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Alterations in gene expression during sexual
differentiation in androgen receptor knockout mice
induced by environmental endocrine disruptors
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Abstract. In the present study, we aimed to explore the effect
of environmental endocrine disruptors (EEDs) on sexual
differentiation in androgen receptor (AR)”", AR"" and AR"*
male mice. By using a Cre-loxP conditional knockout strategy,
we generated AR knockout mice. By mating flox-AR female
mice with AR-Cre male mice, the offspring male mice which
were produced were examined. Mice not subjected to any type
of intervention were used as the controls. Furthermore, male
mice of different genotypes were selected and further divided
into subgroups as follows: the control group, bisphenol A (BPA)
group and the D binding protein (DBP) group. The expression
of the Wilms tumor 1 (WT1), lutropin/choriogonadotropin
receptor (LHR), 17-fB-hydroxysteroid dehydrogenase type 3
(17HSD3) and steroid-5-alpha-reductase, alpha polypeptide 2
(SRD5A2) genes was determined by RT-qPCR and western blot
analysis. There was no statistically significant difference in the
weight of the mice between the control group and the knockout
group (P>0.05). The results revealed that, compared with the
control group, in the knockout group, anogenital distance was
shortened, and testicular weight and testosterone levels were
decreased; estradiol levels were elevated; the differences were
statistically significant (P<0.05). In the group of AR*" male
mice exposed to 100 mg/1 EEDs, hypospadias was successfully
induced, suggesting that EEDs are involved in the embryonic
stage of sexual development in male mice. The quantitative
detection of WT1, LHR, 17fHSD3 and SRD5A2 gene expres-
sion by RT-qPCR and western blot analysis indicated that these
genes were significantly downregulated in the mice in the BPA
group. In conclusion, exposure to EEDs induces hypospadias in
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heterozygous and wild-type male mice offspring during sexual
differentiation, but has no effect on homozygous offspring.
Therefore, EEDs play an important role during the third stage
of sexual differentiation.

Introduction

Endocrine disruption has become a critical issue in environ-
mental science, particularly after the endocrine-disrupting
chemical pollution accident in Taiwan which attracted public
attention worldwide (1). Consequently, over the last few years,
multi-disciplinary research programmes regarding this issue
have been conducted in several countries. Several environ-
mental chemicals with anti-androgenic activities that have the
potential to disrupt normal male sexual differentiation in utero
have recently been identified (2,3). The detection of chemicals
with the potential to disrupt normal androgen function is
critical for the protection of human and ecological health.
The androgen receptor (AR), a member of the nuclear
receptor superfamily, is composed of 919 amino acids (4).
It contains an N-terminal transactivation domain, a central
DNA-binding domain and a C-terminal ligand-binding
domain (5). AR may form a dimer and interact with many
co-regulators to modulate androgen target genes (6). Previous
studies have demonstrated that AR is involved in a series of
developmental and physiological functions, particularly in male
sexual differentiation (7), the maintenance of adolescent sexual
maturation (8), sperm production (9) and male sex hormone
regulation (10). The function of androgens is mediated by the
AR (11). Research has indicated that, during the process of
sexual development, the number and activity of ARs has direct
effects on target organs, and thus plays a crucial role in the onset
of hypospadias (12). Male sexual differentiation is the result
of complex mechanisms involving developmental genetics
and endocrinology. Hormone function is mediated through
specific receptors, functioning as transcriptional regulators.
The disruption of these genetic events leads to abnormal sexual
dimorphism involving both external and internal genitalia, and
may also interfere with the development of other organs (13).
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Table I. Primers used for the construction of target vectors, Amhr2-Cre.

Primer Sequence
Primer 1 Forward: 5'-AAAAGGACATTAAGACCACATAAT-3'
Reverse: 5'-GAAGCAGTGTCCAAAGCCCCCATG-3'
Primer 2 Forward: 5'-CTCCAAGCTTCCTCTGCCTCTTGAGT-3'
Reverse: 5'-TGTACGGTCAGTAAATTGGACATAAACCAGCAAAAACCAG-3'
Primer 3 Forward: 5'-CTGGTTTTTGCTGGTTTATGTCCAATTTACTGACCGTACA-3'
Reverse: 5'-AATCTCTAGACTAATCGCCATCTTCCAGCA-3'
Primer 4 Forward: 5'-TACGACGCGTGCATCTGCCACTGTGCCTGG-3'

Reverse: 5'-CAGCCCGGACCGACGATGAA-3'

Transgenic and knockout mice have long been used as
animal models to study the function of genes in vivo. Testicular
feminization in male mice and androgen insensitivity
syndrome in human male patients are the common models
used for the study of the loss of androgen function (14). To
generate tissue-specific AR knockout (ARKO) mice or female
ARKO mice, a Cre-loxP strategy for conditional knockout
is required. The Cre-loxP system utilizes the expression of
P1 phage cre recombinase (Cre) to catalyze the expression of
DNA located between flanking loxP sites (15). This strategy
differs from the standard targeted gene disruption procedure
in that the embryonic stem (ES) cells are generated in which
the targeted segment is not disrupted but flanked by loxP sites
(floxed). Thus, the target gene functions normally and mice can
be bred which are homozygous at the targeted locus.

In the present study, we describe the generation and char-
acterization of ARKO mice. The potential in vivo application
of this mouse model for the study of the effects of environ-
mental endocrine disruptors (EEDs) on sexual differentiation
in AR”, AR and AR" male mice is also discussed. We
aimed to examine the role of EDDs in the third stage of sexual
differentiation through the regulation of the expression of
Wilms tumor 1 (WT1), lutropin/choriogonadotropin receptor
(LHR), 17-B-hydroxysteroid dehydrogenase type 3 (17pHSD3)
and steroid-5-alpha-reductase, alpha polypeptide 2 (SRD5A2)
genes in AR”, AR"" and AR"* male mice. The results of the
present study may provide a theoretical basis for the develop-
ment of future preventive strategies to reduce EED contact.

Materials and methods

All experiments were approved by the Ruijin Hospital Ethics
Committee and were performed in accordance with ethical
standards.

Materials.C57TBL/6 mice,35-40 days old, weighing 18-22 g, were
supplied by the Shanghai SLAC Laboratory Animal Co., Ltd.
(Shanghai, China). The mice were raised in an air-conditioned
room under controlled lighting and were fed standard laboratory
chow and water ad libitum. DNA polymerase was purchased
from Toyobo Co. (Osaka, Japan), proteinase K was from Merck
(Billerica, MA, USA) and kits for the detection of testosterone
and estradiol were purchased from Amersham Biosciences Corp.
(Piscataway, NJ, USA). Immunohistochemical staining kits

were purchased from CapitalBio Corp. (Beijing, China) and
bisphenol A (BPA) and D binding protein (DBP) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Antibodies to
LHR, 17BHSD3 and SRD5A2 were from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA, USA).

Construction of targeting vector Amhr2-Cre. We designed
the PCR primer 1 according to the Amhr2 promoter sequence
previously reported (16). Genomic DNA from blood collected
from the C57BL/6 mice was isolated as a template for PCR
amplification. The amplified fragment has an expected size of
5 kb and was subcloned to the pMDI8-T plasmid, and named
Amhr5K-P-TV for further sequencing. The universal primer 2
was used to perform the amplification of bands of approxi-
mately 1 kb from AmhrSK-P-TV, and universal primer 3 was
used to yield amplification bands of Cre approximatelyl kb
from the plasmid Aluminum-cre; both fragments were recy-
cled. Recycling DNA was used as a template, and the reverse
sequence of primer 2 and the forward sequence of primer 3
were used to perform the amplification of the 2 kb strip. The
recycled 2 kb strip was digested with the HindIIl and Xbal
enzymes, and ligated with the pGL3-Basic plasmid digested
with the same enzymes for further transfection. The identifica-
tion of positive clones was carried out by PCR and the clone was
named Amhr-1k CRE4. A fragment of 3 kb was amplified from
plasmid Amhr5K-P-TV with primer 4, digested with the Miul
and EcoRI enzymes and subcloned into the Amhr-1k-CRE4
clone (primer information is presented in Table I). Identification
of positive clones was carried out by PCR and the clone was
named Amhr-4k-CREG6 (8.2 KB). Following digestion with the
EcoR, BamHI, EcoRV and Scal enzymes, a promoter of 7.1 Kb
was obtained which was connected to plasmid pRCH. The
identification of the plasmid containing leydig cells expressing
Cre recombinant enzyme and the specificity of the genetically
modified (gm) sequence [Amhr2-Cre (7.1)] are shown in Fig. 1.

The microinjection of fertilized eggs. With the use of Kpnl
and Sacl double enzyme digestion to construct the transgenic
plasmid, the injection fragments were recycled. According to
the conventional method, we performed microinjection and
transplantation of the fertilized eggs.

Genotypicidentification of genetically modified mice. Genomic
DNA was extracted from the gonadal tissue of mice for PCR
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Figure 1. Plasmid for conditional androgen receptor (AR) gene knockout.

analysis. According to the gene sequence upstream and down-
stream of the Cre enzyme gene, we designed a pair of primers
(primer 5: forward, TCTGTAGACTCTAGGCAGTTCCTGT
and reverse, CAGCCCGGACCGACGATGAA). We employed
this primer set to propagate the Cre enzyme gene of approxi-
mately 2,115 bp. The PCR reaction conditions were as follows:
95°C for 3 min; followed by 26 cycles of 95°C for 15 sec (dena-
turation) and 58°C (annealing temperature), 72°C for 2 min
(elongation) and 72°C for 10 min.

Heterozygous female mice mating with Amhr2-Cre trans-
genic mice, the experimental groups and exposure to EED:s.
Heterozygous female mice mated with Amhr2-Cre transgenic
mice bred heterozygous mice of the F1 generation. The
F1 generation was then backcrossed to C57BL/6 mice for
2 generations, which then produced pure strains of hetero-
zygous mice. F1 generation transgenic mice were selfed,
producing homozygous mice with a clear genetic background.
Heterozygous female mice were mated with homozygous
male mice and became pregnant. The mice were divided
into the following groups: the control group (no interven-
tion), the BPA group (100 mg/l/day, by gavage) and the DBP
group (100 mg/kg/day, by gavage). The pregnant heterozygous
female mice were exposed to EEDs (mice were administered
either DBP at 100 mg/kg/day or BPA at 100 mg/1/day).

Reverse transcription-quantitative (real-time) PCR (RT-qPCR).
Total cellular RNA was prepared using TRIzol reagent
(Invitrogen Life Technologies, Carlsbad, CA, USA) and the
expression levels of WT1, LHR, 17BHSD3 and SRD5A2 were
determined by real-time PCR using SYBR-Green. The data were
normalized to GAPDH expression and represent the average
of 3 independent experiments. The primer sequences were as
follows: WT1 forward, 5'-CAAATGACATCCCAGCTTGA-3'
and reverse 5'-GACACCGTGCGTGTGTATTC-3"; LHR
forward, 5'-ATATTCAAGAGATGCACTGTGCAG-3' and
reverse, 5-~AAGCAGAGTGTCAATGGGAAATAG-3.
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Figure 2. Androgen receptor (AR) gene condition knockout plasmid was
identified and confirmed by enzyme digestion with BamHI.
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Figure 3. The PCR production of genome DNA of drug-resistant ES cell
clones. Lanes 1-5,5'arm PCR; --, 5' arm negative control; M, MBI GeneRuler
1 kb DNA Ladder Ferments.

Western blot analysis. Western blot analysis was performed
as previously described (17). Cell lysates were subjected to
SDS-polyacrylamide gel electrophoresis and immunoblot
analysis with antibodies to WT1, LHR, 17HSD3 and
SRD5A2 (all from Santa Cruz Biotechnology). Radioiodinated
Staphylococcus protein A (IPA) was used as the antibody and
[-actin was used as a control for normalization.

Results

Construction of transgenic mouse model (Amhr2-Cre). The
AR gene condition knockout plasmid was identified and
confirmed by enzyme digestion with BamHI. Fig. 2 illustrates
that 3 fragments with a size of 2.7, 3 and 2.7 kb were visible by
agarose gel electrophoresis.

Breeding of chimeric mice. A total of 96 drug-resistant ES
cell clones was identified by PCR; homologous recombination
arms occurred in 5 ES clones (Fig. 3). PCR products confirmed
by DNA sequencing further pointed out that there were only
2 positive clones, and these 2 positive ES clone blastocysts
were injected and implanted in the uterus of pseudo-pregnant
mice. The mice with a chimeric rate >50% were mated with
C57BL/6 mice; thus, 6 F1 generation female mice with 2 “posi-
tive arms’ were produced.
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Table II. Comparison of anogenital distance, testicular weight,
blood testosterone levels and estradiol concentration between
the 2 groups.

Control Knockout
Index group group
Weight (g) 22.3+2.1 21.2+1.3
Anogenital distance (cm) 1.2+0.1 0.5+0.1
Testicular weight (g) 0.087+£0.002 0.005+0.001

0.87+0.533  0.054+0.043
796+130 1386280

Blood testosterone (nmol/1)
Estradiol concentration (nmol/l)

Data are presented as the means + SD.

Table III. Incidence of hypospadias in AR*- and AR"" male mice
exposed to EEDs.

Exposure AR*" male mice/ AR’ male mice/
to EEDs cases of hypospadias  cases of hypospadias
BPA group 32/30 31/0

DBP group 29/26 33/0

EEDs, environmental endocrine disruptors; BPA, bisphenol A; DBP,
D binding protein.

Comparison between AR male mice and normal mice.
Maldevelopment, i.e. enlargement of the prostate, the seminal
vesicles, the epididymis and the sponge balls was observed
in the knockout mice. By contrast, in the control group, the
prostate, the seminal vesicles, the epididymis and the ball
sponges were normally developed. Comparisons regarding
the anogenital distance, testicular weight, blood testosterone
and estradiol concentrations were made between the control
group and the knockout group as shown in Table II. There
was no statistically significant difference in weight between
these 2 groups (P>0.05). Compared with the control group, in
the knockout group, the anogenital distance was significantly
shortened, the testicular weight was significantly reduced, the
testosterone levels were decreased and the estradiol levels were
elevated; the differences were statistically significant (P<0.05).

Heterozygoous mice mated with Amhr2-Cre transgenic mice,
the experimental groups and exposure to EEDs. In the group
of AR"" male mice administered BPA (100 mg/l/day, by
gavage) and DBP (100 mg/kg/day, by gavage) hypospadias was
successfully induced, while the AR mice did not have hypo-
spadias. The detailed information is presented in Table III.

Disorders of sexual development in male mice following
exposure to EEDs. The 10-week-old offspring mice were
euthanized by anesthesia (in mice, testicular descent into the
scrotum occurs at 45-55 days, sexual maturity is reached in
approximatley 70 days). Secondary sexual differentiation, crypt-
orchidism, genital malformation, testicular atrophy, hyperplasia
of supporting cells and fibrous tissue hyperplasia were observed
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in the male heterozygous mice exposed to EEDs (Fig. 4). These
results suggest that EEDs are involved in the embryonic stage
of the sexual development of male mice and contribute to the
occurrence of disorders of sexual developmental during the
embryonic stage.

Exposure to EEDs downregulates gene expression in mice.
Testicular tissue-specific expression was analyzed by RT-qPCR.
The quantitative detection of WT1, LHR, 17HSD3 and
SRDS5A?2 gene expression in the mice exposed to EEDs (BPA
and DBP) demonstrated that the expression of the aforemen-
tioned 4 genes was lower than that observed in the control group
(non-exposed mice). The mRNA expression levels of WTI,
LHR, 178HSD3 and SRD5A2 in testicular tissue were the lowest
in the BPA group and the highest in the control group (Fig. 5).
These results suggest that EEDs are involved in the embryonic
stage of the sexual development of male mice and contribute
to the occurrence of disorders of sexual development. Western
blot analysis was used for the detection of the protein expression
of WT1, LHR, 17BHSD3 and SRD5A?2 in testicular tissue. The
results revealed that in the BPA and DBP groups, the expression
levels of of the aforementioned 4 genes were lower than those in
the control group. The protein expression levels of WT1, LHR,
17BHSD3 and SRD5A2 in testicular tissue were the lowest in
the BPA group and the highest in the control group (Fig. 6).

Discussion

In recent years, the incidence of hypospadias has been gradually
increasing. A greatamount of research on a wide range of aspects,
from the epidemiological to the genetic aspects of hypospadias,
has been carried out (18,19). However, no consensus has yet been
reached on this issue. Previous studies have suggested that the
understanding of the normal development of the male external
urethral orifice is an important step towards the understanding
of the development of hypospadias (20,21). Research focusing
on the normal embryonic development of the penile urethra has
formed a basis for understanding the development and patho-
genesis of hypospadias (22,23). By comparing the development
of the urethra between humans and mice, scientists have found
that the growth and development of the urethra are very similar
between the two species during urethral seam formation (24).
However, further studies are required to determine the associa-
tion between AR expression and androgen signaling in males.
An increase in the incidence of hypospadias was reported
in 1975 by the then newly established Norwegian Birth Defects
Monitoring System (25). While the number of cases in that
study was small (25), a continuation of this initial increase
was subsequently reported by another study (26). Czeizel
examined the rates of isolated hypospadia cases in Hungary
between 1971 and 1983 and found that the incidence had
increased significantly during this time period (P<0.01) (27).
Matlai and Beral (28) examined the rates of malformations
reported at birth and found a significant increase in cases of
cryptorchidism, hypospadias and hydrocele between 1969 and
1983 in England and Wales (all P-values <0.001). Owing to
the aggravating environmental pollution, the issue of develop-
mental deformities has attracted public attention. However, the
damage or defects that EEDs cause to the male reproductive
system require further investigation. A number of scholars
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Figure 4. Disorders of sexual developmental in male mice following exposure to environmental endocrine disruptors (EEDs) indicated by H&E staining.
(A) Testicular tissue of the control male mice; (B) Testicular tissue of the male mice exposed to EEDs.
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Figure 5. Quantitative detection of WT1, LHR, 17BHSD3 and SRD5A2 mRNA
expression in mice exposed to environmental endocrine disruptors (EEDs)
compared with the control group (no exposure EEDs) RT-qPCR.
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Figure 6. Quantitative detection of WT1, LHR, 17BHSD3 and SRD5A?2 protein
expression in mice exposed to environmental endocrine disruptors (EEDs) com-
pared with the control group (no exposure to EEDs) by western blot analysis.

believe that the incidence of hypospadias in recent decades
in males is strongly associated with the significant increase in
exposure to EEDs, such as BPA and DBP, which exist in high
levels in the environment (29,30). Existing research indicates
that the male reproductive system is the target organ of EEDs,
and that exposure to EEDs may result in significantly lower
testosterone levels and can cause hypospadias, cryptorchi-
dism, dysplasia of the epididymis and other male urogenital
disorders (31).

Exposure to EEDs during the third stage of sexual develop-
ment negatively affects the expression of genes related to male
sexual development, such as WT1,LHR, 17BHSD3 and SRD5A2
at the transcriptional and translational level. The transcription
factors, SF-1 and WT1, play a pivotal role in mammalian gonadal
development and sexual differentiation. In human embryos,
both SF-1 and WT1 are expressed when the gonadal ridge first
forms at 32 days post-ovulation (32). As the sex cords develop,
providing morphological evidence of testis differentiation, SF-1
localizes predominantly to developing Sertoli cells in the sex
cords, whereas WT1 retains a broader pattern of expression (33).
At later stages, SF-1 predominantly localizes to steroidogenic
Leydig cells, and WT1 localizes to the sex cords (33). In the
ovaries, SF-1 and WTI transcripts persist in the gonadal ridge
from the earliest developmental stages throughout the critical
period of sex determination (33). Human male sexual develop-
ment is regulated by chorionic gonadotropin and luteinizing
hormone. The aberrant sexual development caused by both acti-
vating and inactivating mutations of human luteinizing hormone
receptor (LHR) has been described. Constitutive activity of the
LHR causes LH releasing hormone-independent precocious
puberty in boys and the autosomal dominant disorder, familial
male-limited precocious puberty (34). The 17HSD3 gene on
chromosome 9922 contains 11 exons. Defects in the conversion of
androstenedione to testosterone in the fetal testes by the enzyme,
17beta-hydroxysteroid dehydrogenase (173-HSD), give rise to
instances of individuals having female external genitalia despite
being genetically male (35). Androgen production increases to
normal progressively, so that testosterone and dihydrotestosterone
concentrations are sufficiently high to gradually induce somatic
and genital civilization, thus enabling an adequate male gender
function (36). Prospective studies have suggested that the risk of
developing prostate cancer may be increased in association with
high serum concentrations of free testosterone and androstane-
diol glucuronide (Adiol G) (37,38). Polymorphisms have been
identified in the 17-hydroxylase cytochrome P450 gene (CYP17)
and SRD5A2, two genes that are involved in the biosynthesis and
metabolism of androgens in males (39).

In conclusion, we successfully developed Amhr2-Cre geneti-
cally modified mice. Recombination between the LoxP loci in the
genome for the application of the Cre-LoxP system was used to
generate the knockout mice. Gene expression in testicular tissue
was examined to determine its association with the development
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of hypospadias, cryptorchidism, small penis and testicles and
other pediatric urological disorders. Our data indicate that the
Cre recombinase is expressed in testicular tissue in Amhr2-Cre
transgenic mice. These mice may serve as a useful tool for
generating testis-specific gene knockout mice. The role of Cre
recombinase in the development of disorders of the reproductive
system may provide the ideal genetic tools for future research.
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