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Abstract

Background—Multiple genome-wide association studies (GWAS) and targeted gene sequencing 

have identified common variants in SCN10A in cases of PR and QRS duration abnormalities, 

atrial fibrillation and Brugada syndrome. The New York City Office of Chief Medical Examiner 

has now also identified five SCN10A variants of uncertain significance in six separate cases within 

a cohort of 330 sudden unexplained death events. The gene product of SCN10A is the Nav1.8 

sodium channel. The purpose of this study was to characterize effects of these variants on Nav1.8 

channel function to provide better information for the reclassification of these variants.

Methods and Results—Patch clamp studies were performed to assess effects of the variants on 

whole-cell Nav1.8 currents. We also performed RNA-seq analysis and immunofluorescence 

confocal microcopy to determine Nav1.8 expression in heart. We show that four of the five rare 

‘variants of unknown significance’ (L388M, L867F, P1102S and V1518I) are associated with 

altered functional phenotypes. The R756W variant behaved similar to wild-type under our 

experimental conditions. We failed to detect Nav1.8 protein expression in immunofluorescence 

microscopy in rat heart. Furthermore, RNA-seq analysis failed to detect full-length SCN10A 
mRNA transcripts in human ventricle or mouse specialized cardiac conduction system, suggesting 

that the effect of Nav1.8 on cardiac function is likely to be extra-cardiac in origin.

Conclusions—We have demonstrated that four of five SCN10A variants of uncertain 

significance, identified in unexplained death, have deleterious effects on channel function. These 
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data extend the genetic testing of SUD cases, but significantly more clinical evidence is needed to 

satisfy the criteria needed to associate these variants with the onset of SUD.
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Introduction

Genetic variation in ion channel genes (channelopathies) is associated with inherited forms 

of arrhythmias, such as long- and short QT syndromes, Brugada syndrome, and conduction 

abnormalities.1–4 Channelopathies have also been linked to sudden unexplained death 

(SUD) in young adults and children1, 5–7 and it is a common assumption that cardiac rhythm 

disorders are involved in a subset of these cases with premature death. Multiple genome-

wide association studies (GWAS) have identified common variants in SCN10A as potential 

modulators of PR and QRS durations in humans.8–12 SCN10A variants have also been 

reported in several cases of ST-T wave amplitudes disorders13, cardiac conduction 

abnormalities in hypertrophic cardiomyopathy patients14, atrial fibrillation (AF)15, and 

Brugada syndrome16–18.

The voltage-gated sodium channel Nav1.8 subunit, encoded by the SCN10A gene, was 

initially cloned from rat DRG neurons.19, 20. Similar to the major cardiac Na+ channel 

(Nav1.5), Nav1.8 is resistant to nanomolar concentrations of tetrodotoxin. However, Nav1.8 

exhibits a more depolarized voltage dependence of inactivation and slower inactivation 

kinetics19, 20 and can therefore continue to operate at depolarized voltages when most other 

Na+ channels are inactivated and fail to respond to stimuli. The Nav1.8 channel is the major 

sodium channel in primary sensory neurons21, especially in nociceptive neurons, where it 

contributes to peripheral pain processing.21, 22 Nav1.8 is also expressed in vagal fibers, but 

not in the sympathetic system.23, 24 There are also reports of Nav1.8 expression in nerve 

fibers and fascicles in the myocardium, in cardiac myocytes, and in the specialized cardiac 

conduction system.25–27 It is therefore conceivable for SCN10A variants to be associated 

with SUD.

With the advent of next-generation sequencing techniques, molecular testing of a large 

‘cardiac’ gene panel is increasingly being performed to identify genetic variants associated 

with SUD and SIDS.28–31 Variants are classified according to guidelines by the American 

College of Medical Genetics and Genomics (ACMG), using specific standard terminologies 

as ‘pathogenic’, ‘likely pathogenic’, ‘uncertain significance’, ‘likely benign’, or ‘benign’.32 

The ‘pathogenic’ and ‘likely pathogenic’ designations are often used for diagnostic 

purposes,31 which forms the basis for family counseling discussions. However, the computer 

algorithms responsible for these predictions are fallible. A recent side-by-side analysis of 23 

pathogenicity computational algorithms has shown that the specificities of these tests are 
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generally lower than the sensitivities, with false positive rates ranging between 10–65%.33 

Moreover, the ‘variants of unknown significance’ (VUS), which are often found in cases of 

sudden death, are not helpful for diagnostic purposes. Some of these VUS negatively impact 

channel function, as demonstrated by our recent studies with SCN5A and TRPM4 VUS.
1, 34, 35 These functional data need to be taken into account when re-interpreting reported 

VUS. Following a similar approach, in this study we functionally characterized five novel or 

rare variants of unknown significance in the SCN10A gene that were found in six cases of 

unexplained death in neonates and adults. We also assessed SCN10A mRNA expression in 

human heart and the mouse specialized cardiac conduction system. We conclude that four of 

the five SCN10A VUS (L388M, L867F, P1102S and V1518I ) impact channel function. 

Since we were not able to detect full-length SCN10A transcripts in cardiac tissue, it is likely 

that these variants may have an extra-cardiac role.

Methods

Site-directed Mutagenesis

The human Nav1.8 cDNA (Genbank accession number NM_006514) in the pEZM61 vector 

(clone 1171) was obtained from GeneCopoeia (EX-I3726-M61; Rockville, MD). The 

Nav1.8 cDNA (without the IRES EGFP fragment) was subcloned into the pcDNA3.1(+) 

vector (clone 1224) with restriction cloning and sequenced. All site directed mutagenesis 

and sequence confirmation was performed commercially (GenScript, Piscataway, NJ). The 

human Navβ3 (Genbank NM_001040151, with C-terminal flag epitope) cDNA in the 

pcDNA3.1(+) vector was obtained from GenScript (Product ID: OHu16302D).

Cell Culture

Human Embryonic Kidney (HEK) 293 cells were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM) (Thermo Fisher Scientific, Waltham, MA), supplemented with heat-

inactivated 10% Fetal Bovine Serum (FBS) and penicillin-streptomycin. Cells were grown in 

35mm culture plates until 70–80% confluence was reached. Cells were transfected using the 

Lipofectamine 2000 reagent (Life Technologies, Carlsbad, CA) with 3 μg of total DNA: 1.4 

μg of Nav1.8, 1.4 μg of Navβ3 and 0.2 μg of a GFP plasmid, to allow visualization of 

successfully transfected cells for patch clamping. Cells were used for patch clamping or 

biochemistry 48h after transfection.

Patch Clamping

Whole-cell currents were recorded at room temperature (MultiClamp 700A; Axon 

Instruments), low-pass filtered with an 8-pole Bessel filter (−3dB @ 1 Hz.) and digitized (2 

kHz; DigiData 1550A, Axon Instruments) using pClamp v10.5 software (Molecular 

Devices). Patch electrodes were manufactured (Zeitz puller, Germany) using borosilicate 

glass (1.5 mm OD; World Precision Instruments) and had tip resistances of 2.5–3.0 MΩ 
when filled with (in mmol/L): 120 CsF, 10 NaCl, 10 HEPES, 10 EGTA, 10 TEA-Cl, 2 

Na2ATP and pH adjusted to 7.2 with 2N CsOH. The physiologically relevant bath solution 

consisted of a modified Tyrode’s solution (in mmol/L): 140 NaCl, 4 KCl, 10 HEPES, 1 

MgCl2, 2 CaCl2 and pH adjusted to 7.4 using 2N NaOH. Data were not corrected for the 

liquid junction potential, which was calculated to be 7.4mV. The whole-cell capacitance and 
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series resistance were compensated to levels greater than 80%. Currents were corrected for 

cell size by dividing by the cell capacitance and current densities are expressed as pA/pF.

Western Blotting

Total protein concentration was measured using BioRad Protein Assay Dye Reagent (Bio-

Rad). Samples with equal amounts of total protein were mixed with sample buffer 

(ThermoFisher Scientific, Waltham, MA) containing 50 mM DTT and kept at room 

temperature prior to resolving with a 10% polyacrylamide gradient gel. After transfer to 

polyvinylidene difluoride (PVDF) membranes (Bio-Rad) and blocking with 5% milk in 

TBS-Tween (0.05%) for 1 h, blots were incubated overnight at 4°C with primary antibodies 

and 1 h at room temperature with secondary antibodies (dissolved in blocking buffer). 

Detection was with chemiluminesence (SuperSignal West Dura, Thermo Scientific, 

Waltham, MA) and photographic film. Immunoblots were analyze and quantified using 

analyzed using NIH image software (ImageJ).

Immunohistochemistry

Adult rats were sacrificed by pentobarbital overdose and the hearts were rapidly removed. 

All animal experiments were approved by the institutional Animal Care Review Board. 

Hearts were perfused at 37oC through the aorta (Langendorff mode) with Tyrode’s solution 

(in mM: NaCl 137, KCl 5.4, HEPES 10, CaCl2 1.8, MgCl2 1, NaH2PO4 0.33; pH adjusted to 

7.4 with NaOH) containing pinacidil (100 μM) to cause maximal vasodilatation as to clear 

the vasculature of blood. Hearts were fixed by switching the perfusate to paraformaldehyde 

(4% in phosphate-buffered saline (PBS), pH adjusted to 7.4) for 15 minutes at room 

temperature. The heart was incubated in 4% paraformaldehyde overnight at 4ºC. Following 

fixation, the tissue was incubated overnight at 4°C in 30% sucrose in PBS. The tissue was 

then embedded in M1 embedding matrix (Thermo Shandon, Pittsburgh, PA) and placed on 

dry ice until frozen. The block containing the tissue was sectioned using a cooled (−20°C) 

cryostat (Microm Cryo-Star HM 560, Kalamazoo MI) at 15 μm thicknesses. The sections 

were transferred to Superfrost Plus slides (Fisher Scientific) for further processing.

Tissue sections were allowed to warm to room temperature. The staining protocol was 

carried out in a moist chamber to avoid dehydration. Blocking was performed for 60 min 

with Tris-buffered saline (TBS; in mM 137 NaCl, 50 Tris, 2.7 KCl, pH 7.4) containing 4% 

goat or donkey serum (depending on the secondary antibody being used) and 0.2% Triton 

X-100 at room temperature. The slides were incubated overnight at 4ºC with primary 

antibodies (see below) diluted in TBS containing 0.1% serum and 0.2% Triton X-100. 

Double or triple immunofluorescent studies were carried out by incubating the tissue 

sections with more than one primary antibody at the same time. Sections were washed three 

times for 15 min each in TBS, and incubated with fluorescently labeled secondary 

antibodies (see below) for 1h at room temperature. The samples were again washed three 

times for 15 min each in TBS. Sections were drained by blotting with filter paper and a drop 

of mounting medium (containing an anti-fade reagent) was added to the slides before 

mounting with a standard coverslip. The mounting medium was allowed to dry before the 

slides were imaged using a Leica PS2 confocal microscope equipped with an Argon 488nm 
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gas laser and Helium Neon lasers (543 and 633 lines). Most images were obtained using an 

emission pin hole of 1.1–1.6 AE with either a 20x (0.7 NA) or a 63x (1.2 NA) oil objective.

Antibodies

Primary antibodies used were mouse monoclonal anti-voltage-gated sodium channel 

(1:2000; K58/35, Sigma Aldrich, St. Louis, MO), mouse monoclonal anti-GAPDH 

(1:10000; GAPDH-71.1, Sigma), rabbit polyclonal anti-Nav1.5 (1:200; S0819, Sigma), 

rabbit polyclonal anti-Neurofilament heavy polypeptide (1:100; ab8135, Abcam, 

Cambridge, MA), mouse monoclonal anti-Nav1.8 (1:50; Neuromab clone N143/12), 

AlexaFluor 488 donkey anti-rabbit (1:200; Jackson ImmunoResearch, West Grave, PA), 

AlexaFluor 594 donkey anti-mouse (1:200; Jackson ImmunoResearch) and goat anti-mouse-

HRP secondary (1:40000; Jackson ImmunoResearch)

RNA-seq analysis

Paired read RNA-Sequencing data from non-failing adult human heart were obtained from 

the Gene Expression Omnibus (GEO accession number GSE71613; samples GSM1841251, 

GSM1841259, GSM1841261 and GSM1841263). The sequenced reads were trimmed for 

adaptor sequence and for low-quality sequence, then mapped to the human hg19 whole 

genome using STAR on the NYU Phoenix High Performance Cluster computing facility. 

Output BAM files were sorted by coordinates and gene counts were produced. Index files 

were generated with Samtools and data were visualized with the Integrated Genomics 

Viewer. Splice junctions were visualized from the alignment data as Sashimi plots.

Data Analysis

Patch clamp data were analyzed using pClamp 10.5 software and plotted using OriginPro 8 

(OriginLab, Northampton, MA). Current-voltage curves were produced by plotting the peak 

current (normalized to the cell capacitance) against the clamp step potential. To generate 

activation curves, peak inward currents (INa) were converted to conductance as follows: GNa 

= INa/(Vm - Vrev), where Vm is the clamp step voltage and Vrev the reversal potential, which 

was determined for each cell. Values of GNa were normalized to the maximum conductance 

and plotted as a function of voltage. Results are presented as mean ± standard error of the 

mean. Statistical comparisons were performed using Student’s t-tests or an Analysis of 

Variance, as appropriate, and statistical significance was assumed when p < 0.05.

Results

SCN10A Variants Associated with SUD

The purpose of this study was to functionally classify (or reclassify if needed) SCN10A 
VUS identified in our previous work where we genetically screened ~300 cases of SUD 

using a cardiac arrhythmogenic testing panel28. In that study, in six cases of sudden death we 

identified one novel SCN10A variants (i.e. absent in the gnomAD database (which includes 

spans of 125,748 exome sequences and 15,708 whole-genome sequences from unrelated 

individuals) and four rare variants (allelic frequency between 0.0004–0.01%) (Table 1). One 

variant (V1518I) was present in two of the cases. All of the variants were predicted to be 

‘variants of unknown significance” according to the classification scheme proposed by the 

Gando et al. Page 5

Forensic Sci Int. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by ACMG/AMP 2015 guidelines. Three of the six SUD cases were infants or young 

children, whereas the other three cases were adults. The circumstances of death are given in 

Table 1. In three of the six cases there were no other detectable variants in other genes of the 

testing panel, which consisted of 95 ‘cardiac’ genes (Table S1). In the other three cases, 

VUS were also detected in some of the other study panel genes (Table 1). The Nav1.8 

subunit is a product of the SCN10A gene and is a polypeptide with 24 transmembrane (TM) 

segments (Figure 1), arranged in four domains (DI to DIV) with 6 TM segments each. Each 

of the identified VUS were missense variants, leading to a single amino acid change in the 

Nav1.8 subunit (Table 1). Four of the five variants cause amino acid substitutions (L388M, 

R756W, L867F, V1518I) within transmembrane helixes of the Nav1.8 subunit, whereas one 

variant resulted in an amino acid change (P1102S) within the intracellular DII-DIII loop 

(Figure 1). These amino acid residues are highly conserved in Nav1.8 across species and 

also across other human Nav1.x subunits (Figure S1).

Developing a heterologous expression system to evaluate Nav1.8 channel function

Nav1.8 can be heterologously expressed in cells of neuronal origin such as ND7–32, 

Neuro-2A or SH-SY5 cells,36–38 but we wanted to avoid using these cells since they 

endogenously express other types of Na+ channels. We therefore expressed the Nav1.8 

cDNA in the commonly used HEK-293 cell line. However, no whole-cell currents could be 

recorded, despite increasing the cDNA amount in the transfection reaction (between 500 ng 

and 2 ug) or increasing the time after transfection (between 24h to 72h) (Figure S2). Co-

expression of Nav1.8 with Na+ channel β subunits was reported to increase the current 

expression.39 Given the association of gene variants in SCN3B (which codes for the Navβ3 

subunit) with arrhythmogenesis,15 we tested whether this auxiliary subunit may induce 

expression. Indeed, we found that co-expression of Nav1.8 with Navβ3 consistently led to 

small, but readily detectable whole-cell currents (Figure S2). One of the mechanisms by 

which Navβ3 enhanced Nav1.8 currents was to increase the Nav1.8 protein expression, 

which was observed in a variety of cell types (Figure S2).

Functional analysis of the SCN10A variants

The SCN10A variants in this study are computationally classified as ‘variants of unknown 

significance’ and their potential pathogenicity can be better assessed with functional testing. 

We therefore introduced these nucleotide changes into the Nav1.8 cDNA with site-directed 

mutagenesis and co-expressed the wild-type or variants with Navβ3 cDNA in HEK-293 

cells. Whole-cell currents were recorded 48 h after transfection. Consistent with previous 

reports,37 we found that Nav1.8 currents activated at around −60 mV and reached a peak at 

about −10 mV (Figure 2). The reversal potential is at around +60 mV, which is close to the 

expected Na+ equilibrium potential under our experimental conditions. The most striking 

initial difference was observed with the L388M variant, which had significantly smaller 

current amplitudes (and was undetectable in some cases) when compared to wild-type 

(Figure 2). On average, the Nav1.8-L388M current density at 0 mV was reduced by ~4 fold 

compared to wild-type. There were no statically significant differences in the peak current 

density for the other variants (Figure 2C). When inspecting the inactivating portion of 

Nav1.8 currents, it became clear that the rate of inactivation of P1102S was significantly 

delayed compared to wild-type (Figure 3A). Indeed, curve-fitting of the experimental traces 
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recorded between −20 mV and +20 mV to a single exponential function shows that P1102S 

inactivated significantly slower (Figure 3B), which represents a gain-of-function phenotype.

We next constructed conductance-voltage activation curves to determine if the voltage 

dependence of activation is affected by any of the variants. Indeed, there was a significant 

depolarizing shift of the voltage dependence of activation for the R756W and V1518I 

variants (Figure 4A). These shifts were quite large (up to 20 mV; Figure 4B), which 

represents a significant loss-of-function phenotype.

Effects on protein expression

We investigated whether any of the variants affect Nav1.8 protein expression levels. Western 

blotting was performed with an anti-Nav antibody using lysates of transfected cells. 

Compared to wild-type, protein levels were higher for the R756W variant, but were 

significantly less for the L388M and P1102S variants (Figure 5). The decreased levels may 

be due to decreased protein stability and subsequent degradation. We tested this possibility 

using the L388M variant as proof of principle. When pre-incubating cells with the 

proteasome inhibitor MG132, the Nav1.8-L388M protein levels were restored to near wild-

type levels (Figure 6A). We followed up with patch clamp experiments and found that 

MG132 similarly rescued Nav1.8-L388M currents to near wild-type levels (Figure 6 B&C).

Lack of expression of SCN10A in cardiac tissue

To investigate SCN10A expression in heart, we started by performing 

immunohistochemistry with rat tissue. As a positive control, cryosections of DRG neurons 

show robust Nav1.8 staining, demonstrating that the anti-Nav1.8 performs adequately in this 

assay (Figure 7, top). In contrast, Nav1.8 protein expression was not detectible in rat heart 

cryosections, whereas Nav1.5 expression was readily detected (Figure 7, bottom). We 

investigated SCN10A mRNA expression with RNA-seq, which has the ability to 

quantitatively analyze splice variants. Analysis of human heart ventricle samples from the 

GEO database demonstrates that, as expected, SCN5A is robustly expressed in human heart 

with sequence reads in each of the exons. In contrast, SCN10A is not represented. Curiously, 

sequence reads are present in the 3’ exons of SCN10A (exons 26 and 27) and some of these 

reads span to the 5’ exons of SCN5A (Figure 8). The significance of this finding is not clear 

at present. We finally investigated the possibility that SCN10A expression is specific to the 

specialized cardiac conduction system.

Since human tissue is not available, we used data obtained from Cntn2-EGFP reporter mice, 

where the cardiac conduction system myocytes could be isolated to high purity by 

fluorescence FACS sorting. Similar to the human ventricle, we could not find evidence of 

full-length SCN10A transcripts in the mouse conduction system (data not shown).

Discussion

Functional reclassification of the SCN10A variants of unknown significance

A number of previous studies have shown that SCN10A variants are associated with several 

types ventricular of arrhythmias.8, 9, 11, 15–18, 27, 40, 41 Two approaches have emerged from 
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these studies in an attempt to understand how these variants may lead to cardiac dysfunction. 

In a genome-wide association study (GWAS), several loci were found to be associated with 

QRS duration, including a variant (rs6801957) that mapped to an enhancer region of 

SCN10A.41 Interestingly, this variant was found to strongly regulate cardiac Na+ channel 

(SCN5A) gene expression, which might explain how this variant links with cardiac defects 

and arrhythmias. Since the variants identified in our study are within the SCN10A coding 

region, they are unlikely to work through this mechanism. In a second approach, some 

investigators have worked on the assumption that Nav1.8 and Nav1.5 are both expressed in 

cardiomyocytes, and that Nav1.8 variants can affect the function of the cardiac Nav1.5 

channel. Therefore, in a study analyzing SCN10A variants found in patents with Brugada 

syndrome, mutant Nav1.8 were co-expressed with Nav1.5 in HEK-293 cells, and 

dysfunction of Nav1.5 was used as a readout.18 In our studies we were not able to detect 

Nav.8 protein or full-length mRNA transcripts in hearts, and we have therefore decided not 

to follow this co-expression approach. Instead, we developed a heterologous expression 

system (Nav1.8 co-expressed with Navβ3 in HEK-293 cells) that allowed us to study the 

channel directly. These studies demonstrated that the L388M variant was the most 

deleterious, expressing little (if any) current. Since the total Nav1.8-L388M protein in cell 

lysates was strongly reduced, the functional defect can readily be explained by protein 

instability and degradation. In support, both cellular Nav1.8 protein and current could be 

rescued to near wild-type levels with the proteosomal inhibitor, MG132). The L867F, 

P1102S and V1518I variants also led to defective Nav1.8 channels. Each of these variants 

expressed measureable currents, but a loss-of-function phenotype was revealed for two of 

the variants (L867F and V1518I) due to a positive shift in the steady-state activation curve. 

Thus, stronger depolarization would be needed to elicit channel opening. In contrast, a gain-

of function phenotype is suggested for the P1102S variant by the slower inactivation time 

course, which will allow more Na+ channel to enter the cell. The R756W variant appeared 

not to behave different from wild-type under our experimental conditions. Thus, with patch 

clamp recordings and biochemical assays, we show that four of the five rare ‘variants of 

unknown significance’ (L388M, L867F, P1102S and V1518I) are actually deleterious to 

Nav1.8 channel function.

Lack of SCN10A expression in the heart

Since SCN10A variants have been linked to cardiac arrhythmia disorders, it has been 

assumed that the gene product (the Nav1.8 channel) must be expressed in the heart. Indeed, 

there are reports describing the expression of SCN10A mRNA and Nav1.8 protein in mouse 

and human left ventricular myocardium.8, 42 In one study, expression of Scn10a mRNA was 

undetectable in the mouse heart specialized cardiac conduction system when measured by 

qRT-PCR. 41 The same study also assessed expression in mouse ventricle by RNA-seq and 

found that Scn5a reads exceed those of Scn10a by 145-fold. We also detected SCN10A/

Scn10a mRNA reads by RNA-seq in both human ventricle and mouse specialized cardiac 

conduction system, but these reads were restricted to a few exons at the 3’ end of the gene. 

Another study also reported RNA-seq data demonstrating the absence of full-length Scn10a 
mRNA transcripts in murine ventricle.26 Since full-length SCN10A mRNA is not detected in 

cardiac tissue, the Nav1.8 protein cannot be an abundant cardiac channel. Indeed, we failed 

to detect Nav1.8 protein with immunofluorescence confocal microscopy in adult rat heart. 
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This observation agrees with a previous study demonstrating that Nav1.8 is not expressed in 

isolated mouse ventricular myocytes, but that Nav1.8 can be readily be detected in neurons 

from intracardiac ganglia.43 Other studies have also found with immunohistochemistry 

analysis that Nav1.8 is present in nerve fibers and fascicles in the myocardium and is often 

closely located to small capillaries.25 Moreover, Nav1.8 in cardiac ganglionated plexi was 

found to modulate arrhythmia inducibility,44 and blocking Nav1.8 in the left stellate 

ganglion of dogs suppresses ventricular arrhythmia.45 There are not many reports describing 

the presence of functional Nav1.8 channels in the myocardium. In one such report, the 

Nav1.8 blocker A-803467 was described to inhibit the “late” cardiac sodium current and can 

shorten action potential durations in mouse and rabbit cardiomyocytes.46 The specificity of 

A-803467 to Nav1.8, however, has been questioned.47, 48 An effect on the “late” cardiac 

sodium current was also demonstrated in Scn10A knockout mice,26 but since these were 

global knockouts, the effect on the action potential may well be from extra-cardiac origins.

Can the SCN10A variants contribute to SUD?

A number of previous studies have shown that SCN10A variants are associated with 

arrhythmias,8, 9, 11, 15–18, 27, 40, 41 but ours is the first to show to the presence of SCN10A 
VUS in cases of SUD. An association is suggested, since the chances are virtually zero of 

finding five SCN10A variants in only 330 SUD cases when the presence of these variants 

are undetectable or ultra-rare in a population of >250,000 individuals in the gnomAD whole-

exome sequencing database. If SCN10A variants contributed to SUD, it would have to be 

from extra-cardiac sources (such as cardiac ganglia), which may alter cardiac 

electrophysiology and arrhythmias.

Study limitations

Although our functional studies enhance the genetic testing analysis by reclassifying 

‘variants of uncertain significance’ as being possibly benign or potentially deleterious, by 

themselves they cannot be used as evidence that SCN10A is involved in arrhythmias or 

sudden death. First, we have not measured certain electrophysiological parameters such as 

the voltage-dependence of steady-state inactivation or recovery from inactivation. Changes 

in these parameters may potentially impact the apparently ‘normal’ R756W variant and have 

further detrimental effects on the L388M, L867F, P1102S and V1518I variants. Second, our 

studies are performed in a heterologous expression system and allowances are not made for 

the expression of unknown endogenous subunits, physiological temperatures and other 

environmental factors. Most importantly, however, is the fact that functional studies by 

themselves should not be used as the sole basis for determining variant pathogenicity.49 

Much stricter criteria are needed to reach such a conclusion by following the standards 

defined by the Clinical Genome Resource Gene Curation Working Group Standard 

Operating Procedures. A recent report by the NIH Clinical Genome Resource Consortium, 

for example, concluded that when a systematic evaluation is performed of the evidence 

supporting the causality of gene variants associated with Brugada syndrome, clinical validity 

was demonstrated for only one gene (SCN5A), even though over 20 genes (including 

SCN10A) have previously been implicated with Brugada syndrome.16–18, 40, 50 To determine 

if SCN10A variants are indeed associated with SUD would require significantly more 
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clinical evidence, included metrics of familial or segregation data of affected cases and 

additional supportive functional data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Channelopathies are often associated with inherited arrhythmias and sudden 

death.

• Genetic testing can assist in determining the likely causes of sudden 

unexpected death.

• We identified five SCN10A variants in sudden unexpected death.

• Four of the variants led to altered Na+ channel function.
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Figure 1: 
Schematic topological representation of the human sodium channel α-subunit, Nav1.8. 

Several of the mutations fall within the transmembrane α-helical domains (L388M, R756W, 

L867F, V1518I) while the P1102S mutation is in the DII-DIII intracellular linker region. All 

the mutations occurred at evolutionarily conserved sites.
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Figure 2: 
Representative Nav1.8 current traces of WT channel expressed in HEK293 in the absence 

(A) or presence (B) of Navβ3 subunit, using the voltage protocol as shown inset in (C). The 

Nav1.8 current densities are plotted as a function of the test voltage (C). Data points 

represent mean ± SEM, with n = 7 in absence and n = 7 in the presence of Navβ3. *P < 0.05 

versus wild-type (Student’s t-test).

Gando et al. Page 17

Forensic Sci Int. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: 
Effects of SCNA10 variants on the rate of inactivation of Nav1.8 currents (A) Representative 

Nav1.8 current traces of WT and P1102S channels co-expressed Navβ3 subunit in HEK293 

cells. The recordings were made at 0 mV. (B) The inactivating portions of currents at −20 to 

+20 mV were subjected to curve fitting to a single exponential function and time constants 

are plotted as a function of the voltage. *P < 0.05 versus wild-type (1W-ANOVA, followed 

by Dunnet’s t-test).
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Figure 4: 
Effects of SCNA10 variants on Nav1.8 current density and total protein expressing. (A) 

Representative Nav1.8 current traces of WT, L388M and R756W channel co-expressed 

Navβ3 subunit in HEK293 cells. (B) Representative immunoblot of total proteins from 

HEK293 cells transfected with WT or mutant Nav1.8. Input lysates were probed with a pan-

Nav antibody. GAPDH antibody was used as a protein loading control. (C) The peak 

currents at 0mV was normalized to the cell surface size by dividing by the cell capacitance 

and plotted. Compared to WT, the L388M mutant current density was significantly reduced, 
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−11.08 ± 3.66 pA/pF; n = 7 vs −2.43 ± 1.74 pA/pF; n=7. The R756W (−18.94 ± 5.35 pA/pF; 

n = 5), L867F (−14.55 ± 1.62 pA/pF; n = 5), P1102S (−19.03 ± 4.36 pA/pF; n=5) and 

V1518I (−12.12 ± 3.28 pA/pF; n=5) mutants all showed non-significant increased peak 

currents at 0 mV when compared to WT. *P < 0.05 versus wild-type (1W-ANOVA, followed 

by Dunnet’s t-test).

Gando et al. Page 20

Forensic Sci Int. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: 
(A) Steady-state activation curves for WT and mutant Nav1.8 channels. The steady-state 

activation curves were derived from IV curves by dividing the peak currents by the driving 

force (Vm-VNa, with VNa is the calculated equilibrium potential for Na+ ions, which is 

+60mV under our experimental conditions). (B) Half-maximal voltage of steady state 

activation was significantly decreased in R756W (−8.37 ± 1.96 mV; n = 5) and V1518I 

(−2.24 ± 0.62 pA/pF; n = 5) mutants when compared to WT (−23.90 ± 3.16 mV; n = 7). *P 

< 0.05 versus wild-type (Student’s t-test).
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Figure 6: 
(A) Representative Nav1.8 current traces of WT or L388M mutant channel with or without 

24 h treatment with MG132. (B) The Nav1.8 current densities measured at voltages between 

−80mV to +80mV, normalized by the cell capacitance and plotted as a function of test 

voltage. Data points represent mean ± standard error of the mean. (C) Representative Nav1.8 

immunoblot of WT and L388M mutant channel after 24 h treatment with 10UM MG132 or 

DMSO.
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Figure 7: 
Expression of Nav1.8 in rat ventricular tissue. Immunofluorescence images of adult rat DRG 

(top) and left ventricle (bottom) were taken using a confocal microscope. Immunostaining 

was performed using mouse monoclonal anti-Nav1.8 antibody followed by AlexaFlour 594 

conjugated secondary antibody. Rabbit polyclonal anti-Neurofilament heavy polypeptide 

(NF) and anti-Nav1.5 were used as positive controls for DRG neurons and left ventricular 

myocytes respectively. In the negative controls for DRG and left ventricle normal donkey 

serum was used in place of the primary antibody. Nuclei are stained with DAPI (blue). 

Images were taken at 20X magnification
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Figure 8: 
RNA-seq analysis of VGSC expression in human heart. We analyzed available RNA-seq 

datasets obtained adult human ventricle (NCBI GEO accession: GSE71613). Shown are 

SCN5A (chr3:38,587,553–38,693,164) and SCN10A (chr3:38,736,837–38,837,501) mapped 

to the human hg19 reference build. The respective dark blue lines at the bottom of each 

panel represent the gene, with exons being thicker in width. Note that these two genes are 

anti-parallel, with exons 28 and 27 to the left respectively for SCN5A and SCN10A. The 

colored tracks depict Sashimi plots (reads within and spanning the exons) for the four 

‘control’ human heart samples (SRR2138381, SRR2138382, SRR2138383 and 

SRR2138384). The figure was produced using Integrative Genomics Viewer v2.3.68.
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