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Table 6. Biophysical Properties of Sodium Channels in iPSC-CMs Overexpressing Either WT or Mutant VCL

Peak Iy Activation Inactivation

Samples pA/pF n Vi), (MV) k n ) k n
WT at pH 7.4 —71+13 17 —43.5+3.0 6.2 13 —80.9+5.5 6.3 5
D841H at pH 7.4 —53+14 16 —43.7+21 5.6 10 —84.4+6.2 5.7 5
WT at pH 7.0 —b5+8 8 —48.4+1.2 5.0 7 —84.8+5.5 6.5 5
D841H at pH 7.0 —42+6* 8 —46.7+1.0 6.5 5 —106.5+4.3* 7.3 5

Values are mean=+SE for n experiments. All parameters were analyzed using 1-way ANOVA followed by a Bonferroni test. /y, indicates sodium current; iPSC-CMs, induced pluripotent
stem-cell-derived cardiomyocytes; k, slope factor; pA/pF, current density; V4 ,,, voltage of half-maximal activation/inactivation; VCL, vinculin; WT, wild type.

*P<0.05 vs WT at pH 7.4.

junctional protein, connexin 43 (Cx43), within the ID was found
to be abnormally distributed.'®?® This regulatory effect of VCL
on Cx43 was observed to be associated with the direct
interaction between VCL and zonula occludens-1 at the ID.?” In
this investigation, we biophysically identified a functional effect
of VCL on SCN5A by showing that the loss of function of
SCN5As resulted from VCL variant D84 1H. According to our
findings that VCL directly interacts with SCN5A in vivo and
in vitro and that VCL and SCN5A were colocalized at the ID in
the human heart, this functional effect may result from the
direct association between VCL and SCN5A."” However, the
fact that VCL-D84 1H did not affect the interaction between VCL
and SCN5A suggested that the molecular mechanism for this
functional interaction remains to be addressed.

SUNDS and Abrupt Breathing Abnormalities
During Nocturnal Sleep

An early sleep-monitoring experiment indicated that nocturnal
hypoxia might be the primary abnormality in individuals with

SUNDS family history.*® The high prevalence of sleep apnea
and paralysis were regarded to be related to the high
occurrence of SUNDS in Hmong immigrants in the United
States.” All this clinical evidence as well as forensic epidemi-
ological studies on SUNDS'73' show that respiratory
disorders during nocturnal sleep (such as sleep apnea,
gasping, and unusual snoring) may play an important role in
the pathogenesis of SUNDS. Plant et al®? previously reported
that sleep respiratory abnormality-associated intracellular
acidosis significantly increased the late /y, caused by the
sudden infant death syndrome susceptibility SCN5A common
variant, S1103Y, in blacks. Recently, the SCN5A mutation,
R1512W, found in a Chinese SUNDS victim with sudden
nocturnal tachypnea before death was identified to show
obvious SCN5A loss of function only under acidosis condi-
tions.®? In this study, we identified, once again, that breathing-
disorder—related acidosis plays a crucial role for VCL-D84 1H
in aggravating SCN5A loss of function. All these findings
strongly implicate the possible important contribution of sleep
respiratory disorders in the occurrence of SUNDS.”-3%:31:33
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Figure 7. Voltage-dependent gating for cardiac sodium channel in induced pluripotent stem-cell-derived cardiomyocytes expressing with
vinculin (VCL). A, There was no statistically significant difference in activation of cardiac sodium channel between each group. B, Under pH 7.0
conditions, D84 1H caused a significant repolarizing shift by 25.6 mV in inactivation of cardiac sodium channel compared to wild type (WT) at pH 7.4.
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Figure 8. Late sodium current characterized in HEK293 cells
coexpressing cardiac sodium channel (SCN5A) and vinculin (VCL).
Representative traces showing increased late sodium current (/ya)
associated with SCN5A-H558R+VCL-D841H compared with
SCN5A-WT+VCL-WT, or SCN5A-WT+VCL-D841H, or SCN5A-
H558R+VCL-WT.

Cardiomyopathy and SUNDS

Studies with VCL knockout mice revealed a chronic patho-
logical progression from an apparently normal heart to
cardiomyopathy, whereas sudden arrhythmia death could
happen at any life stage.'®?® Consistently, these 8 SUNDS
cases identified in this study with VCL-D841H did not show
any pathological characteristics for cardiomyopathy, but
suffered sudden unexplained death. The genetic and func-
tional data implicated VCL-D841H as a susceptible polymor-
phism for Chinese SUNDS.

Increasing lines of evidence show that primary arrhythmia
disorders (such as BrS and idiopathic atrial fibrillation) with a
structurally normal heart share some common clinical
phenotypes and susceptible or plausible pathogenic genes
(such as SCN5A, PKP2, ABCC9, RYR2, DSG2, CASQ2, JUP, and
DSP) with cardiomyopathy.'?'%'%3% These findings suggest
that there must be an intrinsic genetic association between

cardiomyopathy and primary arrhythmias. Most recently,
there was new evidence showing a morphological association
of cardiomyopathy and primary arrhythmia syndromes.
Structural alterations, such as fibrosis and loss of gap
junctions, were found in BrS patients elucidating the primary
arrhythmia.®> Our group also observed the previously unrec-
ognized significant cardiac structural changes (slightly
increased heart weight, enlarged circumference of cardiac
valves) in SUNDS victims.*®

All these findings support the idea that some of the
previously recognized primary arrhythmias with apparently
intact heart, such as BrS and SUNDS, might be a subtype or
early stage of cardiomyopathy.>~*8

Study Limitations

This work has several limitations. First, the absence of clinic
(such as ECG) records is always a study limitation that is
inherent to the forensic medical investigation on SUNDS
victims, where, by definition, victims are apparently healthy
individuals who suffer sudden unexpected death. This limits a
deeper analysis of association between clinical phenotype,
genetic findings, and functional data. Second, the functional
study was conducted by in vitro experiments using both
HEK293 cells and iPSC-CMs, which is different from the
genuine in vivo environment. It would be helpful to assess the
impacts of VCL-D841H in vivo by characterizing mouse
models established by CRISPR technology. Last, we would not
be able to quickly investigate another replication cohort of
SUNDS in the near future because of the difficulty of
collecting new samples. Moreover, it is hard for us to
estimate the effect of this VCL-D841H variant on SUNDS
accurately because of the rarity of the variant in both SUNDS
victims and general population. Although this is the largest
SUNDS cohort reported, it is necessary to confirm the
prevalence of VCL-D841H in a replication SUNDS cohort or
primary arrhythmia disorder in the future attributed to the
possible genetic heterogeneity for SUNDS.

Table 7. Effect of Polymorphisms of SCN5A and VCL on Late Sodium Current in HEK293 Cells

Peak /ya Activation Inactivation Late /ya
Samples pA/pF n Vi/2 (mV) k n Vi/2 (MV) k n % n
SCN5A-WT+VCL-WT —101+11 17 —39.4£0.7 5.0 24 —84.4+0.9 5.0 22 0.32+0.04 29
SCN5A-WT+VCL-D841H —70+9* 24 —38.2+0.6 5.0 26 —84.8+0.8 5.0 26 0.344-0.05 15
SCN5A-H558R+VCL-WT —105+9 25 —38.5+1.1 5.0 32 —85.4+1.2 5.0 30 0.434-0.05 19
SCN5A-H558R+VCL-D841H —102+7 29 —39.4+0.5 5.0 38 —86.0+£0.8 5.0 31 0.60+0.06* 23

Values are mean=SE for n experiments. The late /y, level was described as a percentage of peak /y,. All parameters were analyzed using 1-way ANOVA followed by a Bonferroni test. /y,
indicates sodium current; k, slope factor; pA/pf, current density; SCN5A indicates cardiac sodium channel; V; ,, voltage of half-maximal activation/inactivation; VCL, vinculin; WT, wild

type.
*P<0.05 vs SCN5A-WT+VCL-WT.
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Conclusions

In summary, a VCL common variant, D84 1H, was associated
with Chinese SUNDS. Molecular, biochemical, and biophysical
charcterizations revealed VCL-D84 1H as likely causing loss of
function of SCN5A. The significant aggravation of loss of
function of SCN5A caused by VCL-D841H under acidosis
further supports the idea that nocturnal sleep respiratory
disorders with acidosis may play a crucial role in triggering the
deadly arrhythmia underlying SUNDS victims.
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