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Clinical Investigation

Androgen receptor is overexpressed in boys with severe
hypospadias, and ZEB1 regulates androgen receptor
expression in human foreskin cells

Liang Qiao’, Gregory E. Tasian?, Haiyang Zhang? Mei Cao®, Max Ferretti®, Gerald R. Cunha® and Laurence S. Baskin®

INTRODUCTION: ZEBT is overexpressed in patients with
severe hypospadias. We examined the interaction between
ZEB1 and the androgen receptor (AR) in vitro and the expres-
sion of AR in boys with hypospadias.

RESULTS: ZEB1 and AR colocalize to the nucleus. Estrogen
upregulated ZEB1 and AR expression. Chromatin immunopre-
cipitation (ChIP) demonstrated that ZEB1 binds to an E-box
sequence in the AR gene promoter. AR expression is higher
in subjects with severe hypospadias than those with mild
hypospadias and control subjects (P < 0.05). ZEB1 physically
interacts with AR in human foreskin cells.

DISCUSSION: AR is overexpressed in patients with severe
hypospadias. Environmental estrogenic compounds may
increase the risk of hypospadias by facilitating the interaction
between ZEB1 and AR.

METHODS: Hs68 cells, a fibroblast cell line derived from neo-
natal human foreskin, were exposed to 0, 10, and 100 nmol/I
of estrogen, after which the cellular localization of ZEB1 and
AR was assessed using immunocytochemistry. To determine if
ZEB1 interacted with the AR gene, ChIP was performed using
ZEBT antibody and polymerase chain reaction (PCR) for AR.
Second, AR expression was quantified using real-time PCR and
western blot in normal subjects (n = 32), and subjects with
mild (n = 16) and severe hypospadia (n = 16).

ypospadias is a common congenital genitourinary anom-
aly that affects ~1:125 live male births (1). Hypospadias
has been associated with aberrant androgen signaling during
development (2,3). Additionally, boys who were exposed to
elevated levels of estrogen in utero have a higher incidence of
hypospadias (4,5). While the role of androgen disruption in
the pathogenesis of hypospadias is supported by these studies,
the molecular mechanisms underlying the association between
estrogen exposure, androgen signaling, and hypospadias are
poorly understood.
ZEBI, a zinc finger box gene that acts as a transcriptional
regulator, is estrogen-responsive and is overexpressed in
patients with severe hypospadias (6-8). ZEB1 has been heavily

studied as protein that is involved in cancer progression. These
studies have shown that ZEB1 decreases in intercellular adhe-
sion molecules such as E-cadherin (9-12). Based on previous
studies which have demonstrated that ZEBI is overexpressed
in patients with severe hypospadias, we have hypothesized
that zebl overexpression decreases cellular adhesion in the
developing male urethra and ventral penile skin, which could
contribute to the abortive penile development seen in hypos-
padias (8).

Androgen receptor (AR) and ZEBI have been shown to
reciprocally regulate each other in a breast cancer cell line
known to be androgen-responsive (13). We hypothesize that
ZEBI1 regulates the transcription of AR in penile develop-
ment and that the ZEB1 signaling pathway mediates the
effects of estrogen in the developing penis, which could be
important in the pathogenesis of hypospadias. This study
determined the effects of estrogen on ZEB1 and AR expres-
sion in a cell line derived from neonatal human foreskin and
ascertained how ZEB1 interacts with AR in vitro. We deter-
mined expression levels of AR in normal boys and those
with hypospadias.

RESULTS

ZEB1 and AR Colocalize to the Nucleus

Immunocystochemistry demonstrate that ZEB1 and AR colo-
calize to the nuclei of Hs68 cells. Nuclear localization was seen
both with and without estrogen supplementation. Increasing
estrogen concentration increased expression of both ZEB1
and AR (Figure 1). AR is expressed in the stratum basale of
preputial skin in normal subjects and those with hypospadias
(Figure 2). In Hs68 cells, real-time polymerase chain reaction
(PCR) demonstrated that AR mRNA increases as estrogen
concentration increases (Figure 3).

ZEB1 Regulates AR by Binding to AR Promoter

As previously reported, the putative E-box sequence
(CAGGTG) found at nucleotides —117 to —123 of the AR gene
is a binding site for ZEB1 (13). In the chromatin immuno-
precipitation (ChIP) assay performed on Hs68 cells, we found,
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Figure 1. ZEB1 and androgen receptor are expressed in the nucleus of Hs68 cells. ZEB1 and AR colocalize to the nuclei of Hs68 cells. Estrogen (E2)
increases the expression of both ZEB1 and AR. Original magnification x200. AR, androgen receptor.
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Figure 2. ARis expressed in the stratum basale of preputial skin. In both
(@) normal subjects and (b) those with hypospadias, AR is expressed

in the stratum basale of preputial skin. Original magnification x200.

AR, androgen receptor.
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Figure 3. Estrogen increases AR expression in vitro. AR mRNA expression
in Hs68 cells increases with increasing estrogen concentration. AR, andro-
gen receptor.

after amplification with PCR, AR fragments were precipitated
by the anti-ZEB1 antibody. AR fragments were not seen in the
negative control IgG antibody (Figure 4).
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Figure 4. ZEB1 binds to E-box domain region of the AR gene promoter.
AR and ZEB1 physically interact in Hs68 cells. (@) Schematic of potential
E-box located in the AR promoter. (b) ChIP analysis demonstrates that
ZEB1 binds the AR promoter. The input sample is the positive control
and IgG is the negative control. AR, androgen receptor; ChIP, chromatin
immunoprecipitation.

AR Is Overexpressed in Patients With Severe Hypospadias

The mean expression of AR mRNA relative to GAPDH in con-
trol subjects and those with mild and severe hypospadias was
15.26, 21.33, and 87.37, respectively (Figure 4). There was no
difference in the AR expression levels between control and sub-
jects with mild hypospadias; however, there were statistically
significant differences in expression of AR between subjects with
severe hypospadias and control subjects (P < 0.001) and between
subjects with severe and mild hypospadias (P < 0.001).

Copyright © 2012 International Pediatric Research Foundation, Inc.
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Figure 5. ARis overexpressed in patients with severe hypospadias. AR is
overexpressed in subjects with severe hypospadias at both the (a) mRNA
and (b,c) protein levels. AR, androgen receptor.

The expression levels of AR protein relative to B-actin in
control subjects and those with mild and severe hypospadias
were 0.27, 0.47, and 0.89. Expression of AR at the protein level
was significantly higher in subjects with severe hypospadias
compared to controls and those with mild hypospadias (both
P <0.01) (Figure 5). Although AR expression levels were higher
in those with mild hypospadias than control subjects, this dif-
ference approached but did not achieve statistical significance
(P =0.05).

DISCUSSION

Androgen signaling through the AR is critical for normal
penile development. Diminished androgen signaling results
in a spectrum of incompletely virilized external genitalia:
complete androgen insensitivity results in external genitalia
with a female phenotype and partial insensitivity results in
ambiguous genitalia of varying degrees. Originally put forth
by Alfred Jost, it has long been held that the female genitalia
phenotype is the “default” pathways that occurs in the absent
of androgen signaling. Recent studies have refined the Jost
hypothesis and suggest that penile development is a balance
of androgenic and estrogenic activity (14). Although the
cause of most cases of hypospadias is unknown, disruption

Copyright © 2012 International Pediatric Research Foundation, Inc.

of normal androgen signaling is thought to have a significant
role. Estrogen is a potential disruptor of androgen signal-
ing as epidemiologic studies have shown that boys who were
exposed to elevated levels of estrogen in utero have increased
risk of hypospadias (4).

This study has shown that AR is overexpressed in patients
with severe hypospadias. We have also demonstrated that
ZEB1 binds to the E-box domain of the AR promoter in human
foreskin fibroblasts. It has previously been shown that estro-
gen increases both mRNA and protein levels of ZEB1 and that
ZEBL is overexpressed in patients with severe hypospadias (8).
Graham has shown that ZEB1 binds to the E-box domain on
the AR promoter in breast cancer cell lines (13). The interac-
tion of ZEBI1 and the AR reporter in widely disparate models
suggests that ZEB1 upregulation of AR is a preserved molecu-
lar mechanism through which androgen signaling is regulated.
However, to our knowledge, no other studies have examined
the role of ZEB1 in androgen signaling.

ZEBL1 has been extensively studied as a factor involved in
epithelial to mesenchymal transition. It is a key factor in can-
cer progression during which epithelial cells lose expression of
the intercellular molecule E-cadherin and thus become migra-
tory and able to invade. ZEBL is also a critical molecule during
embryogenesis as it is expressed throughout the developing
embryo and is necessary for survival (15). This study has shown
that ZEB1 binds to the AR promoter. We previously reported
that estrogen increases ZEB1 expression and that ZEB1 is over-
expressed in boys with severe hypospadias. Both ZEB1 and AR
are expressed in the stratum basale of preputial skin. These
results suggest that estrogen, through ZEBI, upregulates AR
expression in patients with severe hypospadias.

Estrogen-driven ZEB1 upregulation of AR may provide
additional understanding of how hypospadias develops.
Hypospadias may arise from abnormal developmental events
occurring either during hormone-independent formation
of the ambisexual genital tubercle or subsequent hormone-
dependent sex differentiation. Environmental exposure to
estrogens is widespread and multiple estrogen-responsive
genes (ATF3, CTGF, CY61, GADD45b) have been shown to
be upregulated in patients with hypospadias relative to sub-
jects with normal genitalia (7). It is estimated that 50 million
women take oral contraceptives (OCPs); 3-4% continue tak-
ing OCPs inadvertently after becoming pregnant (16). It is
unknown what effect this supraphysiologic dose of estrogen
may have on the developing fetus; however, it is known that
women who maintain soy-based diets, which are rich in phy-
toestrogens, during pregnancy have increased risk for having
a male child with hypospadias (17). Our finding that ZEBI,
which is known to be estrogen-responsive, interacts directly
with the AR raises the hypothesis that ZEB1 may be an impor-
tant mediator of estrogen-driven aberrant androgen signaling
in hypospadias.

In our study, AR expression levels increased in Hs68 cells
as estrogen concentration increased and AR expression was
higher in preputial skin of boys with severe hypospadias com-
pared to control subjects and those with mild hypospadias.
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It seems counter-intuitive that AR would be upregulated in
subjects with hypospadias, which would seem to be associ-
ated with decreased rather than overactive androgen signal-
ing. However, male mice exposed prenatally to medroxypro-
gesterone, a synthetic progesterone, develop hypospadias and
have elevated levels of AR (18). However, neonatal exposure
to high levels of estrogen downregulates AR in the testes,
prostate, and seminal vesicles, with increasing concentra-
tions of estrogen resulting in corresponding lower levels of
AR expression (19-21).

One explanation is that estrogen has differential effects on
AR expression depending on tissue type and local environment.
Both Hs68 cells and the human subject preputial tissue used in
this study are derived from ectoderm, which may have a different
response to estrogen stimulation than the mesoderm-derived
gonads, prostate, and seminal vesicles. Another explanation
is that AR expression is dependent on the timing of estrogen
exposure. The studies that reported decreased AR expression
after administration of estrogen all used rodent animal models
exposed to estrogen after birth (19-21). Hypospadias, however,
occurs early in gestation as penis development occurs between
9 and 13 wk. It is possible that postnatal estrogen exposure has
a suppressive effect on AR expression while prenatal exposure
may increase AR, at least in preputial skin.

We believe the most likely explanation for the findings is
that there are likely multiple points of interaction between
AR-induced signaling and other sex steroid pathways during
genital development. In mouse models, AR, estrogen recep-
tor, and progesterone receptors are differentially expressed in
the developing mouse genital tubercle and are responsive to
exogenous estrogen (22-24). Additionally, many of the envi-
ronmental and pharmacologic compounds that have been
associated with hypospadias signal through estrogen receptor
and progesterone receptor in addition to or independent of
AR (18,24-32). The multiple points through which estrogenic
compounds interact in the sex hormone signaling pathways
involved in penile development and the emerging evidence
that both androgens and estrogens are involved in male geni-
talia development strengthen the theory that estrogen-induced
androgen signaling disruption is a significant molecular mech-
anism underlying hypospadias.

There are limitations of the Hs68 cell line used in this study.
Because Hs68 cells are derived from the foreskin of a human
male neonate, they might not reflect the gene expression profile
or cellular properties of the developing urethral plate, which is
derived from endoderm. Also, Hs68 cells are fibroblasts; hence,
we cannot definitively state that estrogen increases ZEB1 expres-
sion in human foreskin epithelium in vitro. However, because
ZEB1 levels vary by tissue type, we felt it was of primary impor-
tance to perform the in vitro studies on cells that originated
from human neonatal male genital skin (33). Furthermore,
previous studies in which Hs68 cells were exposed to estrogen
have supported findings in human tissue samples and mouse
models, which is also what we observed in this study (34).

Our findings that estrogen upregulates AR in vitro and
that AR is overexpressed in patients with severe hypospadias
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suggest thatestrogen-induced abnormal AR expression medi-
ated by ZEB1 may be a mechanism through which estrogen
contributes to the development of hypospadias. However,
given the complexity of sex steroid signaling involved in
penile development, we cannot attribute a single receptor or
signaling pathway to be the only factor involved in hypospa-
dias pathogenesis. The interaction of estrogen and proges-
terone pathways with AR signaling in hypospadias should
be further explored. It remains unknown if ZEBI interacts
with these pathways.

METHODS

Subject Characteristics

Preputial tissue was obtained from 32 male subjects with hypospa-
dias undergoing surgical repair at the University of California, San
Francisco (UCSF), between 2005 and 2010. The degree of hypospa-
dias was determined by the position of the urethral meatus and was
classified as mild (meatus at or distal to the mid-shaft of the penis, n =
16) or severe (meatus proximal to the mid-shaft of the penis, n = 16).
Normal preputial skin was obtained from subjects (n = 14) undergo-
ing circumcision during the same time period. All subjects were pro-
spectively enrolled, and informed consent was obtained from parents/
legal guardians prior to the operation. This study was approved by the
UCSF Committee on Human Research.

RNA Preparation, Reverse Transcription, and Real-Time PCR

We used the protocols previously described (8). In brief, RNA was
isolated with RNeasy Midi Kit (QIAGEN, Valencia, CA), and its
quality and purity was measured by NanoDrop spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE). RNA integrity was visu-
alized by the sharpness of the 28s and 18s ribosomal RNA bands in
agarose gels. After standard reverse transcription, the real-time PCR
primers were designed according to target gene sequence published
on PubMed and were synthesized by Integrated DNA Technologies
(San Diego, CA) (Table 1).

SYBR Green Real-time quantitative PCR (Applied Biosystems,
Foster City, CA) was performed using a 7300 fast sequence detec-
tion system according to the manufacture’s instruction and the
Minimum Information for Publication of Quantitative Real-Time
PCR Experiment (MIQE) guidelines (35). Primer titration and dis-
sociation experiments were performed so that no primer dimers or
false amplifications would interfere with the result. Cycle thresh-
old (Ct) number was extracted for both the reference (GADPH)
and target genes with auto baseline and manual thresholds. PCR
was repeated three times for each sample. Expression levels of AR
are reported relative to GAPDH using two delta-delta cycle thresh-
old (36). There was no difference in the amplification kinetics of
GADPH and AR.

Protein Isolation and Western Blot

Protein from the patient samples was extracted with NE-PER Nuclear
and Cytoplasmic extraction reagents kit (Pierce Biotechnology,
Rockford, IL). Protease inhibitors (Thermo scientific halt protease
inhibitor cocktail) were added to the extraction reagents. Cell lysates
containing 20 pg of protein were loaded into a 10% Precast SDS-PAGE
Gel, followed by electrophoresis and transfer of the proteins onto a

Table 1. PCR primer sequences of androgen receptor and GADPH

Gene Primer sequence Product size (bp)
AR F: AAGACGCTTCTACCAGCTCACCAA 170

R: TCCCAGAAAGGATCTTGGGCACTT
GAPDH  F:CATGTTCGTCATGGGTGTGAACCA 160

R: AGTGATGGCATGGACTGTGGTCAT

AR, androgen receptor.

Copyright © 2012 International Pediatric Research Foundation, Inc.
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polyvinylidene fluoride membrane, which was stained with Ponceau
S. Detection of target proteins was performed with an electrochemilu-
minescence kit (Amersham Life Science, Arlington Heights, IL) using
primary antibodies for AR (ab77557; Abcam, Cambridge, MA, 1:100)
and PB-actin (Sigma, A5441, 1:3000 dilution). After secondary anti-
body hybridization, the images were analyzed with Chemilmager4000
(Alpha Innotech, San Leandro, CA). Expression levels of AR are
reported relative to B-actin.

Cell Culture

Hs68 cells, a fibroblast cell line derived from the foreskin of a normal
human neonate, (American Type Culture Collection, Manassas, VA),
were cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 1% nonessential amino acid, 10,000
unit/ml penicillin, 10,000 mcg/ml streptomycin SO, 0.025mg/ml
fungizone, and 110 pg/ml sodium pyruvate at 37°C in 5% CO,
until 80% confluence. Cells used in the experiments were from pas-
sages 5 through 10. At the time of experiment, cells were starved
of fetal bovine serum for 12h and subsequently treated with estro-
gen (B-Estradiol-Water Soluble; Sigma, St Louis, MO) at 0, 10, and
100 nmol/I for 8 h.

Immunohistochemistry

Preputial skin samples were fixed in formalin, paraffin embed-
ded, and sectioned (5um). Antigens were retrieved using antigen
unmasking solution (Vector Laboratory, Burlingame, CA). After
blocking, slides were incubated overnight at 4°C with an affinity
purified rabbit polyclonal anti-AR antibody (PG21-42, gift of Lynn
Birch, University of Illinois at Chicago). Staining of the tissue was
performed with the Elite ABC kit (Vector Laboratory) followed by
hematoxylin counterstain.

Immunofluorescence Staining

After treatment with estrogen as described above, the Hs68 cells
were fixed with ice-cold methanol, permeabilized with 0.05%
Triton X-100, and blocked with Superblock (Perbio Science GmbH,
Heidelberg, Germany). The cells were then incubated with goat anti-
ZEB1 antibody (R17; Santa Cruz Biotechnology, Santa Cruz, CA)
and rabbit anti-AR antibody (gift of Gail Prins, University of Illinois
at Chicago) overnight at 4°C followed by incubation with donkey
anti-rabbit Alexa Fluor 488 FITC conjugated antibody for 1h at
room temperature, and donkey anti-goat Alexa Fluor 594 FITC con-
jugated antibody for 1 h. The cells were stained with 4’,6-diamidino-
2-phenylindole (DAPI) to stain the nuclei and then photographed
using a LEICA DM 4000B fluorescence microscope and a LEICA
DFC 500 digital camera.

ChIP Assay

The ChIP assay was performed by using the EZ-Magna ChIP G kit
(Upstate, No.17-409, Millipore, Billerica, MA) following the manu-
facturer’s instructions. HS68 cells were grown to 80-90% confluence
after which formaldehyde was added to the culture medium to a final
concentration of 1% for 10min. The unreacted formaldehyde was
quenched by incubating with 10x glycine buffer and then the cells
were rinsed and resuspended in phosphate-buffered saline with pro-
tease inhibitor cocktail II. Cell and nuclear lysis buffer were added fol-
lowed by sonication of cell lysate and centrifugation at 4 °C for 10 min.
Supernatants were collected and diluted 1:10 with dilution buffer. A
portion of diluted supernatant (1%) was kept to estimate the amount
of DNA present in different samples; this is referred to as “input”
sample. Immunoprecipitation was carried out overnight at 4°C by
adding the immunoprecipitating antibody and 20 pl fully suspended
protein G magnetic beads. The antibodies used were rabbit polyclonal
ZEB1 (2 pg) (R17, sc-10573, Santa Cruz Biotechnology). The “input”
sample and normal rabbit IgG (1 pg) were also included as the posi-
tive and negative controls, respectively. After washing the protein G
bead-antibody/chromatin complex, ChIP elusion buffer with protei-
nase K was added and incubated at 62 °C for 2h. DNA was recovered
and purified with DNA spin columns. After ChIP assays, routine PCR
was used to quantify the DNA in the samples. The AR primers used

Copyright © 2012 International Pediatric Research Foundation, Inc.

for ChIP are as follows: forward 5-GCG TGG TTG CTC CCG CAA
G-3/, reverse 5-GGG TAG ACC CTT CCC AGC CC-3".

Statistical Analysis

The difference of mRNA and protein expression levels of AR between
controls, subjects with mild hypospadias, and subjects with severe
hypospadias was determined using ANOVA with Bonferroni correc-
tion. Statistical analysis was performed with SPSS Statistic 17 (IBM,
Chicago, IL)
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