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Abstract

Background—Sudden infant death syndrome (SIDS) is one of the leading causes of death
during the first year of life. Long QT syndrome (LQTS)-associated mutations may be responsible
for 5-10% of SIDS. Recently, we established CAV3-encoded caveolin-3 as a novel LQTS-
associated gene with mutations producing a gain-of-function, LQT3-like molecular/cellular
phenotype.

Objective—To determine the prevalence and functional properties of CAV3 mutations in SIDS.

Methods—Using PCR, DHPLC, and DNA sequencing, postmortem genetic testing of CAV3 was
performed on genomic DNA isolated from frozen necropsy tissue on a population-based cohort of
unrelated cases of SIDS (N = 134, 57 females, average age = 2.7 months). CAV3 mutations were
engineered using site-directed mutagenesis and heterologously expressed in HEK293 cell lines
stably expressing the SCN5A-encoded cardiac sodium channel.

Results—Overall, 3 distinct CAV3 mutations (V14L, T78M, and L79R) were identified in 3/50
black infants (6 month-old male, 2 month-old female, and 8 month-old female), while no
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mutations were detected in 83 white infants (p value < 0.05). CAV3 mutations were more likely in
decedents > 6 months of age (2/12) then infants who died before 6 months (1/124, p value = 0.02).
Voltage clamp studies showed that all 3 CAV3 mutations caused a significant five-fold increase in
late sodium current compared to controls.

Conclusions—This report provides the first molecular and functional evidence to implicate
CAV3 as a pathogenic basis of SIDS. The LQT3-like phenotype of increased late sodium current
supports an arrhythmogenic mechanism for some cases of SIDS.

INTRODUCTION

Sudden infant death syndrome (SIDS) is the sudden death of an infant under 1 year of age
which remains unexplained after a thorough case investigation, including performance of a
complete autopsy, examination of the death scene, and review of clinical history.(1) These
inexplicable tragedies remain the leading cause of infant death beyond the neonatal period
and the third leading cause of infant death overall in the United States.(2-5) In fact, in 2003,
there were 2,162 SIDS deaths in the United States according to the National Center for
Heath Statistics.(6)

While many pathophysiologic mechanisms for SIDS have been proposed, including
respiratory dysfunction, cardiac dysrhythmias, cardiorespiratory instability, and inborn
errors of metabolism, definitive pathogenic mechanisms precipitating an infant’s sudden
death remain elusive.(7-10) However, Ackerman and colleagues and Crotti and colleagues
have provided molecular and functional evidence establishing long QT syndrome (LQTS)-
conferring cardiac channel mutations as the pathogenic basis for an estimated 5-10% of
SIDS involving Caucasian infants.(11-13)

LQTS is one of the most common cardiac channelopathies affecting an estimated 1 in 3000
persons. While most remain either asymptomatic or experience a sudden fainting episode,
LQTS can present with a sentinel event of sudden cardiac death in infancy, childhood, or
adulthood.(14) In particular, defects in the SCN5A-encoded cardiac sodium channel (LQT3)
have been implicated both in SIDS and autopsy negative sudden unexplained death (SUD)
in childhood.(11) In addition, the ethnic specific common cardiac sodium channel
polymorphism, S1103Y-SCN5A, has recently been associated with African American SIDS
and sudden cardiac death in young black adults.(15,16)

Until recently, it was thought that LQTS was exclusively a cardiac channelopathy. However,
this view has been expanded by recent findings that other proteins associated with the ion
channel’s pore-forming subunit may alter their function in such a way that cardiac
repolarization is disrupted, producing the phenotype of LQTS. For example, defective
ankyrin-B, encoded by ANK2, has been identified as causative for type 4 LQTS.(17) In
addition, we have recently demonstrated that secondary disturbances in SCN5A channel
function via mutations in CAV3-encoded caveolin-3 mimic the LQT3 cellular phenotype in
some patients with LQTS (LQT9).(18)

Given the previous identification of SIDS-predisposing SCN5A mutations(11,12) and the
new discovery of LQTS-susceptibility mutations in CAV3(18), we hypothesized that CAV3
mutations causing a functional LQT3-like channelopathy may be responsible for some cases
of SIDS. Here, we set out to determine the spectrum and prevalence of CAV3 mutations in a
large population-based cohort of SIDS.
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METHODS

SIDS Cohort

Between September 1997 and December 2000, frozen necropsy tissue from a population-
based cohort of unexplained infant deaths (N = 134, 57 females, 83 white, 50 black, 1
Hispanic, average age = 2.7 months) was submitted for postmortem genetic testing in the
Sudden Death Genomics Laboratory. Following the general San Diego definition, SIDS is
defined as the sudden unexpected death of an infant < 1 year of age, with onset of the fatal
episode apparently occurring during sleep, that remains unexplained after a thorough
investigation, including performance of a complete autopsy and review of the circumstances
of death and the clinical history(1). Infants whose death was due to asphyxia or specific
disease were excluded. The institutional review board of the Mayo Foundation approved this
anonymous necropsy study. As an anonymous study, only limited medical information was
available including sex, ethnicity, and age at death. Time of day, medication use, and
position at death were not available. By definition, the infant’s past medical history and
family history was negative.

CAV3 Mutation Analysis

Genomic DNA was extracted from frozen myocardium (~25mg) using the QlAamp DNA
Mini Kit (Qiagen, Inc, Valencia, California). The entire coding region of the caveolin-3 gene
(CAV3, chromosome 3p25, OMIM 601253), was amplified from genomic DNA by
polymerase chain reaction, and open reading frame/splice site mutational analysis was
conducted by denaturing high-performance liquid chromatography (DHPLC) and direct
DNA sequencing as previously described.(19) Primer sequences, PCR conditions, and
DHPLC conditions are available upon request.

To be considered a possible SIDS-predisposing mutation, the genetic variant had to i) be a
non-synonymous variant (synonymous single-nucleotide polymorphisms were excluded
from consideration), ii) that involved a highly conserved residue, iii) absent among 400
reference alleles from 100 healthy white and 100 healthy black control subjects, and iv)
resulted in a functionally altered, pro-arrhythmic cellular phenotype. Control genomic DNA
was obtained from the Human Genetic Cell Repository sponsored by the National Institute
of General Medical Sciences and the Coriell Institute for Medical Research (Camden, New
Jersey). Mutations were annotated using the single letter nomenclature whereby L79R for
example denotes a non-synonymous SNP producing a missense mutation involving a
substitution of leucine (L) by arginine (R) at amino acid 79.

Functional Analysis of Caveolin-3 Mutations

Cloning, mutatgenesis, and voltage-clamp techniques were performed as previously
described.(18) The wild-type (WT) human CAV3 453bp coding sequence was cloned from
human cardiac cDNA in order to generate the CAV3-V5-6His fusion protein, as previously
described.(18) The V14L-, T78M-, and L79R-CAV3 mutations were introduced into the
WT construct using the QuikChange® Site-Directed Mutagenesis Kit (Stratagene: La Jolla,
California). Primer sequences used for site-directed mutagenesis are available upon request.
The mutated V14L-, T78M-, and L79R-CAV3 clones were then sequenced to ensure the
presence of the mutations, as well as the absence of other substitutions introduced by the
DNA polymerase.

WT-, V14L-, T78M-, and L79R-CAV3 were sub-cloned into the mammalian expression
vector pPCDNAZ3 (Invitrogen, Carlsbad, CA) for transfection and expression in human
embryonic kidney (HEK 293) cells. The WT or mutant DNA was transiently co-transfected
with green fluorescent protein (GFP) at of 1:10 a ratio to allow for selection of transfected
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cells. After 24 hours under normal growth conditions, the transfected cells were
electrophysiologically studied for macroscopic sodium current measurements by standard
whole-cell-patch-clamp method at room temperature using an Axopatch 200B amplifier and
pClamp8.0 software (Axon Instruments®, Foster City, CA) under previously verified
conditions.(18)

Standard activation, inactivation, and recovery protocols were performed, activation and
inactivation data were fitted to a charge-voltage Boltzmann equation, and recovery data was
normalized to peak sodium current and fitted to a two-exponential standard equation as
previously described.(20) The late Iy, was measured following a 700 msec depolarization
from -140 mV to -40 mV after passive leak subtraction and represented by percentage of late
Ina tO peak I, as previously described (ref). Clampfit 8.2 (Axon Instruments®, Foster City,
CA) and Origin 6.0 software (Northampton, MA) were applied for data fitting and statistical
analysis. Goodness of fit was determined both visually and by a sum of squares errors. One-
way ANOVA was performed to determine statistical significance among multiple means.
Statistical significance was determined by a P value < 0.05.

Postmortem Molecular Analysis of SIDS Cohort

This cohort of 134 sudden infant deaths was comprised of 77 males and 57 females with a
racial distribution of 83 white, 50 black, and 1 Hispanic infant. The average age at death was
2.7 £ 2.0 months (2.5 + 1.9 months for white infants and 3.1 + 2.2 months for black infants,
p-value = NS). Consistent with prior epidemiologic studies of SIDS, the majority of infant
deaths occurred prior to 6 months. Only 12/134 infants (9%) died > 6 months of age.
Putative SIDS-conferring mutations in CAV3-encoded caveolin-3 were identified in 3/50
(6%) black infants but none of the 83 white infants (p value = 0.05). These CAV3 mutations
were present in 2/12 infants who died > 6 months of age compared to one of the 124 infants
who died before 6 months (p = 0.02).

Figure 1 details the molecular characterization of the three missense mutations. An abnormal
DHPLC elution profile (Figure 1A) and subsequent DNA sequencing (Figure 1B) led to
identification of a nucleotide substitution (nucleotide 40 G > C) producing a V14L
substitution in a 6-month-old black male. A nucleotide substitution (hucleotide 233 C > T)
causing a T78M missense mutation was identified in a 2-month-old black female. Similarly,
a nucleotide substitution (nucleotide 236 T > G) resulting in an L79R missense mutation
was identified in an 8-month-old black female. All three mutations involved highly
conserved residues and were not detected in 400 (200 ethnic matched) reference alleles.
Figure 1C depicts the linear topology of caveolin-3 and the localization of these mutations.
The V14L mutation resides in the N-terminus of caveolin-3 and the T78M and L79R
mutations are localized to the intra-membrane domain. We discovered the T78M mutation
recently in 3 unrelated cases of LQTS with a positive family history yet absent in over 1000
control alleles.(18)

Functional Analysis of SIDS-Associated Missense Mutations in Caveolin-3

When wild-type (WT) CAV3 and the V14L-, T78M-, and L79R-mutant CAV3 were
transiently transfected into an HEK cell line stably expressing the most common (Q1077del)
variant of SCN5A, robust sodium current (ly;,) traces were recorded and were not obviously
different than SCN5A alone (Figure 2, Table 1). Current density, activation, inactivation,
and recovery inactivation were studied by standard protocols. Co-expression with the WT
and mutant CAV3 tended to have a more negative midpoint of activation than with SCN5A
alone, but this did not reach statistical significance by ANOVA. Steady-state inactivation
and recovery from inactivation were studied by standard two-pulse protocols. For
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inactivation, the two CAV3 mutants tended to have more negative midpoints of inactivation
than SCN5A alone, but once again the differences did not reach statistical significance.
Recovery from inactivation after a 1 second conditioning pulse showed no difference in the
two components of recovery (Table 1).

Late In, Was measured as the leak subtracted inward current remaining at the end of a 775
ms long depolarization (Figure 3A), and then it was normalized and expressed as a
percentage of the peak Iy, for that cell. Examples of current traces for a depolarization to
-40 mV (Figure 3B) show Ipj, on an expanded y-axis where the peak Iy is off scale. SCN5SA
alone had the smallest late I, followed by increasing amounts of late Iy, for WT CAV3,
then the three CAV3 mutants. Summary data (Figure 3B) shows a two-fold increase in late
Ina for WT CAV compared to SCN5A alone that did not reach statistical significance, and a
statistically significant 5-fold increase in late Iy, for all of the CAV3 mutations found in
SIDS. This increase in late Iy, is comparable to the increases observed for the previously
identified LQTS-causing CAV3 mutations and for both LQT3-causing and SIDS-associated
mutations in SCN5A.(11, 18, 20,21) This shared molecular phenotype supports the concept
that the pathogenic mechanism in these cases of SIDS may have been a LQTS-precipitated,
fatal ventricular dysrhythmia.

DISCUSSION

Here, we present the first study demonstrating a novel mechanism of altered cardiac sodium
channel (SCN5A) function via mutations in CAV3 that are pathogenic in 2% of SIDS infants
studied including 6% of the black infants and none of the white infants. Postmortem genetic
testing was performed on a large prospectively collected 3-year, population-based cohort of
autopsy negative SIDS identifying 3 (2 novel) non-synonymous mutations that were absent
in ethnic matched controls. We previously discovered the T78M mutation in 3 unrelated
cases of LQTS with a positive family history. T78M was not seen in over 1000 control
alleles.(18) Along with V141 and L79R, this T78M mutation has been functionally
characterized for the first time in this study with all 3 mutations showing an SCN5A *“gain-
of-function” phenotype when co-expressed with wild-type SCN5A. Whether these
mutations represent familial or sporadic de novo pathogenic mutations is indeterminate due
to the anonymous nature of this postmortem study.

In addition to ethnic-specificity suggested in this study with CAV3 mutations found only in
black SIDS infants, we have also observed that two of the CAV3 mutations were discovered
among the 12 “older” SIDS cases. Over 90% of “classical” SIDS occurs before 6 months as
evident in this cohort of SIDS cases as well. It is possible that infant deaths occurring after
this vulnerable window may stem from fundamentally distinct substrates. Nevertheless, the
designation of SIDS would be applied since the death occurred prior to the infant’s first
birthday. Including the previously published channel mutations, we have now found primary
or secondary channelopathy-causing mutations for one-third of these older infants compared
to less than 5% of those infants who died before 6 months.

The functional alteration of SCN5A resulting from mutation of CAV3 is presumed to be the
cause of SCD in these infants because of the shared molecular phenotype of increased late
Ina that has been well described for mutations in SCN5A that cause type 3 long QT
syndrome (LQT3). Increased late Iy, has also been implicated previously as a mechanism
for SIDS for the mutations A997S and R1826H in SCN5A(11), and also late Iy, has been
associated with an increased risk of SIDS for the common polymorphism S1103Y found in
blacks.(16) Moreover, we recently found mutations in CAV3 (including the T78M-CAV3
mutation described here) in LQTS, and functional studies of these LQTS-associated
mutations demonstrated that coexpression of CAV3 mutations with normal SCN5A resulted
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in an increase in the late sodium current consistent with the sustained sodium current found
in patients with LQT3 and cases of SIDS with SCN5A mutations.(11,18)

Recent evidence has shown that caveolin-3 co-localizes with the cardiac sodium channel
(18,22) and interacts with the dystrophin-glycoprotein complex (DGC) to facilitate proper
membrane localization of ion channels such as SCN5A.(23) CAV3 co-localizes with
SCN5A and plays an important role in the regulation of cardiac sodium channel current
amplitude.(18,22) CAV3 has also been found to mediate the sympathetic response via
binding to G-proteins, activating cCAMP-dependent protein kinase A (PKA) and
phospholipase C (PLC)-activated protein kinase C (PKC), which both directly phosphorylate
SCN5A and regulate its function.(24) CAV3 plays a role in prolonging action potential by
binding to calmodulin (CaM), which binds SCN5A and increases its slow-inactivation
kinetics in response to regional increase in the concentration of calcium.(25) These findings
all indicate that CAV3 plays an important role in the functional regulation of the cardiac
sodium channel and thus may be involved in the pathogenic mechanisms causing sudden
death.

Caveolin-3 (CAV3) is the major component of caveolae which are omega-shaped
invaginations of the plasma membrane in both cardiac and skeletal muscle.(26) Besides this
present study and our previous study detailing CAV3 as a novel LQTS-susceptibility
gene(18), five pathogenic mutations in CAV3 have been identified previously.(26,27) These
mutations were associated with extreme phenotypic variability in association with
phenotypes of autosomal dominant limb girdle muscular dystrophy (LGMD1C), persistent
elevated levels of serum creatine kinase (hyperCKemia) without muscle weakness, distal
myopathy, and rippling muscle disease, of which cardiac abnormalities including
atrioventricular (AV) conduction disturbances and arrhythmias may be observed.(28-32)
Our current findings suggest that sudden infant death due to LQTS should be added to this
compendium of phenotypic variability observed in CAV3 mutation carriers. A clinical
cardiologic assessment including an electrocardiogram may be warranted in patients with a
caveolin-3 mediated muscle disease.

While age-dependent muscle weakness and/or myopathy manifestation may be observed in
some individuals with CAV3 mutations, by definition these SIDS infants had a negative
autopsy and thus no gross or microscopic evidence of skeletal myopathy. In addition, the
patients with LQTS with LQT3-like conferring CAV3 mutations reportedly had no evidence
of skeletal myopathy or muscle weakness.(18) However, Ng et. al. reported that cardiac
arrhythmias may serve as presenting symptoms in young patients with unrecognized limb
girdle muscular dystrophy.(31) The muscle pathological picture in caveolin-mediated
myopathy may be relatively benign and show mild or moderate myopathic features.(33)

The present study characterizes the molecular phenotype by expression of the ion channels
and associated proteins in a non-cardiac muscle cell line, which does not necessarily
recapitulate all the key components of the macromolecular complex found in the more
native environment. Although this experimental method has been the standard for defining
function of ion channel abnormalities in hundreds of previous studies, the limitation of this
method must be kept in mind, and the possibility of different or additional abnormalities
might be described when these proteins and the mutations residing therein are examined in
native cardiac cells.

CONCLUSION

This large population-based autopsy series of SIDS has now provided molecular and
functional evidence to implicate CAV3 as a novel candidate gene in the pathogenesis of
SIDS, particularly among older infants (> 6 months). Together with our previous reports
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establishing long QT syndrome (LQTS)-conferring cardiac channel mutations as a
pathogenic basis of SIDS, we now estimate that 5-10% of SIDS cases and up to one-third of
“older” SIDS may be attributed to underlying mechanisms associated with potentially lethal
arrhythmogenic disorders such as LQTS.
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Figure 2.
Whole Cell Sodium Current (Ina) Traces. Whole cell 1y, traces were recorded with test

potentials of 24 ms duration from -120 to +60 mV from a holding potential of -140 mV.
Representative Iy, traces were recorded from pcDNA3(panel A), WT Cav3 (panel B), V14L
(panel C), T78M (Panel D) and T79R (panel E) transiently expressed in NaV1.5 stable cell
lines
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A)

-140 mV

0.50

Figure 3.

Electrophysiological Phenotype of the Cardiac Sodium Channel when CoExpressed
with V141-CAV3, T78M-CAV3, or L79R-CAV3 Mutations. Late Iy, was measured with
a testing -40 mV potential of 700 ms duration for a holding potential of -140 mV. A)
Demonstrates the persistent and increased sodium channel late Iy, current associated with
coexpressed wild-type SCN5A and mutant CAV3. B) Summarized is the late Iy, current
represented as a percent (% + SD) of peak In,. All the values were analyzed by one-way
ANOVA across pcDNA3 (SCN5A alone), WT Cav3 (SCN5A + Cav3) and three Cav3
mutants (SCN5A + mutant Cav3). *Statistically significant values (p<0.05). The amount of
late current is comparable to other functionally characterized LQT3-associated SCN5A
mutations (i.e. AKPQ-SCN5A, white box, Nagatomo et al. Am J Physiol 1998; 275(6 Pt
2):H2016-2024)
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