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To the Editor:

Although the etiology of Sudden Infant Death
Syndrome (SIDS) remains unclear, recent studies
havebegun to uncover a genetic basis thatmayplay a
role independently or in combination with environ-
mental cofactors. The serotonin transporter gene
(5HTT, SLC6A4) was the first gene linked to SIDS.
Narita et al. [2001] demonstrated an association
between a promoter polymorphism in 5HTT, known
to differentially regulate transporter expression, and
SIDS risk by describing an excess of the more
effective promoter long (L) allele in the Japanese
SIDS group relative to controls. We confirmed this
association in Caucasian and African-American SIDS
cases [Weese-Mayer et al., 2003a] and then reported
an association between SIDS and a regulatory 5HTT
intron 2 polymorphism in African-American SIDS
cases [Weese-Mayer et al., 2003c]. The intron 2
association also involved increased SIDS riskwith the
genotype leading to more effective transporter
production (12 allele). Further, the promoter and
intron 2 loci were in linkage disequilibrium, and the
L-12 haplotype was significantly associated with
SIDS in the African-American subgroups. These
results provide evidence for a relationship between
SIDS risk and 5HTT activity and represented a first
step in the study of a genetic basis for SIDS.
PHOX2B, a key gene in the development of central

serotonergic (5HT) neurons, encodes a highly
conserved homeobox domain transcription factor
with two stable polyalanine repeats of 9 and 20

residues. Recent studies indicate that PHOX2B
plays a regulatory role in the selection between
motor neuron or serotonergic neuronal fate in the
development of the central nervous system [Pattyn
et al., 2003, 2004]. Loss of function experiments in
mice have shown that for the transition from motor
neuron production to 5HT neuron production to
commence, downregulation of PHOX2B is required
[Pattyn et al., 2003]. Further, Panigrahy et al. [2000]
reported a decrease in serotonergic receptor binding
in key medullary regions that contain serotonergic
cell bodies in SIDS cases. These reports identify a role
for PHOX2B in the development of the serotonin
system and potentially a relationship between 5HT
system development and PHOX2B in SIDS risk.

Studies investigating the pathophysiology of
infants who succumbed to SIDS indicate an abnorm-
ality in the regulation of the autonomic nervous
system (ANS) [Schechtman et al., 1988; Ponsonby
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et al., 1992; Franco et al., 1998, 1999; Schwartz
et al., 1998]. We previously focused on genes
pertinent to the embryological development of the
ANS [Weese-Mayer et al., 2004], and identified 11 rare
protein-changing polymorphisms in 15.2% of SIDS
cases and 1 polymorphism in 2.2% of controls. The
receptor tyrosine kinase (RET) gene accounted for
five of the rare protein-changing polymorphisms in
SIDS cases. These results represented the first report
describing specific polymorphisms in genes
involved in the embryologic origin of the ANS that
may confer some risk for SIDS.
PHOX2B is the disease-defining gene in Congeni-

tal CentralHypoventilation Syndrome (CCHS) [Amiel
et al., 2003; Sasaki et al., 2003; Weese-Mayer et al.,
2003b; Matera et al., 2004; Trochet et al., 2005], a
disease characterized by ANS dysregulation [Mar-
azita et al., 2001]. PHOX2B is a key gene in ANS
development with a role in early embryologic
development as a transcriptional activator in promo-
tion of pan-neuronal differentiation including upre-
gulation of proneural genes,MASH1 expression, and
motoneural differentiation [Lo et al., 1998]. PHOX2B
has a separate role by a different pathway wherein it
represses expression of inhibitors of neurogenesis
[Lo et al., 1999]. Further, PHOX2B is required to
express tyrosine hydroxylase, dopamine beta hydro-
xylase [Hirsch et al., 1998], and RET, and to maintain
MASH1, thereby regulating noradrenergic neuronal
specification in vertebrates [Pattyn et al., 1999].
Finally, PHOX2B knock-out mice (�/�) do not
survive as ANS circuits either fail to form or
degenerate [Pattyn et al., 1999].

Based on the established relationship between
SIDS, 5HTT, and ANS dysregulation coupled with the
recognized role of PHOX2B in ANS and serotonergic
system development, we hypothesized that a subset
of SIDS cases might have unique mutations or
polymorphisms in PHOX2B and that these variations
may interact with those previously identified in5HTT
and RET to modify SIDS risk.

Twodistinct groups were investigated in this study:
91 SIDS cases and 91 control subjects matched for
gender and ethnicity, a subset (88/91) of which were
included in previous publications [Weese-Mayer
et al., 2003a,c, 2004]. SIDS cases (23 African-Amer-
ican males, 22 African-American females, 30 Cauca-
sian males, and 16 Caucasian females) were
identified in the University of Maryland Brain and

Tissue Bank (http://medschool.umaryland.edu/
btbank/main.html). A diagnosis of SIDS was made
by the University of Maryland Medical Examiner
based on the accepted definition [Willinger et al.,
1991]. A three-generation family history was taken
for each control to ensure absence of SIDS, Hirsch-
sprung Disease, CCHS, apparent life-threatening
event, primary disorder of ANS dysregulation, or
tumor of neural crest origin. This studywas approved
by the Rush University Medical Center and the
University of Pittsburgh institutional review boards,
and informed consent was obtained from all control
subjects.

Genomic DNA was isolated from frozen frontal
cortex brain tissue (SIDS cases) and blood (controls)
samples utilizing standard methods. All coding
regions and intron-exon boundaries in PHOX2B
were amplified by polymerase chain reaction as
describedpreviously [Weese-Mayer et al., 2003b] and
screened using direct sequencing methods [Garcia-
Barcelo et al., 2003].

Standard w2 tests of independence were utilized for
case-control comparisons for genotype/allele fre-
quency and SIDS phenotype. Tests of gene–gene
interaction were conducted using standard w2 tests of
independence between genotype or allele fre-
quency at two loci within the SIDS samples. No
analyses were performed on the interaction between
the PHOX2B intron 2 polymorphism and either the
previously identified 5HTT or RET mutations as the
frequency of the PHOX2B intron 2 polymorphism
would have driven the comparisons. When data
were sparse (expected counts less than five in any
cell), Fisher’s exact test was used. Hardy–Weinberg
equilibrium was confirmed by ethnicity in our
control group for each of the polymorphic markers
(5HTT promoter and intron 2, PHOX2B intron 2 and
exon 3, and RET polymorphisms). Since this is a
preliminary scan of variants for association with
SIDS, only modest adjustments were made for
multiple tests in order to cast a wide net for possible
associations; significance was assigned to P< 0.01.
All associations found in this study will need
independent confirmation.

A single common polymorphism (IVS2þ 101A>G;
g.1364A>G) was identified in intron 2 of the
PHOX2B gene located 100 base pairs downstream
of the exon 2 splice site (Table I). The genotype
distributions for the intron 2 polymorphism differed

TABLE I. PHOX2B Intron 2 IVS2þ 101A>G in 91 SIDS Cases and 91 Matched Control Subjects

Genotype distribution comparisons Frequency of G allele

SIDS cases Matched controls

P-values SIDS cases Matched controls P-valuesAA AG GG AA AG GG

Caucasian 0.33 0.61 0.06 0.63 0.28 0.09 0.005 0.37 0.23 0.04
African-American 0.09 0.67 0.24 0.24 0.47 0.29 0.08 0.58 0.52 0.45
Total 0.21 0.64 0.15 0.44 0.37 0.19 0.0009 0.47 0.37 0.06
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significantly between the SIDS cases and matched
controls over the total dataset (P¼ 0.0009) and
between the Caucasian SIDS cases and controls
(P¼ 0.005), but did not reach significance in the
African-American SIDS versus control comparison
(P¼ 0.08; Table I). Likely, the result is non-significant
in the African-American group because of the high
baseline frequency of this polymorphism in the
African-American population, which significantly
exceeds the frequency of the variant in the Caucasian
population as seen in the control groups (Table I).

The allele frequency of the variant G allele for the
intron2polymorphismwasnot significantly increased
in the SIDS group relative to controls (Table I),
although there was a strong trend towards higher G
allele frequency in the SIDS group (P¼ 0.06). The
strong trend towards higher G allele frequency was
further seen in the Caucasian SIDS group (P¼ 0.04;
Table I) compared to controls but was not observed in
the comparison between African-American SIDS
cases and controls (P¼ 0.45). The difference in allele
frequency does not reach significance because the
homozygous GG genotype was more frequent in the
control group, suggesting that the effect of this
polymorphism on SIDS risk is relevant to presence
or absence of the G allele and thus, is similar in the
homozygous and heterozygous state.

Eight polymorphisms located in the third exon of
the PHOX2B gene (Table II) occurred more fre-
quently among SIDS cases (34 occurrences observed
in 27/91 cases) than controls (19 occurrences
observed in 16/91 controls) (P¼ 0.01). Likewise,
the number of occurrences among SIDS cases in the
Caucasian and African-American subgroups was
nearly double the number among their respective
controls. Among SIDS cases containing a poly-
morphism in exon 3, 6/27 (22%) contained 2 or
more polymorphisms compared to 2/16 (12%)
controls (Table II). Each of the eight samples with
two or more polymorphisms in exon 3 was from
the African-American subgroup. Two of the eight

polymorphisms identified were protein-altering
missense mutations (F153L and S176T), occurring
in nine SIDS cases and four controls (10% and 4%,
respectively; Table II).

All SIDS subjects demonstrated the normal geno-
type with both the 9 and 20 polyalanine-coding
repeats on each chromosome of PHOX2B. Among
controls, 1 African-American and 2 Caucasians were
heterozygous for deletion variants containing 7, 14,
and 15 repeats, respectively, as previously reported
in control populations [Amiel et al., 2003; Weese-
Mayer et al., 2003b; Toyota et al., 2004].

Gene–gene interaction (statistical non-indepen-
dence between loci) between the PHOX2B exon 3
polymorphisms and the 5HTTpromoter L/L genotype
or the L allele, or the 5HTT intron 2 polymorphisms,
was not found for SIDS risk, in comparisons of SIDS
cases with controls or when the cohort was divided
into ethnicity-specific subgroups. Gene interaction
analysis revealed that of the 27 SIDS cases containing a
PHOX2B exon 3 polymorphism(s), 3 also contained
a RET mutation compared to 1/61 SIDS cases that
contained no exon 3 polymorphism and were
also tested for RET mutations (P¼ 0.07). Three of
11 Caucasian SIDS cases with a PHOX2B exon
3 polymorphism had an additional RET mutation
compared to 0/34 Caucasian SIDS cases containingno
exon 3 polymorphism (P¼ 0.01).

These results represent the first report describing
specific polymorphisms in the PHOX2B gene that
may confer SIDS risk and the analysis of these
polymorphisms in relation to other mutations of ANS
genes previously identified in these SIDS cases.
Analysis of thePHOX2B gene in 91 SIDS cases and 91
matched controls revealed a single common poly-
morphism in intron 2, found more commonly among
SIDS cases as compared to controls, as well as a
group of 8 novel single nucleotide polymorphisms in
exon 3 of PHOX2B occurring more frequently in
SIDS cases than controls. The associations identified
are consistent either with involvement of the specific

TABLE II. PHOX2B Exon 3 Polymorphisms in 91 SIDS Cases and 91 Matched Control Subjects

Location Genotype
Amino

acid effect

Number of patients with rare polymorphism

SIDS Control

Caucasian African-American Total Caucasian African-American Total

Exon 3 c.459T>G F153L 0 1 1 2 0 2
Exon 3 c.526T>A S176T 6 2 8 2 0 2
Exon 3 c.552C>T Silent 1 2 3 0 2 2
Exon 3 c.642C>T Silent 0 2 2 0 0 0
Exon 3 c.726A>G Silent 0 2 2 0 1 1
Exon 3 c.750G>A Silent 1 3 4 0 2 2
Exon 3 c.762A>C Silent 1 7 8 1 5 6
Exon 3 c.870C>A Silent 2 4 6 1 3 4
Total occurrences

of polymorphisms
11 23 34 6 13 19

These polymorphisms were identified 34 times in the SIDS group compared to 19 times in the control group (P¼ 0.01) and in 27/91 SIDS cases compared to 16/91
controls (P¼ 0.05).
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variants in SIDS, or with variants in genes in linkage
disequilibrium with the tested variants.

Although the intron 2 polymorphism (IVS2
þ 101A>G; g.1364A>G) identified in this study is
a silent transition in the non-coding region of
PHOX2B, it was recently linked with Hirschsprung
disease (HSCR) [Garcia-Barcelo et al., 2003], another
disease of ANS dysregulation. The Garcia-Barcelo
report of a decreased frequency of the intron 2
polymorphism among 91 ethnic Chinese HSCR cases
(19%) compared to 71 unmatched ethnic Chinese
controls (36%) strengthens the conclusion that this
intron 2 polymorphism is related to ANS dysfunction.
It remains to be determined if the decreased
frequency of the intron 2 polymorphism in PHOX2B
among HSCR cases and the increased frequency
among SIDS cases are related to a disease-specific
factor (SIDS vs. HSCR) or an ethnicity factor
(Caucasian/African-American vs. ethnic Chinese).
The intron 2 polymorphism is located outside of the
amino acid coding region of the PHOX2B gene and
does not appear to be directly involved in PHOX2B
splicing. However, the polymorphism could have
other regulatory effects and may act in combination
with mutations in genes involved in the RET and/or
EDNRB signaling pathway to produce ANS dysfunc-
tion [Garcia-Barcelo et al., 2003].

Kijima et al. [2004] sequenced the PHOX2B gene in
23 Japanese SIDS cases and 50 controls and identified
1 polymorphism in exon 2 of PHOX2B and 2 intron 2
polymorphisms, none of which were identified in
our study. These polymorphisms were identified in
1, 1, and 9% of subjects, respectively, but the authors
do not clarify if these were identified in SIDS cases
or controls. Conversely, none of the PHOX2B exon
3 polymorphisms that we describe in Caucasian and
African-Americans were reported in the Japanese
cases. This is likely due to the low frequency of
occurrence, the small sample sizes, and ethnicity-
specific issues.

The identification of polymorphisms in genes
pertinent to the embryologic origin of the ANS in
SIDS cases lends support to the overriding hypoth-
esis that infants who succumb to SIDS have an
underlying genetic predisposition. The polymorph-
isms identified in this study may be directly related to
the SIDS phenotype but more likely are variations
which, in association with mutations or polymorph-
isms elsewhere in the cascade of genes mediating
ANS development, confer some level of suscept-
ibility to phenotypes of ANS dysfunction including
SIDS. The MASH1-PHOX-RET pathway, in which
PHOX2B is needed for the expression of RET, has
been shown to be an integral part of the develop-
ment of both the sympathetic and enteric nervous
systems [Pattyn et al., 1997]. The interaction of
PHOX2B and RET in this pathway is consistent with
our finding of a possible interaction between
polymorphisms in these genes in mediating SIDS

risk, suggesting that genetic changes at multiple
points in the pathway could combine to amplify risk.

It has recently been shown that PHOX2B plays a
key role in the differentiation of central serotonergic
neurons [Pattyn et al., 2003, 2004]. Coupled with
the finding that two polymorphic regions of the
serotonin transporter gene (5HTT) have been linked
to SIDS [Narita et al., 2001; Weese-Mayer et al.,
2003a,c] and demonstration of decreased serotoner-
gic receptor binding in medullary regions of SIDS
cases [Panigrahy et al., 2000], a potential relationship
between the 5HT system, PHOX2B, and SIDS
seems likely. We did not find any significant
interactions between PHOX2B intron 2/exon 3
polymorphisms and the 5HTT promoter/intron 2
polymorphisms. Thus, polymorphisms in 5HTT and
PHOX2B appear to exert independent effects on
SIDS risk, potentially by acting on different aspects of
5HT system function.

While the results of this study are intriguing, the
limitations of the study must be recognized. Speci-
fically, the nature of the NIH-funded tissue bank
requires anonymity of subjects with limited medical
history provided, and it is limited in racial and
ethnic representation. Further, the low frequency of
occurrence of the polymorphisms found in exon 3
of PHOX2B makes comparison of these regions
between cases and controls, and using gene interac-
tion analysis difficult. To study polymorphisms with
such a low rate of occurrence, it will be necessary to
establish a larger sample size. Population stratifica-
tion is a concern in any genetic association study
and could be responsible for spurious associations
in many association studies, including this one.
Although there are statistical methods to account
for hidden stratification [Devlin and Roeder, 1999;
Pritchard et al., 2000], the most prudent approach
when using an apparently stratified sample is to
match cases and controls based on self-identified
ethnicity. We are confident that our matched case-
control sample adequately addresses any major
concerns with stratification.

Although this study did not yield a SIDS-specific
PHOX2B mutation, the identification of a common
single nucleotide polymorphism associated with the
SIDS phenotype, as well as the preponderance of
coding region polymorphisms found in SIDS
cases compared to controls, suggests that PHOX2B
polymorphisms may imbue an increased risk for ANS
dysfunction, including SIDS. The low rate of
occurrence of mutations in PHOX2B, however,
indicates that there are other yet unidentified
genes and mutations responsible for the SIDS
phenotype, either directly or in conjunction with
the polymorphisms identified in PHOX2B, RET,
5HTT, and/or other genes involved in ANS or
serotonergic system development. Sequencing of
additional genes involved in ANS or serotonergic
development in a larger group of SIDS cases will be
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expected to yield insight into the relationship
between PHOX2B, additional candidate genes,
and SIDS.
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