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Infantile hypertrophic pyloric stenosis (IHPS), characterized by
enlarged pyloric musculature and gastric-outlet obstruction, is
associated with altered expression of neuronal nitric oxide syn-
thase (nNOS). Here we have studied molecular mechanisms by
which nNOS gene expression is altered in pyloric tissues of 16
infants with IHPS and 9 controls. A significant decreased expres-
sion of total NNOS mRNA was found by quantitative RT-PCR in IHPS
after normalization against GAPDH, which predominantly affected
exon 1c with a reduction of 88% compared with controls (P <
0.001). After normalization against the neuronal-specific gene
PGP9.5, expression of exon 1c was still decreased (P < 0.001),
whereas expression of exon 1f was increased significantly (P =
0.001), indicating a compensatory up-regulation of this nNOS
mRNA variant. DNA samples of 16 IHPS patients and 81 controls
were analyzed for nNOS exon 1c promoter mutations and single-
nucleotide polymorphism (SNP). Sequencing of the 5’-flanking
region of exon 1c revealed mutations in 3 of 16 IHPS tissues,
whereas 81 controls showed the wild-type sequence exclusively.
Carriers of the A allele of a previously uncharacterized nNOS exon
1c promoter SNP (—84G — A) had increased risk for development
of IHPS (odds ratio, 8.0; 95% confidence interval, 2.5-25.6). Re-
porter gene assays revealed an unchanged promoter activity for
mutations but a ~30% decrease for the —84A SNP (P < 0.001). In
summary, our findings indicate that genetic alterations in the
nNOS exon 1c regulatory region influence expression of the nNOS
gene and may contribute to the pathogenesis of IHPS.

nfantile hypertrophic pyloric stenosis (IHPS), with an inci-

dence of 1-5 per 1,000 live births in whites and a marked
preponderance of males to females (4:1), is the most frequent
disorder requiring surgery in the first year of life (1). A genetic
contribution toward the etiology of IHPS is well established with
familiar aggregation, a concordance rate of 25-40% in mono-
genetic twins, a recurrence risk of 10% for males and 2% for
females born after an affected child, and a ratio of risk of 18 for
first-degree relatives compared with the general population (2).

IHPS is characterized by hypertrophy and hyperplasia of the
circular muscle layer of the pylorus, leading to persistent vom-
iting 2-12 weeks after birth (3, 4). Defective pyloric relaxation
and increased pyloric smooth muscle mass have been suggested
to be responsible for gastric-outlet obstruction. In most cases,
surgical pyloromyotomy is the treatment of choice, but conser-
vative management has sometimes been used successfully (5, 6).
Within a few months, hypertrophy resolves and no permanent
functional or morphological abnormalities have been detected
after healing (5, 7, 8).

Recent evidence suggested a reduced expression of neuronal
nitric oxide synthase (nNOS) in IHPS, because the pyloric
circular muscle layer shows decreased staining of nNOS-positive
neurons (9) and decreased expression of nNOS mRNA normal-
ized against GAPDH (10). Additionally, genetic-linkage analysis
suggests the nNOS gene as a susceptibility locus for hereditary
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IHPS (11). In addition to decreased nNOS expression, other
abnormalities have been described, such as a reduced amount of
interstitial cells of Cajal (12) and a decreased expression of
various neurotransmitters (for review see ref. 13).

NO, generated by nNOS, is a major inhibitory transmitter in
the gut. It is involved in the intrinsic and extrinsic inhibitory
innervation of the pyloric muscle (14), and genetic deletion of
nNOS« in mice causes a phenotype closely resembling IHPS with
delayed gastric emptying, enlargement of the stomach, and
hypertrophy of the muscle layer of the antrum (15, 16). Fur-
thermore, deletion of cGMP-dependent kinase I, the down-
stream target of the NO/cGMP signaling pathway, leads to a
similar phenotype with pyloric stenosis, delayed gastric empty-
ing, and thickened pyloric muscle (17). Additional evidence for
an important role of the NO/cGMP/cGMP-dependent kinase
signaling cascade in the pathogenesis of IHPS comes from
observations in vascular and airway smooth muscles. In these
cells, lack of NO results in proliferation and hypertrophy (18-
20), suggesting an inhibitory effect of NO on smooth muscle cell
growth beneath the well established role of NO in smooth muscle
relaxation. Similar effects of NO have been observed in cardi-
omyocytes, in which signaling by cGMP-dependent kinase I acts
as a negative regulator of cardiac myocyte hypertrophy (21), and
in Xenopus brain, in which NO is an essential negative regulator
of cell proliferation (22).

The major source for production of NO in the human gut is
nNOS (23). The nNOS gene is one of the most complex genes
known in terms of first-exon usage and alternative splicing (24).
Nine distinct first-exon transcripts (exon la—1i), generated by
alternative promoter usage, are present in the human gut,
leading to nNOS mRNA variants with different 5’-untranslated
regions and translational efficiencies (23-27). Cell- and site-
specific expression patterns (23, 25) indicate a spatial and
temporal regulation of nNOS expression under different phys-
iological or pathological conditions.

Here, we present evidence for a specific decrease of nNOS
exon 1c mRNA in neurons innervating the pyloric sphincter of
patients with IHPS, whereas other transcripts were unaffected or
up-regulated. We identified a previously uncharacterized single-
nucleotide polymorphism (SNP) in the promoter of nNOS exon
1lc (—84G — A) that increases the risk for development of IHPS
substantially and alters promoter activity by ~30%. Addition-
ally, point mutations in the promoter region of nNOS exon 1c
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that may contribute to the pathogenesis of IHPS were found in
a few patients.

Methods

Materials. The human neuroblastoma cell line TGW-nu-I was
kindly provided by H. Esumi (National Cancer Center Research
Institute East, Chiba, Japan) (28). All cell-culture reagents were
obtained from Invitrogen. Primers were made by MWG Biotech
(Ebersberg, Germany), and TagMan probes were made by
Applied Biosystems.

Patient Population and Tissue Samples. This study conformed to the
Declaration of Helsinki and was approved by the institutional
review board at the Université Libre de Bruxelles (Belgium).
Sixteen patients with THPS who underwent pyloromyotomy at
the Department of Surgery (Université Libre de Bruxelles) were
studied. In the IHPS group, the mean age was 5.2 = 2.1 weeks
(range, 2-9 weeks), and the male/female ratio was 2:1. Nine
patients (seven boys and two girls) who underwent surgery as
organ donor (n = 2), for pyloroplasty for gastroesophageal reflux
disease (n = 5), and a postmortem specimen sampled with a
delay of 24 h from an infant deceased presumably from sudden
infant death syndrome (n = 1) served as controls. The mean age
of the control group was 45.3 + 47.0 weeks (range, 6—-161 weeks).
To study polymorphism of the promoter region of nNOS exon Ic,
genomic DNA was isolated from leukocytes after obtaining
informed consent from 72 control subjects (average age, 38.9 =
13.1 years; range, 19-75 years; male/female ratio, 1.66:1), free
of gastrointestinal disorders and with no history of IHPS,
recruited at the outpatient clinic of the University Hospital of
Munich (Klinikum rechts der Isar, Munich).

Tissue Preparation and RNA and DNA Isolation. Full-thickness pylo-
ric muscle biopsy specimens were cleaned in PBS and immersed
in RNAlater (Ambion, Austin, TX), and total RNA was isolated
as described (29). Genomic DNA was isolated from pyloric tissue
samples from 16 IHPS patients and 9 controls and lymphocytes
from 72 blood donors by standard techniques (23).

Rapid Amplification of 5’ ¢DNA Ends (5’-RACE) PCR. To determine
5’-end mRNA variants of nNOS in the pyloric sphincter of
patients with IHPS and controls, two independent RACE pro-
tocols were performed exactly as described (23).

Quantitative Real-Time RT-PCR. Real-time quantitative RT-PCR
analyses were performed for the alternative first exons la—1i of
human nNOS and exon 6/7 as a parameter for total nNOS
mRNA expression exactly as described (25) by using the Prism
7700 Sequence Detection System (Applied Biosystems; for
primer and probes see ref. 25). In addition, the neuronal
inhibitory transmitter vasoactive intestinal peptide (VIP) was
quantified by using intron-spanning primers and probes (for
sequences see Table 2, which is published as supporting infor-
mation on the PNAS web site). As endogenous references, the
globally expressed housekeeping genes GAPDH, HPRT, and
18SRNA (primers and probes were purchased from Applied
Biosystems) and the neuron-specific genes PGP9.5, Peripherin,
and microtubule-associated protein 2 (MAP-2) were used (for
primers and probes, see Table 2).

PCR. PCR amplification was carried out as described (23, 25). A
381-bp fragment containing the promoter of exon lc (nucleo-
tides —332 to +49) (25) was amplified by using a Pfu Turbo
proofreading polymerase (Stratagene) and the primers P—332
(sense) and P+49 (antisense) (see Table 2). PCR products were
analyzed by direct automated DNA sequencing with a Prism 377
DNA sequencer (Applied Biosystems).
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Genotyping. Genotype analysis was performed by using the
TagMan 5'-nuclease assay (Applied Biosystems) with allele-
specific fluorogenic oligonucleotide probes. Primers and probes
for a newly identified G-to-A SNP of the nNOS exon 1c¢ promoter
at position —84 relative to the transcription start site (25) were
designed by using PRIMER EXPRESS software (see Table 2).
Allele-specific TagMan PCR was performed by using the Prism
7700 Sequence Detection System, 30 ng of genomic DNA, 900
nM primers, 250 nM probes, and 12.5 ul of TagMan Universal
Master Mix in a 25-ul final reaction mixture (95°C, 10 min; 40
PCR cycles, 60°C, 1 min; 95°C, 15 sec). Signals were analyzed by
sDs 1.7 software (Applied Biosystems). The genotyping results
were confirmed by direct sequencing of selected probes.

Plasmid Constructions. The human genomic 5'-flanking region of
nNOS exon 1c was characterized by 5'-RACE PCR (25). PCR
products containing the mutations and the G or A allele of the
SNP within the promoter of exon 1c were blunt-end cloned into
the Smal site of the promoterless/enhancerless firefly luciferase
reporter gene vector pGL3-basic (Promega). Construction of
additional 5’ reporter constructs (pGL3—1938/+49, pGL3—48/
+49) has been described (25). Integrity of all cloned sequences
was confirmed by DNA sequencing.

Cell Culture, Transient Expression, and Reporter Gene Assays. TGW-
nu-I cells were cultured and transiently cotransfected with the
different nNOS exon 1c-pGL3 promoter constructs and the
Renilla luciferase expression vector phRL-TK (Promega) to
normalize for transfection efficiency and cell number as de-
scribed (25). Forty-eight hours after transfection, cells were
harvested, and firefly and Renilla luciferase activities were
measured as described (23, 25). Data are presented as relative
luciferase activity of firefly/Renilla luciferase.

Data Analysis. Unless otherwise indicated, all data were deter-
mined from three independent experiments, each done in trip-
licate, and expressed as mean values = SD. Comparisons among
data sets were made by using ANOVA, followed by Student’s ¢
test or Mann—-Whitney rank sum test. For multiple testing, a
Bonferroni correction of the P values was made. The x> or
Fisher’s exact test was used to compare the frequencies of the
—84G/A SNP of the nNOS exon 1c promoter between THPS
cases and the control group. Logistic regression analysis was
performed by using STATXACT 4.0.1 software (Cytel Software,
Cambridge, MA) to determine the odds ratios with 95% confi-
dence intervals for the risk of the occurrence of IHPS. Values
of P < 0.05 (two-tailed) were considered to be statistically
significant.

Results

Analysis of 5'-mRNA Variants of nNOS. Cloning of 5'-RACE PCR
products from pyloric tissues of controls and patients with IHPS
revealed expression of the already known alternative 5'-mRNA
variants of nNOS, expressed in the human gut (23, 25). No novel
5’-mRNA forms were found. In addition, we could not detect the
alternatively spliced untranslated leader exon AS in infantile
pyloric specimens, which has been shown to alter translation of
human nNOS (26).

Quantitative Expression Patterns of nNOS First-Exon mRNA Variants in
Normal and Hypertrophic Pyloric Tissue Specimens. We analyzed
mRNA expression of nine alternative first-exon variants of
nNOS, present in the human gastrointestinal tract as determined
by 5'-RACE PCR, by real-time quantitative RT-PCR in pylo-
romyotomy specimens of controls and patients with IHPS. As a
parameter for total nNOS mRNA expression, a sequence be-
tween exons 6 and 7, encoding parts of the oxygenase domain
that is essential for NOS activity, was amplified. To normalize
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nNOS mRNA expression, we used two different approaches.
First, the globally expressed housekeeping genes GAPDH,
HPRT, and 18SRNA were quantified to normalize nNOS
mRNA expression for total pyloric tissue content. Second, the
neuron-specific genes PGP9.5, MAP-2, and Peripherin were
amplified to normalize nNOS mRNA expression in enteric
neurons.

When normalized against GAPDH, pyloric tissues from control
infants showed high expression levels of total nNOS mRNA and a
characteristic pattern of nNOS first-exon variants (Fig. 14). Exon
1cand 1f were the predominant forms showing ~7.7 and 6.5 mRNA
copies per 1,000 copies of GAPDH, respectively. In contrast, in
infants with ITHPS, the overall expression of nNOS mRNA was
decreased significantly (P < 0.001; see Fig. 1A4). This decrease
predominantly affected exon Ic, with a reduction of ~88% com-
pared with control tissues (P < 0.001; 0.92 copies per 1,000 copies
of GAPDH). Similar results were obtained when other ubiquitous
housekeeping genes (HPRT and 18SRNA) were used as reference
(data not shown). Taken together, these results suggest an under-
supply of the thickened pyloric smooth muscle with NO in IHPS
patients. Because nNOS is expressed in the human enteric nervous
system but not in enteric smooth muscle cells (9, 30), the reduced
abundance of nNOS mRNA transcripts normalized against ubiq-
uitous housekeeping genes most likely reflects hypertrophy and
hyperplasia of enteric smooth muscle cells leading to a relative
decrease of enteric neurons in tissue specimen of IHPS patients
when compared with controls. Therefore, expression of nNOS
mRNA was assessed further by normalization against PGP9.5, a
marker for general neural tissue (Fig. 1B), which has been used in
several studies to normalize neuronal gene expression in the central
and peripheral nervous system (e.g., ref. 31). Furthermore, it has
been shown that PGP9.5 expression can be used as a reference to
study gene expression in tissue specimens of IHPS patients and
controls (30, 32). Therefore, PGP9.5 is a reliable internal standard
for normalization of nNOS mRNA expression in enteric neurons of
patients with THPS. Interestingly, only exon 1c showed a significant
reduced expression in IHPS tissues versus controls after normal-
ization against the neuronal marker PGP9.5 (P < 0.001; Fig. 1B).
In contrast, nNOS exon 1f expression was increased significantly in
enteric neurons of patients with IHPS (P = 0.001; Fig. 1B), and total
nNOS expression was unchanged when compared with controls.
Similar results were obtained when two other general neuronal
markers, Peripherin and MAP-2, were used for normalization of
nNOS mRNA expression (see Fig. 4 4 and B, which is published as
supporting information on the PNAS web site).

Fig. 1C shows the relative amounts of the different alternative
first-exon variants of nNOS. In controls, exon 1c and 1f are
distributed almost equally (46% and 39%, respectively), but in
patients with IHPS, there is a dramatic shift from exon 1c (14%)
to exon 1f (70%).

To evaluate whether the major change in patients with ITHPS
is a general decrease in the total expression of neuronal proteins,
we quantified mRNA levels of another inhibitory neurotrans-
mitter, VIP, which is expressed in neurons of the myenteric
plexus, and normalized them to PGP9.5, Peripherin, and
MAP-2. When normalized against PGP9.5, Peripherin, and
MAP-2, expression of the neuronal message, VIP, was statisti-
cally significantly increased in pyloric tissues from IHPS patients
compared with controls (see Fig. 4C). These findings indicate
that enteric neurons are able to up-regulate neuronal messages
in patients with IHPS and are consistent with the observed
increased expression of one specific nNOS mRNA variant in
IHPS (nNOS exon 1f). Furthermore, these results suggest an
adaptive increase of VIP to elevate inhibitory neuronal messages
to improve pyloric sphincter relaxation. Therefore, it is unlikely
that an overall decrease in the expression of neuronal proteins
is the major change in IHPS. However, we cannot exclude the
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Fig. 1. Quantitative analysis of human nNOS mRNA expression by real-time
RT-PCR in the pyloricsphincter of controls and patients with IHPS. A set of nine
forward primers, specific for the nine alternative first exons of nNOS (exon
1a—-1i), were used with a common exon 2-specific reverse primer and an
internal exon 2-specific 6-carboxy-fluorescein-labeled TagMan probe. As a
parameter for total NNOS mRNA expression, a pair of primers specific for exons
6 and 7, present in all known nNOS cDNAs, were used with an exon 7-specific
internal probe. Relative amounts of transcripts were calculated by using
standard curves and dividing the expression levels of the different nNOS
variants by the expression levels of the globally expressed GAPDH housekeep-
ing gene (A) or the neuronal-specific gene PGP9.5 (B) measured in the same
RNA preparation. Results shown are the mean = SD of pyloric sphincter
preparations of 9 controls and 16 IHPS patients. Individual cDNA samples were
analyzed in triplicate with a given pair of primers. (C) Relative amounts of the
different alternative first exons of NNOS normalized against GAPDH in con-
trols and patients with IHPS as determined by quantitative RT-PCR.

possibility that there is a deficit in mRNA expression of several
other neuronal genes in IHPS.

To evaluate possible age- or disease-related changes of nNOS
mRNA expression in the control group, we compared total and
first-exon nNOS mRNA expression levels of young (n = 3; mean
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—344 GCTGTCCCCA GGCAGCTGGG GGGAAACCTG AGCCACCCTC CTCCTGGGCA
-?32

-294 GACGCTGCCA CTGCTGCT/AGC CA/GCCTCTAAA TGAAAGAAAG GTCAGAGCCT
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G c caAc c T G c ceac c T

Fig. 2. Mutations and polymorphisms in the nNOS exon 1c promoter in
patients with IHPS. (A) Nucleotide sequence of human nNOS exon 1c (bold)
and in part of the 5’'-flanking region including the minimal promoter. The
transcription start site is indicated as +1. Cis-acting elements previously
determined by gel-shift assays and site-directed mutagenesis (25) are indi-
cated by the lines above the sequence. Mutations (-277T — A, —273A — G,
and —98A — G) detected in DNA probes of IHPS patients and the —84G/A SNP
are shown in bold and numbered below the sequence relative to the tran-
scription start site (+1). Arrows below the nucleotide sequence depict the
5’-deletion sites of the different nNOS pGL3 promoter constructs used in
reporter gene assays (Fig. 3). (B) DNA sequence analysis of the nNOS exon 1c
—84G/A SNP. (Left) G/G homozygous DNA. (Center) A/A homozygous DNA.
(Right) G/A heterozygous DNA. The position of nucleotide —84 is indicated
with an arrow.

age, 9.7 + 6.4 weeks; range, 6—17 weeks) and old (n = 4; mean
age, 77.8 = 55.8 weeks; range, 42-161 weeks) controls. In
addition, we compared controls with gastrointestinal reflux
disease (n = 5) and without gastrointestinal disease (n = 4). The
different subgroups showed similar total nNOS mRNA levels
and nNOS first-exon expression profiles, indicating that there
are no age- or disease-related differences within the control
group (data not shown).

Analysis of the nNOS Exon 1c 5'-Flanking Region in Patients with IHPS
and Controls. To further investigate decreased expression of
nNOS exon 1c transcripts in patients with IHPS, we screened the
5'-flanking regulatory region of exon lc by PCR and direct
sequencing by using genomic DNA extracted from pyloric
specimens. In addition, we used 72 genomic DNA samples of

patients without gastrointestinal disorders. After direct sequenc-
ing of the PCR products, we found three different nucleotide-
exchange mutations in the promoter region of exon 1c (—277T
— A, —273A — G, or —98A — G) in pyloric specimens from
three different IHPS patients (see Fig. 24), whereas 9 control
tissues and 72 control DNA blood samples showed the wild-type
sequence exclusively. The mutated sequences were verified by
three independent PCR and sequencing reactions to rule out
PCR or sequencing errors.

In addition to nucleotide-exchange mutations, we identified a
previously uncharacterized SNP within the promoter region of
exon lc (—84G — A) (Fig. 2). Sixteen IHPS patients and 81
controls were analyzed for the —84 G/A genotype distribution
(see Table 1). Comparison of genotype frequencies showed a
significant difference between THPS cases and controls (x*> =
16.2, P = 0.0014, calculated by the x* test 3 X 2 contingency
table, degrees of freedom = 2). The risk of IHPS for nNOS-exon
1c-84A carriers (both nNOS-exon 1c-84A homozygotes and
nNOS-exon 1c-84G/A heterozygotes) was increased signifi-
cantly, with an odds ratio of 8.0 (95% confidence interval =
2.5-25.6, P = 0.0004, calculated by Fisher’s exact test; Table 1).

Functional Promoter Activity of nNOS Exon 1c Promoter Polymorphism
and Mutations in Patients with IHPS. We have shown previously that
exon 1c of nNOS is driven by a separate promoter and demon-
strated that transcription factors of the Sp and ZNF families play
an essential role for basal promoter activity in TGW-nu-I
neuroblastoma cells (25).

To examine the impact of the identified three mutations (nNOS-
exon lc —277T — A, —273A — G, and —98A — G) and the
previously uncharacterized —84G/A SNP on nNOS exon 1c pro-
moter activity in vitro, we performed reporter gene assays by using
a —332/+49 construct of the basal nNOS exon 1c promoter,
—332/+49 pGL3 constructs containing the different mutations
(pGL3-332/+49 M-277A, pGL3-332/+49 M-273G, pGL3-332/
+49 M-98G), and either the G or A allele of the —84 SNP
(pGL3-332/+49 SNP-84G, pGL3-332/+49 SNP-84A) (see Fig. 3).

Because reporter gene assays were not feasible on isolated
enteric neurons from the infantile pyloric sphincter, we tran-
siently transfected TGW-nu-I cells with the different pGL3
plasmids. We showed previously that TGW-nu-I cells predom-
inantly express nNOS exon 1c, 1f, and 1g; therefore, these cells
show a similar nNOS first-exon expression profile as infantile
pyloric sphincter specimens (see Fig. 1 A4 and B and ref. 25).
After transfection of TGW-nu-I cells with promoter constructs
containing the three different mutations (pGL3-332/+49
M-277A, pGL3-332/+49 M-273G, pGL3-332/+49 M-98G), we
observed almost identical or slightly increased relative luciferase
activities compared with wild-type pGL3-332/+49. In contrast,
promoter constructs containing the A allele of the —84G/A SNP
showed a significant decrease of ~30% (P < 0.001) in normal-
ized luciferase activity (see Fig. 3). These results indicate that the
previously uncharacterized —84G/A promoter SNP has a major
influence on the basal transcriptional activity of the nNOS exon
1c regulatory region.

Table 1. Genotypic frequencies of the nNOS exon 1c promoter —84 G/A SNP in IHPS

and controls

Genotype Controls (n = 81) IHPS (n = 16) Odds ratio (95% confidence interval) P value
G/G 67 (82.72%) 6 (37.5%) — —
G/A 13 (16.05%) 8 (50%) 6.9 (G/A vs. G/G) (2.0-23.1) 0.002
A/A 1(1.23%) 2 (12.5%) 22.3 (A/A vs. G/G) (1.8-283.6) 0.0271
A carriers 14 (17.28%) 10 (62.5%) 8.0 (A carriers vs. G/G) (2.5-25.6) 0.0004

The statistical significance of differences between control subjects and patients was tested by Fisher’s exact

test.
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Fig. 3. Functional analysis of mutations (—277T — A, —273A — G, and —98A — G) and the —84G/A SNP of the human nNOS exon 1c promoter in TGW-nu-I
cells. The indicated DNA fragments containing the wild-type or mutant sequences of the nNOS exon 1c 5'-flanking region were ligated into promoterless/
enhancerless firefly luciferase expression vector pGL3-basic. The different reporter gene constructs were transiently cotransfected with the herpes simplex virus
thymidine kinase promoter-driven Renilla luciferase expression vector phRL-TK as internal control. pGL3-basic was used as a negative control. Data are expressed

as means =+ SD of three independent experiments in triplicate.

Discussion

Our study demonstrates altered expression patterns of nNOS
first-exon mRNA variants in patients with hypertrophic pyloric
stenosis, together with mutations in the promoter region of
nNOS exon 1c and a substantially increased risk to develop IHPS
for infants carrying the A allele of a previously uncharacterized,
identified exon 1c promoter SNP.

These data are consistent with previous studies presenting
evidence for a major pathogenic role of the nNOS gene in IHPS
(9-11). However, the causal mechanisms of changes of nNOS
gene expression and therefore the molecular basis of the disease
were not elucidated in these studies.

The pylorus seems to be normal at birth in most IHPS cases
but deteriorates within 2-12 weeks after birth (4) and ultimately
returns to normal after successful surgical or conservative
treatment (5, 7, 8). Because the pyloric sphincter seems to serve
no major digestive function in utero, a functional change occurs
after birth, which could be accompanied by a change in gene
expression as shown for several developmentally regulated genes
(33). In patients with IHPS, the pyloric sphincter appears
immature at the time of pyloromyotomy (34), suggesting that this
change in gene expression is altered or delayed, resulting in
smooth muscle hypertrophy, hyperplasia, and defective sphincter
relaxation. The present study suggests a major role for the nNOS
gene within this process. A reduction in total nNOS mRNA
expression was observed at the time of pyloromyectomy in IHPS
patients after normalization against the globally expressed
housekeeping gene GAPDH, mainly caused by the severe de-
crease (88%) of nNOS exon 1c expression. Reduced total nNOS
expression most likely results from hypertrophy and hyperplasia
of pyloric smooth muscles (which express GAPDH but not
nNOS), leading to a relative decrease of enteric neurons, which
express nNOS. However, normalization of nNOS against
GAPDH and thus total tissue content is useful, because it
indicates that there is not enough nNOS present to produce
sufficient amounts of NO to relax the thickened pyloric smooth
muscle of IHPS patients. Therefore, the relative lack of nNOS
in relation to increased total pyloric tissue volume seems to play
an important role in defective sphincter relaxation in IHPS.

To evaluate nNOS expression in enteric neurons of the pyloric
sphincter, we normalized against the general neuronal markers
PGP9Y.5, Peripherin, and MAP-2 and observed no significant
differences in total nNOS mRNA expression between IHPS
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patients and controls. In addition, we found a significantly
decreased exon 1c and a significantly increased exon 1f expres-
sion. This reciprocal relationship between exons 1lc and 1f
containing nNOS transcripts in IHPS patients versus controls is
of great interest, because it indicates a dynamic regulation of
nNOS gene expression in the enteric nervous system. Exon 1c
and 1f transcripts are the predominant forms in the pyloric
sphincter. Therefore, up-regulation of nNOS exon 1f seems to be
aregulatory compensatory mechanism in response to decreased
nNOS exon 1c mRNA expression in THPS.

Such regulatory mechanisms can be mediated by transcriptional
or posttranscriptional control. We previously demonstrated that at
least nine different first-exons of nNOS, driven by separate pro-
moters, are present in the human gastrointestinal tract (23, 25).
Transcriptional control by alternative usage of multiple promoters
allows regulation of nNOS expression in different physiological and
pathological conditions. Thus, up-regulation of nNOS exon 1f
mRNA transcripts by activation of the nNOS exon 1f promoter
could be a response of the organism to reduced exon 1c transcript
abundance in IHPS. In addition, posttranscriptional regulation of
nNOS may contribute to increased exon 1f and decreased exon 1c
mRNA levels. For example, changes in mRNA stability could be
involved but cannot be studied in pyloric sphincter specimens of
IHPS patients and controls.

To evaluate the relative expression of other neuronal mes-
sages, we quantified VIP mRNA levels and observed a statisti-
cally significant increased mRNA expression in patients with
IHPS compared with controls. This observation indicates a
specific up-regulation of the inhibitory neurotransmitter VIP in
enteric nerves of patients with IHPS and argues against a general
decreased expression of neuronal messages in IHPS.

To gain insight into the molecular basis of decreased nNOS
exon lc transcripts, we screened its 5'-flanking region for
mutations and polymorphisms that may be responsible for the
observed reduced expression. We identified three independent
mutations within the promoter region of exon 1c in three
different patients and one SNP of the exon lc promoter
(—84G/A).

To evaluate the contribution of the —84G/A SNP for devel-
opment of IHPS, we compared genotype frequencies between
controls and IHPS patients. Carriers of the A allele of the
—84G/A SNP have substantially increased risk for IHPS, with an
odds ratio of 8.0, which could indicate that the —84G/A
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promoter SNP alters expression of nNOS exon 1c or is in linkage
dysequilibrium with a functionally important sequence variant
elsewhere in the nNOS transcription unit and therefore may
serve as a informative marker for a functionally important
genetic alteration. The observed correlation of the —84G/A
SNP with an increased risk for development of IHPS is consistent
with a report showing a strong correlation of a microsatellite
polymorphism in the nNOS gene with a familiar form of IHPS
(11). However, the —84G/A SNP does not account for all IHPS
cases, and therefore other components of the NO-dependent
signal transduction pathway or additional mechanisms and genes
may be involved in the pathogenesis of IHPS (for a review see
ref. 13). This is in accordance with recent observations suggest-
ing a multifactorial etiology of THPS (2).

To further test whether the previously uncharacterized nNOS
exon lc promoter mutations and the different alleles of the
—84G/A SNP alter basal transcription of exon 1c, we constructed
reporter gene plasmids carrying the different mutations (—277T —
A, —273A — G, or —98A — G) and the G or A allele of the
—84G/A SNP. Reporter gene assays in TGW-nu-I cells revealed a
significant decreased transcription (=30%) of exon lc promoter
plasmids carrying the A allele, compared with plasmids carrying the
G allele. However, plasmids carrying the different mutations
showed no altered transcriptional activity. This could be because of
several reasons. () The mutations do not affect transcription of
exon 1lc, which seems to be unlikely, because none of 81 tested
controls showed any mutation, indicating that genetic alterations in
the nNOS exon 1c promoter specifically occur in patients with
IHPS. (ii) The neuroblastoma cell line used in the study may not use
exactly the same cis-regulatory DNA elements as enteric neurons
for transcription of nNOS exon 1c despite similar nNOS first-exon
expression profiles. (iii) Elements that are not present within the
used nNOS exon 1c reporter gene construct may influence tran-
scription. (iv) Chromatin structure and acetylation state have been
shown to play an important role in regulation of gene expression,
and therefore endogenous nNOS expression may be regulated at
multiple levels that cannot be assessed completely by reporter gene
assays (25).

Decreased transcriptional activity of nNOS exon 1c promoter
constructs carrying the A allele of the —84G/A SNP may be
caused by disruption of a Staf transcription factor-binding site
within the exon 1c basal promoter (see Fig. 24). We have shown
previously that the minimal exon 1c promoter is localized to 44
bp, with a cooperative binding of several transcription factors of
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the ZNF and Sp families (25). ZNF 76 and 143 bind to the Staf
consensus-responsive DNA element in the exon 1c¢ promoter and
activate transcription of exon 1c in Drosophila Schneider cells on
their own (25). Mutation of the Staf cis-acting element results in
an ~53% decreased transcriptional activity of the nNOS exon 1c
promoter in TGW-nu-I cells (25). Therefore, the A allele of the
—84G/A SNP may reduce DNA-binding affinity of ZNF 76 and
143 to the Staf element and thus impairs transcription of nNOS
exon lc. Taken together, these results indicate that transcrip-
tional regulation of exon lc is an important component of
decreased abundance of nNOS exon 1c transcripts.

IHPS is diagnosed and treated by pyloromyotomy when hyper-
trophy and hyperplasia of the pyloric sphincter is already apparent.
Therefore, it is not possible to study the unknown initial events in
the pathogenesis of IHPS. We suggest that the profound reduced
expression of one of the predominant nNOS transcripts (exon 1c)
leads to transiently decreased total nNOS expression and impaired
NO production, resulting in hypertrophy and hyperplasia of pyloric
sphincter smooth muscle cells and defective sphincter relaxation.
Such effects of NO have been reported for the cardiovascular
system, because lack of NO or blockade of the NO/cGMP/cGMP-
dependent kinase signaling cascade results in hypertrophy and
proliferation of smooth muscle cells (18-20). As a reaction to
decreased nNOS exon 1c transcript abundance, most likely tran-
scriptional regulation by alternative promoter usage up-regulates an
alternative first-exon variant of nNOS (exon 1f) in an attempt to
increase nNOS expression and normalize pyloric sphincter func-
tion. Therefore, the intriguing diversity of the nNOS gene, provid-
ing many possibilities for a dynamic transcriptional and posttran-
scriptional regulation, seems to be able to overcome IHPS.
However, because this adaptive process may take a while at a period
when adequate nutrition is essential for optimal infantile develop-
ment, pyloromyotomy currently remains the best therapeutic option
for most IHPS patients.
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