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Hypospadias is a congenital anomaly of the genitalia charac-
terized by abnormalities of the urethra and foreskin, with the
urethral meatus located in an abnormal position anywhere from
the distal ventral penile shaft to the perineum. Because the
incidence of hypospadias is approximately 1/200–1/300 live
male births, it is one of the most common congenital malforma-
tions, but its etiology is largely uncharacterized. Genomic anal-
ysis of hypospadic tissue indicated a potential role for activating
transcription factor 3 (ATF3) in the development of this anom-
aly. ATF3 may be involved in homeostasis, wound healing, cell
adhesion, or apoptosis, and normally it is expressed at a steady-
state in quiescent cells. Additionally, it has been shown to be an
estrogen-responsive gene, and the etiology of hypospadias may
be related to in utero exposure to estrogenic or anti-androgenic
compounds. We examined the expression of ATF3 in tissues
from 28 children with hypospadias compared with 20 normal
penile skin tissue samples from elective circumcision. Eighty-six

percent of the hypospadias samples were immunohistochemi-
cally positive, compared with 13% of normal tissue samples.
Seventy-five percent of hypospadias samples were positive from
in situ hybridization, compared with 1% of circumcision sam-
ples. Our results indicate that ATF3 is up-regulated in the penile
skin tissues of boys with hypospadias, suggesting a role for this
transcription factor in the development of this abnormality.
Because the etiology of hypospadias may include exposure to
estrogenic compounds, the responsiveness of ATF3 to estrogen is
also discussed. (Pediatr Res 58: 1280–1283, 2005)
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Hypospadias is a congenital anomaly of the genitalia char-
acterized by abnormalities of the urethra and foreskin (1). In
mild hypospadias the urethral meatus is located in an abnormal
position along the distal ventral penile shaft, coronal margin, or
proximal glans. In moderate hypospadias the abnormal urethral
opening exists on the middle of ventral aspect of the penis.
Severe hypospadias is characterized by a proximal urethral
opening that can occur at the penile scrotal junction or within
the scrotal folds or perineum, and the more severe forms of
hypospadias are associated with penile curvature. The inci-
dence of hypospadias is approximately 1/200�1/300 live male
births, making hypospadias one of the most common congen-
ital malformations in children. Some research has documented
that the incidence of this anomaly has been increasing in the

United States during the last three decades (2). The molecular
events required in the genitourinary tract for normal develop-
ment of the male external genitalia are just beginning to be
elucidated (3-6), and the etiology of hypospadias remains
unknown, although endocrine disruptors have been proposed
as a possible explanation for the increasing incidence that has
been reported in industrialized countries (4–7). Many studies
also suggest a genetic component in the transmission of this
birth defect and it seems to be multifactorial (8,9).

Activating transcription factor 3 (ATF3) is a member of the
ATF/CREB (cAMP responsive element binding) family of
transcription factors (10). ATF3 contains the basic region and
leucine zipper (bZIP) motif characteristic of the bZIP super-
family of transcription factors, which includes members of the
CCAAT/enhancer-binding protein family, the Jun/Fos family
and ATF/CREB family (10–12). Expression of ATF3 protein
is normally at a steady state in quiescent cells, but can be
rapidly induced to a high level in response to multiple extra-
cellular signals, including growth factors, cytokines, and geno-
toxic stress agents (10,13–17).
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ATF3 may be involved in homeostasis, wound healing, cell
adhesion, cancer cell invasion, apoptosis and signaling path-
ways (10,11,18–20). Overexpression of ATF3 protein sup-
presses cell growth and slows the transition of cells from G1 to
S phase. This evidence suggests that the ATF3 protein may
play a negative role in cell cycle progression (20–23).

Microarray results from our lab (Z. Wang et al., manuscript
in preparation) indicate that ATF3 is one of the genes that is
up-regulated in hypospadic tissue. Exploration of the literature
revealed a potential response of ATF3 to estrogen (9,24), and
estrogenic or anti-androgenic activity is implicated in the
development of hypospadias (4,25). To investigate further the
role of ATF3 in this anomaly, we compared the gene’s mRNA/
protein expression in normal versus hypospadic human tissue
using molecular localization techniques.

MATERIALS AND METHODS

Young males with hypospadias scheduled to undergo surgical repair were
prospectively entered into this study from January, 2004 to June, 2004. We
received written, informed consent from parents for these procedures, which
were approved by our institutional Committee on Human Research.

Patients with an undescended testis, intersex condition, or known endocrine
abnormalities were excluded from the study. The position of the urethral
meatus (Table 1), associated anomalies, and family history of hypospadias
were assessed by history and physical exam. No patients received preoperative
testosterone treatment.

Excess prepucial tissue was obtained at the time of elective surgery for
hypospadias; no periurethral tissue was taken. Controls consisted of patients
undergoing elective circumcision, and controls and hypospadias samples were
strictly age-matched. Tissue specimens were prepared for paraffin-embedded
or frozen sectioning.

Antibodies and immunohistochemical techniques. Skin specimens were
evaluated for expression of ATF3 protein by immunohistochemical staining
using the standard protocol accompanying the ABC kit (Vector Laboratories,
Inc., CA), with overnight primary-antibody incubation with rabbit-anti-ATF3
(Santa Cruz Biotechnology, Inc., CA) at a dilution of 1:400. Control sections
were incubated without primary antibody. Digital images were acquired with
a Leica camera and ACT-1 computer software.

Preparation of ATF3 probe and in situ hybridization. Expression of ATF3
mRNA was detected by in situ hybridization with digoxygenin-labeled ATF3
antisense probe. Total RNA was isolated from a patient (6 mo) with severe
hypospadias. Reverse-transcriptase (RT) polymerase chain reaction (PCR) was
performed with 2.5 �g of RNA sample in a reaction volume of 20 �L using
a DNA Engine® Thermal Cycler. Fragments of the PCR product were har-
vested using the GeneClean method (Geneclean Kit, Qbiogene, Inc., Carlsbad,
CA).

Construction of pCR 2.1-ATF3 and plasmid assay. Ligation fragment of
ATF3 with pCR 2.1 vector was processed using the instruction manual from
TA cloning kit (Invitrogen, TA Cloning kit with pCR 2.1 vector). The plasmid
of pCR 2.1-ATF3 was transferred into DH5�INVaF’ competent cells (Invitro-

gen, one shot DH5�INVaF’ chemically competent E. coli), followed by
spreading 50 �L of the competent cells on a labeled LB agar plate containing
100 �g/mL ampicillin and X-Gal (including IPTG) and incubated overnight at
37°C. Simultaneously, the ligation reaction without X-gal was performed as a
control. The white colonies were those cells successfully transfected with pCR
2.1-ATF3. The blue colonies were negative pCR 2.1-ATF3. Both white and
blue clones were selected and transferred to an ampicillin LB agar plate. To
increase the amount of plasmid, both colonies were cultured separately at 225
rpm for 14 h in a shaking incubator. DNA purification of plasmid was
performed using Qiagen plasmid mini kit 25 (Qiagen). Plasmid DNA sequence
analysis was completed by restriction enzyme digestion. Based on the nucle-
otide sequence of pCR2.1-ATF3, a pair of restriction endonuclease analysis for
the plasmid DNA was designed by restriction enzyme EcoR-1 (BioLabs Inc.)
and Xbal-1 (BioLabs Inc.) respectively. A 254 bp fragment was harvested after
EcoR-1 digestion with Multi-coreTM buffer, and 350 bp fragment by Xbal-1
with Nebuffer 2.

Construction of pCR 2.1-ATF3 and plasmid assay was done as previously
described (26). Based on the nucleotide sequence of pCR2.1-ATF3, a pair of
restriction endonuclease enzymes (EcoR1 and Xbal-1) (BioLabs Inc.) was used
to harvest a 254 bp fragment (EcoR1) and a 350 bp fragment (Xbal1).

ATF3 probe labeling. Probe was labeled with DIG-11-UPT (DIG RNA
Labeling mix, Roche) in a T7/Sp6 polymerase (Promega) transcription reac-
tion, and appropriate signal was checked by dot blot. ATF3 DNA to be labeled
was cloned into pCR 2.1, the polylinker site of an appropriate transcription
vector, which contains adjacent to the polylinker a promoter for T7 RNA
polymerase and Sp6 RNA polymerase. Plasmid DNA was linearized by the
restriction enzymes SpeI and NotI for the synthesis of “run off” transcripts.
Restriction enzymes creating 5=-overhangs were used. The linearized template
DNA was purified by the gene clean method with glass beads, avoiding RNase
contamination. Dig RNA Labeling Mix (10� conc., Roche) was used for
ATF3 probe labeling. DIG-labeled, single-stranded RNA probes of defined
length were generated by in vitro transcription. DIG-11-UPT was incorporated
by Sp6 or T7 RNA polymerases at approximate every 20–25th nucleotide of
the transcript under the conditions as described in the manual. The reaction
system included 5� transcription buffer (T7) (Promega), 5� transcription
buffer (Sp6), (Promega), 0.1 DTT (Invitrogen), Sp6 RNA polymerase (Pro-
mega), T7 RNA polymerase (Promega), DNase 1 RNasin free (Roche), RNasin
inhibitor (Promega). Probe signal was checked by dot probe on a nylon
membrane using UV cross-linking. Then anti-digoxygenin immunohistochem-
istry was performed with blocking the membrane in 500 – 800 �L of
MABT/2% BM blocking reagent/10% sheep serum. The membrane was
washed and the probe detected with BM purple.

In situ hybridization. In situ hybridization followed standard laboratory
protocols. All steps were conducted under RNase-free conditions. Frozen
tissues were sectioned at 4 �m on a Zeiss HM500 cryostat. All sections were
hybridized with ATF3 RNA probe at 65°C overnight in a humidified chamber.
Anti-digoxygenin (1:200) immunohistochemistry was performed by using
anti-dig antibody (anti-digoxygenin-AP Fab fragments, Roche Diagnostics
Corporation, Indianapolis, IN, USA). BM purple was used for staining. The
specificity of the ATF3 hybridization signal was verified by comparison with
the sections processed with sense probe under identical conditions

Statistical analysis. Fisher’s exact two-tailed tests were used to compare the
frequency data of the two groups. Statistical significance was assigned at p �
0.05.

RESULTS

Expression of ATF3 protein in prepuce. ATF3 protein
localized in the nuclei of stromal cells and the vascular endo-
thelium in the s.c. tissue of prepuce. The staining intensities
were stronger in patients with moderate and severe hypospa-
dias compared with mild hypospadias (Fig. 1, Table 2). Of the
43 specimens examined by immunohistochemistry, 24 (85.7%)
of the 28 patients with hypospadias showed expression of
ATF3 protein, and only 2 (13.3%) of the 15 patients undergo-
ing circumcision were positive (p � 0.0001) (Table 2).
Expression of ATF3 mRNA in prepuce. ATF3 mRNA

signal localized in the cytoplasm of the stromal cells in the s.c.
tissue of prepuce (Fig. 2). Of the 28 specimens examined by in
situ hybridization, 15 (75%) of the 20 patients with hypospa-
dias and only 1 (6%) of the eight circumcision patients exhib-
ited up-regulation of ATF3 mRNA (p � 0.004) (Table 3).

Table 1. Clinical features of all patients with hypospadias

Type Number

Mild hypospadias 15
Glandular 2
Coronal 6
Subcoronal 7

Moderate hypospadias 7
Distal 3
Mid-shaft 3
Proximal 1

Severe hypospadias 6
Penoscrotal 4
Scrotal 1
Perineal 1

Total 28
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Consistency of expression of ATF3 protein and mRNA in
prepuce. Of the 20 specimens examined both by immunohis-
tochemistry and in situ hybridization, 8 (40%) were positive
and 6 (30%) were negative simultaneously (Table 4) (p �
0.07).

DISCUSSION

Many different laboratories indicate that ATF3 is a stress-
inducible gene; its mRNA level greatly increases upon expo-
sure of cells to stress signals (14,16). Over the past decade, the
physiologic significance of ATF3 dimers has not been made
clear. Thus far, the main clues for the physiologic function of
ATF3 come from the expression pattern in both animal models
and cultured cells. The general view is that dimer formation
can alter DNA binding specificity and transcriptional activities,
thus expanding the ability of these bZip proteins to regulate
gene expression. The ATF3 homodimer is a transcriptional
repressor (20,22,23,27); however, the heterodimeric complex
of ATF3 with c-Jun (or Jun D) has been demonstrated to
function as a transcriptional activator (28). Currently, our

understanding in these areas is limited. It is almost certain that
each ATF/CREB protein regulates a variety of target genes via
complex mechanisms. Many publications have implicated
ATF3 in several processes including stress response, hepatitis
B viral-mediated processes, and tumorigenicity (10,16,17,20).

To our knowledge, this study is the first to demonstrate a
relationship between ATF3 and hypospadias. We have shown
that the ATF3 gene is up-regulated in the skin of patients with
hypospadias compared with normal prepuce. Research em-
ploying a gain-of-function approach found that expression of
ATF3 leads to adverse outcomes in cells exposed to stress (29).
This finding is consistent with the observation that transgenic
mice expressing ATF3 in selective tissues have a malfunction
in target tissues (29). Although the functional significance of

Figure 1. ATF3 immunoreactivity in hypospadic and control tissues. Figs. 1A
and 1B show moderate and severe degrees of hypospadias, respectively. Fig.
1C shows circumcision control. Fig. 1D shows negative control (no primary
antibody exposure). Tissue sections in Figs. 1A1, 1B1, 1C1, and 1D1 are
hematoxylin/eosin stained. ATF3 is clearly expressed in the nuclei of many
cells in the s.c. tissue of hypospadic samples (Figs. 1A2, 3, 4, 1B2, 3, 4,
arrows). Note that there is no ATF3 immunoreactivity in circumcision control
tissue (Figs. 1C2, 3, 4) or in the negative control (Figs. 1D2, 3, 4). Magnifi-
cations from top row to bottom are 100, 100, 200, and 400�, respectively.
Scale bars for each row are found in far-left panel.

Table 2. Expression of ATF3 protein

Tissue IHC positive IHC negative Total

Hypospadias 24 4 28
Mild 12 3 15
Moderate 6 1 7
Severe 6 0 6

Circumcision 2 13 15
Total 26 17 43

IHC, Immunohistochemistry.
p � 0.0001 (Fisher’s exact test).

Figure 2. Expression of ATF3 mRNA in tissues of hypospadic and control
tissues. Fig. 2E shows hypospadias. Fig. 2F shows circumcision control. Fig.
2G shows negative control (exposure to sense probe). Tissue sections in Figs.
2E1, 2F1, and 2G1 are hematoxylin/eosin stained. Figs. 2E2 and 3 show
up-regulation of ATF3 expression in hypospadias (arrows). Figs. 2F2 and 3,
and 2G2 and 3 show absence of ATF3 probe binding in circumcision and
negative controls. Magnifications from top row to bottom are 100, 100, 200,
and 400�, respectively. Scale bars for each row are found in far-left panel.

Table 3. Expression of ATF3 mRNA

Tissue ISH positive ISH negative Total

Hypospadias 15 5 20
Mild 4 4 8
Moderate 4 1 5
Severe 7 0 7

Circumcision 1 7 8
Total 16 12 28

ISH, In situ hybridization.
p � 0.004 (Fisher’s exact test).

Table 4. Co-expression of ATF3 mRNA and protein

Method ISH positive ISH negative Total

IHC Positive 8 5* 13
IHC Negative 1 6† 7
Total 9 11 20

* four from the mild hypospadias group, and one from the moderate group.
† all were circumcision samples.
p � 0.07 (Fisher’s exact test).
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ATF3 up-regulation is unknown, our results suggest that ATF3
may play a role in hypospadias, not as a protective response for
the cells to cope with stress, but as a part of the cellular
response that leads to hypospadias formation.

Studies using the tetracycline-inducible system (Tet-off)
found that over-expression of ATF3 protein suppresses cell
growth (30). The results of these studies indicate that regula-
tion of ATF3 induction after DNA damage utilizes both the
p53-dependent and -independent pathways, and may also in-
volve mitogen-activated protein kinase signaling pathways.
Over-expression of ATF3 protein can slow progression of cells
from G1 to S phase, indicating that ATF3 protein might play a
negative role in the control of cell cycle progression (30). We
suggest that over-expression of ATF3 protein in the s.c. tissue
of hypospadias can inhibit formation of male normal genital
tubercle and/or urethral seam. In the present study, both the
protein and mRNA of ATF3 are expressed in the s.c. tissue of
patients with hypospadias. The up-regulation of ATF3 in the
stroma is consistent with known epithelial-stromal interactions
that are critical in the development of genitalia (31).

ATF3 has been shown to be influenced by estrogen (9,24).
We have previously shown that in mice, the synthetic estrogen
17-� ethinyl estradiol can cause hypospadias in the male
offspring of pregnant females exposed to it (4,8,32,33). It is
possible that ATF3 may regulate estrogen-responsive genes in
the development process of hypospadias. Our quantitative
RT-PCR work with the mouse model indicates that ATF3 is
significantly up-regulated at a critical stage in urethral closure
in the genital tubercles of mice that have been exposed to
estrogen in utero and that it is more highly expressed in
females (B. Liu et al., in preparation). Quantitative RT-PCR
work with human tissue shows that ATF3 mRNA is up-
regulated in hypospadic tissue compared with normal tissue (B.
Liu et al., in preparation).

Further investigation of ATF3 in isolated hypospadias, in-
cluding a more thorough endocrine evaluation of affected
patients, would be helpful for proving a causal relationship
between ATF3 gene and hypospadias. Other investigations of
in vitro expression, in vivo regulation, and tissue distribution of
ATF3 in the fetal genital tubercle would be helpful to clarify
how ATF3 contributes to the development of hypospadias.
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