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Cardiac Sodium Channel Dysfunction in Sudden Infant
Death Syndrome

Dao W. Wang, MD; Reshma R. Desai, MS; Lia Crotti, MD; Marianne Arnestad, MD, PhD;
Roberto Insolia, BSc; Matteo Pedrazzini, BSc; Chiara Ferrandi, BSc; Ashild Vege, MD, PhD;
Torleiv Rognum, MD, PhD; Peter J. Schwartz, MD; Alfred L. George, Jr, MD

Background—Mutations in genes responsible for the congenital long-QT syndrome, especially SCN5A, have been
identified in some cases of sudden infant death syndrome. In a large-scale collaborative genetic screen, several SCN5A
variants were identified in a Norwegian sudden infant death syndrome cohort (n=201). We present functional
characterization of 7 missense variants (S216L, R680H, T1304M, F1486L, V1951L, F2004L, and P2006A) and 1
in-frame deletion allele (delAL586-587) identified by these efforts.

Methods and Results—Whole-cell sodium currents were measured in tsA201 cells transiently transfected with
recombinant wild-type or mutant SCN5A cDNA (hH1) coexpressed with the human 1 subunit. All variants exhibited
defects in the kinetics and voltage dependence of inactivation. Five variants (S216L, T1304M, F1486L, F2004L, and
P2006A) exhibited significantly increased persistent sodium currents (range, 0.5% to 1.7% of peak current) typical of
SCN5A mutations associated with long-QT syndrome. These same 5 variants also displayed significant depolarizing
shifts in voltage dependence of inactivation (range, 5 to 14 mV) and faster recovery from inactivation, but F1486L
uniquely exhibits a depolarizing shift in the conductance-voltage relationship. Three alleles (delAL586-587, R680H, and
V1951L) exhibited increased persistent current only under conditions of internal acidosis (R680H) or when expressed
in the context of a common splice variant (delQ1077), indicating that they have a latent dysfunctional phenotype.

Conclusions—Our present results greatly expand the spectrum of functionally characterized SCN5A variants associated
with sudden infant death syndrome and provide further biophysical correlates of arrhythmia susceptibility in this

syndrome. (Circulation. 2007;115:368-376.)
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udden infant death syndrome (SIDS) is a leading cause of

death during the first year of life in developed coun-
tries.!> Cardiac mechanisms, including life-threatening ar-
rhythmias, have been suspected to cause a proportion of SIDS
cases,? and recent evidence indicates that mutations in genes
responsible for the congenital long-QT syndrome (LQTS) are
found in as many as 9% of victims.*> Molecular evidence for
a link between SIDS and LQTS supports earlier observations
that there is an increased risk of SIDS in infants with a QTc
>440 ms based on ECG measurements in 34 000 Italian
neonates.®
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Anecdotal reports originally established an association
between SIDS or aborted SIDS with bone fide mutations in
LQTS genes. In 2000, Schwartz and colleagues’ reported a
7-week-old infant found cyanotic, apneic, and pulseless by

his parents. The subject was resuscitated from documented
ventricular fibrillation and later demonstrated to have a
severely prolonged QTc interval (648 ms). A de novo
mutation in SCN5A (S941N) associated with abnormal so-
dium channel inactivation was subsequently found in the
infant. One year later, another de novo SCN5A mutation
(A1330P) with significant biophysical disturbances was re-
ported by Wedekind et al® in a 9-week-old SIDS victim.
Ackerman et al® reported the first systematic survey of
autopsied SIDS or unexplained infant death cases for muta-
tions in LQTS genes. This study identified 2 SCN5A muta-
tions (A997S, R1826H) in 93 subjects (2.1%). Mutations in
KCNQI and KCNH2 also have been reported in SIDS
probands.+1%1" Common LQTS gene variants also may in-
crease arrhythmia risk in infants. Plant and colleagues!>
recently suggested that black SIDS victims homozygous for a
common SCN5A nonsynonymous variant (S1103Y) may
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illustrate this point. Taken together, these previous investiga-
tions indicate that a subset of SIDS may be explained by
presentations of LQTS or other arrhythmia susceptibility
syndromes in early life.

Most recently, the largest survey of SIDS victims involving
a series of 201 Norwegian cases, autopsied and classified
according to Nordic standards,!3-1> has revealed a prevalence
of LQTS gene mutations of nearly 10%.> Interestingly,
approximately half of the gene variants reported in this series
were found in SCN5A, and this contrasts the occurrence of
SCN5A mutations in only ~10% of congenital LQTS. To
validate that rare genetic variants in the major LQTS genes
discovered by these efforts are indeed capable of causing
LQTS, functional studies of mutant gene products are
essential.

In the present study, we report the functional characteriza-
tion of 8 SCN5A variants discovered in the Norwegian SIDS
series, more than twice the number of previously published
SIDS-associated alleles in this gene. Several variants exhib-
ited overt functional defects that were consistent with patho-
logical alleles. In contrast, dysfunction of 3 variants was
dependent on other factors (ie, intracellular pH, splice iso-
form), suggesting that a latent pathological defect may be
present. These findings illustrate the spectrum of mutant
cardiac sodium channel dysfunction in SIDS and emphasize
the potential for latent arrhythmia susceptibility in SCN5A
mutation carriers.

Methods

Ascertainment and Molecular Genetics

SCNS5A variants characterized in the present study were identified in
a series of 201 SIDS cases ascertained between 1988 to 2004 at the
Institute of Forensic Medicine (Oslo, Norway) according to methods
reported previously.'#-!¢ Genomic DNA was isolated from blood or
frozen spleen. Sample collection was approved by the Norwegian
regional ethics committee. All SCN5A-coding exons were amplified
by polymerase chain reaction and then screened for polymorphisms
using denaturing high-performance liquid chromatography with the
Transgenomic Wave instrument (Transgenomic, Inc, Omaha, Neb).
Amplicons exhibiting abnormal elution profiles were sequenced with
an Applied Biosystems PRISM 310 automated DNA sequencer
(Applied Biosystems, Foster City, Calif). Further details of the SIDS
cases and the complete results of genetic screening studies are
reported separately.>

Mutagenesis and Heterologous Expression
of Na Channels

Mutations were engineered in a human heart sodium channel cDNA
(hH1)'® using recombinant polymerase chain reaction. Final con-
structs were assembled in the mammalian expression plasmid pRc/
CMV-hHI and then sequenced to verify creation of the mutation and
to exclude polymerase errors. Certain mutant constructs also were
made in the hH1 splice variant (delQ1077) by subcloning a fragment
lacking glutamine-1077 derived from hHlc (kindly provided by Dr
Jonathan Makielski).!® A rare variant present in the original hH1
cDNA (R1027Q) was present in all constructs. Cells (tsA201) were
transiently transfected with pRc-CMV-hH1 or mutants using Fu-
Gene6 (Roche Diagnostics, Indianapolis, Ind) combined with a
bicistronic plasmid (pGFP-IRES-hf31) —encoding enhanced green
fluorescent protein and the human 1 subunit (h31) under the control
of the cytomegalovirus immediate early promoter. Only cells exhib-
iting green fluorescence were selected for patch-clamp recording.
Transfections were performed with 0.5 wg channel-encoding plas-
mid DNA and 0.5 ug pGFP-IRES-hg1. Transiently transfected cells
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were transferred to a chamber (Warner Instrument Corp, Hamden,
Conn) 48 hours after transfection for electrophysiological
measurements.

Electrophysiology

Sodium currents were recorded at room temperature using the
whole-cell patch-clamp technique as described previously.2? At least
2 independent recombinant cDNAs encoding each mutant were
tested, and the data were pooled. Specific voltage-clamp protocols
are depicted in each figure, and the cycle length was 5 seconds. The
bath solution contained the following (in mmol/L): 145 NaCl, 4 KCI,
1.8 CaCl,, 1 MgCl,, 10 HEPES, and 10 glucose, pH 7.35 (adjusted
with NaOH). The pipette solution (intracellular solution) contained
the following (in mmol/L): 10 NaF, 110 CsF, 20 CsCl, 2 EGTA, and
10 HEPES, pH 7.35 (adjusted with CsOH). Osmolarity was adjusted
to 310 mOsm with sucrose for all solutions. For experiments
assaying the effects of intracellular acidosis, the pipette solution was
titrated to pH 6.7 with CsOH. Data acquisition was carried out with
an Axopatch 200B patch-clamp amplifier and pCLAMP 8.0 soft-
ware. Electrode resistance ranged from 0.8 to 1.5 M. Junction
potential and pipette capacitance were corrected, and whole-cell
capacitance and series resistance were 85% to 95% compensated
(voltage error <3 mV). Whole-cell currents were acquired at 20 to
50 kHz and filtered at 5 kHz. Recordings from cells exhibiting peak
current amplitudes smaller than —0.8 nA were excluded from
analysis to avoid potential endogenous channel contamination. Cells
exhibiting very large whole-cell currents (>—6 nA) were excluded
if voltage control was compromised. Fewer than 7.5% of cells were
excluded across all experiments and all variants (range, 3.2% to
7.1%). Leak current was subtracted using a P/4 procedure. Whole-
cell capacitance was assessed by integrating the capacitive transient
elicited by a 10-mV voltage step from —120 to —110 mV with
10-kHz filtering.

Data Analysis

All data were analyzed with pPCLAMP 8.0 (Axon Instruments, Inc,
Sunnyvale, Calif) and plotted using SigmaPlot 2002 (SPSS, Inc,
Chicago, Ill). The time course of inactivation was fit with a
2-exponential function:

I —t —t
(1) m—AIXexp = +A,Xexp 2
where values for A and 7 refer to amplitudes and time constants,
respectively. Steady-state availability was fit with the Boltzmann
equation,

2 L (exp| Y22 )
@ Imax xp k ’

to determine the membrane potential for half-maximal inactivation
(V,,,) and slope factor (k). Recovery from inactivation was analyzed
by fitting data with a 2-exponential function:

1(t) —t —t
3) ImaX:AfX(l—exp[?])+AsX<l—exp{ ’T,]>'

Voltage dependence of channel activation was estimated by measur-
ing peak sodium current during a variable test potential from a
holding potential of —120 mV. Current at each membrane potential
was divided by the electrochemical driving force for sodium ions and
normalized to the maximum sodium conductance. Data were fit
using a nonlinear least-squares minimization method (Marquardt-
Levenberg algorithm).

The level of TTX-sensitive persistent current was determined with
a 100-ms depolarization to —10 mV as the average current recorded
between 90 and 100 ms and expressed as a percentage of peak
current after digital subtraction of currents recorded in the presence
and absence of 10 wmol/L tetrodotoxin (TTX; Sigma, St Louis, Mo).
Results are presented as mean=*SE, and statistical comparisons were
made between wild-type (WT)—hH1 and variants using an unpaired
Student ¢ test or 1-way ANOVA followed by a Tukey test. Statistical
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significance was assumed for P<<0.05. In some figures, SE bars are
smaller than data symbols.

The authors had full access to the data and take responsibility for
the integrity of the data. All authors have read and agree to the
manuscript as written.

Results

Eight previously uncharacterized SCN5A variants were iden-
tified in a series of 201 Norwegian SIDS cases.> To distin-
guish between pathogenic mutations and benign polymor-
phisms, we determined the functional properties of SIDS-
associated SCN5A variants (Figure 1) by coupling
heterologous expression of a recombinant human cardiac
voltage-gated sodium channel (hH1) with whole-cell patch-
clamp recording. Figure 2 illustrates representative whole-
cell current recordings obtained from cells expressing either
wild-type (WT-hH1) or variant sodium channels. Cells ex-
pressing the engineered channels exhibited rapid activation
and inactivation in response to a series of depolarizing test
potentials typical of voltage-gated sodium channels. Two
variants, delAL586-587 and V1951L, had significantly larger
peak current amplitudes than WT-hH1, whereas the other 6
alleles exhibited expression levels similar to WT channels.
No variant had an overt loss-of-function phenotype.

_ WT-hH1 . delAL586-587
) A m— '//,/
2 msec 120 mv i',/

P2006A 78

Figure 1. Predicted transmembrane
topology of the cardiac sodium channel
a-subunit illustrating the locations of the
8 variants studied. Homologous domains

-(®- of are labeled D1 through D4.

F2004L V1951L

Biophysical Disturbances Resembling
LQTS Mutations

Pathogenic cardiac sodium channel mutations associated with
congenital LQTS (LQT3 subtype) typically cause increased
persistent whole-cell current and sometimes exhibit abnormal
macroscopic inactivation.?'-25> We analyzed fast inactivation
properties of all 8 SIDS-associated SCN5A variants and
compared these data with the WT channel. Time constants
(7, ) were derived from 2-exponential fits of the decay
phase of macroscopic sodium current measured at various test
potentials (Figure 3). Two alleles (F1486L, F2004L) exhib-
ited significantly larger 7, values across a wide range of test
potentials, suggesting that fast inactivation may be impaired.
In contrast, 5 variants (S216L, delAL586-587, R680H,
T1304M, V1951L) exhibited significantly smaller time con-
stants compared with WT channels, indicating that macro-
scopic inactivation proceeds with a faster time course. There
were no differences in time constants for P2006A and no
differences in fractional amplitudes of the 2 components
observed for any mutant. These results illustrate heterogene-
ity of effects on macroscopic inactivation kinetics caused by
the SIDS-associated variants.

Figure 2. Representative whole-cell cur-
rent traces of WT and variant sodium
channels. Currents were recorded at
membrane potentials from —80 to 60 mV
in 10-mV increments from a holding
potential of —120 mV (protocol shown as
an inset with WT-hH1 current traces).
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Figure 3. Voltage dependence of inactivation time constants. Lower and upper bundles of symbols indicate fast (1) and slow () com-
ponent values, respectively. Data for WT-hH1 are plotted as solid circles in all panels; data for each mutant or variant are plotted as
open triangles. Statistically significant differences in time constants comparing mutant channels with WT-hH1 are indicated (*P<0.001,
1P<0.01, Student t test). In some cases, error bars are smaller than the data symbols.

We measured the level of TTX-sensitive persistent current
as a percentage of peak sodium current elicited by a 100-ms
depolarization to —10 mV and compared values obtained
with each variant with that of WT-hH1. These experiments
demonstrated significantly increased levels of persistent cur-
rent under our standard recording conditions for 5 of the 8

alleles (Figure 4A and Table 1), ranging from 2.4-fold
(P2006A) to 7.8-fold (S216L) greater than WT channels.
Interestingly, the 5 variants with increased persistent current
also exhibit significant depolarizing shifts in the voltage
dependence of steady-state inactivation, ranging from 4.7 to
14.3 mV (Figure 4B and Table 2). Two of these alleles

Figure 4. SIDS-associated variants exhibit
an LQT3 phenotype. A, Increased TTX-
sensitive persistent sodium currents for
P2006A, F2004L, F1486L, T1304M, and
S216L. Zero current is indicated by a dotted
line. Representative persistent current-
voltage relationships for WT-hH1 and S216L
are illustrated in Figure | of the online supple-
ment. B, Sodium channel availability for
WT-hH1, P2006A, F2004L, F1468L,

Prepulse potential (mV)

T1304M, and S216L recorded using the
pulse protocol shown in the inset and fitted
with Boltzmann distributions (solid lines). The
half-maximal voltage for inactivation (V4,)
and slope factor (k) are given in Table 2. C,
Voltage dependence of activation for
WT-hH1, P2006A, F2004L, F1486L,
T1304M, and S216L. Curves were fit with a
Boltzmann distribution, and values deter-
mined for V4, and k are given in Table 2. D,
Time course of recovery from inactivation
was elicited using the 2-pulse protocol
shown in the inset. Mutants (P2006A,
F2004L, F1468L, T1304M, and S216L)

-100 -60

A B

00 104y
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100 exhibit faster recovery from inactivation than

WT-hH1. Time constants and fractional
amplitudes are given in Table 2.
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TABLE 1. Level of Persistent Sodium Current for
SIDS-Associated SCN5A Variants
Persistent h,, % n P

WT-hH1 0.22+0.05 7
S216L 1.71x0.24 6 <0.001
delAL586-587 0.12+0.04 8 NS
R680H 0.18+0.04 6 NS
T1304M 1.58+0.24 9 <0.001
F1486L 1.14+0.16 11 <0.001
V1951L 0.37+0.09 8 NS
F2004L 0.85*0.23 10 <0.05
P2006A 0.54+0.09 10 <0.05

s indicates persistent sodium current.
*Comparisons with WT-hH1 using 1-way ANOVA followed by a Tukey test.

(T1304M, F1486L) also have depolarizing shifts in the
voltage dependence of activation but to a lesser extent than
the corresponding shift in steady-state inactivation (Figure
4C). These shifts in voltage dependence suggest that an
increased “window current” approximated by the degree of
overlap between activation and inactivation curves may
partially explain increased persistent current. Recovery from
inactivation also was significantly accelerated in the 5 vari-
ants with increased persistent current (Figure 4D and Table
2). There were no significant effects on the kinetics or voltage
dependence of slower forms of inactivation (data not shown).
The increased persistent current, accelerated recovery from
inactivation, and variable effects on the kinetics and voltage
dependence of channel gating observed for S216L, T1304M,
F1486L, F2004L, and P2006A resemble the biophysical
disturbances exhibited by several SCN5A mutations associ-
ated with congenital LQTS.2!-25 These observations provide a
plausible explanation for increased arrhythmia susceptibility
possibly leading to SIDS.

Mutants With Latent Phenotypes

Three variants (R680H, delAL586-587, V1951L) did not
exhibit an overt LQT3-like phenotype under standard exper-
imental conditions but did have other significant functional

disturbances. As illustrated in Figure 3, sodium current in
cells expressing R680H inactivates significantly faster than
WT-hHI1 channels. This variant also affects recovery from
inactivation (Table 2). The remaining functional properties of
this variant were not different from WT channels, however.
The 2 remaining variants (delAL586-587, V1951L) exhibited
significantly greater peak sodium current densities than WT
channels (Figure 5A) and small but significant effects on
recovery from inactivation. These biophysical defects were
not sufficient to evoke pathological behavior in the Luo-Rudy
action potential model?¢ (data not shown). Therefore, the
impact of these biophysical disturbances on the risk of sudden
death is not apparent.

We considered that a latent pathological phenotype may
exist in these 3 alleles that might be exposed by other
experimental maneuvers or by expressing the mutants in the
context of a different SCN5A splice isoform. On the basis of
recent work by Plant and colleagues!? demonstrating a
dependence of SCN5A-S1103Y on internal pH, we reexam-
ined R680H, delAL586-587, and V1951L under conditions of
intracellular acidosis (internal pH 6.7). As demonstrated in
Table 3, intracellular acidosis increases the proportion of
persistent current by a similar degree among WT-hH1 and
several SIDS-associated alleles. However, internal acidosis
evokes a significantly greater level of increased persistent
current in cells expressing R680H compared with WT-hHI.
This difference was explained by a 1.8-fold-greater magni-
tude of persistent current density (WT-hH1: —2.9%=0.6 pA/
pF, n=12; R680H: —5.1%£0.06, n=12; P<<0.05) rather than a
difference in peak current density (WT-hHI: —460%39
pA/pF, n=12; R680H: —401*+51, n=12; P=NS). These data
suggest that R680OH may become pathological under certain
metabolic conditions.

We also examined whether functional differences exist
when specific mutants are examined in the common SCN5SA
splice variant, delQ1077."° As shown in Table 3, R680H,
delAL586-587, and V1951L exhibit significantly increased
levels of persistent current when examined in the delQ1077
background. Furthermore, the acidosis-evoked increase in
persistent current observed for R680OH also was observed in

TABLE 2. Biophysical Parameters for Activation and Fast Inactivation of SIDS-Associated SCN5A Variants

Voltage Dependence of Activation

Steady-State Availability (100 ms)

Recovery From Inactivation (100 ms)

Vi, mV k, mV n Vi, mV k, mV n 71, Ms (%) 7o, MS (%) n
WT-hH1 —44.3+0.6 71203 14 —89.3+1.1 —7.0+0.2 16 10.3+1.3(94.5+1.0) 112.8+13.8 (5.5+1.0) 12
S216L —445+0.8 6.80.2 13 —84.60.6% —6.4+0.1* 15 5.4+0.2§ (94.0+1.0) 47.8+4.58 (6.0+1.0) 13
delAL586-587 —44.6+0.9 58+0.4 10 —87.1+1.3 —6.7+0.1 15 5.9+0.51 (94.7+0.9) 59.5+7.01 (5.3+0.9) 10
R680H —46.2+0.9 7.1x0.2 12 —89.2+0.7 —7.0+0.1 12 9.0+0.8 (90.0=2.0) 46.3+8.1§ (10.0+2.0) 12
T1304M —37.6x1.7% 8.8:0.4* 8 —78.11.0§ —67+0.2 7 4.7+0.4% (98.0+0.5)F 50.7+3.8% (2.0+0.5)% 7
F1486L —40.6+1.1* 6.9+0.2 14 —75.0+0.88 —-59+0.2§ 13 3.4+0.2§ (96.0+0.6) 68.1+9.3* (4.0+0.6) 13
V1951L —45.9+1.1 6.30.5 12 —87.5+1.3 —7.0+0.2 17 8.00.9 (92.0=1.0) 71.9+10.8* (8.0=1.0) 16
F2004L —43.6=1.1 7.2+0.3 17 —84.61.1% —6.4+0.1 18 51+0.31(98.0+£0.5F 104.8+14.3 (2.0=0.5t 13
P2006A —445+1.0 6.4+0.2 12 —84.6+0.8% —6.9+0.2 18 6.320.61 (94.9+0.5) 59.5+4.9§ (5.1+0.5) 19

% indicates percentage of total recovery represented by the time constant.

*P<0.05, 1P<0.01, $P<<0.005, §P<0.001 (comparisons with WT-hH1 using 1-way ANOVA followed by a Tukey test).
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Figure 5. Properties of delAL586-587
and V1951L sodium channels. A, Com-
parison of current-voltage relationships
for WT-hH1, delAL586-587, and V1951L.
Current is normalized to cell capacitance
to give a measure of sodium current
density. There are significant differences
(P<0.05) in current density between
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WT-hH1 and 2 mutants at all tested volt-
ages except —80, —70, —60, 50, and 60
mV. B, Voltage dependence of sodium
channel activation. The activation curve
was constructed as described in the leg-
end of Figure 3; parameters are given in
Table 2. C, Voltage dependence of
sodium channel availability was obtained
using the 2-pulse protocol illustrated by
the inset. Values for V4, and k are pro-
vided in Table 2. D, Time course of
recovery from inactivation at —120 mV.
The time constants and fractional ampli-
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the context of delQ1077 (Table 3). These results indicate that
all 8 SIDS-associated SCN5A variants encode sodium chan-
nels with the potential for functional disturbances consistent
with LQTS that can be predicted to contribute to increased
risk of cardiac arrhythmia and sudden death.

Discussion
Sudden unexplained death is a vexing clinical problem
affecting all age groups. In adults, sudden death often is
attributed to cardiac arrhythmias, particularly ventricular
fibrillation.?” Sudden unexplained death in adolescents and
young adults is related predominantly to occult cardiac
disease?® but also may herald the presence of an inherited
arrhythmia syndrome. In neonates and infants, however,
sudden unexplained death is categorized as SIDS when

10 100
Interpulse interval (msec)

tudes are provided in Table 2.

rigorous efforts to identify the cause of death, including a
forensic examination, are unrevealing. SIDS is essentially a
diagnosis of exclusion, and established guidelines exist.?®
Identification of factors contributing to sudden unexpected
death in infants has great importance for the diagnosis and
treatment of preventable causes of this devastating clinical
problem.

Many hypotheses have been proposed to explain SIDS, and
there is consensus that the syndrome is heterogeneous. Some
theories have suggested that SIDS may result from an
abnormality in either respiratory or cardiac function or the
neural control of these physiological events that may be
transient but sufficient to evoke lethal consequences.30-32 A
reduction in number of reported SIDS cases followed insti-
tution of programs emphasizing avoidance of the prone

TABLE 3. Level of Persistent Sodium Gurrent Under Different Experimental Conditions

Persistent i, % n P

Intracellular acidosis (pH; 6.7)

WT-hH1 0.62+0.09 12 cee

delAL586-587 0.67+0.13 10 NS*

R680H 1.41+0.27 12 <0.05*

V1951L 0.88+0.18 9 NS*
Expression in delQ1077 splice isoform

WT-hH1|delQ1077 0.32+0.04 15

delAL586-587|delQ1077 2.09+0.34 9 <0.001t

R680H|delQ1077 0.89+0.12 13 <0.001+

V1951L|delQ1077 0.83+0.11 15 <0.001%
Expression in delQ1077 splice isoform with intracellular acidosis

WT-hH1|delQ1077 0.79+0.11 12

R680H|delQ1077 1.90+0.42 8 <0.005%

Iva indicates persistent sodium current.

*Comparisons with WT-hH1 using 1-way ANOVA followed by a Tukey test.
tComparisons with WT-hH1|delQ1077 using 1-way ANOVA followed by a Tukey test.
tComparisons with WT-hH1|delQ1077 using Student  test.
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position for sleeping infants.33-3* SIDS remains a leading
cause of infant death in the Western world, however, and
more work is needed to discern its causes.!®33

Evidence for genetic subsets in SIDS has come from work
identifying mutations in various genes.?¢3’7 Deficiencies in
fatty acid metabolism caused by mutations in the medium-
chain acyl-CoA dehydrogenase gene have been extensively
investigated.*® The most well-studied mutation is A985G;
however, <1% of SIDS cases investigated have this muta-
tion.? Fatty acid oxidation disorders other than medium-
chain acyl-CoA dehydrogenase deficiency have an unclear
role in SIDS.*° Common variants in the interleukin-10,
serotonin transporter, and certain regions of mitochondrial
DNA have been shown to have genetic association with
SIDS.3¢ Mutations in genes associated with LQTS appear to
represent the largest genetic subset delineated so far. Because
LQTS mutations may explain the increased risk of sudden
death, one could consider removing these cases from the strict
definition of SIDS, whereas polymorphisms in other genes
(ie, cytokines), combined with triggering events such as
prone sleeping, may predispose to fatality during vulnerable
periods of development.364!

Spectrum of SCN5A Dysfunction in SIDS

In our present study, we characterized the biophysical prop-
erties of recombinant cardiac sodium channels engineered
with 8 genetic variants identified in a large Norwegian SIDS
series.> We observed different levels of defective sodium
channel inactivation among the 8 SIDS-associated variants
that can be grouped into 3 categories. In 1 subgroup including
S216L, T1304M and F1486L, we observed an overt patho-
logical phenotype characterized by a substantial increased
persistent current (>1% of peak current) that closely resem-
bles the defect shared among most congenital LQT3 muta-
tions.2'-2> Indeed, T1304M was previously identified in a
family-segregating congenital LQTS, but the mutant allele
was never characterized.*?> The largest level of persistent
current was observed in cells expressing S216L, a variant
found at low frequency in the general white population
(minor allele frequency <0.4%).#* The pathological signifi-
cance of increased persistent current in heart has been well
documented using advanced computational modeling of car-
diac action potentials** and an in vivo mouse model.*3
Therefore, we contend that this subset of SCN5A variants has
dysfunctional properties sufficient to elevate the risk of
sudden death.

A second subset of SCN5A variants includes 2 alleles
(F2004L, P2006A) affecting residues in the extreme carboxyl
terminus. Both variants exhibited smaller, yet statistically
significant, levels of increased persistent current combined
with depolarizing shifts in voltage-dependence of inactivation
and faster recovery from inactivation. Both F2004L and
P2006A also occur at low frequency in the general population
(minor allele frequencies <0.4%).#*> We speculate that the
level of increased persistent current observed for these 2
variants alone is not sufficient to evoke arrhythmia suscepti-
bility, and other factors are probably needed for full patho-
physiological expression. For example, it is conceivable that
the presence of other common polymorphisms such as

HS558R on the same or opposite allele may influence the
functional phenotype.*®+” In the Norwegian SIDS series,
heterozygosity for H558R was observed in subjects carrying
the SCN5A variants delAL586-587, V1951L, F2004L, and
P2006A, but no subjects were homozygous. It was not
possible to determine on which parental allele the poly-
morphism resided except for the subject with delAL586-587
who carried the variant and H558R on separate chromosomes
(data not shown). Therefore, we did not characterize V1951L,
F2004L, and P2006A in the context of the R558 allele
because of uncertainty with respect to the relevance to the
actual genomes of the victims, but further work on this issue
may be revealing.

The third subgroup of SCN5A variants (R680H, delAL586-
587, V1951L) exhibits latent functional defects that depend
on intracellular pH or the absence of Q1077. Interestingly,
one of these variants, V1951L, is a common polymorphism in
Hispanics*? but was not observed in Norwegian white control
subjects, the ethnic background represented in the Norwegian
SIDS series.> When expressed in the context of the delQ1077
splice isoform, V1951L exhibited significantly increased
persistent current. However, a prior study reported no func-
tional abnormality associated with this allele in either the
presence or absence of Q1077.48 The experimental conditions
that differ between our study and that of Tan et al*® are
relatively minor and do not explain the discordance in
observed channel behavior. We did not study all variants in
the delQ1077 context because of experimental limitations
(difficulties in assembly of correct cDNA constructs) but also
because the magnitude of increased persistent current ob-
served for several alleles in the Q1077 background appears
sufficient to explain an arrhythmia-prone condition.

Brugada syndrome also may predispose to premature death
in young children and infants.*®> Sodium channel mutations in
this disorder generally cause loss-of-function phenotypes.>°
We did not observe sodium channel dysfunction consistent
with Brugada syndrome. However, one of the first reported
SCN5A mutations associated with Brugada syndrome exhib-
ited more rapid inactivation, and this was predicted to be an
important pathophysiological feature.>! Several of the vari-
ants we studied also exhibited more rapid inactivation
(S216L, delAL586-587, R680H, T1304M, V195IL), al-
though the clinical significance of these findings is not clear,
especially when combined with an overt increased persistent
current.

Conclusions

A significant subset of SIDS may be explainable by muta-
tions in LQTS genes, with many of the known SIDS-
associated variants occurring in SCN5A. Our work triples the
number of functionally characterized SCN5A variants associ-
ated with SIDS and illustrates that a spectrum of biophysical
defects, ranging from overt to latent pathological phenotypes,
occur. Our present study is limited by the lack of clinical data
on probands and related mutation carriers and the lack of data
demonstrating cosegregation of LQTS phenotypes in families
with SIDS victims. Nonetheless, these data are helpful in
validating the association of SIDS with occult LQTS gene
mutations and provide additional functional information that



could translate into new treatment strategies for preventing
this disorder, provided that early diagnosis in at-risk infants
can be made feasible.
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CLINICAL PERSPECTIVE

Sudden infant death syndrome is a leading cause of death during the first year of life in developed countries. Cardiac
mechanisms, including life-threatening arrhythmias, have been suspected to cause a proportion of sudden infant death
syndrome cases, and mutations in genes responsible for the congenital long-QT syndrome are found in some victims. In
the present study, functional properties were determined for 8 cardiac sodium channel (SCN5A gene) variants identified in
a large series of Norwegian sudden infant death syndrome victims. A spectrum of sodium channel dysfunction was
observed, ranging from overt to latent pathological phenotypes. Five variants exhibited significantly increased levels of
persistent sodium current, a pathophysiological outcome typical of SCN5A mutations associated with congenital long-QT
syndrome. Three other variants exhibited increased persistent current only under conditions of internal acidosis or when
expressed in the context of a common SCN5A splice variant, indicating that they have latent dysfunction. These
observations validate the association of sudden infant death syndrome with occult long-QT syndrome gene mutations and
provide additional functional information that could translate into new treatment strategies.




