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Abstract

Sudden infant death syndrome (SIDS) is defined as the sudden and unexpected death of an infant
less than 12 months of age that is related to a sleep period and remains unexplained after a
complete autopsy, death scene investigation, and review of the clinical history. The cause of SIDS
is unknown, but a major subset of SIDS is proposed to result from abnormalities in serotonin (5-
HT) and related neurotransmitters in regions of the lower brainstem that result in failure of
protective homeostatic responses to life-threatening challenges during sleep. Multiple studies have
implicated gene variants that affect different elements of 5-HT neurotransmission in the
pathogenesis of these abnormalities in SIDS. In this review | discuss the data from these studies
together with some new data correlating genotype with brainstem 5-HT neurochemistry in the
same SIDS cases and conclude that these gene variants are unlikely to play a major role in the
pathogenesis of the medullary 5-HT abnormalities observed in SIDS.

1. Introduction

The identification of gene variants underlying the pathogenesis of the sudden infant death
syndrome (SIDS) is of major significance in SIDS research. Identification of such variants
could potentially form the basis of genetic screening to identify living infants at risk at or
soon after birth. Such an advance would allow targeted parental counseling to minimize
exposure to environmental risk factors and potentially form the basis of therapeutic
intervention strategies. Evidence suggests that a major subset of SIDS cases results from
abnormalities in serotonin (5-HT) and related neurotransmitters in regions of the lower
brainstem that result in failure of protective homeostatic responses to life-threatening
challenges during sleep. Multiple studies have identified associations between variants in
genes related to 5-HT signaling in the central nervous system and SIDS suggesting that they
contribute to the brainstem 5-HT abnormalities observed and, thus, represent risk factors for
SIDS. Here, | review and examine the evidence for the potential role of these gene variants
in the pathogenesis of SIDS by comparing data from the studies of others to those of our
own studies in the San Diego SIDS Dataset. In addition, | also present new (previously
unpublished) data correlating medullary 5-HT neurochemical markers with genotype in the
same SIDS cases in order to determine if these polymorphisms actually alter brainstem 5-HT
neurochemistry, and, thus, contribute to SIDS pathogenesis in the hypothesized manner.
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2. The Sudden Infant Death Syndrome (SIDS)

2.1 Definition and Incidence

The sudden infant death syndrome (SIDS) is defined as the sudden death of an infant <12
months of age that is associated with a sleep period and remains unexplained after a
complete autopsy and death scene investigation (Krous et al. 2004). Typically a seemingly
healthy infant (i.e., without a clinical prodrome) dies following a sleep period, with death
presumably occurring either during sleep or during one of the many transitions to waking
that occur during sleep (Krous et al. 2004; Kinney et al. 2009). The incidence of SIDS has
fallen by at least 50% in the last 20 years largely due to the identification of the increased
risk of SIDS associated with the prone sleep position (Beal 1986; Engelberts et al. 1990;
Fleming et al. 1990; Ponsonby et al. 1993; Willinger et al. 1994; Dwyer et al. 1995; Moon et
al. 2007) and the subsequent implementation of risk-reduction campaigns promoting safe
sleeping practices (Mitchell et al. 1994; Willinger et al. 1994; Beal et al. 2000).
Nevertheless, there has been a plateau in the SIDS rate over the last decade, and it remains
the leading cause of postneonatal infant mortality and the third leading cause of infant
mortality in the United States with an incidence of 0.57/1,000 live births (Moon et al. 2007;
Hauck et al.). In effect, there are at least 6 infant deaths due to SIDS each day in the United
States.

2.2 The Triple Risk Model of SIDS

The pathogenesis of SIDS is unknown, but it has become clear that it has a complex etiology
involving multiple and simultaneous factors (Takashima et al. 1990; Hoffman et al. 1992;
Arnestad et al. 2001; Trachtenberg et al. 2012). Risk factors associated with the sleep
environment include prone or face down sleeping (Fleming et al. 1990; Fleming et al. 1996;
Blair et al. 2006), bed sharing (Blair et al. 1999; Hauck et al. 2003; Tappin et al. 2004;
Tappin et al. 2005; Pelayo et al. 2006; Mitchell 2007; O’Mara 2007; Vennemann et al.
2009) and over-bundling (Fleming et al. 1990; Fleming et al. 1996). Additional risk factors
are associated with the mother and pregnancy, including prematurity, low birth weight,
prenatal and postnatal cigarette smoke exposure (Schoendorf et al. 1992; Haglund 1993,
Blair et al. 1996; Fleming et al. 1996; MacDorman et al. 1997; Wisborg et al. 2000;
Anderson et al. 2005; Mitchell et al. 2006) and maternal alcohol ingestion during pregnancy
(Scragg et al. 1993; Alm et al. 1999; lyasu et al. 2002; Kinney et al. 2003; Klug et al. 2003;
Duncan et al. 2008; O’Leary et al. 2013). The “Triple Risk Model” of SIDS (Filiano et al.
1994) has proven useful in thinking about how these multiple factors interact to cause SIDS
(Fig. 1). According to this model, SIDS occurs when three factors simultaneously impinge
upon the infant: 1) an underlying vulnerability in the infant; 2) a critical developmental
period, i.e., the first year of life; and 3) an exogenous stressor, e.g., prone sleep. According
to this model, normal infants do not die of SIDS, but rather, only infants with an underlying
disease process. The model also explains why only a few of the many infants placed prone
to sleep die of SIDS (Kinney et al. 2011) and reinforces the important concept that
environmental stressors, such as prone sleep, do not cause SIDS.

2.3 The Role of Genetic Factors in the Pathogenesis of SIDS

While SIDS is not inherited in Mendelian fashion (Irgens et al. 1984; Peterson et al. 1986;
Irgens et al. 1988) evidence suggests that genetic factors are involved. The rate of SIDS in
twins is twice that in singletons and the rate in identical twins is 2.5 times that in dizygotic
twins with birth weight >3000g, indicating that the increased mortality in identical twins is
not related to low birth weight (Pharoah et al. 2007). Similarly, the risk of a second SIDS
death within a family is estimated to be 1-5 times that in the general population, although the
influence of environmental factors in these studies cannot be completely ruled out (Oyen et
al. 1996; Getahun et al. 2004; Hunt 2004; Pharoah et al. 2007). There are also marked racial
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disparities in SIDS, with rates 2-7 times the national averages observed in indigenous
populations in the United States (Kitsantas et al.; Kinney et al. 2009; Hauck et al. 2011),
New Zealand (Moon et al. 2007) and Australia (Moon et al. 2007), as well as in the Cape
Colored population in South Africa (Kibel et al. 2005). While these populations are
frequently socioeconomically disadvantaged this does not completely account for the
disparity in SIDS rates (Kattwinkel et al. 2005). Indeed, the SIDS rates in Hispanics in the
United States, who are also recognized as a socially disadvantaged population, are fower
than the national average (Kattwinkel et al. 2005). In addition, there is an increased rate of
SIDS in male compared to female (3:2) infants (Froggatt et al. 1968; Beal 1972; Stewart
1975; Arneil et al. 1985; Millar et al. 1993). While this observation may be due, at least in
part, to normally occurring differences in hormone levels, it also suggests that there may be
an X-chromosome linked genetic susceptibility to SIDS. Finally, and perhaps most
significantly, prior to the identification of the genetic mutations responsible for medium-
chain acyl-CoA dehydrogenase (MCAD) fatty acid oxidation disorders (Bennett et al. 1994;
Opdal et al. 2004) and cardiac channelopathies responsible for long QT syndrome (LQTS)
(Schwartz et al. 1998; Ackerman et al. 2001; Arnestad et al. 2007), infant deaths resulting
from these entities were considered to be SIDS. These observations support the idea that rare
functionally significant gene mutations underlie the pathogenesis of different subsets of
SIDS cases.

3. Medullary Homoestatic Network Dysfunction as a Key Underlying
Abnormality in SIDS

Research consensus implicates dysfunction of homeostatic mechanisms that result in failure
of protective responses to life-threatening stressors during sleep as the “underlying
vulnerability” that precipitates the death of the infant (Shannon et al. 1982b; Shannon et al.
1982a; Hunt et al. 1987; Harper 2001; Fifer et al. 2002; Kinney et al. 2005; Kinney et al.
2009; Harper et al. 2010; Waters 2010; Kinney et al. 2011). Indeed, evidence implicates
abnormalities in several pathways related to homeostasis, including in cardio-respiratory
function (Kelly et al. 1979; Kelly et al. 1986; Antila et al. 1990; Pincus et al. 1993; Franco et
al. 1998; Ledwidge et al. 1998; Rantonen et al. 1998; Schwartz et al. 1998; Franco et al.
1999; Edner et al. 2000; Ramanathan et al. 2001; Kinney et al. 2005), neurodevelopment
(Ambler et al. 1981; Kinney et al. 1991; Filiano et al. 1992; O’Kusky et al. 1994; O’Kusky
et al. 1995; Waters et al. 1999; Biondo et al. 2003; Weese-Mayer et al. 2004), immune
function (Vege et al. 1995; Moscovis et al. 2004; Prandota 2004; Moscovis et al. 2006), and
metabolic/energy pathways (Arens et al. 1993; Prandota 2004). However, among the most
consistent abnormalities reported in SIDS cases are neurotransmitter and related
abnormalities including in 5-HT (Panigrahy et al. 2000; Ozawa et al. 2002a; Ozawa et al.
2002b; Kinney et al. 2003; Paterson et al. 2006b; Machaalani et al. 2009; Duncan et al.
2010), y-amino-butyric acid (GABA) (Broadbelt et al. 2011), and the family of 14-3-3 signal
transduction proteins (Broadbelt et al. 2012) in the medulla oblongata of SIDS cases. Based
upon these observations it is proposed that an important subset of SIDS cases results from
abnormalities in a multi-neurotransmitter modulated medullary homeostatic network. These
abnormalities are proposed to result in defective modulation and co-ordination of
homeostatic function when the infant is in a compromised sleep environment (e.g., face-
down or face-covered), initiating a chain of events ultimately leading to sleep-related sudden
death.

4. Gene Variants Affecting Serotonin Neurotransmission Implicated in SIDS

Multiple studies have attempted to identify genetic variants associated with SIDS (see Table
1). The majority of these studies have been “candidate gene” studies focusing on single
nucleotide polymorphisms (SNP) or small insertion/deletion polymorphisms that alter either
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protein structure or function or expression level of genes related to SIDS susceptibility
pathways. Given the abnormalities in markers of 5-HT neurotransmission reported in SIDS
cases significant research effort has focused upon gene variants that alter 5-HT
neurotransmission (Fig. 2). The evidence for a role of these gene variants in the
pathogenesis of SIDS is discussed in detail below.

4.1 Fifth Ewing Variant (FEV)

The pheochromocytoma 12 (PC12) E26 transformation specific (Ets) factor (PET-1) plays a
critical role in the differentiation and maintenance of the 5-HT neuron phenotype in rodents
and chickens during neural development (Hendricks et al. 1999; Pfaar et al. 2002; Cheng et
al. 2003; Hendricks et al. 2003; Scott et al. 2005). The Fifth Ewing Variant (FEV) is the
human homologue of the PET-1, sharing 96% of its amino acid sequence, consistent with
the idea that is plays a similar function (Pfaar et al. 2002; Maurer et al. 2004). A FEV/ gene
variant that results in altered expression or function of the transcription factor could,
therefore, potentially result in abnormal development and function of 5-HT neurons and the
medullary 5-HT abnormalities observed in SIDS. In a study of 96 African American and
Caucasian SIDS cases and 96 ethnically matched controls Rand et al (2007) identified what
appeared to be a rare insertion mutation in the FEV/gene (IVS2-191_190insA) exclusively
in African American SIDS cases (Rand et al. 2007). This observation suggested that the
mutation contributes to medullary 5-HT abnormalities selectively in African American SIDS
infants, and potentially plays a role in the increased incidence of SIDS in this population. In
our laboratory, we sought to replicate these observations by studying 78 SIDS cases from
the San Diego SIDS Dataset, with an additional 296 control DNA samples of Caucasian,
African American, and Mexican ethnicity (HD100CAU, HD100AA, and HD100MEX) from
Coriel Cell Repositories. In contrast to Rand et al., however, we observed the insertion to be
present in all ethnicities and to be a common mutation in African American controls-31%
(33/108). Notably, we observed the insertion to be present in significantly higher frequency
in Hispanic SIDS cases-9% (3/34) compared to ethnicity matched controls (Broadbelt et al.
2009). These observations indicate that the polymorphism appears to be a common, likely
non-pathogenic, variant in the African-American population, but may be associated with
increased SIDS risk in Hispanic populations.

4.2 Tryptophan Hydroxylase 2 (TPH2)

Tryptophan hydroxylase is the rate-limiting enzyme for the biosynthesis of 5-HT (Walther et
al. 2003). Two isoforms of TPH exist: TPH1, which is responsible for 5-HT synthesis in
peripheral tissues, and TPH2, which is expressed in the brain (Walther et al. 2003). Analysis
of TPHZgene is relevant to SIDS research as a functional variation in the gene that results in
altered expression or function of the enzyme could result in a reduction in 5-HT synthesis,
and potentially cause or contribute to the reduced levels of tissue 5-HT and TPH2 itself
observed in the medulla of SIDS cases (Duncan et al. 2010). To date, however, only one
study investigating genetic variation in the 7PH2gene in SIDS has been published. Marzano
et al., (2008) analyzed a cohort of 20 Italian SIDS cases for a rare SNP (rs1200074175) in
the TPH2 gene that affects the catalytic site of the enzyme and results in reduced 5-HT
synthesis (Zhang et al. 2004; McKinney et al. 2008). The mutation has a frequency of
approximately 0.7% in the general population, so it is unsurprising that authors did not
observed the SNP in any of their SIDS cases (Nonnis Marzano et al. 2008). This mutation
has not been studied in any other SIDS populations but given its rarity it is unlikely to play a
role in the pathogenesis of a significant number of SIDS cases.

4.3 5-HT1p and 5-HT,a receptors

The 5-HT14 and 5-HTa receptors represent the two main functional classes of receptors
mediating the downstream affects of 5-HT neurotransmission. The 5-HT; 5 receptor is
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predominantly recognized as a somato-dendritic autoreceptor (although there are significant
populations of 5-HT1 5 heteroreceptors) that inhibits neuron function (Barnes et al. 1999). In
contrast, the 5-HT, receptor is considered to be an excitatory post-synaptic (to 5-HT
neurons) heteroreceptor that stimulates neuron function (Barnes et al. 1999). Both of these
receptors are densely distributed in medullary regions mediating homeostatic function,
(Paterson et al. 2004; Paterson et al. 2006b; Paterson et al. 2009; Paterson et al. 2010) and
play an important role in neural development as well as 5-HT mediated regulation of
autonomic and respiratory function (Gillis et al. 1989; King et al. 1991; Lalley 1994; Lalley
et al. 1994; Bach et al. 1996; Berner et al. 1999; Mitchell et al. 2001; Pena et al. 2002; Raul
2003; Baker-Herman et al. 2004; Ramirez et al. 2004; Tryba et al. 2006; Comet et al. 2007;
Dergacheva et al. 2007; Shen et al. 2007; Villalon et al. 2007). Significant reductions in 5-
HTq 4 receptor binding (Paterson et al. 2006b; Duncan et al. 2010) and 5-HT,a receptor
immunostaining (Ozawa et al. 2002a; Ozawa et al. 2002b) have been observed in the
medulla of SIDS cases. Analysis of functional genetic variants that alter the expression or
function of these receptors is, therefore, relevant to genetic research in SIDS.

In two separate studies, analyzing the same SIDS cohort as in the FEV study, Morley et al.,
(2008) and Rand et al., (2009), respectively, sequenced the 5-HT 15 (H7TR1A) and 5-HTa
(HTRZA) genes in order to identify functional variants that potentially contributed to the
pathogenesis of SIDS. Both studies identified SNPs, including some novel variants, which
resulted in protein-coding changes in the 5-HT 14 and 5-HT,x receptors (Morley et al. 2008;
Rand et al. 2009). Morley et al., (2008) observed a greater frequency of variation in the
HTRI1A gene in male SIDS cases compared to female SIDS cases, raising the possibility that
increased variation in general in the 5-HTq A receptor gene may play a role in the increased
incidence of SIDS in male versus female infants. However, neither study observed a
significant association between any gene variant and SIDS.

4.4 The 5-HT Transporter Promoter Polymorphism (5-HTTLPR)

The 5-HT transporter (5-HTT) plays a key role in 5-HT neurotransmission via its control of
synaptic 5-HT levels (Blakely et al. 2005); thus, genetic variations that alter 5-HTT
expression or function may affect synaptic availability of 5-HT and contribute to the deficit
in 5-HT levels observed in the medulla in SIDS cases. The 5-HTT gene is the most
commonly studied 5-HT pathway gene in SIDS, with 8 studies to date analyzing different
functional genetic variants (Fig.3). The gene variants studied each alter gene expression and
include two insertion/deletion polymorphisms, one in the promoter region (5-HTT promoter
polymorphism or 5-HTTLPR) (Heils et al. 1995; Heils et al. 1997; Greenberg et al. 1999)
and the other in the second intron (Ogilvie et al. 1996), and a SNP (rs1042173) in a
polyadenylation site in the 3’ region of the UTR (Battersby et al. 1999; Seneviratne et al.
2009) (Fig. 3). While the 3' UTR SNP was not observed to be associated with SIDS (Maher
et al. 2006), significant associations with both the 5-HTTLPR and Intron 2 polymorphisms
have been reported in multiple studies, and | now consider these latter two polymorphisms
in more detail.

The 5-HTT promoter polymorphism consists of a 22-23 base-pair insertion-deletion in the 5'
promoter region of the gene producing either a short “S” allele that has 14 copies or a long
“L” allele that has 16 copies of the insertion. The L allele is associated with increased gene
transcription and protein expression compared to the S allele (Heils et al. 1995; Heils et al.
1997; Greenberg et al. 1999) (Fig.3). Similarly, the LL genotype results in greater gene
transcription and protein expression than the SS genotype. However, gene and protein
expression levels in the SL genotype are comparable with those observed with the SS
genotype (Lesch et al. 1996; Heils et al. 1997; Hranilovic et al. 2004). These observations
indicate that the S allele exerts dominance over the L allele in regulation of gene expression
(Lesch et al. 1996; Heils et al. 1997; Hranilovic et al. 2004) and that there is no “allele
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dosage” effect on gene transcription and protein expression. In 2001, Narita et al., reported
that the LL genotype and the L allele were present in significantly higher frequency in SIDS
cases compared to controls in a Japanese cohort (Narita et al. 2001). This observation led to
the hypothesis that infants with the LL genotype have increased 5-HT uptake, and thus, are
at greater risk of SIDS, particularly if there is an existing medullary 5-HT deficiency.
Subsequently, multiple studies attempted to confirm the observations of Narita et al.,
analyzing different SIDS populations. Weese-Mayer et al., (2003a) replicated the association
between the LL genotype and L allele with SIDS in a combined Caucasian and African
American SIDS cohort. However, when the ethnic subgroups were analyzed individually, no
significant associations between genotype or allele were observed in African Americans and
an association with the L allele only was observed in Caucasians (Weese-Mayer et al.
2003a; Weese-Mayer et al. 2003b). Nonnis-Marzano et al., (2008) also reported a significant
association between the LL genotype and L allele with SIDS in an Italian population
(Nonnis Marzano et al. 2008), albeit with a very limited sample size of 20 SIDS cases. In
another study, Opdal et al., (2008) observed a borderline significant association (p=0.05) of
the L allele with SIDS in a Norwegian Caucasian cohort. In contrast, in a Swiss Caucasian
population Hass et al., (2009) observed no association between genotype or allele frequency
and SIDS (Haas et al. 2009). Similarly, we did not observed any association between
genotype or allele and SIDS in our predominantly Caucasian (SIDS n=94, Controls n=100)
San Diego Dataset containing 179 SIDS cases and 139 controls, either in the total cohort or
when stratifying by ethnicity (Paterson et al. 2010).

As is evident from the description of the studies above, the vast majority of SIDS cases
analyzed for the 5-HTTLPR have been Caucasian. Taken together, observations from these
studies do not support a role for the 5-HTTLPR as significant risk factor for SIDS in this
ethnicity. Two out of the three studies reporting positive associations with the LL genotype
and/or the L allele with SIDS were significantly underpowered by sample size (i.e., Weese-
Mayer et al., n=44 SIDS; Nonnis-Marzano et al., n=20 SIDS), and reported allele
frequencies in their Control populations studies that were the reverse of those expected for
this ethnicity, i.e., exhibiting a higher frequency of the S allele over the L allele (Fig. 4).
Thus, the significant associations observed in these two studies may well be a product of
population bias. Thus, out of the studies of Caucasian populations with reasonable statistical
power to detect differences in genotype and allele frequency distribution, only one, Opdal et
al., (2008) reported a borderline association of SIDS with the L allele. Moreover, given that
increased 5-HTT expression and 5-HT uptake is observed on/y with the LL genotype and
not with the L allele, this observation does not support the idea that the 5-HTTLPR is a risk
factor for SIDS. Therefore, when considered together, the data from the studies described
above provide, at best, only weak evidence to support a link between the 5-HTTLPR and
SIDS in Caucasians. The role of this polymorphism in conferring SIDS risk in other
ethnicities remains to be fully elucidated, but it seems unlikely that it plays a major
pathogenic role in any population.

4.5 The 5-HTT Intron 2 Polymorphism

This polymorphism consists of a variable number tandem repeat (VNTR) of 9, 10 or 12
copies of a 17bp element in the second intron the 5-HTT gene (Ogilvie et al. 1996) (Fig. 2).
Similar to the L allele of the 5-HTTLPR, cells transfected with 12 copies of the repeat
element display increased gene expression compared to cells with 10 copies (Fiskerstrand et
al. 1999; MacKenzie et al. 1999). In 2003, Weese-Mayer et al., analyzed the same dataset of
96 SIDS cases and ethnicity matched controls for this poymorphism that they had previously
analyzed for the 5-HTTLPR. They identified a significant correlation between the 1212
genotype and the 12 allele in African American but not Caucasian SIDS infants (Weese-
Mayer et al. 2003b). Hass et al., (2009), Opdal et al., (2008) and Nonnis-Marzano et al.,
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(2008) did not observe any association between genotype or allele frequency and SIDS
when analyzing Caucasian only cohorts. In our San Diego SIDS Dataset we genotyped 147
SIDS cases and 122 controls, including n=18 SIDS and n=7 Controls of African American
origin but did not observe any significant association between genotype or allele with SIDS
in this ethnicity (Table 2). This observation may be due to the small number of African
American cases available for analysis. However, genotype and allele frequency distributions
in the African American SIDS cases were consistent with those in n=100 African American
Coriell Controls (Table 2), supporting the idea that there is no association with this
polymorphism and SIDS in African Americans. Interestingly, we observed a significantly
higherfrequency (p<0.002) of the 1010 genotype (14.29%) and a /ower frequency of the
1212 genotype (4.1%) in SIDS cases compared to controls when we analyzed the total
cohort (Table 2). However, these observations appear to be driven by our Caucasian control
population as they exhibited a higher frequency of the 1212 genotype and 12 allele
compared to Caucasian Coriell controls, which are accepted as representative of the
Caucasian population (Table 2) (Fig 5). Therefore, we think it is unlikely that there is a true
association between the 1010 genotype and SIDS. In summary, to date studies of the intron
2 polymorphism do not provide any data to support a role for the polymorphism in the
pathogenesis of SIDS in Caucasian populations. However, while recognizing that the
observations of Weese-Mayer et al., require confirmation in larger datasets, it remains
possible that the intron 2 polymorphism is associated with increased SIDS risk in African
American, and potentially other non-Caucasian, populations.

4.6 Monoamine Oxidase A (MAOA)

Mono-Amine Oxidase (MAO) is the mitochondrial enzyme primarily responsible for the
intracellular degradation of 5-HT (Shih et al. 1999b; Shih et al. 1999a). Two isoforms of
MAO enzyme exist, A and B. MAOA has greater affinity for 5-HT and plays the major role
in 5-HT degradation (Shih et al. 1999b; Shih et al. 1999a) (Fig. 2). Elevated or reduced
expression of MAO resulting from genetic variation associated with this polymorphism may
potentially alter the level of 5-HT available for release, via increased or reduced enzymatic
degradation of 5-HT, and, therefore, alter 5-HT function in SIDS. The MAOA gene is also
of interest to SIDS research because it is located on the X-chromosome. As males have only
one X-chromosome they exhibit hemizygosity (i.e., have only one copy of the gene and,
thus, a single allele) for any X-chromosome located gene, and thus, functional allelic
variants in these genes are likely to have a greater impact on the biological process in males
compared to females. It is possible, therefore, that functional genetic variants in the MAOA
gene may underlie the excess of male-to-female SIDS deaths.

A VNTR polymorphism in the promoter region of the MAOA gene that alters expression
has been analyzed in the three independent SIDS populations. The polymorphism consists of
a 30bp repeat sequence present in 2, 3, 3.5, 4, or 5 repeats, with 3.5 and 4 copies (“high”
alleles) of the repeat associated with increased gene transcription compared to 2 and 3
copies (“low” alleles) (Sabol et al. 1998; Deckert et al. 1999). A significant association
between the “high” allelic variants and SIDS was reported by Fllzoni et al., (2009), albeit in
only 20 SIDS cases (Filonzi et al. 2009). Nevertheless, this observation was essentially
replicated by Courts et al., (2013), who reported a significantly higher frequency of “high”
allelic variants in their total cohort (n=142) and in female (n=52), but not male (n=90), SIDS
cases compared to controls (n=280) (Courts et al. 2013). In contrast, however, Klintschar et
al., (2012) reported a significant association between the “low” 2 and 3 allelic variants and
male SIDS cases, but not in female SIDS cases (Klintschar et al. 2012). In our San Diego
SIDS Dataset, we analyzed the genotype and allele frequency of the MAOA promoter
VNTR in n=140 SIDS cases (n=85 male and n=55 female) and 92 controls (n=52 males and
n=40 females). Consistent with the observations of Klintschar et al., (2012), we observed an
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increased frequency of the “low” (2 and 3) alleles in Caucasian male SIDS cases compared
to controls (x2 =3.98, df=1, p=0.046) (Table 3). However, there was no significant
difference in allele frequency between the Caucasian male SIDS cases and Coriel Caucasian
male controls (Table 3). In addition, the frequency of the “high” alleles in our Caucasian
male controls (86%) was higher than in Coriel Caucasian male controls (67%) (Table 3).
Therefore, as with our observations of the intron 2 polymorphism, this data suggests that the
observed differences in allele frequency between SIDS and controls in the San Diego
Dataset are being driven by admixture in the control population and likely to do not
represent a true association with SIDS.

The observations from the studies with reasonable statistical power to detect differences in
genotype and allele frequency appear, therefore, to be entirely contradictory. That is, one
study identifying increased SIDS risk with increased MAOA expression in females (Courts
et al.), another with reduced MAOA expression in males (Klinstschar et al.,) and in our
study of the San Diego SIDS Dataset we essentially identified no association at all. Further
studies on larger datasets, including on different ethnicities, will be necessary to determine
whether the MAOA polymorphism is associated with increased SIDS risk.

5. Correlation of 5-HT Signaling Pathway Gene Variants with Brainstem 5-
HT Markers in SIDS Cases

The 5-HTTLPR, Intron 2 and MAOA polymorphisms are hypothesized to increase the risk
of SIDS by altering 5-HT neurotransmission thereby putatively contributing to the
medullary 5-HT defects observed in SIDS cases. In a subset of SIDS cases in the San Diego
SIDS Dataset we have quantitative data on markers of medullary 5-HT function including,
5-HTT binding density, 5-HT levels, TPH2 levels and 5-HT 1 receptor binding density
(Paterson et al. 2006a; Duncan et al. 2010). By correlating genotype information with this
data we are in the unique position of being able to test the above hypothesis directly in SIDS
cases. To date, in our San Diego SIDS Dataset, we have 55 SIDS cases and 15 Controls for
which we have brainstem neurochemical data that we can correlate with genotype
information on the 5-HTTLPR, Intron 2 and MAO-A polymorphisms. The small number of
Controls available in our database is, thus, impractical to allow accurate correlation of
neurochemistry with genotype. Therefore, we individually correlated 5-HTTLPR, Intron 2
and MAOA genotypes with previously determined neurochemistry data in SIDS cases only.
For these analyses, we tested the hypothesis that the LL genotype of the 5-HTTLPR, 1212
genotype of the Intron 2, and the 4 allele (or 44 genotype) of the MAOA polymorphisms are
associated with: 1) higher 5-HTT binding density, 2) lower 5-HT1 4 receptor binding
density, and 3) lower TPH2 and 5-HT tissue levels in the medulla compared to SIDS cases
with other genotypes.

In contrast to our hypothesis we observed 5-HTT binding density to be significantly /ower
(23-34%) in the intermediate reticular zone (p=0.04), paragigantocellularis lateralis
(p=0.02), and gigantocellularis (p=0.008) in SIDS cases with SL genotype of the 5-HTTLPR
(Fig.7). Similarly contradictory in nature, we observed 5-HTT binding to be significantly
higherin the nucleus of the solitary tract (p=0.04) in SIDS cases with the 7070 genotype of
the intron 2 polymorphism (Fig 8A). The 1010 genotype was also associated with
marginally significantly higher 5-HTa receptor binding density in the gigantocellularis
nucleus (p=0.05) (Fig. 8B). We did not observe any significant associations between
genotype and 5-HT levels or TPH2 levels with genotype for either of the 5-HTT gene
polymorphisms. For the MAOA polymorphism, we observed a significantly higher density
of 5-HT 1 receptor binding sites in the raphe obscurus (RO) of male SIDS cases with the 3
allele (Fig. 9A) and a significantly higher level of 5-HT in the RO in female SIDS cases
with the 33 genotype (Fig. 9B).
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Interpretation of the above observations is limited by the relatively small sample sizes (i.e.,
as little as n=3 for some MAOA analyses) as well as by the lack control data. Without
appropriate genotype-correlation data from controls, it is not possible to determine if the
significant correlations observed in SIDS are pathogenic or if they simply result from a
normal genotype association, e.g., that 5-HTT binding density is also reduced in controls
with the SL genotype. Alternatively, it is possible that the hypothesized genotype-marker
correlation exists in controls but not in SIDS. Nevertheless, based on these limited data, we
propose that the observations above do not support a role for the 5-HTTLPR, Intron 2 and
MAOA polymorphisms in the pathogenesis of the medullary 5-HT abnormalities in SIDS in
the hypothesized way, i.e., by contributing directly to the “5-HT deficit”, via elevated 5-
HTT or MAO-A expression. Specifically, the LL or 1212 genotypes of the 5-HTTLPR and
intron 2 polymorphisms were neither associated with increased 5-HTT binding density nor
reduced 5-HT levels in the medullary 5-HT system. Similarly, neither the “high” expressing
4 allele nor the “low” expressing 3 allele of the MAOA polymorphism were associated with
reduced medullary 5-HT levels in SIDS cases. Indeed, the observations were consistent with
the “low” expressing 3 allele conferring a protective effect against SIDS in that the 3 allele
and 33 genotype were associated with increased 5-HT 1 receptor binding density and
increased 5-HT levels in the RO. Taken together, these observations suggest that it is
unlikely that any SIDS risk that is conferred by these polymorphisms involves a simple
mechanism whereby they alter 5-HTT or MAOA expression or function and lead to reduced
synaptic 5-HT.

6. Conclusions

The observations of the genetic studies described above do not provide compelling evidence
that any of the 5-HT pathway genes studied to date play a major role in the pathogenesis of
SIDS at least in Caucasian populations. If any of the gene variants studied was a strong
predictor of SIDS it is expected that a consistent association of the risk-related genotype
with SIDS would be observed across the studies even with the modest sample sizes
analyzed. It is possible that these polymorphisms may be more strongly associated with
SIDS in non-Caucasians, e.g., African Americans, as only a handful of studies have been
performed on these populations and the observations of these studies have yet to be
replicated or refuted. However, the risk-related genotype-neurochemistry correlation studies
performed by us in our San Diego SIDS Database, while limited by sample size, do not
provide any evidence to support that the idea that these gene variants alter makers of 5-HT
neurotransmission in the expected way. Thus, it is unclear, how, if at all, they would
contribute to the medullary 5-HT abnormalities observed in SIDS, regardless of ethnicity.
Overall, it appears unlikely that any of the 5-HT pathway gene polymorphisms studied to
date impart any significant SIDS risk. Furthermore, any role that they do play in the
pathogenesis of SIDS is likely to be part of a complicated interaction of multiple other
factors (physiological, environmental and genetic) that is currently unclear. Ultimately, in
the opinion of this author, analysis of these polymorphisms does not provide a meaningful
index of SIDS risk.

The likely heterogeneous nature of SIDS, i.e., putatively consisting of multiple distinct
diseases with a final common phenotype rather than a single disease entity, indicates that it
is likely to be polygenic in its pathogenesis. Within this paradigm the genetic component of
SIDS may consist of either rare gene variants that have a significant deleterious impact upon
a vital physiological function such that individually they are sufficient to result in the death
of the infant, e.g., MCAD gene mutations; or multiple susceptibility gene variants that
individually confer a small degree of SIDS risk, e.g. 5-HT pathway gene variants, that act
synergistically with other variants and environmental factors to precipitate the death of the
infant. On this basis, the search for rare or novel gene variants such as copy number

Respir Physiol Neurobiol. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Paterson

Page 10

variations (CNV) or rare point mutations are of utility in SIDS research. Array comparative
genome hybridization (aCGH) has been successful in identifying such mutations in other
sporadic diseases with complex etiology including autism, schizophrenia, Crohn’s disease,
and susceptibility to HIV infection (Gonzalez et al. 2005; Fellermann et al. 2006; Lee et al.
2006; Scherer et al. 2007; Sebat et al. 2007; Morrow et al. 2008; Walsh et al. 2008). Indeed,
by applying aCGH Toruner et al., (2009) identified CNVs in 3 out of 27 SIDS cases (11%),
including large-scale duplications and deletions in the region of the genome where the major
cluster of histone genes is located (Toruner et al. 2009). The precise pathway(s) through
which the CNVs identified by Toruner et al., (2009) contributed to the death of the infants is
unclear and remains to be determined. However, these observations illustrate the potential of
CNV analysis to identify novel candidate genes and pathways that may contribute to the
pathogenesis of SIDS. Alternatively, approaches to develop a “genetic profile” of SIDS
susceptibility gene variants may be employed by applying next generation sequencing
technologies. Whole exome and whole genome sequencing allow deep sequencing of gene
coding regions across the entire genome and provide the opportunity to simultaneously
genotype an individual for all previously identified gene variants associated with SIDS, as
well as for novel gene variants in the same or previously un-recognized systems. As the cost
of these technologies continues to fall in line with the increase in their capabilities, they will
enable the characterization of a genetic susceptibility profile in SIDS cases, including how
the gene variants in each of the SIDS susceptibility pathways overlap and combine to
increase SIDS risk in an individual. This type of analysis would also create a database of
genetic information for each infant (and individual SIDS populations) that could be analyzed
for gene variants as new genetic information on SIDS became available. In this way, a
comprehensive profile of gene variants contributing to SIDS risk could be developed.
Ultimately, it seems likely that the genetic component to SIDS will include both rare
causative mutations as well as a “catalogue” of susceptibility variants that predispose an
infant to increased SIDS risk.
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Triple Risk Model for SIDS

Critical Period

e.g., Prone
sleeping
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Genetics Environment

Figure 1. Triple Risk Model for SIDS Demonstrating Genetic-Environmental I nteractions

The Triple Risk Model for SIDS proposes that death occurs when three factors
simultaneously impinge upon the infant: 1) an underlying vulnerability in the infant; 2) a
critical developmental period, i.e., the first year of life; and 3) an exogenous stressor, €.g.,
prone sleep. According to this model, normal infants do not die of SIDS, but rather, only
infants with an underlying disease process. Gene variants are thought to contribute to SIDS
risk either by directly causing or contributing to the failure of homoestatic mechanisms or by
rendering the infant less resilient to environmental stressors.
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Pre-synaptic 5-HT Neuron @

@ FEV-Fifth Ewing Variant gene

— Transcription factor critical for the differentiation of 5-HT
neurons, including promoting the expression of TPH2, 5-
HTT and 5-HT receptors. Rare insertion mutation (IVS2-
191_190insA) identified in African American SIDS cases
by Rand et al., (2007); subsequently not replicated by
Broadbelt et al., (2009).

@ TPH2-Tryptophan hydroxylase 2 gene

— Rate limiting enzyme in 5-HT biosynthesis. No
association of SNP (rs1200074175) in the catalytic
domain of the enzyme that results in a reduction in 5-HT
synthesis by Marzano et al., (2008).

® 5-HT,, and 5-HT,, receptor genes

— Two main receptor subtypes mediating the effects of 5-
HT neurotransmission. Both genes were sequenced in
the same cohort of SIDS cases by Morley et al., (2008)

"TH and Rand et al., (2009). Multiple SNPS identified but

! none were significantly associated with SIDS.

o

@ 5_HTT-Serotonin transporter gene

— Responsible for transporting 5-HT released from the
nerve terminal back into the neuron. Multiple studies
analyzing polymorphisms in the promoter region and
second intron of the gene that alter gene expression
have been performed in several different SIDS
populations with variable results (Naritia et al., 2001;

®e Weese-Mayer et al., 2003a,b, Opdal et al., 2008;

. . Marzano et al., 2008, Haas et al., 2009, Paterson et al.,

2010)

® MAO-A-Monoamine oxidase A.

— The main enzyme responsible for the catabolism of 5-HT.
A polymorphism in the promoter region of the gene
altering gene expression has been analyzed in SIDS by
Klinschar et al., 2012 and Courts et al., (2013) with
conflicting observations.

Post-synaptic Neuron

Figure 2. Model of 5-HT neurotransmission

Schematic of 5-HT synthesis, release, and metabolism in a pre-synaptic neuron showing 5-
HT pathway genes analyzed in SIDS. 1) FEV, Fifth Ewing Variant gene-transcription factor
critical in differentiation of the 5-HT neuronal phenotype. Promotes the expression of TPH2,
5-HTT and 5-HT receptor genes in 5-HT neurons. 2) TPH2, tryptophan hydroxylase-2 gene-
rate limiting enzyme in biosynthesis of 5-HT, catalyses the formation of 5-
hydoxytryptophan from tryptophan (Tryp), which is then converted to 5-HT by aromatic
acid decarboxylase (hot shown). 3) 5-HT1 4 and 5-HT,a receptor genes-mediate the
downstream effects of 5-HT. 4) 5-HTT, serotonin transporter gene-transports 5-HT released
into the synapse back into the neuron for re-packing in vesicles for future release or
degradation by MAO-A. 5) MAO-A, mononamine oxidase A-mitochondrial enzyme
primarily responsible for the degradation of 5-HT into 5-hydoxy-indole-acetaldehyde (not
shown) that is then converted into 5-hydroxy-indole-acetic acid (5-HIAA) by aldehyde
dehydrogenase (not shown).
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Serotonin Tranporter Gene Variants
(SLC6A4: Chromosome 17911.1-q12)
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Figure 3. Serotonin gene variants studied in SIDS
Schematic of the 5-HTT gene (SLC6A4) and the location of the 5-HTTLPR, Intron 2 and 3’
UTR polymorphisms and their putative effects on gene transcription.
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5-HTTLPR Allele Frequencies in Caucasian Populations
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Figure4.5-HTTLPR allele frequenciesin Caucasians

Graphs comparing the S and L allele frequencies in Caucasian control populations in
different studies. Note that the S allele is the major allele (i.e., allele present in highest
frequency) in the populations analyzed by Weese-Mayer et al., (2003a) and Nonnis-Marzano
et al., (2008), the reverse of the other study populations and the expected allele frequency
for this polymorphism in Caucasians. This suggests that sample bias may influence the
observations in these studies. Names under each data group refer to the first author of the
study from which the data is extracted with the exceptions of “San Diego” and “Coriell” that
refer to the San Diego SIDS Dataset and the HD100CAU human variation DNA panel from
the Coriell Institute Cell Repository (Camden, NJ) from Paterson et al., (2010).
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Intron 2 Genotype Frequencies in San Diego and Coriell Caucasians
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Figure5. Intron 2 allele frequenciesin San Diego and Coriell Caucasians

Graph comparing the intron 2 genotype frequencies in Caucasian San Diego SIDS cases,
Controls and Coriell controls. The frequency of the 1212 genotype is significantly higher in
the San Diego Control population compared to the SIDS cases and Coriel Controls. x2
=12.23 df=2 p=0.002 for San Diego Controls vs. Coriell and x2 =8.17 df=2 p=0.017 for San
Diego Controls vs. San Diego SIDS.
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MAO Gene
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Figure 6. MAO-A gene promoter polymor phism
Schematic of the MAO-A and the location of the promoter VNTR and its putative effects on
gene transcription.
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5-HTT Binding Density by 5-HTTLPR genotype in the medulla of SIDS cases
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Figure 7. Medullary 5-HTT binding density correlated with 5-HTTL PR genotypein SIDS cases
Medullary 5-HTT binding density is significantly lower in SIDS cases with the SL genotype
in the gigantocellularis (GC) (*p<0.001), paragigantocellularlis lateralis (PGCL) (*p=0.02),
and intermediate reticular (IRN) (*p=0.04) nucleus by genotype (ANCOVA).
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A. 5-HTT Binding Density by Intron 2
genotype in the medulla of SIDS cases
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B. 5-HT,,Receptor Binding Density by
Intron 2 genotype in the medulla of SIDS cases
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Figure 8. Medullary 5-HTT binding and 5-HT 1 receptor binding density correlated with Intron
2 genotypein SIDS cases

A. Medullary 5-HTT binding density in SIDS cases in the intermediate reticular nucleus
(IRN) and nucleus of the solitary tract (NTS); binding density is significantly lower in SIDS
cases with the 1010 genotype in the NTS (*p=0.05, ANCOVA) and shows a trend to be
lower in the IRZ (p=0.06 ANCOVA). B. Medullary 5-HT1a receptor binding density in
SIDS cases in the gigantocellularis (GC) nucleus; receptor binding density is significantly
lower in SIDS cases with the 1010 genotype (*p=0.05, ANCOVA).
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A. 5-HT1A Receptor Binding Density inthe Raphe
Obscurus by MAO-AVNTR Allele in Male SIDS cases
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B. 5-HT Tissue Level in the Raphe Obscurus by
MAO-A VNTR genotype in Female SIDS cases
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Figure 9. 5-HT 14 receptor binding density and 5-HT tissue level correlated with MAO-A
genotypein SIDS cases
A. Medullary 5-HT 4 binding density in the raphe obscurus (ROB) is significantly lower in
male SIDS cases with the 3 allele compared to SIDS cases with the 4 allele nuclei. *p=0.02,
ANCOVA. B. Medullary 5-HT tissue level in the raphe obscurus (ROB) is significantly
lower in female SIDS cases with the 33 genotype compared to SIDS cases with the 34 or 44
genotypes. *p=0.01, ANCOVA.
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Table 1

Gene Variant Studies
FEV 1VS2-191_190insA Rand et al., 2009; Broadbelt et al., 2009
TPH2 G1463A exon 6 (rs1200074175)  Marzano et al., 2008

5-HTT (SLC6A4) 5-HTTLPR
Intron 2
3" UTR SNP
MAO-A MAO-A promoter VNTR
Interleukin 1 Multiple
Interleukin 6 -174G/C
Interleukin 10 -592A/C
TNFa Multiple
VEGF -1154G/A
Phox2A 287C/IA
RET Multiple
ECE1 1060A/G
TLX3 196C/IT
152G/A
EN1 719CIT
986C/A
Cc4 Partial gene
CcB Deletions
HVR-I Multiple
KCNQ1, KCNH2, SCN5A Multiple

Narita et al., 2001; Weese-Mayer et al., 2003a b;
Marzano et al., 2008; Opdal et al., 2008; Haas et al., 2009; Paterson et al.,
2010

Weese-Mayer et al., 2003a b; Marzano et al.,
2008; Opdal et al., 2008; Haas et al., 2009

Maher et al., 2006
Filzoni et al., 2008; Klintschar et al., 2012; Courts et al., 2013
Ferrante et al., 2010

Moscovis et al., 2006; Dashash et al., 2006; Opdal
et al., 2007; Ferrante et al., 2012

Summers et al., 2000; Opdal et al., 2003
Moscovis et al.,2004; Korachi et al., 2004
Opdal et al., 2004

Ferrante et al., 2008
Dashash et al., 2006
Weese-Mayer et al., 2004
Weese-Mayer et al., 2004
Weese-Mayer et al., 2004
Weese-Mayer et al., 2004

Weese-Mayer et al., 2004
Opdal et al.,1999
Opdal et al.,1998,1999,2002

Ackerman et al., 2001; Arnestad et al., 2007;
Otagiri et al., 2008; Millat et al., 2009.
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Genotype Distribution and Allele Frequencies for the Intron 2 Polymorphism in the San Diego Database and

Coriell Controls

X2 test X2 test
1010 1012 1212 p-value 10 12 p-value
All Cases SIDS 21 61 65 0.002* 103 191 <0.001**
n=147 (14.3%) (41.5%) (44.2%) (35.0%)  (65.0%)
Controls 5 41 76 51 193
n=122 (4.1%) (33.6%) (62.3%) (20.9%)  (79.1%)
Caucasians SIDS 12 29 32 0_017* 53 93 0_002*
n=122 (16.4%) (39.7 %) (43.8%) (36.3%)  (63.7%)
Controls 5 27 56 27 139
n=88 (5.7%)  (30.7%) (63.6%) (21.0%) (79.0 %)
Coriell 11 48 36 70 120
n=95 (11.6%) (51.6%) (37.9%) (37.0%)  (63.0%)
African SIDS 2 8 8 0.12 12 24 0.39
American n=18 (11.1%) (44.4%) (44.4%) (33.3%)  (66.7%)
Controls 0 1 6 1 13
n=7 (0%) (14.3%) (85.7%) (7.1%) (92.9%)
Coriell 7 49 44 63 137
n=100 (7.0%)  (49.0%) (44.0%) (31.5%) (68.5%)
Hispanic SIDS 6 15 19 0.58 27 53 0.27
n=33 (15.0%) (37.5%) (47.5%) (33.7%)  (33.7%)
Controls 0 9 0 9 27
n=18 (0%) (50.0%)  (50.0%) (25.0%)  (75.0%)
Coriell 3 45 52 51 149
n=100 (3.0%)  (45.0%) (52.0%) (25.5%)  (75.5%)

Table shows number of cases/controls and (%) for each genotype and allele. The frequency of the 1010 genotype and the 10 allele was significantly
higher in SIDS cases compared to controls in the total cohort and in Caucasian SIDS cases compared to Caucasian controls.

*
P<0.05 x2 test for comparisons between SIDS cases and controls.
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Table 3
Allele Frequencies for the MAO-A VNTR Polymorphism in the San Diego Database and Caucasian Coriell
Controls
Male Female
Allele SIDS Control Exact Test SIDS Control Exact Test
All Cases n=84 n=53 n=55 n=39
2 2 (2.4%) 1 (1.9%) p=0.78 0 (0%) 0 (0%) p=0.86
3 23(27.4%) 12 (22.6%) 30 (27.3%) 18 (23.1%)
4 57 (67.9%) 40 (75.5%) 77 (70.0%) 58 (74.4%)
5 2 (2.4%) 0 (0%) 3(0.7%) 2 (2.5%)
X2 test X2 test
283  25(29.8%) 13 (24.5%) p=0.51 30 (27.3%) 18(23.1%)  p=0.52
485 59 (70.2%) 40 (75.5%) 80 (72.7%) 60 (76.9%)
Caucasians n=43 n=36 Exact Test n=23 n=30 Exact Test
2 2 (4.7%) 0 (0%) p=0.09 0 (0%) 0 (0%) p=0.36
3 12 (27.9%) 5 (13.9%) 13 (28.3%) 12 (20.0%)
4 28(65.1%) 31 (86.1%) 32 (69.6%) 46 (76.7%)
5 1 (2.3%) 0 (0%) 1(21%)  2(3.3%)
X test X2 test
223 14(326%) 5(139%)  p-poae”  13(283%) 12(20.0%)  p=0.32
485 29 (67.4%) 31(86.1%) 33 (71.7%) 48 (80.0%)
Caucasian n=50 Exact TestT n=46 X2 test
Coriell
2 0 (0%) p=0.34 0 (0%) p=0.34
3 16 (32.0%) 25 (25.5%)
4 34 (68.0%) 73 (74.5%)
5 0 (0%) 0 (0%)
283 16 (32.0%) p=0.34 25(25.5%)  p=0.34
485 34 (68.0%) 73 (74.5%)

Table shows number of cases/controls and (%) for each allele. The frequency of the combined 3&4 alleles is significantly higher in Caucasian male
controls compared to Caucasian SIDS cases in the San Diego Dataset. However, no significant difference in combined allele frequency was
observed between Caucasian SIDS cases and Caucasian Coriell controls.

fP—vaIues for comparison with Caucasian SIDS cases.

*
P<0.05 x2 test.
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