gene expression data were processed for statistical analysis using packages from R/
Bioconductor (www.bioconductor.org) essentially as described by Schaeffer et al.16 Briefly
a mixed effects model was fit for each gene to estimate expression differences between
groups, and an empirical Bayesian approach was applied to moderate standard errors.
Functional themes were obtained from GO, KEGG and MsigDb, and used to perform
enrichment analysis using 1-sided Wilcoxon tests. Multiple testing correction was performed
using the Benjamini-Hochberg method. Detailed descriptions of the statistical methods used
are provided as supplementary materials online. Data will be hosted in the Gene Expression
Omnibus database on publication.

Immunohistochemical analysis was performed on 4% paraformaldehyde fixed 4 pM paraffin
sections after antigen retrieval in sodium citrate 10 mM pH 6.0 using antibodies for either
Ntrk1 or Ntrk2 (abcam, ab37837 and ab51190, respectively). Protein identification by
Western blotting was carried out using these antibodies as well as antibodies directed against
total p44/42 MAPK (ERK1/2) and phospho-p44/42 MAPK (ERK1/2, cell signaling 9102
and 9101, respectively) after homogenization and lysis of urethras in NUPAGE® LDS
sample buffer containing protease and phosphatase inhibitors.

RESULTS

Genome wide expression analysis of urethras derived from the male fetuses (E 17.5) of
mothers exposed to genistein supplemented or control diets revealed differential gene
expression among 277 genes (p <0.008). Of these genes 158 were induced by genistein
exposure and 119 were repressed. Among the male fetal urethral genes most affected by
genistein exposure were insulin-like growth factor binding protein 1, which was up-
regulated, and kidney androgen regulated protein and reproductive homeobox5, which were
down-regulated (supplemental tables 1 and 2).

To identify functional gene categories and signal transduction pathways altered in the
urethras by gestational exposure to genistein, we performed analysis of functional
annotation (supplementary data). Genes affected by genistein exposure fell into distinct gene
ontology categories, including those for anatomical structure and tube morphogenesis as
well as regulators of cell proliferation, adhesion and apoptosis (p <0.0001 for all categories).
Analysis of enriched KEGG pathways, which varied with urethral exposure to genistein,
identified members of the MAPK and TGF-B signaling cascades (p <0.00001 and p <0.01,
respectively). Correlating with the enrichment of MAPK signaling pathways, we observed a
propensity for differentially expressed genistein affected genes to have ELK1 and Myc/Max
binding sites in their promoters (supplemental table 1).17 In addition, genes whose
expression varied with genistein exposure also contained transcription factor binding sites
for members of the forkhead and HOX family of transcription factors as well as for estrogen
receptor.
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Among genes that were consistently repressed by genistein exposure and present in enriched
GO and KEGG categories were Ntrk1 and Ntrk2. These genes code for tyrosine kinase
receptors, which transmit signals through the MAPK pathway and have roles in cell survival
and differentiation.18 While described primarily in the nervous system, Ntrk1 and Ntrk2
have also been implicated in other organ systems.19 How-ever, their expression in the urethra
or developing urogenital sinus has not previously been demonstrated. Western blot analysis
showed the presence of active MAPK signaling (via phosphorylation of ERK1/2) and of
Ntrk1 and Ntrk2 proteins in the urethra of E 17.5 fetal male mice on normal diets (fig. 2, a
and 4). In addition, immunohistochemical staining revealed Ntrk1 and Ntrk2 expression in
the urogenital epithelium as well as the epithelium of the proximal and distal urethra (fig. 2,
0).

DISCUSSION

Consumption of soy has been steadily increasing worldwide through its use as a meat
substitute and via its addition to animal feed.2% Genistein, a natural iso-flavone, is the
predominant phytoestrogen found in soy and, as a compound that alters normal endocrine
signaling, is considered an endocrine disruptor.2 Accordingly genistein has been linked to
development of hypospadias in animal models, and may contribute to the increasing
incidence of hypospadias, particularly in the newborns of vegetarian mothers.>8 Via gene
expression and functional enrichment analysis we provide the first description of the
molecular pathways through which genistein may alter normal male urethral development.

Formation of the urethra and male external genitalia is complex, with tissue morphogenesis
involving a delicate interplay between cell growth, differentiation and programmed cell
death.! Preferential enrichment of genes affected by genistein into gene ontology classes for
cell proliferation, organ morphogenesis and apoptosis suggests that gestational exposure to
genistein contributes to hypospadias by altering all of these critical processes. Furthermore,
our study highlights particular genes and signaling pathways that are disrupted by genistein
in urethral development. For instance IGFBP-1 was among the genes most induced by
genistein, increasing its expression more than 3-fold. This protein has previously been
described in the liver, kidney and genital tract, and serves to bind IGF and modulate its
bioavailability.22 Mice expressing IGFBP-1 on a transgenic construct have reduced genital
tract weights. Additionally IGF-1 expression is increased in the developing male urethra
after sexual differentiation.1® This combined evidence suggests that one mechanism by
which genistein contributes to hypospadias is inhibition of IGF-1 activity.

Cell proliferation in the urethra is influenced by multiple pathways. Previously emphasis had
been placed on the Fgfs, particularly Fgf8, due to its role in limb development.19.11 |n the
current study we observed down-regulation of Fgf9 on genistein exposure. Although the
mechanistic role of Fgf9 in urethral development has not previously been studied, Fgf9 is
expressed in the distal urethral epithelium during development to a broader extent than
Fgf8.23

In addition to an obvious requirement for increased cellular growth, genital tubercle
development is highly dependent on apoptosis, which precedes critical fusion events,
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making it essential for the closure of the penile urethra.?:11:24 Apoptotic signals in the
urethral plate epithelium are transmitted partly through bone morphogenic proteins and their
target genes MSX1 and MSX2, which function as transcription factors.11 We found that
exposure to genistein changed the expression of genes that were enriched in pathways of
apoptosis, and particularly in genes responsive to MSX1 and FOXO3. Like MSX1, FOX0O3
has also been demonstrated to mediate cell death but has not previously been described in
the urethra.2>

An examination of the molecular effects of gestational genistein exposure allows for an
increased understanding of genistein function as an endocrine disruptor and also serves to
increase our understanding of normal urethral development. For example among the most
differentially expressed genes were IGFBP-1, Kap and Rhox5, all of whose expression had
previously been shown to be hormonally regulated.26-28 |n addition, among the pathways
most affected by genistein exposure was the MAPK signaling pathway. While known to
have key roles in growth and differentiation, MAPK activity has not previously been
described in the developing urethra. We observed that MAPK signaling occurs during
urethral development, as evidenced by the presence of phosphorylated ERK1/2.
Furthermore, we identified Ntrk1 and Ntrk2 as present in the urogenital and urethral
epithelium. Ntrk1 and Ntrk2 represent tyrosine kinases that signal through the MAPK
pathway and have been observed to modulate cell growth and differentiation in other tissues,
particularly in the nervous system, but have not been described in the urethra.18 As upstream
enzymatic components of the MAPK signaling cascade, their down-regulation by genistein
exposure suggests that these proteins may be critical for normal urethral development, and
elucidation of their activities in this process will be the subject of a future study.

While this study lends insight into how genistein affects urethral development at the
molecular level, it has several limitations. It is noteworthy that in this initial series a
relatively high level of dietary genistein supplementation (500 mg/kg diet) was used.
Previous experiments in mice revealed that this level of supplementation results in mean +
SD serum genistein levels of 397 + 105 nmol/I.2° These levels exceed, but are somewhat
similar to, those found in the serum of Japanese men consuming ordinary Asian diets (mean
276 nmol/l, range 116 to 652).30 As genistein levels vary greatly with dietary consumption
and environmental exposure, we are currently conducting studies to determine dose response
relationships of genistein and the molecular alterations caused by its ingestion.

CONCLUSIONS

Genistein, an endocrine disruptor and the primary phytoestrogen in soy, contributes to
hypospadias by altering pathways of organ morphogenesis, cell proliferation and cell
survival. In particular, gestational genistein exposure affects gene expression in the MAPK
and TGF- signaling cascades and that of genes under the influence of transcription factors
in the forkhead, homeobox and estrogen receptor families. Future functional analysis of
these genes will provide further insight into the mechanisms of tissue patterning in the male
penis.
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Figure2.
MAPK pathway is active during urethral development, and its upstream tyrosine kinases

Ntrk1 and Ntrk2 are expressed in urethral epithelium. All mice were fed normal chow not
supplemented with genistein. Western blot analysis of whole cell lysates derived from
isolated E 17.5 male fetal urethras are shown using antibodies recognizing Ntrk1 or Ntrk2
(), or phospho-ERK1,2 or total ERK1,2 (6). Serial tissue sections of urogenital sinus (UGS)
and urethras (¢, top panels) and through genital tubercle (¢, middle and bottom panels) of E
17.5 male fetuses stained either with no primary antibody or with antibodies recognizing
Ntrk1 or Ntrk2.
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