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The Hirschsprung disease (HSCR) is a complex congenital disorder, arising from abnormalities in enteric ner-
vous system (ENS) development. There is a gender disparity among the patients, with the male to female ratio
as high as 5 : 1. Loss-of-function mutations of HSCR genes and haploinsufficiency of their gene products are
the primary pathogenic mechanisms for disease development. Recent studies identified over half of the
HSCR disease susceptibility genes as targets for the sex-determining factor SRY, suggesting that this
Y-encoded transcription factor could be involved in sexual dimorphism in HSCR. Among the SRY targets, the
tyrosine kinase receptor RET represents the most important disease gene, whose mutations account for half
of the familial and up to one-third of the sporadic forms of HSCR. RET is regulated by a distal and a proximal
enhancer at its promoter, in which PAX3 and NKX2-1 are the resident transcription factors respectively. We
show that the SRY-box 10 (SOX10) co-activator interacts and forms transcriptional complexes with PAX3 and
NKX2-1 in a sequence-independent manner and exacerbates their respective transactivation activities on the
RET promoter. SRY competitively displaces SOX10 in such transcription complexes and represses their regu-
latory functions on RET. Hence SRY could be a Y-located negative modifier of RET expression; and if it is ecto-
pically expressed during ENS development, such SRY repression could result in RET protein haploinsufficiency
and promotion of HSCR development, thereby contributing to sexual dimorphism in HSCR.

INTRODUCTION

Hirschsprung disease (HSCR), or aganglionic megacolon, is a
complex congenital disease arising from abnormalities in the
enteric nervous system (ENS) development during embryogen-
esis (1–3). The incidence of HSCR is �1 in 5000 live births
and varies significantly among ethnic groups, with Asians being
the highest with an incidence of 1.4 per 5000 births. HSCR can
be generally classified into two categories: long- (L-HSCR) and
short-segment (S-HSCR) aganglionosis. There are roughly 20%
L-HSCR and 80%S-HSCRamong the patientpopulation.Signifi-
cantly, there is a sex difference among the S-HSCR category with
male to female ratio .5 : 1 among some populations (1). Sexual
dimorphism in HSCR has been a major medical phenomenon
whose pathogenesis hasbeen a long-standingdilemma in the field.

The precursors for the ENS originate from neural crest (NC) cells,
which migrate from the vagal and sacral portions of the NC, populate
theprimitivegutanddifferentiate intoneuralganglionsandglialcells
lining the gastrointestinal wall (3,4). The ENS is responsible for
maintaining the peristalsis and bowel movement in the digestive
system. Accordingly, HSCR is a neurocristopathy that arises from
insufficiency/absence of NC cell migration and/or neural differenti-
ation in certain segments, primarily the colon, of the gastrointestinal
track during embryonic development (5,6). At present, genetic
studies have identified mutations in various genes, including
RET, GDNF, NRTN, EDNRB, EDN3, ECE1, SOX10,
PHOX2B, ZEB2 and L1CAM and numerous susceptibility
genes and loci, involved in ENS development and could potential-
ly contribute to the complex etiologies of HSCR (3,7). Among the
HSCR disease genes, mutations in the tyrosine kinase receptor
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RET account for �50% of the familial and 7–35% of the sporadic
forms of HSCR (1,8). Significantly, disease penetrance depends
on numerous risk factors, including the nature of the mutations,
gene–gene and gene–environment interactions, and actions of
associated genetic/epigenetic modifiers (3,7,9–11). In general,
male siblings possess higher disease penetrance than female sib-
lings in familial cases, suggesting the existence of a male-specific
disease modifier(s) for HSCR. At present, the exact nature of such
genetic modifier(s) is unknown.

The SRY gene is the sex-determining gene on the male-specific
Y chromosome, responsible for switching on the testis differenti-
ation during embryogenesis (12). It is the founder of a family of
transcription factor genes, designated as SRY-box (SOX) genes
(13). SRY and SOX proteins harbor a functionally interchangeable
and conserved DNA/protein-binding domain, termed high-
mobility group (HMG) box (14). In a recent study, the specific
targets for SRY in fetal gonads at the time of sex determination in
the mouse have been determined (15). In addition to various
known sex-determining genes, significant numbers of genes
involved in numerous neurological disorders are among the SRY
targets. Gene ontology analysis showed that among the neurologic-
aldisorders, theHSCRisamajoronewith7of the13knowndisease
genes in the database being represented among the SRY targets
(Supplementary Material, Table S1). Further analysis identified
additional SRY target genes (Supplementary Material, Fig. S1),
potentially involved in ENS development, and mutations of
which could contribute to the overall HSCR pathogenesis (3,7). If
SRY is expressed during ENS development, the binding of the
Y-encoded SRY transcription factor to the promoters of these
HSCR and related genes suggests that it could exert regulatory
functions to the expression of these genes, thereby affecting the
developmental process(es) in a male-specific manner. Hence,
SRY could potentially be a male-specific genetic modifier for
HSCR, predisposing males to the disease processes.

To determine the probable role of SRY in modifying the expres-
sion of HSCR genes, we have selected the RET gene for a detailed
study, since RET mutations and/or haploinsufficiency are the
major causes of the disease among the familial and sporadic
patient populations (1,2). Our results demonstrate that SRY
could be expressed in diseased tissues in HSCR patients. It binds
to the promoter of the human RET gene at its distal and proximal
enhancer regions by interacting with the resident transcrip-
tion factors, PAX3 and NKX2-1, respectively (16–18). SRY com-
petes with SOX10 bindings to the same transcription factors, and
represses the transactivation activities of these transcriptional
complexes on RET gene. Hence, SRY could inhibit RET expres-
sion, thereby generating a haploinsufficiency of the RET pro-
duct(s) and suppressing its function(s) in ENS development.

RESULTS

SRY is expressed in enteric nervous tissues in HSCR patients

As a genetic modifier, we surmise that SRY could likely be
expressed in migrating NC cells and/or ENS precursor cells,
thereby affecting the over neural network development in the
gut. Although the effective period of actions for any mutant
gene and/or genetic modifier is likely to be at the time of NC
cell migration and ENS development during embryogenesis, it
is conceivable that residual SRY expression could still persist

and be detectable in colon tissues of HSCR patients. Using a
panel of RNA samples derived from surgical resected ganglionic
colon tissues of 24 male HSCR patients with affected short seg-
ments (19) and 12 normal colon controls (10 male patients with
colorectal cancer and 2 patients with imperforate anus), we had
examined the SRY expression using gene-specific primers
and RT-PCR analysis (Supplementary Material, Table S2).
This initial experiment showed heterogeneous levels of SRY
in 18 of the 24 HSCR samples, but none in the 12 normal
colon controls (Supplementary Material, Fig. S2). To determine
the locations and cell type(s) expressing SRY, tissue sections
from archival pathological preparations of surgical biopsies
from 27 male HSCR patients and 1 female HSCR patient and 2
male colorectal cancer patients were analyzed with immunohis-
tochemistry using specific antibodies against the human SRY,
and calretinin and neurofilament M as references. Calretinin
and neurofilament have been used as diagnostic markers for gan-
glion cells in HSCR rectal biopsies (20–23). Calretinin, in par-
ticular, has been demonstrated to be reliable in delineating
the boundaries between aganglionic and ganglionic portions in
the bowels of these patients (23). Eight male and one female
HSCR samples consisted of paired aganglionic and ganglionic
sections, while the rest of the samples were derived from gangli-
onic parts of the biopsies. Our results showed that SRY protein
was detectable only in the ganglionic parts, but not the aganglio-
nic sections of the respective HSCR tissues while normal colon
samples from colorectal cancer specimens were also negative for
SRY. Similar to the RNA results, heterogeneous staining pat-
terns were observed on 12 of the 27 male samples with visible
SRY immunostaining signals, but not the female sample and
normal colon controls. The SRY protein was primarily located
at the myenteric plexuses (Fig. 1A, C and J) between the longi-
tudinal and circular muscle layers, and the submucosal plexuses
(Fig. 1A, B and K). These structures were intensely positive for
calretinin (Fig. 1D–F) and neurofilament M (Fig. 1G–I and N).
Occasionally, differences in immunostaining of SRY (Fig. 1L
and M) and these neural markers (Fig. 1O and P) could be
observed at selected ganglionic plexuses. Hence, although the
SRY expression could be heterogeneous, it was detectable at
both RNA and protein levels in the ganglionic but not in aganglio-
nicportionof the HSCRtissuesor normal control colon tissues.To
a large extent, its expression pattern parallels those of ganglionic
markers, calretininandneurofilament M, inentericganglions.Our
observations suggest that SRY could be ectopically expressed in
the precursor cells of the ENS during embryonic development
among selected HSCR patients. However, its expression could
be extinguished as these precursors failed to differentiate into
ganglionic cells in the aganglionic segment(s), but could still
be residually detected in ganglionic cells in the ganglionic
segment(s) of the colon in the HSCR patients.

SRY disrupts the transactivation of PAX3-SOX10
and NKX2-1 at the distal and proximal enhancer regions
of the RET gene

Among the HSCR disease genes, the RET gene has been the most
characterized one since its mutations account for majority of the
familial and many sporadic forms of the disease (1,2,24). Fur-
ther, the regulation of the RET gene is conserved among various
vertebrate species, ranging from humans to zebrafish, without
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Figure 1. Detection of SRY, calretinin and neurofilament M expression in ganglionic tissue of HSCR patients using immunohistochemistry. (A) SRY was primarily
detected in the ganglionic structures at the myenteric plexuses (box c) and the submucosal plexuses (box b), respectively, on resected tissue of a 5-week-old male
patient. Boxed areas in (A) were enlarged in (B) and (C), respectively. (D) An adjacent section immunostained with a calretinin antibody. Boxes e and f were enlarged
in (E) and (F), respectively. (G) An adjacent section immunostained with a neurofilament M antibody. Box h and i were enlarged in (H) and (I), respectively. The
ganglionic structures were positive for SRY and the ganglionic biomarkers. (J and K) Immunostaining of SRY and neurofilament M, respectively, on myenteric plex-
uses on adjacent sections of resected ganglionic tissues of a 2-week-old male HSCR patient. (L and O) Immunostaining of SRY and neurofilament M, respectively, on
the submucosal plexusesof a 1-year-oldmale patient.Selected ganglionic structures couldbe positive for SRY (M) and negative (P) forneurofilament M (a 7-week-old
male) and vice versa (N and Q) (a 2-week-old male). Bar in (G) represents 400 mM in (A), (D) and (G); bar in (K) represents 100 mM in (B), (C), (E), (F), (H)–(K); and
bar in (Q) represents 50 mM in (L)–(Q), respectively.
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the necessity of sequence similarity (25), thereby raising the pos-
sibility of translating SRY regulation of the RET gene from
mouse to humans. Studies on the human RET promoter have iden-
tified primarily two enhancer regions, one distal and one proximal
to its transcription start site. The distal enhancer region is located at
�3.4 kb and harbors two closely located PAX- and SOX-binding
sites while the proximal enhancer region harbors an NKX2-1-
binding site immediately upstream of the transcription start site.
Previous studies have demonstrated that PAX3 and NKX2-1 are
the resident transcription factors critical for the enhancer functions
of these two sites for RET expression (16–18). PAX3 interacts
with SOX10, another vital transcription factor for ENS develop-
ment (26), and synergistically exacerbates the transactivation of
RET expression. To determine the probable function of SRY on
the transactivation of RET by NKX2-1 and PAX3, we had exam-
ined its effects in a reporter system with a luciferase gene directed
by a 3.7 kb promoter (23531 to +196) of the human RET gene
(27), harboring both distal and proximal enhancers (Supplemen-
tary Material, Fig. S3). Co-transfection of NKX2-1 with this re-
porter gene greatly exacerbated the luciferase activities in
Neuro-2A cells. Inclusion of a human SRY expression vector in
the transfection showed a dosage-dependent repression of the
NKX2-1 transactivation,whereas SRY alone didnot show anysig-
nificant effect on the RET3.7-luciferase activities (Fig. 2A).
Similar analyses on PAX3 and SOX10 showed that both PAX3
and SOX10 could independently stimulate the expression of the
RET3.7-luciferase reporter, and could synergistically exacerbate
their respective transactivation activities, when they were
present in the transfected cells (Fig. 2B). Again, such transactiva-
tion activities were repressed with a co-transfected SRY transgene
in the same cells.

To explore if the distal and the proximal enhancer and the re-
spective transcription factors could collaborate with each other
in their transactivation of RET promoter, NKX2-1, PAX3 and
SOX10 were transfected individually and in combinations
with the RET3.7-luciferase reporter in Neuro-2A cells. Our
results showed that these transcriptional factors were capable
of stimulating the RET promoter-directed luciferase activities
in additive manners, with the highest activity in cells
co-transfected with the three transcription factors and the
RET-reporter, which again could be repressed by the presence
of the human SRY transgene (Fig. 2C). To separate the effects
of the distal enhancer from those of the proximal enhancer, a
1.5 kb promoter (21273 to +196) harboring only the proximal
enhancer region was used to direct the luciferase reporter
(RET1.5-luciferase) (Supplementary Material, Fig. S3), and
analyzed similarly in Nuero-2A cells. Our results showed that
this short RET promoter was capable of responding to
NKX2-1 stimulation, but not PAX3 and SOX10 individually.
However, when either SOX10 or PAX3 was co-transfected
with NKX2-1, significant exacerbations of the RET1.5-lucifer-
ase activities were observed (Fig. 2D), suggesting potential
interactions and collaborations between these transcription
factors and NKX2-1 on regulation of RET gene.

SRY competes with SOX10 in interactions with PAX3
and NKX2-1 and represses their transactivation activities

Previously SOX10 had been demonstrated to interact physically
with PAX3, and bind to the putative SOX site, adjacent to the

PAX site at the distal enhancer region, but its binding to the
SOX site was not required for its transactivation (18). Our re-
sults confirmed these findings, and further suggested that
SRY could impede on such collaborative effects of SOX10 by
competing against its interactions to NKX2-1 and PAX3. To
explore this possibility, we have systemically studied the SOX10
and SRY interactions with NKX2-1 and PAX3, using co-immuno-
precipitation and GST pull-down assays. Co-transfection of
FLAG-tagged SOX10 with either V5-tagged NKX2-1 or Myc-
tagged PAX3 to the human HEK293 cells and immunoprecipita-
tion with an FLAG (SOX10) antibody showed that both
NKX2-1 and PAX3 were co-immunoprecitated with SOX10
(Fig. 3A and B), confirming the physical interactions of SOX10
with these transcription factors.Similar studies withFLAG-tagged
SRY transgene showed that SRY was also capable of interacting
physically with NKX2-1 and PAX3 in the transfected cells
(Fig. 3C and D).

GST pull-down assay was used to confirm SOX10 and SRY
interactions with NKX2-1 and PAX3. Using either a GST-
NKX2-1 or a GST-PAX3 fusion protein as bait, both 35S-labeled
SOX10 and SRY were being pulled down, but not a GST-alone
bait (Fig. 4A), while the reverse bindings with either a GST-
SOX10 or a GST-SRY fusion protein as bait, both 35S-labeled
PAX3 and NKX2-1 were being pulled down with GST-binding
beads (Fig. 4B). To demonstrate the competitiveness of SOX10
and SRY in their bindings to NKX2-1 and PAX3, GST-SOX10
fusion protein was used as bait in pull-down assays with either
35S-labeled NKX2-1 or PAX3 and cold SRY was added in increas-
ing quantities to the binding reactions. Our results showed that
GST-SOX10 bindings to NKX2-1 or PAX3 were gradually and
competitively suppressed with increasing amounts of cold SRY
protein, suggesting that SRY is capable of competing with
SOX10 in its physical interactions with NKX2-1 and PAX3,
respectively (Fig. 4C and D).

SRY is the founder of the SOX genes, which encode proteins
with a conserved and special HMG box (SRY box) present in the
SRY protein (13). Beside this conserved domain, the flanking
sequences of the SOX proteins share very little homology with
the flanking sequences of SRY (13,28,29). The competitive
bindings of SOX10 and SRY to NKX2-1 and PAX3 suggested
that this conserved domain between SRY and SOX10 was
likely involved in the process(es). To explore this possibility,
GST-fusion proteins containing the human SRY, mouse SRY,
HMG box alone and the bridge (BRG) domain of the mouse
SRY (30,31) were used in GST pull-down assays with
35S-labeled NKX2-1 or PAX3 proteins. Our results showed
that human and mouse SRY were capable of pulling down
both transcription factors (Fig. 4E). As discussed above, we pos-
tulated that the HMG box of both SOX10 and SRY was likely
their binding domain to NKX2-1 and PAX3. Using a
GST-HMG box fusion protein as bait, NKX2-1 and PAX3 bind-
ings to this conserved domain were indeed confirmed with GST
pull-down assay (Fig. 4E).

SOX10 and SRY interact with NKX2-1 and PAX3
independent of any cis-binding sequences

To determine if SOX10 stimulation and SRY repression of
NKX2-1 and PAX3 transactivation of the RET promoter require
their binding to specific sequence(s) adjacent to the respective
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NKX2-1 and PAX3 sites at the RET promoter, SOX10/SRY and
NKX2-1/PAX3 interactions were studied with a mammalian two-
hybrid system (32). The coding sequences for NKX2-1 or PAX3
were individually fused in-frame with the GAL4 DNA-binding
domain (GAL4-BD) in the pM vector, resulting in two
expression vectors, pM-NKX2-1 and pM-PAX3, respectively.
The resulting hybrid genes encode fusion proteins capable of
binding to the UAS sequence of the UAS-luciferase reporter via
the GAL4-BD, thereby bringing the NKX2-1 or PAX3 to and
activating the luciferase gene. Hence, the two-hybrid system
eliminated the requirement of any binding sites for NKX2-1,
PAX3 orSOX10/SRYat the responsive promoter-directed report-
er gene. Transfection with either the pM-NKX2-1 or pM-PAX3
expression vectors with the UAS-luciferase reporter showed
that the GAL4-BD was indeed capable bringing these two

transcription factors to the UAS site, thereby transactivating the
UAS-luciferase reporter in the transfected Neuro-2A cells
(Fig. 5A and B). Inclusion of an SOX10 expression vector in the
transfection greatly stimulated their transactivation activities,
suggesting that SOX10 interacted with the respective transcrip-
tion factor and synergistically stimulated the UAS-luciferase re-
porter. Again, inclusion of SRY in the transfections, either alone
or in combination with SOX10, suppresses such transactivation
(Fig. 5A and B). Our results, therefore, demonstrated that
SOX10 interacted with either NKX2-1 or PAX3 without the re-
quirement of binding to specific sequences on the responsive pro-
moter and exacerbated their respective transcriptional activities,
which were repressed by either SRY binding to or competitively
displacing SOX10 in the NKX2-1 or PAX3 transcription
complexes.

Figure 2. SOX10 stimulates and SRY represses NKX2-1 and PAX3 regulation of RET promoter at proximal and distal enhancer regions in Neuro-2A cells. (A) SRY
represses NKX2-1 transactivation of a 3.7 kb RET promoter (Supplementary Material, Fig. S3) directed luciferase gene in a dosage-dependent manner. ∗∗P , 0.01 by
Student’s t-test between sample pairs. (B) PAX3 and SOX10 are capable of activating the RET-luciferase individually and synergistically, which is repressed by SRY.
∗P , 0.05, ∗∗P , 0.01 by Student’s t-test. (C) NKX2-1, PAX3 and SOX10 activate RET3.7-luciferase additively, and are repressed by SRY. ∗P , 0.05, ∗∗P , 0.01
and ∗∗∗P , 0.001 at each column compared with value at column 1 (#); and between sample pair. (D) PAX3 and SOX10 individually cannot, but can exacerbate the
NKX2-1 activation of a 1.5 kb RET promoter (Supplementary Material, Fig. S3) directed luciferase, harboring only the proximal enhancer. ∗P , 0.05, ∗∗P , 0.01,
when compared with value at column 1 (#). Error bars represent SDs derived from triplicate experiments.
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SOX10 and SRY co-localize with NKX2-1 and PAX3 at the
chromatin of the enhancer regions on the RET promoter

To demonstrate that SOX10 and SRY could co-localize with the
resident transcription factors at the distal and proximal enhancer
regions of the RET promoter, a luciferase gene directed by
a 4.5 kb promoter (24320 to +196) of the human RET
(RET4.5-luciferase) gene was constructed (Supplementary
Material, Fig. S3), and co-transfected with either epitope-tagged
SOX10, NKX2-1 and PAX3 or epitope-tagged SRY, NKX2-1
and PAX3 in Neuro-2A cells. The presence of NKX2-1,
PAX3, SOX10 and combinations thereof stimulated the lucifer-
ase reporter activities while addition of SRY to the transfection
mixtures repressed such activities (data not shown), as previous-
ly demonstrated (Fig. 2). Chromatin immunoprecipitation was
performed individually with specific antibodies against the re-
spective epitope of SOX10, NKX2-1, PAX3 or SRY. The corre-
sponding precipitated chromatin DNAs were analyzed with
quantitative PCR and specific primer pairs spanning the 4.5 kb
promoter of the human RET gene (Fig. 6A). The primers in
set A were located at exon 1 but outside the 4.5 kb promoter,
and were absent in the mouse Neuro-2A genome, while other
primer sets (i.e. B to H) were present in the transfected
RET4.5-luciferase gene. PCR products with the A primer set
were used as control, from which all other PCR products of the
same immunoprecipitated chromatin DNAs were compared.
Hence, all enrichments of precipitated chromatin DNAs at B to
H locations were calculated as fold increases over the corre-
sponding value (¼1) at the A site of the RET gene (Fig. 6A).
Using this system, we had analyzed the enrichment of chromatin
at the specific regions along the promoter of the RET gene immu-
noprecipitated with the respective antibodies against these tran-
scription factors. When the RET4.5-luciferase gene was
co-transfected with SOX10, NKX2-1 and PAX3 and analyzed
with chromatin immunoprecipitation, specific enrichments of
chromatin immunoprecipitated with individually SOX10,
NKX2-1 or PAX3 were observed with primer sets B and G, cor-
responding to the proximal and distal enhancer regions, respect-
ively (Fig. 6B). Using similar strategy, the same chromatin
regions at the proximal and distal enhancers of the RET promoter

could also be demonstrated with SRY in place of SOX10 in the
transfection to Neuro-2A cells (Fig. 6C). The co-localizations of
the three transcription factors, i.e. NKX2-1, PAX3 and SOX10
or NKX2-1, PAX3 and SRY, at both the proximal and distal
enhancers suggested that they could form transcriptional com-
plexes at the respective enhancer regions.

DISCUSSION

The sexual dimorphisms in incidence and disease penetrance in
HSCR are unsolved mysteries in the biomedical field (1,2). Cur-
rently, the exact etiologies are unknown, despite the identifica-
tion of disease-causing mutations in a sizable number of genes,
involved in NC cell migration and ENS development, to be re-
sponsible for HSCR (1,2,6,7,9,33). These sexual dimorphisms
could be results of the actions of genetic modifiers on the Y
chromosome, which could be ectopically expressed in pre-
cursors and exert male-specific effects on the same HSCR
disease genes in ENS. The Y-located SRY gene fits such criteria
since it is capable of bindings to the promoters of a significant
number of HSCR disease genes, and numerous ENS develop-
mental genes (15). Our detailed analysis of SRY actions on
the promoter of the tyrosine kinase receptor RET, a major
HSCR disease gene, demonstrated that it could compete with the
related SOX10 transcription factor at the distal and proximal
enhancers and repress SOX10 interactions and stimulation of
the respective resident transcription factors, PAX3 and NKX2-1,
in the normal regulation of RET expression. We further demon-
strated that SOX10 stimulation and SRY repression on these tran-
scription factors were independent of their bindings to any
sequenceat theRETpromoter,butwerethroughdirect interactions
with PAX3 and NKX2-1. The observations that PAX3 and
NKX2-1 were localized at both distal and proximal enhancers
in vivo with either SOX10 or SRY (Fig. 6), further raised the pos-
sibility that these two enhancer regions could form a knotted struc-
ture in a transcriptional complex at the RET promoter (Fig. 7). At
present, the exact composition of such transcriptional complex(es)
isuncertainandmight include thecoreelementsof thepreinitiation
complex (PIC) (34) and other transcription factors, such as

Figure 3. Demonstration of interactions between SOX10 and (A) NKX2-1 and (B) PAX3; and between SRY and (C) NKX2-1 and (D) PAX3, respectively, in HEK293
cells by co-immunoprecipitation. HEK293 cells were transfected with epitope-tagged transcription factors, as indicated, and immunoprecipitated with an antibody
against the FLAG epitope for SOX10 in (A) and (B); and SRY in (C) and (D) analyzed with western blots with antibodies against FLAG (SOX10 and SRY), V5
(NKX2-1) and Myc (PAX3). Western blots of cell lysates detected the protein expression of respective transgene in the transfected cells. WB:Myc/V5/FLAG ¼
western blot with respective Myc/V5/FLAG epitope antibodies.
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PHOX2B or HOXB5 (16,27), and additional enhancer site(s) (8)
involved in NKX2-1 and PAX3 regulation of the RET gene. We
surmise that such transcriptional complex could likely be gene
and cell type specific (35,36), pertaining to ENS precursors and
might have both temporal and spatial properties. Such multifac-
torial transcriptional regulatory mechanism(s) could result in gra-
dated levels of RET expression, associated with disparities and/or
polymorphisms in the functionalities of the respective component
factors, during ENS development and might account partially for
thevariations indiseasepenetrance inHSCR(3,6,9).Nevertheless,
the present data suggest that SOX10 is the normal and positive
modifier or co-activator, while SRY is a negative modifier or re-
pressor on the regulation of RET gene expression.

What is the probable mechanism(s) responsible for SRY in
sexual dimorphisms in HSCR development? SRY is the pri-
mary male sex determinant and is normally expressed in the
developing gonads at the time of sex determination (12).
However, its expression has been detected in somatic tissues,
such as pre and postnatal brain in humans and mouse (37–40).
Transgenic mice harboring a fluorescent protein reporter gene
directed by a human SRY promoter show significant transgene
expression in the migrating NC cells (41), suggesting that
the human SRY promoter, and hence the SRY gene, is capable
of expressing in the precursors for ENS under transgenic condi-
tions. As demonstrated in our expression analysis, both residual
SRY RNA and protein were detected in colon tissues of HSCR
patients, but not normal controls, suggesting that SRY could
indeed be aberrantly expressed at the time of ENS development
during embryogenesis and could contribute to the complex
pathogenesis of HSCR. SRY and SOX10 harbor a conserved

DNA/protein-binding domain, i.e. the HMG box, but diverge
significantly at their flanking sequences (13). Importantly, this
HMG box is functionally interchangeable between SRY and
other SOX proteins (14), suggesting that they could bind to the
same SOX cis-elements and/or co-activator(s) for the SOX pro-
teins, i.e. SOX10 in the present case. The current study demon-
strated that the HMG box is indeed responsible for SOX10 and
SRY interactions with PAX3 and NKX2-1. Since SOX10
harbors a transactivating domain, it can co-activate the RET
gene expression with these two transcription factors at the
distal and proximal enhancers. On the other hand, SRY lacks
such transactivating domain, and it is incapable of transactiva-
tion, which might result in inhibitory actions on RET expression
by various means. First, displacement of SOX10 by SRY in the
NKX2-1/PAX3/SOX10 transcription complex might produce a
dominant-negative effect(s) on the overall RET transcriptional
activities (42–44). Second, SRY has been demonstrated to inter-
act with the gene silencer/repressor complex, KAP1-HP1 (31).
The incorporation of SRY in the NKX2-1/PAX3 could bring
this and other gene silencer complexes (45,46) to the proximity
of the transcription start site, thereby repressing the RET gene.
Third, SRY also interacts with a powerful chromatin modulator,
PARP1 (30),which couldpoly(ribosyl)ate the chromatin proteins,
therebyaltering theprotein-DNAaffinity,chromatin structureand
transcription factor accessibility (47,48) to the RET gene. Fourth,
SRY interacts with the transcriptional complex could induce in-
stability, leading to the dissolution of the entire complex from
the RET promoter. Currently, it is uncertain which of these or
other yet-to-be identified repressive mechanisms or combination
thereof could play critical role(s) in SRY repression of the RET

Figure 4. SOX10 and SRY competitive interactions with NKX2-1 and PAX3 demonstrated by GST pull-down assays. (A) GST-NKX2-1 (left) and GST-PAX3 (right)
were used as baits to pull-down individually and radioactively labeled SOX10 and SRY protein. (B) GST-SOX10 and GST-SRY pull down of labeled NKX2-1 and
PAX3, respectively. GST-SOX10 pull down of labeled (C) NKX2-1 and (D) PAX3 can be competitively suppressed by additions of non-radioactive SRY in a dosage-
dependent manner. (E) Mapping of the HMG box as the domain in SOX10 and SRY responsible for binding to NKX2-1 and PAX3. GST-hSRY and GST-mSRY are
GST fusion proteins harboring human and mouse SRY, respectively. GST-HMG and GST-BRG are GST fusion proteins harboring the mouse HMG box and the BRG
(bridge peptide between HMG box and Q-domain of the mouse SRY).
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gene expression, and be responsible for RET insufficiency during
ENS development.

Transgenic mouse studies demonstrated that haploinsuffi-
ciency of HSCR gene products could cause megacolon pheno-
types in transgenic mice (49,50). Based on these observations,
we surmise that the levels of aberrant SRY expression, and there-
fore the severity of its interference on the normal expression of its
target genes (Supplementary Material, Table S1 and Fig. S1),
involved in ENS development, could be critical in its contribution
tosexualdimorphisms in the disease development.At low or mod-
erate levels, SRY repression of HSCR disease genes could result
in hypoganglionosis while high levels could induce aganglionosis
in selected segment(s) of the ENS. Further, the disease processes
mightalso depend on the numberENSdevelopmental genes being
affected, and other accessory and/or collaborative impairment
events. If so, which pathway is being affected the most by aberrant
SRY expression in ENS development? Among the signaling path-
ways in ENS (3,7), the GDNF/RET/GFRa pathway is likely to be
the most impaired with key members, i.e. RET, GDNF, NRTN
and GFRa2 being targets for SRY. The present study has demon-
strated that SRY is capable of interfering with the normal expres-
sion of the RET gene, the most important HSCR disease gene
responsible for a majority of familial and sporadic forms of the
disease among the patients (1,2). We surmise that other pathways,
such as EDN3/EDNRB and the hedgehog signaling pathways
with members being SRY targets, could likely be affected by
SRY repression and/or inappropriate activation. The overall dis-
ruption in various signaling pathways collectively in ENS devel-
opment could be crucial in SRY contribution to the sexual
dimorphisms in HSCR.

Sexual dimorphisms are prevalent in many human disorders,
such as autoimmune disease, diabetes, cancers, schizophrenia,
autism, depression, attention deficit disorder and neural degener-
ation, in terms of incidence, disease progression and/or treatment
responses (51–60). Our recent study demonstrated that SRY and
SOX9 share a significant number of common genes among their
respective targets (15) and the HMG boxes of SRY and other

SOX proteins are functionally interchangeable (14); hence,
SRY could bind and regulate targets of other SOX transcription
factors. Such scenario raises the possibility that SRY, when ecto-
pically expressed in non-gonadal tissues, could exert male-
specific effects on many developmental pathways, since the
SOX proteins are key regulators in numerous cell fate specifica-
tion and differentiation processes (61,62), particularly neurode-
velopment. Indeed, as demonstrated in the gene ontology study,
many genes involved in many neural diseases are SRY targets,
and hence could potentially be affected by ectopic expression
of SRY during neurodevelopment and/or disease processes. Spe-
cifically, the monoamine oxidase A (MAOA) gene is associated
with over one-third of the neurological diseases with members as
SRY targets (Supplementary Material, Table S1). MAOA cata-
lyzes the deamination of monoamine neurotransmitters, such as
serotonin, norepinephrine and dopamine, important for neurode-
velopment, physiology, cognitive functions and related diseases
(63–68). A detailed characterization of the human MAOA gene
promoter demonstrated that SRY and Sp1 form a transcription
complex and synergistically activate MAOA expression (58).
Since MAOA gene dysfunctions and fluctuations in its enzyme
activities are associated with various neuropsychiatric disorders,
as discussed above, the SRY influence on MAOA expression
could potentially exert a male-specific effect(s) on the contribu-
tions of MAOA dysfunctions in these neuropsychiatric diseases.
We surmise that the spatial and temporal patterns and the mag-
nitude of SRY ectopic expression are critical elements on its
roles in sexual dimorphisms in neurological diseases, including
HSCR. The identification of SRY targets associated with these
neurological disorders (Supplementary Material, Table S1)
has offered opportunities for detailed investigations on how
SRY affects the normal expression of these neural targets.
More significantly, elucidating the genetic, epigenetic, viral or
environmental events/factors promoting SRY ectopic expres-
sion in non-gonadal tissues could be key in understanding the
mechanisms by which SRY exerts its male-specific genetic
modifier functions in the disease pathogeneses.

Figure 5. SOX10 and SRY interact with NKX2-1 and PAX3 without the requirement of binding to any cis-sequence on the promoter, as demonstrated by the mam-
malian two-hybrid assay. (A) A GAL4-BD and NKX2-1 (pM-NKX2-1) fusion protein gene is capable of transactivating a co-transfected GAL4-responsive
UAS-luciferase gene in Neuro-2A cells. Such transactivation is exacerbated by inclusion of an SOX10 gene, suggesting that SOX10 interacts with NKX2-1 and syn-
ergistically activates the NKX2-1 transcriptional activities. Inclusion of an SRY in these transfections represses the NKX2-1 and SOX10 transactivation functions on
UAS-luciferase gene. (B) Similar assays with a GAL4-BD-PAX3 (pM-PAX3) fusion protein gene and SOX10 demonstrate that SOX10 exacerbates and SRY
represses the PAX3 transcriptional activities. ∗P , 0.05 and ∗∗P , 0.01 by Student’s t-test between respective sample pairs. Error bars represent SDs from triplicate
experiments.
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MATERIALS AND METHODS

RT-PCR analysis and immunohistochemistry

For RT-PCRanalysis,RNA samples wereextracted fromresected
colon ganglionic specimens from 24 patients of HSCR, 10 adult
patients with colorectal cancer and 2 patients with imperforate
anus and analyzed with RT-PCR, as previously described (19),
using human SRY-specific primers (Supplementary Material,
Table S2). Ribosomal 18S RNA was used as a positive control.

For immunohistochemistry, a total of 27 male and 1 female
HSCR colon tissues and 2 adult male normal colons from
colorectal cancer patients were analyzed in the present study.
Seventeen cases were obtained from archival specimens at
the Department of Pathology, University of California,
San Francisco, which included eight pairs of aganglionic colon
segment tissues and ganglionic colon segment tissues from 5
days to 5-month-old boys and one pair from a 3-week-old girl.

Eleven cases of HSCR tissue sections were obtained from
Division of Pediatric Surgery, Department of Surgery, The
University of Hong Kong (19). All studies were performed
under approved protocols by the respective institutional Com-
mittee on Human Research.

Immunostaining was performed with standard methods using
specific antibodies, as described previously (69). The antibodies
used for immunohistochemistry were: a mouse monoclonal anti-
body against human SRY (custommade at Ab-Mart, Shanghai,
China; at 1 : 1000 dilution) and a rabbit polyclonal antibody
against a recombinant human SRY protein (70) (at 1 : 250 dilu-
tion); a monoclonal antibody against the human calretinin
(Clone DAK-Calret 1, Dako, Inc., Carpinteria, CA, USA, at 1 :
100 dilution), a monoclonal antibody against the human neuro-
filament M (Clone RMO-270, Life Technologies, Carlsbad,
CA, USA; at 1 : 500 dilution). Positive stainings were visualized
with a biotinylated anti-mouse IgG or anti-rabbit IgG (1 : 500)

Figure 6. Detection of NKX2-1, PAX3, SOX10 and SRY bindings to the RET promoter using chromatin immunoprecipitation and quantitative PCR analyses with
spanning primer sets. A 4.5 kb promoter (Supplementary Material, Fig. S3) harboring both the distal and proximal enhancers and directing the luciferase gene (A) was
co-transfected with epitope-tagged NKX2-1, PAX3 and SOX10 (B) or SRY (C). Chromatin immunoprecipitation was conducted individually with antibodies against
the respective epitope-tagged transcription factors. Specific spanning primer sets, A to H (A; Supplementary Material, Table S2) were used to detect the relative enrich-
ments of the corresponding segments of the RET promoter using quantitative PCR. The results (B and C) showed that all transcription factors bind preferentially to
regions defined by primer sets B and G, corresponding to the proximal and distal enhancers, suggesting that they could form transcriptional complex(es) involving both
enhancers. ∗∗P , 0.01 and ∗∗∗P , 0.001 when compared with the lowest position excluding A (i.e. D (#) in B and E (#) in C, respectively) along the promoter of RET
using Student’s t-test. Error bars represent SDs from triplicate experiments.
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and DAB substrates, counterstained with haematoxylin, and
examined and recorded with a Zeiss Imager A2 microscope
and AxioCam MRc camera.

RET promoter-directed luciferase assays

The luciferase reporter plasmid (pXP1-FLWT) containing
3.7 kb of the human RET promoter, as previously described
(27). It is designated as RET3.7-luciferase (Supplementary
Material, Fig. S3). The 1.5 and 4.5 kb promoters were amplified
with high-fidelity PCR and specific primers (Supplementary
Material, Table S2) from RET-containing human genomic
BAC DNA and subcloned into the pGL3 basic luciferase
plasmid, resulting in RET1.5- and RET4.5-luciferase reporter
vectors, respectively (Supplementary Material, Fig. S3).
Human NKX2-1, SOX10 and PAX3 cDNAs were purchased

from Open Biosystems, Inc. The coding sequences of the re-
spective cDNAs were inserted in-frame into the corresponding
epitope-tagged mammalian expression vectors: SOX10 and
SRY in p3XFLAG-CMV-7 (FLAG-tagged) (Sigma, St. Louis,
MO, USA); NKX2-1 in pcDNA3.1/V5-His vector (V5-tag)
and PAX3 cDNA in pcDNA3.1/Myc expression vector
(Myc-tag) (Life Technologies).

The mouse Neuro-2A cells were obtained from the American
Type Culture Collection (Manassas, VA, USA) and were cul-
tured in DME medium supplemented with 10% FBS, at 378C
and 5% CO2. They were seeded at 1 × 105/well in 24-well
plates, and were transfected with the various combinations of
SOX10, NKX2-1, PAX3 and SRY using X-tremeGENE 9
reagent (Roche Biochemicals, Indianapolis, IN, USA). The
b-galactosidase reporter vector, pCMV-LacZ, was included in all
transfection mixtures and served as an internal control for

Figure 7. Model of molecular interactions and transcriptional complex formation at the promoter of the RET gene. (A) Linear view of the locations of the distal and
proximal enhancer regions harboring a PAX and an NKX2-1-binding site, respectively, on the RET promoter. (B) SOX10 interacts with both PAX3 and NKX2-1,
thereby brings these two transcription factors, and hence the enhancers, into a knotted structure. At present, the exact composition of such a transcriptional
complex is uncertain, and it might include additional co-factors, such as polymerase II and factors associated with the PIC, and co-activators capable of exacerbating
the regulatory activities of the resident factors at the respective enhancers. (C) SRY competes and displaces SOX10 in the transcriptional complex, and exerts inhibi-
tory functions on the transactivation of RET.
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transfection efficiency and transgene expression. Forty-eight hours
after transfection, the cells were harvested and analyzed with the
luciferase assay system, and b-galactosidase enzyme assay
system (Promega, Madison, WI, USA) according to the manufac-
turer’s instructions. The relative luciferase activities were calcu-
lated with respect to the b-galactosidase activity of the
co-transfected LacZ gene, as described before (15).

Protein–protein interactions using co-immunoprecipitation
and GST pull-down assays

Co-immunoprecipitation and GST pull-down assays were used to
demonstrate protein–protein interactions between SOX10 and
NKX2-1/PAX3 or SRY and NKX2-1/PAX3, as previously de-
scribed(30,31).Epitope-taggedFLAG-SOX10wasco-transfected
with NKX2-1-V5 and Myc-PAX3 in various combinations in
human HEK293 cells. Co-immunoprecipitation was performed
with EZviewTM Red ANTI-FLAGw M2 Affinity Gel (Sigma) to
pull down SOX10- or SRY-containing protein complexes. Other
components of the SOX10- or SRY-complexes were detected
by western blotting. First, a rabbit anti-FLAG antibody was
used to detect either SOX10 or SRY, to confirm the presence
of the initial FLAG-SOX10 or FLAG-SRY in the transfected
HEK293 cells and the corresponding immunoprecipitated pro-
ducts. To detect the co-immunoprecipitation of NKX2-1-V5 or
Myc-PAX3, a rabbit anti-V-5 or anti-Myc antibody was used re-
spectively in parallel western blots of the immunoprecipitated
proteins.

To synthesize GST fusion proteins consisting of SOX10, SRY,
NKX2-1, or PAX3, the respective cDNAs were inserted in-frame
in the pET41b vector. The recombinant proteins were synthesized
in BL21(DE3) pLysS bacterial cells, and purified by affinity chro-
matography using glutathione-Sepharose resins, as previously
described (30,31). To generate the radioactively labeled substrate,
the corresponding cDNAs were inserted in pET28b, which were
used in in vitro protein synthesized with the TnT T7 Quick
Coupled Transcription/Translation System (Promega) in the pres-
ence of 35S-methionine (PerkinElmer, Waltham, MI, USA). GST
pull-down assays were performed with a specific GST-fusion bait
and corresponding 35S-labeled substrate, as previously described
(30,31). The bound proteins were analyzed in 10–15% SDS–
PAGE gels and detected by autoradiography.

Mammalian two-hybrid analysis

The interactions between NKX2-1/PAX3 and SOX10/SRY were
analyzed with the mammalian two-hybrid system (Clontech
Laboratories, Palo Alto, CA, USA) (32). The coding sequences
for NKX2-1 or PAX3 were inserted in-frame immediately after
the GAL4-binding domain (GAL4-BD) sequence in the pM
vector, resulting in pM-NKX2-1 and pM-PAX3, respectively.
The GAL4-binding site, upstream activator sequence (UAS),
was inserted into the minimal promoter of GL2-luciferase reporter
gene, resulting in the UAS-Luc reporter gene. Any GAL4-BD
fusion protein would bind to the promoter of the UAS-Luc re-
porter, and exert any transactivation or repression of the respective
transcriptional function of the fused protein. To demonstrate the
interactions between NKX2-1/PAX3 and SOX10/SRY, pM-
NKX2-1 or pM-PAX3 was co-transfected with the UAS-Luc,
and with or without SOX10/SRY. The effects of SOX10 or SRY

on NKX2-1 or PAX3 transactivation of the UAS-Luc gene were
determined by luciferase assays, as described above.

Detection of transcription factor bindings on the RET
promoter by chromatin immunoprecipitation

Five million Neuro-2A cells were cultured in 10-cm culture dish
overnight, and co-transfected with epitope-tagged
FLAG-SOX10, NKX2-1-V5, Myc-PAX3 and the RET4.5-Luc
harboring a luciferase gene directed by a 4.5 kb RET promoter
(Supplementary Material, Fig. S3). Parallel transfection was
conducted with FLAG-SRY, substituting the FLAG-SOX10
gene in the reaction mixture. Forty-eight hours later, the cells
were harvested and cross-linked with 1% formaldehyde for
10 min at room temperature. Chromatin immunoprecipitation
was performed with normal mouse IgG, anti-FLAG, anti-V5
and anti-Myc antibodies, as described previously (15). Enrich-
ment of DNA fragments was determined by quantitative PCR
with primer pairs at different regions of RET promoter and
exon 1. Data were normalized to normal IgG control immuno-
precipitation, and then referenced as folds of enrichment to
primer pair A (¼1), which were located at the exon 1 sequence
outside the 4.5 kb RET promoter in the RET4.5-Luc reporter.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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