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Abstract

Rationale: Partial or complete loss of function variants in SCN54 are the most common
genetic cause of the arrhythmia disorder Brugada Syndrome (BrS1). However, the
pathogenicity of SCN5A variants is often unknown or disputed; 80% of the 1,390 SCN5A
missense variants observed in at least one individual to date are variants of uncertain
significance (VUS). The designation of VUS is a barrier to the use of sequence data in clinical
care.

Objective: We selected 83 variants for study: 10 previously studied control variants, 10
suspected benign variants, and 63 suspected Brugada Syndrome-associated variants,
selected on the basis of their frequency in the general population and in patients with
Brugada Syndrome. We used high-throughput automated patch clamping to study the
function of the 83 variants, with the goal of reclassifying variants with functional data.
Methods and Results: Ten previously studied variants had functional properties
concordant with published manual patch clamp data. All 10 suspected benign variants had
wildtype-like function. 22 suspected BrS variants had loss of channel function (<10%
normalized peak current) and 23 variants had partial loss of function (10-50% normalized
peak current). The 73 previously unstudied variants were initially classified as likely
benign (n=2), likely pathogenic (n=11), or VUS (n=60). After the patch clamp studies, 16
variants were benign/likely benign, 47 were pathogenic/likely pathogenic, and only 10
were still VUS. 8/22 loss of function variants were partially rescuable by incubation at
lower temperature or pretreatment with a sodium channel blocker. Structural modeling
identified likely mechanisms for loss of function including altered thermostability, and

disruptions to alpha helices, disulfide bonds, or the permeation pore.
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Conclusions: High-throughput automated patch clamping enabled the reclassification of

the majority of tested VUS’s in SCN5A.

Keywords: SCN5A, Nay1.5, Brugada Syndrome, high-throughput, variant of uncertain

significance

Non-standard Abbreviations and Acronyms: ACMG: American College of Medical
Genetics and Genomics; BrS: Brugada Syndrome; HEK: Human Embryonic Kidney; Nay1.5:
Voltage-gated cardiac sodium channel; LQT: Long QT Syndrome; VUS: Variant of Uncertain

Significance
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Introduction

Variants in the cardiac sodium channel gene SCN5A (which encodes the protein
Nay1.5) have been linked to many arrhythmia and cardiac conditions, including Brugada
Syndrome (BrS),! Long QT Syndrome (LQT),? dilated cardiomyopathy,3 cardiac conduction
disease,* and Sick Sinus Syndrome.> BrS is diagnosed by a characteristic ECG pattern (ST-
segment elevation in the right precordial leads) at baseline or upon drug challenge, and is
associated with an increased risk for sudden cardiac death.® SCN5A loss of function variants
are the most common (and in fact, the only ClinGen-validated) genetic cause of BrS, and are
present in approximately 30% of cases (BrS1).”.8 Variants that destabilize fast inactivation
of the channel and generate a persistent (“late”) current are associated with LQT.% 10 The
risk of sudden cardiac death in BrS patients can be partially prevented, for example with
implantable defibrillators. Therefore, incidentally discovered SCN5A variants that are
pathogenic or likely pathogenic for BrS are considered actionable and reportable.l!

A multi-center study of 2,111 unrelated individuals with Brugada Syndrome
discovered 293 distinct SCN5A variants in these patients, including 225 variants present in
only one patient.! This result indicates that Brugada Syndrome risk is distributed among
many different, rare SCN5A variants. In a recent curation of SCN5A variants, we identified
1,712 variants that have been observed to date in at least one individual in the literature or
in the genome aggregation database (gnomAD).? The strongest predictor of a variant’s
association with Brugada Syndrome was a partial or total reduction in peak current
recorded during voltage clamp experiments in heterologous expression systems (mainly

HEK293 cells).? Additionally, a weaker association was observed between a variant’s
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Brugada Syndrome association and its Vy, activation, the voltage that elicits half-maximal
channel activation.

Because SCN5A variants linked to Brugada Syndrome have incomplete penetrance,
assessment of variant risk using phenotypic data in single variant carriers can be minimally
informative.l2 Nevertheless, an important challenge is to accurately classify variants,
especially when only limited patient data are available.l®> The American College of Medical
Genetics and Genomics (ACMG) classification scheme uses 28 criteria to classify variants
into 5 categories: pathogenic, likely pathogenic, benign, likely benign, or variant of
uncertain significance (VUS).1# The guidelines have four “strong evidence” criteria towards
classifying a variant as pathogenic: PS1 (same amino acid change as an established variant),
PS2 (de novo in a patient with disease and no family history), PS3 (well-established
functional variant studies show a deleterious effect), and PS4 (prevalence in cases
statistically increased over controls). In vitro functional studies that demonstrate that a
variant does not affect protein function can meet benign evidence criterion 3 (BS3, well-
established functional variant studies show no deleterious effect). Thus, in vitro functional
studies are a key method to aid in the classification of the large number of SCN5A variants.

Conventionally, variants in ion channels such as SCN54 have been assessed by time-
intensive manual patch clamping of variants in heterologous expression. Recently,
automated high-throughput patch clamp devices have allowed the rapid evaluation of
dozens of variants in ion channel genes, including the arrhythmia-associated genes KCNQ1
and KCNHZ2.15-17 In this study, we use automated patch clamping to study 83 SCN5A
variants, identify 45 new partial or total loss of function variants, and reclassify 50/60

variants of uncertain significance.
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Methods

Selection of variants to study

83 variants were studied by automated patch clamping (Figure 1): 10 previously
studied controls, 10 suspected benign variants, and 63 suspected BrS variants. The
previously studied variants were chosen because they had a spectrum of normal and
abnormal channel function, representing multiple types of perturbations to the channel.
The suspected BrS variants were selected because they appeared in at least 1 case of BrS in
the literature and were relatively rare or absent in unaffected individuals in the literature
and in the gnomAD database of putative controls (Figure 2B, Table S1).% 18 In contrast, the
suspected benign variants were observed in multiple unaffected or gnomAD individuals,
but never in cases of BrS or LQT in the literature (Figure 2B, Table S1). R1958X was also
classified as a suspected BrS variant because it is a nonsense variant. However, to our
knowledge, it has not been observed in any patients with BrS (Figure 2B, Table S1).

SCN5A mutagenesis

To facilitate mutagenesis, a “zone” system was developed that divided the 6 kilobase
SCN5A cDNA into 8 zones of ~750 bp each (Table S2). These zones were separated by
restriction enzyme sites already present in the SCN5A coding sequence or introduced with
synonymous mutations. Mutagenesis primers were designed with the QuikChange primer

design tool (https://www.agilent.com/store/primerDesignProgram.jsp). All mutagenesis

primers are listed in Table S3. The QuikChange Lighting Multi kit (Agilent) was used to
perform the mutagenesis with one primer/mutation, following manufacturer’s
instructions. Mutants were created in a small (<4 kilobase) plasmid containing the zone of

interest. Following sequence verification, mutant zones were moved with the appropriate
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restriction enzymes into a plasmid containing an AttB recombination site and a full length
SCN5A:IRES:mCherry-blasticidinR (Figure S1). This plasmid was modified from a
previously published promoterless dsRed-Express-derivative plasmid designed for rapid
stable line generation.!® This modification introduced SCN54 into the plasmid and included
the generation of a mCherry-blasticidinR fusion protein. For all plasmids, the entire SCN54
coding region was Sanger sequenced to confirm that the variant of interest was included
and to verify that there were no off-target variants. The “wildtype” SCN5A used in this
study had the more common H allele of the H558R polymorphism (rs1805124) and the
most common splice isoform in the heart, a 2015 amino acid sequence (not counting the
stop codon) that includes deletion of the Q1077 residue (ENST00000443581). However,
the variants are named according to the 2016 amino acid Q1077-included isoform
(ENST00000333535), as is standard in the literature.

Stable SCN5A-expressing cell lines

Human Embryonic Kidney HEK293T “negative selection” landing pad cells were used,
which express Blue Fluorescent Protein and an activatable iCasp caspase from a
tetracycline-sensitive promoter.20 In these cells, an AttP integration site is located in
between the promoter and the BFP/iCasp. Bxb1 integrase-mediated integration of a
plasmid containing an AttB site at the genomic AttP location disrupts the expression of
BFP/iCasp. After integration of an AttB-containing SCN5A:IRES:mCherry:blasticidinR
plasmid, these cells switch to expression of SCN54 and an mCherry-blasticidinR fusion
protein. Cells were cultured at 37°C in a humidified 95% air/5% COz incubator in “HEK
media”: Dulbecco’s Eagle’s medium supplemented with 10% fetal bovine serum, 1% non-

essential amino acids, and 1% penicillin/streptomycin. On day -1, cells were plated in 12


https://doi.org/10.1101/858175
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/858175; this version posted November 29, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

well plates. On day 0, each well was transfected with 2.1 ul FUuGENE 6 (Promega), 600 ng of
the mutant SCN5A plasmid and 100 ng of a plasmid expressing Bxb1 recombinase (a gift
from Pawel Pelczar,2! Addgene plasmid #51271). On day 1, cells were washed with HEK
media to remove the FUGENE reagent. On day 3, the cells were exposed to 1 ug/ml
doxycycline (Sigma) in HEK media to induce expression of either the SCN54 mutant or
iCasp9 in non-integrated cells from the Tet-sensitive promoter. On day 5, cells were
exposed to 1 pg/ml doxycycline, 100 pg/ml blasticidin S (Sigma), and 10 nM AP1903
(MedChemExpress) in HEK media. The blasticidin selected for expression of the blasticidin
resistance gene present on the SCN5A plasmid. The AP1903 activated the iCasp caspase
protein expressed from non-integrated cells, this resulted in selection against non-
integrated cells. Cells were exposed to doxycycline+blasticidin+AP1903 in HEK media for
4-7 days to select for integrated cells, passaging cells as needed. Less than 48 hours prior to
the SyncroPatch experiment, cells were analyzed by analytical flow cytometry on a BD
Fortessa 4-laser instrument to determine the percentage of cells that were mCherry-
positive, Blue Fluorescent Protein-negative, indicating cells with successful integration of
the SCN5A plasmid. BFP was measured by excitation at 405 and emission at 450/50 and
mCherry was measured by excitation at 561 and emission at 610/20.

Automated patch clamping

Cells were patch clamped with the SyncroPatch 384PE automated patch clamping device
(Nanion). To prepare cells for patch clamping, cells were washed in PBS, treated with
Accutase (Millipore-Sigma) for 3 minutes at 37°C, then recovered in CHO-S-serum free
media (Gibco). Cells were pelleted and resuspended in divalent free reference solution

(DVF) at ~200,000-400,000 cells/ml. DVF contained (mM) NaCl 140, KCl 4, alpha-D(+)-
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glucose 5, HEPES 10, pH 7.4 adjusted with NaOH. Cells were then added to a medium
resistance (4-6 MQ) 384-well recording chamber with 1 patch aperture per well (NPC-384,
Nanion), which contained DVF and internal solution: CsCl 10, NaCl 10, CsF 110, EGTA 10,
HEPES 10, pH 7.2 adjusted with CsOH. Next, to enhance seal resistance, 50% of the DVF
was exchanged with a calcium-containing seal enhancing solution: NaCl 80, NMDG 60, KCI
4, MgCl2 1, CaCl; 10, alpha-D(+)-glucose 5, HEPES 10, pH 7.4 adjusted with HCI. The cells
were washed three times in external recording solution: NaCl 80, NMDG 60, KCI 4, MgCl; 1,
CaCl; 2, alpha-D(+)-glucose 5, HEPES 10, pH 7.4 adjusted with HCI. Currents elicited in
response to activation, inactivation, and recovery from inactivation protocols were then
recorded (Figure S2). A late current measurement was captured every 5 seconds. After 1
minute, 50% of the external solution was exchanged with external solution containing 200
UM tetracaine hydrochloride (Sigma; effective concentration 100 pM tetracaine). After
tetracaine addition, late current measurements were obtained every 5 seconds for 1
additional minute. At least 10 cells expressing wildtype SCN5A were included for
comparison in each SyncroPatch experiment (Figure 1), and at least 2 independent
transfections and at least 10 replicate cells were studied per mutant. Recordings were
performed at room temperature.

We also conducted experiments to assess the effects of incubation at low
temperature or mexiletine (a sodium channel blocker), interventions reported to increase
cell surface expression of mistrafficked channels.22-26 For these experiments, cells stably
expressing loss of function variants were generated as described above. The cells were
incubated for 24 hours at 300, or at 37° with or without 500 pM mexiletine hydrochloride

(Sigma), washed with HEK media, and were patch clamped as described above.
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Data analysis

Cells with a seal resistance of 0.5-10 G2 and a cell capacitance between 5-30 pF were
analyzed. Built-in SyncroPatch windowing methods were used to calculate currents in
peak/inactivation/recovery from inactivation protocols (maximum current from 0.5-5 ms
post voltage shift) or late current (mean current from 190-200 ms). These values were
exported to .csv files and analyzed in custom R scripts. Current-voltage plots were created
for each well, and each well was manually analyzed and classified as normal/in voltage
control (voltage-dependent current with peak current near -20 mV), out of voltage control
(voltage-dependent current that rapidly jumped around -60 mV), or having no current
(<25 pA peak current). Example current-voltage curves of these three classes are shown in
Figure S3.

Only wells that were in voltage control (Figure S3) with peak currents between 100-
2000 pA were used to assess additional features, such as the voltage dependence of
activation, voltage dependence of inactivation, inactivation time, or recovery from
inactivation. Additional details on peak current averaging are presented in the
Supplemental Methods. Only wells with a peak current above 1000 pA were used to
measure late current. Activation and inactivation best-fit curves were calculated for each
well by fitting Boltzmann equations using the R function nls (nonlinear least squares).
Recovery from inactivation data and inactivation time data were fitted with exponential
curves with the nis function. Wells with high noise for which the best-fit curve did not fit
the data well (data points had >10% average deviation from the best-fit line) were
removed from the analysis. Tetracaine-sensitive late current was calculated as the mean of

5 post-tetracaine raw late current values subtracted from the mean of 5 pre-tetracaine
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values and was normalized to tetracaine-sensitive peak current. Outlier values exceeding 3
standard deviations from the mean were excluded (0.9% of all values). Per-well V+,
activation (voltage at which half the channels are activated), V; inactivation (voltage at
which half the channels are inactivated), time of 50% recovery from inactivation,
inactivation time constant, and late current parameters were averaged across all wells
meeting the above inclusion criteria. All measured parameters with at least 5 cells meeting
inclusion criteria are reported. For many severe loss of function variants there were fewer
than 5 qualifying wells to accurately quantify channel parameters other than peak current
density. All comparisons of variant parameters between groups were made in R with two-
tailed t-tests (t.test), or with two-tailed Mann-Whitney U tests (wilcox.test with the
parameter paired=FALSE) when the distributions were non-normally distributed.
Differences in dispersion between groups were tested with Levene’s Test (levene.test, car
package). Violin plots were made with geom_violin (ggplot2).

Variants were classified according to American College of Medical Genetics and
Genomics (ACMG) criteria (Figure S4).14 A custom R script was used to implement these
criteria. Variant classifications pre- and post-functional data are presented in Table S1. A
cutoff of 6/~250,000 alleles in gnomAD v.2.118 was used to determine criteria BS1 and
PM2, following a previous recommended cutoff for Brugada Syndrome.?” BP4 and PP3
were determined from the consensus of PROVEAN?8 and PolyPhen22° classifications. PS4
was interpreted to mean at least 5 observed individuals with Brugada Syndrome and an
estimated Brugada Syndrome penetrance from literature reports whose 95% confidence
interval excluded 0.° Variants with peak current densities between 75-125% of wildtype,

<10 mV shifts in activation or inactivation, <2-fold shifts in recovery from inactivation, and

11
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<1% late current (% of peak) were considered to have normal in vitro functional data
(BS3). Variants with peak current densities <50% of wildtype or a >10 mV rightward shift
in V2 activation were considered to have abnormal loss of function functional data (PS3).
Variants with >75% peak current and a late current >1% (normalized to peak current)
were considered to have abnormal gain of function functional data (PS3). These cutoffs
were determined from a previous analysis of the correlation between functional
parameters and Brugada Syndrome and Long QT Syndrome risk.? ClinVar classifications30
were used to determine criteria BP6 and PP5. All literature and gnomAD patient counts,
peak current densities, and classifications pre- and post- patch clamp data are presented in
Table S1.

Homology model and structural calculations

All computational modeling was conducted in parallel to and blinded from the
experimental characterizations. Structural models of human SCN5A (UniProtKB accession
number: Q14524-1, modeled residues: 30-440, 685-957, 1174-1887) bound with SCN1B
(UniProtKB accession number: Q07699-1, modeled residues: 20-192) were generated by
homology modeling using the protein structure prediction software Rosetta (version
3.10).31 The cryo-EM structure of human SCN94 bound with SCN1B and the Ig domain of
SCN2B resolved to 3.2 A (PDB 6]J8H)32 was used as the primary template while the cryo-EM
structure of NavPaS$ from American Cockroach resolved to 2.6 A (PDB ID: 6A95)33 was
used as a secondary template. The percent identity between the aligned positions of SCN9A4
and SCN5A sequences was 76.7%. While the percent identity between NavPaS and SCN5A
was only moderate (45.6%), the N-terminal and C-terminal domains in the NavPaS

structure were partially resolved, providing coordinates for modeling the corresponding
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domains of SCN5A. The final model (Figure 5, S5) covers 70 of the 73 functionally
characterized variants. Three variants, P1014S, R1898C, and R1958X fall outside of the set
of modeled residues, and are therefore not covered. Additional information about the

homology model and AAG (thermostability) calculations are presented in the Supplemental

Methods and Table S4.
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Results

Automated patch clamping of Nay1.5 variants

Across multiple transfections and variants, a high percentage (85.4+12.3% s.e.m.) of
cells were mCherry-positive, indicating successful integration of an SCN5A expression
plasmid (Figure 1A, S1). Wildtype and mutant cells were patch clamped with the
SyncroPatch 384PE device (Figure 1). For cells expressing wildtype SCN5A, most wells that
passed seal resistance and capacitance quality control cutoffs had voltage-dependent
sodium currents (86.9% * 14.6% s.e.m., Figure 1B-C). Wildtype cells had typical Nay1.5
properties (Figure 1, S2).

To validate the automated patch clamping method, we patch clamped 10 previously
studied variants chosen because they had a range of functional properties. The previously
published manual patch clamp properties were concordant with the automated patch
clamp data (Figure 2A, Table S5). Peak current is the major parameter of interest for
assessing Brugada Syndrome risk.? We observed a strong correlation (R2=0.87) between
the automated peak current density measurements and previously published manual patch
clamp peak current density values (Figure 2A).

From our previous curation of the SCN5A variant literature,” we selected 73
previously unstudied variants: 63 suspected Brugada Syndrome variants and 10 suspected
benign variants. The suspected benign and suspected Brugada Syndrome variants were
selected based on their frequency in the gnomAD database and in the literature in patients
with Brugada Syndrome. (Figure 2B, Table S1).% 18 Applying ACMG classification criteria,
without patch clamping data, 60 variants were classified as VUS, 2 as likely benign, and 11

as likely pathogenic (Figure 3, Table S1).
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Most suspected Brugada Syndrome variants had (partial) loss of function

There was a striking difference in peak current density between the suspected BrS
and suspected benign variants (p=0.0003, two-tailed Mann-Whitney U test, Figure 2D).
Overall, 23/63 suspected BrS variants had partial loss of function (10-50% peak current
density, normalized to wildtype) and 22 /63 had loss of function (<10%), while 10/10
suspected benign variants had normal peak currents (75-125%) (Figure 2F, Table 1). We
next examined whether large changes to other parameters were a common cause of
channel loss of function. There was a statistically significant increase in width of the
distribution of Vi, activations in the suspected BrS set (p=0.0028, Levene’s test). However,
only 2/39 variants with measured Vs activation had a >10 mV rightward shift (WT:
36.7+0.6 mV, n=279; D785N: -26.4+1.3 mV, n=16; D349N: -26.5+3.1 mV, n=5). D785N and
D349N both also had a partial loss of function in peak current (38.9% and 28.5% of WT,
respectively; Figure 2F). Overall, there was no significant difference in V, activation
between suspected BrS and suspected benign variants (p=0.18, Mann-Whitney U test,
Figure 2E). Therefore, in this dataset, large shifts in activation gating were not a common
cause of Brugada Syndrome. Surprisingly, one suspected BrS-associated variant, R814Q,
had near wild-type-like peak current density (117% of wildtype) and increased late
current (1.4% of peak). In addition to Brugada Syndrome cases, R814Q has been observed
in two cases of Long QT Syndrome,3# consistent with its gain of function late current
phenotype. Besides these variants, no major differences between suspected BrS and
suspected benign variants were observed for Vi, inactivation, inactivation time, recovery
from inactivation, or late current (Figure S6-10, Table S5). Despite being a nonsense

variant, R1958X generated substantial current (peak current density of 59.3% of wildtype),
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likely due to the fact that the stop codon is in the distal C-terminus of the protein (Figure
2).

Some suspected BrS variants have only been observed in only a single BrS patient,
whereas other variants have been observed in multiple individuals. In this study, the patch
clamp phenotypes varied according to the strength of the phenotypic evidence for Brugada
Syndrome (Figure 3A). For example, 4/10 variants that have been observed in exactly 1
case of Brugada Syndrome and <6 in gnomAD had partial or complete loss of function (0-
50% peak current). In contrast, 10/10 variants that have been observed in at least 4 BrS1
cases and <6 in gnomAD had partial or complete loss of function. 2/6 variants seen in = 1
cases of Brugada Syndrome but also in >6 counts in gnomAD had partial loss of function
defects. Therefore, variants that were more commonly observed in Brugada Syndrome
cases and less frequently observed in the population were more likely to have loss of
channel function.

Reclassification of variants with functional data

When we implemented the ACMG classification criterial# to classify all studied
variants without the automated patch clamp data (Figure 3B), 60/73 variants were
classified as VUS. Based on our previous analysis of the relationship between functional
perturbations and Brugada Syndrome risk,? we defined cutoffs for ACMG functional criteria
PS3 and BS3. Variants with <50% peak current were considered to meet criterion PS3
(well-established functional assays show a change), and variants with 75-125% peak
current were considered to meet criterion BS3 (well-established functional assays show no
change). Because of its elevated late current and normal peak current, R814Q was

considered to meet the PS3 criterion for abnormal gain of function, and was reclassified
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from likely pathogenic for Brugada Syndrome to likely pathogenic for Long QT Syndrome.
After patch clamping data were incorporated, 36 VUS’s were reclassified as likely
pathogenic and 14 were reclassified as likely benign or benign. Overall, classifications were
changed for 62/73 (85%) previously unstudied variants. Therefore, for this set of variants,
functional data led to reclassification of the great majority of VUS's.

Partial rescue of some loss of function variants

We also tested whether incubating cells at low temperature or with a sodium
channel blocker could partially rescue sodium current for the 22 loss of function variants
(<10% normalized peak current density). Cells expressing these variants were cultured for
24 hours in usual conditions at 37° with no added drug, at 309, or with 500 uM mexiletine.
Compared to usual conditions, 8/22 variants had significantly increased peak current at
300, and 2/22 variants had significantly increased peak current when treated with
mexiletine (Figure 4). F8921 and M369K had the largest responses to 30° incubation, with
normalized peak current density increasing from 8.7% at 37° to 34.8% at 30° for F892I
(p=0.006, two tailed t-test) and from 3.9% to 42.5% for M369K (p=0.0003; Figure 4A-C).

Structural basis of loss of function

In this study, 22 previously unstudied variants had <10% peak current, and an
additional 23 variants had 10-50% current. We explored the structural basis of these
variants’ decreased channel function. Although the suspected BrS variants were selected
for study independent of their position in the protein, 42/45 (partial) loss of function
variants were located in the four structured transmembrane domains, as opposed to
unstructured linker regions or the N- and C- termini (Figure 5A-C). 33/45 (73%)

loss/partial loss of function variants were located in the pore-forming or pore-adjacent S5,
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S5-S6 linker, or S6 regions, areas that we have previously identified as a hotspot for
Brugada variants.? 12 Indeed, variant distance from the pore in the protein structure was
strongly correlated with normalized peak current density (Pearson’s r = 0.538, p = 1.33e-6,
Figure S11).

Many disease-causing variants cause amino acid substitutions that lead to a
significant perturbation to native thermostability (|JAAG|) of protein structure.35 3¢ To
investigate the extent to which the perturbation to the native thermostability of Nay1.5 is
correlated with molecular function, we evaluated the impact of each variant on
thermostability relative to the wild-type structure with a Rosetta AAG protocol.3”
Normalized peak currents and |AAG| values were significantly negatively correlated
(Pearson’s r =-0.31, p = 0.0092, Figure S12). The |AAG| of variants with functional effects
on peak current (peak current density <50%, n=44, median |[AAG|=2.00 kcal/mol) was
significantly larger than normal/mild loss of function variants (peak current density
>=50%, n=26, median |[AAG|=0.88 kcal/mol, Mann-Whitney U test, p=0.0031, Figure S12B).
This result suggests that variant-induced disruption of native thermostability of Nay1.5
may be a major factor contributing to compromised function.

Variants can cause complete or partial loss of function through mechanisms other
than affecting thermostability, such as disrupting the native topology or electrostatic
environment of the pore. Using a homology model of Nav1.5, several variants had plausible
mechanisms that could explain their loss of function phenotype (Figure 5D-F). Seven pore-
lining residues in this study, D349N, R367C, R367L, W879R, R8921, E901K, and T1709M,
caused either complete or partial loss of function while inducing negligible or only minor

perturbations to native thermostability (Figure 5, S13). In particular, the residue E901 lines
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the channel pore, and in the homology model, the loss of function variant E901K projects
into the pore, likely disrupting sodium permeation (Figure 5D). C335R disrupts a disulfide
bond, likely destabilizing the tertiary structure of the protein and explaining its loss of
function phenotype (Figure 5E). Three loss of function leucine—>proline variants (L839P,
L928P, and L1346P) and a fourth partial loss of function variant (L136P) likely disrupt
alpha helices, as is seen in other proteins with proline variants (Figure 5F).38 These data
indicate that structural features can help predict or explain channel loss of function in

SCN5A variants.
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Discussion

Reclassification of Brugada Syndrome variants with patch clamping data

This study identified 45 novel (partial) loss of function variants by high-throughput,
automated patch clamping. This nearly doubles (from 24 to 46) the number of known loss
of function missense SCN5A variants with <10% peak current (Table S6). As a result of the
patch clamp data, 36 novel pathogenic/likely pathogenic variants and 14 novel
benign/likely benign variants were identified. Overall, 62/73 variants, including 50/60
VUS'’s, were reclassified with our patch clamp data. R1958X has been observed in 13
individuals in the gnomAD database and never in a published case of Brugada Syndrome.
R1958X generated substantial current (peak current density of 59.3% of wildtype), and
likely escapes Nonsense Mediated Decay because it located is in the last exon of SCN5A
(Figure 2). Eight other nonsense and frameshift variants in the C-terminus of SCN5A are
present in the gnomAD database;8 these variants may also generate sodium current and
not have complete loss of channel function.

It is important to note that SCN5A variant classification does not completely predict
Brugada Syndrome risk. BrS is an incompletely penetrant disease, and its presentation is
influenced by demographic factors such as age and sex,3° as well as common genetic
variants—including multiple noncoding haplotypes near SCN5A.40 Patients with loss of
function SCN5A variants can present with other arrhythmias besides Brugada Syndrome,
including Sick Sinus Syndrome,’ atrial standstill,*! or other conduction disease.*? Therefore,
carriers of the loss of function variants identified in this study may present with those
conditions instead of Brugada Syndrome. In addition, some “overlap” SCN5A variants can

have increased risk of both Brugada Syndrome and Long QT Syndrome.#3 One suspected
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BrS-associated variant in this study, R814Q, had late current above our cutoff (>1% of peak
current), and has appeared in the literature in both BrS and LQT patients.3% 44 Patients with
pathogenic or likely pathogenic SCN5A variants should have follow-up ECG screening and a
clinical and family history taken to determine each individual’s phenotype and sudden

cardiac death risk.

Mechanisms of Nay1.5 loss of function

In this set of variants, the most common cause of channel loss of function was a
partial or total reduction in peak current. This is consistent with our previous analysis
which found that SCN5A peak current was the largest single predictor of Brugada
Syndrome risk.? Two variants, D785N and D349N, had a >10 mV rightward shift in Vs,
activation; however these two variants also had <50% peak current. Thus, it appears that
while variants with large gating defects have been previously described (e.g. R1632H%5),
the major mechanism of Nav1.5 loss of function is a reduction in peak current. Previous
studies have found that channel misfolding and a resulting cell-surface trafficking
deficiency is a common mechanism of loss of function variants in SCN5A4> 22 and other ion
channel genes.#¢ We observed a negative correlation between peak current density and
|AAG|, a parameter that indicates variant-induced perturbations to native thermostability,
consistent with other studies that showed that thermostability perturbations are a major
cause of altered protein function.#”-48 In addition, structural modeling identified several
probable modes of channel dysfunction, including pore-lining variants that likely disrupt
sodium permeation, removal of a disulfide bond, or creation of prolines that likely disrupt
alpha helices. Although structural analyses were enlightening, these features do not yet

fully predict channel function, indicating the necessity of empirical electrophysiological
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measurements. Consistent with previous studies of SCN5A variants,22-26 some but not all
(8/22) SCN5A loss of function variants were partially rescued by 30° treatment or
mexiletine. Although these treatments are not practical in the clinic for treatment of
Brugada Syndrome, this result suggests that other drugs or interventions may help rescue
some SCN5A loss of function variants.

High-throughput approaches to variant classification

Variants in SCN5A account for approximately 30% of cases of Brugada Syndrome.8
The ClinGen consortium recently affirmed SCN5A as the only gene associated with Brugada
Syndrome that meets preset criteria for disease association.” A major challenge for the field
is to identify which SCN5A variants are disease-associated. 1,712 SCN5A variants (including
1,390 missense variants) have been observed in at least one individual to date, most of
which are VUS’s.? The risk for Brugada Syndrome is spread over hundreds (and possibly
thousands) of variants, with no single SCN5A variant present in >1% of cases.! This study
helps tackle the VUS problem for SCN5A by reclassifying 50/60 VUS'’s, 36 to likely
pathogenic and 14 to (likely) benign.

Previous studies have implemented a similar automated patch clamping approach
on dozens of variants in two other arrhythmia-associated genes, KCNQ1 and KCNH2.16:17
Therefore, targeted high-throughput patch clamping of ion channel variants is a promising
method for reclassifying additional variants in SCN5A4 and other Mendelian arrhythmia
genes. This approach may be extended to study additional SCN5A variants, including gain of
function Long QT-associated variants or additional variants observed in population
sequencing efforts. Accurate classification of the large number of variants in arrhythmia-

associated genes will require integrating data from multiple different model systems, such
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as patch clamping,16 17 induced pluripotent stem cell-derived cardiomyocytes,*9-51
structural and computational models,12 5253 and ultra-high-throughput multiplexed
assays.>4-56

Limitations: This study assays variants in a heterologous expression system. While
peak current as measured in this system is the strongest available predictor of Brugada
Syndrome risk,? it is possible for some variants to show different properties in HEK293T
cells compared to cardiomyocytes, e.g. because of other proteins that interact with or
modify Nay1.5.57-59 This study only examined a single splice isoform and the most common
haplotype (H558) of SCN54; for some variants, it has been shown that alternate
haplotypes/isoforms can affect channel properties.t°

Conclusion: This study used automated patch clamping to study 73 previously
unstudied SCN5A variants, resulting in the reclassification of 50/60 variants of uncertain
significance. This approach can help reclassify variants in this important disease gene and

improve the accuracy and scope of genetic medicine.
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Figure 1. Molecular and functional expression of SCN54
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A) Flow cytometry plot of representative wildtype stable cell line. Histogram of mCherry
signal is shown. 89.8% of cells expressed a high-level of mCherry, indicating successful
plasmid integration. B) Boxplot of percentage of wildtype wells with Nay1.5-like current

across 8 independent transfections. Only wells with a cell passing seal resistance and
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capacitance criteria (see Methods) were considered. C) Wildtype current density-voltage
plot, averaged across 405 wildtype cells passing quality control (seal resistance,
capacitance, in voltage control, and minimum peak current criteria, see Methods). The
predicted reversal potential given the internal and external solutions used in this study is
45.3 mV. Error bars indicate s.e.m. D) Example SyncroPatch experiment. A typical
experiment studied 5 variants and wildtype on a single 384-well chip. In this experiment all
5 variants had wildtype-like currents. Green wells indicate a cell with seal resistance >0.5
GQ, blue wells indicate a cell with seal resistance 0.2-0.5 GQ (not included in analysis), and
grey wells indicate no cell present or a cell with seal resistance <0.2 G} (not included in
analysis). Randomly selected cells with seals > 0.5G( are highlighted with a black square

and displayed on the right.

32


https://doi.org/10.1101/858175
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/858175; this version posted November 29, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

Figure 2: Suspected Brugada Syndrome variants have reduced peak current
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literature added to putative controls from the gnomAD database. Values are taken from a
recent collation of SCN5A data from the literature.? R1958X was classified as a suspected
BrS variant because it is a nonsense variant, even though it has not been observed in any
cases of BrS. C) Current-voltage curves for selected variants, showing an example of a
normal variant (V9241I), a partial loss of function variant (V396L), and a loss of function
variant (E901K). D-E) Violin plots comparing peak current density (D) or voltage of %2
activation (E) for suspected Brugada Syndrome vs. suspected benign variants. Wildtype
values are indicated with a dashed black line, and cutoffs for deleteriousness are indicated
with a red line (50% peak current or 10 mV rightward shift in V, activation). P values are
from a two-tailed Mann-Whitney U test. For a complete list of measured parameters see
Table S5. F) Peak current density (normalized to wildtype) for all previously unstudied

variants. Error bar indicates standard error of the mean.
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Table 1: Functional class of suspected benign and Brugada Syndrome variants.

. Peak
Functional class eak current Suspected Suspected

density benign BrS
Normal 75-125% 10 (100%) 14 (22%)
Mild loss of function 50-75% 0 (0%) 4 (6%)
Partial loss of function 10-50% 0 (0%) 23 (37%)
Loss of function <10% 0 (0%) 22 (35%)
Total * 10 63
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Figure 3: Reclassifications with patch clamp data
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