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Abstract

Variants in genes encoding the voltage-gated ion channels are among the most common
monogenic causes of epilepsy and neurodevelopmental disorders. Functional effects of a variant
are increasingly important for diagnosis and therapeutic decisions. To incorporate knowledge
regarding functional consequences in formal clinical variant interpretation, we developed an
approach for evaluating multiple functional measurements within the Bayesian framework of the
modified ACMG/AMP guidelines. We analyzed 216 functional assessments of 191 variants in
SCN1A (n=74), SCN2A (n=66), SCN3A (n=18), and SCN8A (n=33). Of 20 commonly measured
biophysical parameters, the most frequent drivers of overall functional consequence were
persistent current (f=0.54), voltage dependence of activation (f=0.51), and voltage dependence
of fast inactivation (f=0.40) for gain-of-function and peak current (f=0.87) for loss-of-function. By
comparing measurements of 23 benign variants, we determined thresholds by which published
data on these four parameters confer Strong evidence of variant pathogenicity (likelihood ratio
> 18.7) under the ACMG/AMP rubric. Similarly, we delineated evidence weights for the most
common epilepsy-related potassium channel gene, KCNQ2, through reports of 80 pathogenic and
24 benign variants, accounting for heterozygous and homozygous experimental conditions. We
collected the resulting categorization of functional data into FENICS, a biomedical ontology of
152 standardized terms for coherent annotation of electrophysiological results. Across 271
variants in SCN1A/2A/3A/8A and KCNQ2, 1,731 annotations are available in ClinVar, facilitating
use of this evidence in variant classification. In summary, we introduce and apply an ACMG/AMP-
calibrated framework for electrophysiological studies in epilepsy-related channelopathies to

delineate the impact of functional evidence on clinical variant interpretation.
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Introduction

Variation in ion channel genes is the most common cause of human epilepsy and
neurodevelopmental disorders.>? Individuals with disease-causing variants in SCN1A, SCN2A,
SCN3A, and SCN8A, genes encoding the neuronally expressed voltage-gated sodium channels
(Nay), can have one of many, often severe, clinical presentations, including Dravet syndrome,
genetic epilepsy with febrile seizures plus (GEFS+), brain malformations, autism spectrum

disorder, and early-onset epileptic encephalopathy.?’

Across these genetic disorders, determining a molecular diagnosis depends upon standardized
variant interpretation. The most widely used framework for classifying sequence variants is the
American College of Medical Genetics and Genomics and Association for Molecular Pathology
(ACMG/AMP) criteria, which were initially published in 2015.% The Clinical Genome consortium
(ClinGen) has since clarified these rules using a systematic, Bayesian approach that provides
quantitative thresholds for strength of evidence and overall variant classification.’ In parallel with
the development of these criteria, the number of variants of uncertain significance (VUS) has
grown exponentially as clinical genetic testing rapidly expands;%!! efforts to resolve variant

pathogenicity are therefore increasingly critical.?

Functional studies that provide insight into the underlying biology are a key step in linking
genotype to disease. Within the ACMG/AMP rubric, a sufficiently validated clinical functional
assay can contribute evidence of pathogenicity at a Strong level, comparable to the criterion for

a verified de novo variant.®® The ClinGen modifications to this PS3 criterion provide for more
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rigorous quantification, stratification of functional evidence across multiple levels of strength,
and avenues for inclusion of experiments performed on a research basis.!? In the voltage-gated
channelopathies, this has already permitted detailed evaluation of a functional assay for KCNH2,
a gene linked to long QT syndrome.* However, this represents only one of numerous disease-
linked channels, and there is currently limited scalability in developing new calibrations of

functional study data from scratch.

As an alternative resource to new assessments of functional assays, there is a wealth of existing
electrophysiological research data reported from research settings. Voltage clamp experiments
are the standard in research for the functional study of voltage-gated ion channel variants, and
emerging technologies are rapidly increasing scale and throughput of these assays.!>!®
Rigorously leveraging these data within the ACMG/AMP framework would increase available
evidence for variant interpretation. However, reporting of results is sparse and heterogeneous.
Electrophysiological studies can be performed in a variety of model systems with multiple
methods of measurement and a wide range of output formats.'®1%2° Moreover, investigators
may not study the same biophysical parameters for all variants. A wide range of effects can be
included in a study, such as different quantifications of current density and gating, some of which

are not commonly measured.

Beyond diagnosis and variant classification, electrophysiology can be used to elucidate clinical
trajectories and guide therapeutic decision-making. For example, overall functional

consequences are increasingly correlated with emerging clinical stratifications, such as the gain-
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of-function spectrum in SCN1A.2%22 We and others also have demonstrated a strong link between
electrophysiological findings and the phenotypic landscape of SCN2A-related disorders.®?3 Yet,
the bulk of this prior work only distinguishes high-level variant descriptions—namely, overall
gain-of-function, loss-of-function, mixed/uncertain, or normal—partly as a consequence of the
diversity in reporting of functional data. No framework exists to adequately capture the more
granular properties measured in these studies at a larger scale, which would allow for

mechanistic insights that inform precision therapy approaches.

Here, we aim to address these challenges by introducing the Functional Electrophysiology
Nomenclature for lon Channels (FENICS), a biomedical ontology of functional changes to voltage-
gated ion channels, to standardize use of electrophysiological experiments in clinical variant
interpretation. We curated 216 published experiments in SCN1A/2A/3A/8A with 1,484 functional
annotations and established thresholds that are aligned with the ClinGen modified ACMG/AMP
criteria across the commonly measured electrophysiological parameters. By extending this
framework to the potassium channel KCNQ2, we show that our approach can be applied broadly
across channelopathies towards guiding diagnosis, and eventually, future precision medicine

avenues.
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Methods

Collection of ion channel variant functional assessments

We reviewed the literature published until October 2023 for electrophysiological assessments of
the genes encoding epilepsy-related voltage-gated sodium channel pore-forming subunits,
namely SCN1A, SCN2A, SCN3A, and SCN8A. We defined a single assessment as the set of all
measurements of a single variant reported within a single publication. We retrieved 216 total
functional assessments in the literature for 191 missense variantsin SCN1A (n=74), SCN2A (n=66),
SCN3A (n=18), and SCN8A (n=33, Figure 1, Table S1). We included all experimental data in
variants with multiple studies, distinguishing the individual assessments. Although we curated
experiments performed on the fetal isoform of SCN2A, we excluded these results from
subsequent analysis, but we retained the parallel studies performed on the adult isoform. We
also documented methodological information from each experiment, such as the cell lines used.
Additionally, we obtained data on KCNQ2 from a recent study of clinical and population variants
using automated patch recording.’® In that study, all recordings were made using a cell line
expressing an electrically silent KCNQ3/Kv7.3 subunit, and KCNQ2 variants were introduced by
transient transfection, either alone (“homozygous” expression) or in a 1:1 ratio with wild-type

(WT) KCNQ2 to mimic the heterozygous state.

Calibration of functional evidence for the ACMG/AMP PS3 criterion
We developed a framework in line with the revised ClinGen guidelines for assessing
levels of strength of evidence for variant pathogenicity. In particular, for sodium channels,

we chose benign and pathogenic control variants according to the specifications of the
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100 ClinGen Epilepsy Sodium Channel Variant Curation Expert Panel (VCEP) (accessed via

101  cspec.genome.network/cspec/ui/svi/affiliation/50105). Twenty-three benign variants in SCN1A

102  were studied by voltage clamp electrophysiology and designated benign controls (unpublished
103  data). These variants met the BA1 population frequency threshold criterion as per their allele
104  frequencies in gnomAD v2.1.1.2* Sixty-three variants that were likely pathogenic or pathogenic
105 independent of functional testing had available electrophysiological data and were therefore
106 considered pathogenic controls. We determined threshold values for each of four parameters:
107  peak current density, voltage dependence of activation, voltage dependence of fast inactivation,
108 and persistent current. These parameters were chosen as they represent the most common
109 changes identified in functionally altered disease-causing epilepsy sodium channel variants
110  (Figure 2). Peak current density and persistent current were quantified as a ratio relative to WT
111 controls from the same study. Voltage dependence of activation and fast inactivation were
112  documented as shifts in mV, and thresholds were based on the absolute value of deviation from
113 WT. In experiments where parameter values for mutant channels were reported as not different
114  from WT controls, but where raw quantities were not available, we used the value from the

115  corresponding WT controls.

116  As previously described for in silico predictors of variant pathogenicity,?> we computed a positive
117  local likelihood ratio (LR*) for deviation beyond every possible threshold value within our dataset,
118 and where zero false positives were observed, a value of one was used instead. Then, we
119 determined minimum deviations achieving Strong, Moderate, and Supporting evidence levels.

120 However, as each parameter in the voltage clamp assay is not strictly independent, these values
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121 are complicated by the presence of incorrect false negatives, i.e., pathogenic variants which are

III

122 “normal” with respect to one parameter but highly abnormal in at least one other parameter.
123 For example, one report of the SCN2A p.R1882Q variant showed a peak current of 100% WT but
124  persistent current of more than 200% WT (Figure 3A, Table 52).2° It would be inappropriate to

I”

125  classify this variant as “normal” with respect to the overall voltage clamp assessment when
126  evaluating thresholds for peak current. To adjust for this, we iterated the above computation of
127 likelihood ratios for each parameter and determined ACMG/AMP-compatible thresholds for each
128  parameter, filtering out such incorrect false negatives at each step using a conservative approach
129  asfollows. After each iteration, the threshold for each parameter achieving the highest likelihood
130 ratio was taken as a filtration cutoff. Variants were excluded from the subsequent iteration of

III

131  computing likelihood ratios for a given parameter if they were (1) “normal” as per the threshold
132 being tested AND (2) abnormal beyond the filtration cutoff in a different parameter. Likelihood

133 ratios were again computed, and this process was repeated until threshold and likelihood ratio

134  values converged for all parameters for all evidence levels.

135 We repeated this analysis for variants in KCNQ2, choosing control variants as in the sodium
136  channel case. Unlike sodium channels, however, voltage-gated potassium channel pores are
137  assembled as tetrameric complexes., Therefore, pathogenicity of heterozygous disease-causing
138 variants in KCNQ2 can arise not only from to loss- or gain-of- -function, but also through
139  dominant-negative effects.?’2° Accordingly, electrophysiological experiments on KCNQ2
140 frequently include the paralogous subunit KCNQ3 and measurements in homozygous and

141  heterozygous conditions in order to capture the range of functional subunit configurations and
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142  consequences expected to occur in vivo.!® Hence, we calibrated separate sets of severity
143  thresholds for experiments mimicking the heterozygous and homozygous states and for co-
144  expression of KCNQ2 variants with WT KCNQ3 and KCNQZ2 subunits. For some variants, certain
145  values were available in the homozygous but not heterozygous state, typically because these
146 homozygous measurements, which are expected to be more extreme than heterozygous,
147  showed no significant difference from WT. For such variants, the homozygous measurements
148  were used as an upper bound, representing the most extreme change that can be expected for a
149  heterozygous experiment on the same variant. We performed evidence threshold computation
150 for KCNQ2 for peak current density, voltage dependence of activation, and time constant of

151 activation.

152  Construction of the FENICS ontology to describe variant experimental results

153  One challenge in obtaining and using reported voltage clamp data in the clinical genetics setting
154 is the heterogeneous documentation of these results. For example, voltage dependence of fast
155 inactivation may be alternatively referred to with such variable names as “voltage dependence
156  of steady-state inactivation,” “V1/2 inactivation,” or, rarely, “voltage dependence of channel
157  availability.” The same “voltage dependence of channel availability” has, in other contexts,
158 denoted “voltage dependence of activation.” To facilitate accurate use of these data in clinical
159  variant interpretation, we developed a standardized biomedical ontology to which threshold

160  values could be mapped and publicly, centrally documented.
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161  Our ontology consists of a hierarchical framework called the Functional Electrophysiology
162  Nomenclature for lon Channels (FENICS). We identified commonly measured biophysical
163  parameters and defined categories based on the direction of a difference in each, typically using
164  “increase” versus “decrease” to indicate that a parameter was measured as greater or lesser than
165  WT, respectively. Each of these changes were further subclassified by severity, typically “mild,”
166  “moderate,” and “severe,” with ion channel-specific thresholds established by our ClinGen
167 evidence calibration when applicable, and electrophysiologist expert consensus when not
168  applicable. As a result, this ontology allows for standardized annotation of specific biophysical
169 defects, such as “moderate decrease in peak current,” in a hierarchical manner consistent with
170  existing ontologies such as the Human Phenotype Ontology (HPO) and VariO (Figure 5A).303! We
171  created an independent, parallel branch of the FENICS ontology for use dependence®? and ramp
172 current,? as these represent more complex biophysical features of the ion channel that cannot

173  be fully captured by single biophysical properties.

174  For each directional change to a parameter in our dictionary, such as “slowing of fast
175 inactivation,” we assigned a parent term describing its contribution to function, such as
176  “component leading to gain-of-function.” We also included information about overall functional
177  effect of the variant in a separate sub-dictionary to preserve investigators’ overall conclusions,

178 independent of individual parameters (Figure 5B).

179  We translated functional data on selected variants during the development of the dictionary in
180 aniterative manner until the overall dictionary was determined to describe the functional effects
181  sufficiently by an interdisciplinary panel of expert neurologists, genetic counselors,

182  electrophysiologists, and data scientists.
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183  Translation of variant functional assessments using the FENICS ontology
184  For each experiment, we manually translated the reported results to the most precise FENICS
185  terms possible. We assigned terms denoting abnormalities of a parameter only if the effect was

III

186 reported as statistically significant (p<0.05) compared to WT. We included “normal” terms for a
187  parameter only if the parameter was actually measured and not significantly different between
188 the WT and mutant channels (p>0.05). We also assigned a single term denoting the
189  experimenters’ conclusion as to the variant’s overall functional consequence as gain-of-function,
190 loss-of-function, mixed/unclear, or normal. For example, an experiment on SCN8A p.M139I
191  identified a significant left-shift in V1, of activation, but the slight increase in peak current density
192  was within range of WT; accordingly, this experiment was assigned the terms “Moderate

193  hyperpolarizing shift of voltage dependence of activation” (FENICS:0030), “Normal peak current”

194  (FENICS:0096), and “Overall mixed function” (FENICS:0145).34

195 To include the full depth of functional information, we performed automated reasoning using
196 the FENICS ontology as follows: for each abnormal measurement in an assessment, we assigned
197  all higher-level, more general terms as well. For example, this process reflects the fact that a
198 finding of “severe decrease in peak current” is also a finding of “decrease in peak current.” This
199  process has been used previously, e.g., when conducting phenotype analysis using the HPO, to
200 ensure that information from different sources and at different levels of specificity are

201  harmonized for downstream analyses.?33541
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202  Association of functional consequences with variant class and location

203  The voltage-gated sodium channels have high sequence similarity, with most residues conserved
204  across SCN1A, SCN2A, SCN3A, and SCN8A. Accordingly, each sequence position has been indexed
205 to allow for comparison across these genes. For example, the arginine residues at position 1621
206  in SCN3A and position 1617 in SCN8A represent a conserved codon sequence. As such, these
207  positions are mapped to the same index value.*> We labeled each variant with the index
208  corresponding to its sequence position and defined subgroups of variants by position for

209  subsequent analysis.

210 The voltage-gated sodium channels also have similar tertiary structures, consisting of four
211  domains each containing six transmembrane segments, with the inactivation gate between
212  domains Il and IV. Within each domain, the segments serve similar roles, such as the voltage-
213 sensing function of S4 and the pore-forming ion selectivity filter region between S5 and 56.4344

214  We defined additional variant subgroups based on location within each domain or segment.

215 We then used the harmonized dataset of functional effects to compare frequencies of individual
216  effects in specific subgroups to the remainder of the assessments. Using Fisher’s exact test with
217  correction for multiple comparisons using False Discovery Rate (FDR) of 10%, we determined
218  associations between FENICS-annotated functional changes and variants within individual

219 segments and domains.
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220 Population-level analysis of variants in SCN2A

221  We compared the curated, functionally studied variants in SCN2A to our previously reported
222 cohort of 413 individuals with SCN2A-related disorders and known disease-causing variants in
223  SCN2A.2 We determined the ratio of those with missense variants whose variants were
224  accounted for by existing functional data. We then assessed variants at conserved codons in
225 SCN1A/3A/8A, as well as putative loss-of-function (pLOF) variants, defined as variants affecting
226  splicing, nonsense variants, and frameshift variants. Using this expanded collection of variants,
227  we estimated the proportion of individuals with SCN2A-related disorders for whom any variant
228  functional information was available. This analysis was limited to SCN2A, as it is the only voltage-
229  gated sodium channel gene with an established comprehensive patient cohort that includes
230 every previously described individual, enabling a reliable proxy measure for the population

231  prevalence of available functional information.

232  Statistical analysis

233 All computations were performed using the R Statistical Framework. Statistical testing for
234  associations is reported with correction for multiple comparisons using False Discovery Rate
235  (FDR) of 10%. In cases where statistical significance was not reached after correction for multiple
236  comparisons, findings remain on a descriptive level and are presented as odds ratios with 95%
237  confidence intervals. Primary data for this analysis is available in the Supplementary material.

238  Code for all analyses is available at github.com/helbig-lab/FENICS.
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239  Results

240 Electrophysiological measurements in SCN1A/2A/3A/8A converge on 20 common parameters
241  In considering curation of electrophysiology data at scale, we reasoned that the functional
242  consequence of a variant can be sufficiently described by precise, categorical information about
243 well-defined biophysical parameters, such as peak current density. Based on consensus from an
244  interdisciplinary panel of 18 researchers and clinicians, we identified 20 such commonly
245 measured properties (Table 1). We recorded directional, nominally statistically significant
246  (p < 0.05) differences in these parameters across 216 reports of 191 variants in SCN1A (n=74),
247  SCNZ2A (n=66), SCN3A (n=18), and SCN8A (n=33), obtaining a baseline set of 1,484 annotations of
248  features such as “hyperpolarizing shift in voltage dependence of activation” (Table S1,

249  Figure 1A-C).

250 Overall gain-of-function is heterogeneous, and loss-of-function homogeneous, in Nay channels
251  To contextualize our curated functional results within the commonly used gain-of-function/loss-
252  of-function paradigm, we first mapped the direction of the effect on each parameter based on
253  its contribution to overall gain- or loss-of-function or overall normal function (Figure 2A). Among
254 182 experiments with measurable whole cell current, 74 (40.7%) had at least one defect
255  contributing to gain-of-function and one contributing to loss-of-function, suggesting that
256  resolution of these mutant channels as overall gain- or loss-of-function is not straightforward.
257  However, only 36 of these experiments were reported by investigators as having mixed or unclear
258  overall effect; an additional 18 assessments without bidirectional defects were considered mixed
259  or unclear overall. Of the remaining assessments, 79 were reported overall gain-of-function and

260 72 overall loss-of-function.
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261  We further explored these inferred functional effects by examining the most frequent changes
262  from each variant type, representing effects that most commonly mediate the overall functional
263  consequence. Among overall gain-of-function variants, the most frequent shifts were increased
264  persistent current (f=0.52), hyperpolarizing shift of Vi, of activation (f=0.46), and depolarizing
265  shift of Vi, of fast inactivation (f=0.42), with no single abnormality present in a commanding
266  majority of assessments (Figure 2B). Similarly, the biophysical abnormalities with highest
267  frequencies in the mixed/unclear category were hyperpolarizing shift of V1, of fast inactivation
268  (f=0.43), slowing of recovery from fast inactivation (f=0.33), and increased persistent current
269  (f=0.31, Figure 2B). In summary, variants with either gain-of-function and mixed or unclear
270  overall effects have defects affecting multiple biophysical elements, such as persistent current
271  and gating kinetics. No single biophysical abnormality drives functional changes in gain-of-
272  function variants, which may represent an important insight for precision medicine approaches

273  directed towards variants exhibiting gain-of-function mechanisms.

274  In contrast to gain-of-function variants, the most common features in loss-of-function variants
275  were absence of current (f=0.47), decrease of peak current (f=0.40), and hyperpolarizing shift in
276 V12 of fast inactivation (f=0.18, Figure 2B). Excluding variants where no cell current was
277  measurable at all (n=34), most of these loss-of-function variants still involved a decrease in peak
278  current density (f=0.76), indicating that peak current reduction is the predominant mechanism

279  of loss-of-function in voltage-gated sodium channel variants.
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280 Electrophysiological studies on SCN1A/2A/3A/8A achieve a PS3_Strong ClinGen evidence level
281  Having identified the most common biophysical drivers of gain- and loss-of-function in available
282  electrophysiology data, we sought to evaluate these parameters with respect to the PS3 criterion
283  of the formal ACMG/AMP clinical variant interpretation guidelines.® To this end, we applied a
284  strategy consistent with the Bayesian framework recommended by the ClinGen Sequence Variant

285 Interpretation (SVI) working group for modifying ACMG/AMP criteria.®%1325

286  For each parameter, we initially computed a positive local likelihood ratio (LR*) as previously
287  described? for variant pathogenicity at every possible threshold value within our dataset. We
288  analyzed data from 23 benign control variants in SCN1A and 63 pathogenic control variants (38
289  SCN1A, 6 SCN2A, 7 SCN3A, and 12 SCN8A, Table S2) for the four major drivers of gain- and loss-
290 of-function: peak current density, voltage dependence of activation, voltage dependence of fast
291 inactivation, and persistent current (Figure 2). For reduction in peak current density, reduction
292  to less than 97.8% WT achieved Supporting evidence (LR* = 2.22), less than 81.5% WT achieved
293  Moderate evidence (LR* = 5.00), and less than 74.2% WT achieved Strong evidence (LR* = 20.0).
294  Persistent current above 93% WT was considered Supporting evidence (LR* = 2.10), while
295  increases beyond 126% (LR* = 5.25) and 135% (LR* = 21.0) of WT achieved Moderate and Strong
296 evidence, respectively. For voltage dependence of activation, the thresholds for Supporting,
297  Moderate, and Strong were +0.978 mV (LR* = 2.10), £2.15 mV (LR* = 5.25), and +2.20 mV (LR* =
298  21.0). Lastly, shifts in voltage dependence of fast inactivation of £1.56 mV (LR* = 2.22), £2.96 mV
299  (LR* = 4.99), and #4.10 mV (LR* = 19.9) respectively represented Supporting, Moderate, and
300 Strong thresholds (Figure 3B-C). As a result, voltage clamp results across parameters and
301 evidence levels can be used within the PS3 ACMG/AMP criterion for the epilepsy sodium

302 channels.
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303 KCNQ2 voltage clamp studies reach PS3_Moderate and PS3_Strong ClinGen evidence levels

304 In order to extend our approach to a different type of voltage-gated ion channel with different
305 experimental paradigms, we considered KCNQ2, which encodes the Kv7.2 protein and is the most
306 common epilepsy-related potassium channel gene.>#° In contrast to the sodium channels, KCNQ
307 channels are tetrameric and non-inactivating. Available functional data comparing control
308 population variants and pathogenic variants in KCNQ2 included three important functional
309 parameters: peak current density, voltage dependence of activation, and time constant of
310 activation. Across measurements obtained under conditions mimicking the KCNQ2 homozygous
311 state of 80 disease-associated variants and 24 population variants, we determined that a peak
312  current of less than 72.8% WT constitutes Supporting evidence (LR* = 2.20), less than 61.6% WT
313  Moderate (LR* = 4.39), and less than 46.0% WT Strong (LR* = 21.3, Figure 4A-B). Similarly, an
314  increase in time constant of activation by more than 5% (LR* = 2.31), 13% (LR* = 5.01), and 24%
315 (LR* = 19.3) respectively represented Supporting, Moderate, and Strong evidence levels. For
316 voltage dependence of activation, Strong evidence was not achieved, but the thresholds for
317  Supporting and Moderate evidence were shifts of £3.59 mV (LR* = 2.11) and #5.77 mV (LR* =

318  4.50), respectively (Figure 4B).

319 As expected, thresholds for the heterozygous state were closer to WT than those for the
320 homozygous state. Specifically, we identified Supporting, Moderate, and Strong evidence cutoffs
321  of 91.0% (LR* = 2.20), 81.5% (LR* = 5.40), and 68.4% (LR* = 19.2) WT for peak current density.
322 Increase in time constant of activation by more than 5% (LR* = 2.23) and 9% (LR* = 4.45) of WT,
323  and shift in voltage dependence of activation of more than +3.59 mV (LR* = 2.25) and +5.77 mV
324  (LR* = 5.67), achieved Supporting and Moderate evidence respectively; neither of these

325 parameters achieved a level of Strong with available data (Figure 4C).
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326 To maintain consistent granularity across parameters and channels, for parameters that achieved
327  only up to Moderate evidence, we approximated a cutoff for the most severe shifts in these
328 parameters based on the distribution of benign variants. Specifically, across all parameters for
329  which Supporting, Moderate, and Strong thresholds could be calculated, these thresholds
330 mirrored the 50%™, 80", and 95 percentile of benign variant measurements (Figure 4C).
331  Accordingly, we used the same 95" percentile to estimate cutoffs for a severe shift in voltage
332  dependence of activation at £3.24 mV in the heterozygous state (LR* = 16.5) and at £7.58 mV in
333  the homozygous state (LR* = 17.0), as well as severe slowing of activation at a time constant of
334  more than 13% in the heterozygous state (LR* = 17.1, Figure 4B-C). In summary, evaluation of
335 KCNQ2 electrophysiology represents an extension of our framework beyond the sodium channels

336 to allow assessment of more complex experiments.

337 The biomedical ontology for curation of electrophysiological data contains 152 concepts

338  Although we had calibrated several biophysical parameters for use with ACMG/AMP criteria, a
339  critical gap in directly applying these findings in the clinical setting lies in the practical difficulty
340 of interpreting heterogeneous reporting of functional data in the literature. Accordingly, we
341  compiled our rich categorical classifications of biophysical parameters and threshold values into
342  abiomedical ontology, the Functional Electrophysiology Nomenclature for lon Channels (FENICS,
343  available at bioportal.bioontology.org/ontologies/FENICS). This represents a set of 152
344  hierarchical, standardized labels to capture the functional consequence of a variant, with strictly
345 defined terminology that, for the calibrated parameters, can map directly to ACMG/AMP

346  evidence levels (Figure 5A).
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347 Based on expert consensus, 20 parameters, including persistent current, voltage dependence of
348  activation, and peak current density, are sufficiently distinct and elementary to permit a
349  hierarchical classification (Table 1). However, some features reported in experimental results
350 represent more complex phenomena that are not easily decomposed into discrete biophysical
351 changes. This necessitated a second, structurally similar sub-ontology for terms such as ramp

352  current and use dependence.

353  Additionally, we accounted for similar effects of different biophysical parameters. Intuitively, a
354  decrease in peak current and a slowing of activation are conceptually related, as both changes
355  reflect reduction in channel function. In particular, the slowing of activation contributes to a loss
356 of function of the Nay1l.2 channel because the channel does not open for longer durations,
357 allowing less sodium to cross the plasma membrane. Accordingly, our dictionary connects each
358 electrophysiological change implicitly to a term indicating whether it contributes to a gain-of-

359 function or loss-of-function effect in overall ion channel function (Figure 5B).

360 Lastly, investigators typically infer the overall functional consequence of a variant from its
361 electrophysiological data. However, as we found above, experiments frequently show changes in
362  both gain- and loss-of-function directions, even when investigators conclude that a variant results
363 in overall gain- or loss-of-function. For example, for the SCN8A p.R1872W variant, the
364 combination of mild slowing of fast inactivation, mild hyperpolarizing shift in voltage dependence
365  of activation, and moderate increase in slope of activation is assumed to result in an overall gain-
366  of-function.*® Thus, we considered the investigators’ conclusion to be a distinct concept from

367 individual biophysical changes and included them in a separate subontology (Figure 5B).


https://doi.org/10.1101/2024.05.09.593343
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.09.593343; this version posted May 14, 2024. 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 4.0 International license.

368 Curation of 216 assessments yields 4,272 functional annotations across SCN1A/2A/3A/8A

369 We retrieved 216 total functional assessments in the literature for missense variants in SCN1A
370 (n=82), SCN2A (n=72), SCN3A (n=18), and SCN8A (n=44, Figure 1A-B). For the 216 functional
371 assessments, we translated a total of 1,484 FENICS terms with a range of 1-15 terms and median
372  of 8 terms per experiment (Table S1). In total, we used 89 unique translated terms of a possible
373 152, or 58.6% of terms within the entire dictionary. Of these assigned terms, 781 of 1,484
374  denoted abnormalities, including 70 unique terms with a median 3 terms and range of 1-13 per
375 experiment. The other 703 of 1,484 translated terms referred to normal measurements, or
376  measurements within statistical range of WT controls in a given experiment. We used a total of
377 19 unique normal terms with a median of 4 terms and range of 1-12 per experiment. The most
378 commonly assigned terms were normal terms, including “Normal peak current” (FENICS:0096,
379 f=0.47), “Normal slope of activation” (FENICS:0036, f=0.44), and “Normal slope of fast
380 inactivation” (FENICS:0074, f=0.42). The most common abnormal terms were “Absence of peak

381  current” (FENICS:0083, f=0.16) and “Severe increase of persistent current” (FENICS:0043, f=0.15).

382  Following automated inclusion of inferred terms, we obtained a harmonized dataset reflecting
383 the complete collection of functional alterations across these curated assessments, which
384 included 4,272 total calculated terms. Of the 152 possible distinct terms, we used 123 (80.92%)
385 in this curation. There was a median of 20 terms and a range of 1-59 terms per experiment.
386  Within this more comprehensive collection, among the most common functional categories were
387  “Effect on fast inactivation” (FENICS:0037, f=0.66), “Normal peak current” (FENICS:0082, f=0.47),
388 and “Effect on peak current” (FENICS:0020, f=0.44), reflecting that these features are the most

389 common mechanisms driving the overall functional effect of variants.
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390 Within the curated set of 1,484 annotations, there are 330 terms across 169 variants (88.5%) that
391 are directly usable at Supporting, Moderate, or Strong levels for variant classification. In the
392  FENICS ontology, terms denoting mild, moderate, and severe changes to certain parameters map
393  to these modified ACMG/AMP thresholds. For instance, a mild hyperpolarizing shift in voltage
394  dependence of activation (FENICS:0029) is defined as a left shift of between 0.978 mV and 2.15
395 mV, which corresponds to Supporting evidence in clinical variant interpretation; and a severe
396 decrease in peak current (FENICS:0087) is defined as a reduction beyond 74.2% of WT current
397  density and thus indicates Strong evidence of variant pathogenicity. There were 22 variants for
398  which no available assessment included our calibrated parameters for the PS3 criterion, including
399 nine which were considered to be overall normal with respect to voltage clamp. Among the main
400 abnormalities in the remaining 13 assessments were slope factor of fast inactivation (f=0.31),
401 rate of fast inactivation (f=0.31), and rate of recovery from fast inactivation (f=0.23). Given the
402 low frequency of these abnormalities, we were underpowered to calibrate these parameters per
403 the ACMG/AMP framework. As more, consistent measurements of these parameters become
404  available in future experiments, we expect more rigorously defined thresholds for severity to be
405 achievable across the full breadth of electrophysiological study of voltage-gated sodium channel

406 variants.

407  Our final dataset of 1,484 annotations is accessible in the functional evidence section of the
408 ClinVar database for a given variant. As a result, FENICS annotations can be used within the
409 ACMG/AMP PS3 criterion for an epilepsy ion channel variant in an accessible, standardized,

410 digital format.
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411  FENICS captures known genotype-function associations in voltage-gated sodium channels

412  Given the known structure-function relationships and topological similarity across these ion
413  channels,*** we applied FENICS to map functional alterations to common channel structural
414  elements at the levels of transmembrane repeat domain and individual transmembrane
415 segment. Following Fisher’s exact test with correction for FDR of 10%, we found significant
416  associations between missense variants in S1 and hyperpolarizing shifts of voltage dependence
417  of activation (FENICS:0027, p=0.0019, OR=17.4, 95%Cl=2.04-813); S4 and increase in slope factor
418  or fast inactivation (FENICS:0073, p=0.0058, OR=3.81, 95%CI=1.34-10.3); S5 and depolarizing
419  shifts of voltage dependence of slow inactivation (FENICS:0116, p=0.0040, OR=27.8, 95%Cl=2.12-
420 1503); S5-6 and overall loss-of-function (FENICS:0141, p=0.0012, OR=7.50, 95%Cl=1.59-71.9) and
421  absent current (FENICS:0083, p=0.0001, OR=10.7, 95%Cl=2.84-44.9; and S6 and absent current
422  (FENICS:0083, p=0.0060, OR=3.55, 95%CI=1.31-9.21; Figure 6A, Table S3). The associations with
423  rate and slope of inactivation in particular reflect known functions of segment 4 in voltage
424  sensing.*3 Similarly, the absence of current in S5-6 and S6 variants is explained by the involvement
425  of these regions in pore formation.*® These findings also parallel prior work showing clustering of
426  loss-of-function variants at the pore and gain-of-function mechanisms at the voltage sensing

427 domain.*’*8

428 Among transmembrane repeat domains, variants in domain Il were significantly associated
429  with absent current (FENICS:0083, p=0.0030, OR=3.53, 95%Cl=1.44-8.45); the domain
430 IlI-IV linker with depolarizing shifts of voltage dependence of fast inactivation

431  (FENICS:0064, p=0.0001, OR=14.5, 95%CI=3.43-61.2) and faster recovery from fast inactivation
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432  (FENICS:0053, p=0.0036, OR=5.29, 95%Cl=1.55-17.2); domain IV with faster recovery from fast
433  inactivation (FENICS:0053, p=0.0005, OR=4.27, 95%Cl=1.78-10.4) and increased slope
434  factor of fast inactivation (FENICS:0073, p=0.0039, OR=3.50, 95%Cl=1.38-8.90); and the
435 C-terminal region with depolarizing shifts of voltage dependence of fast inactivation
436  (FENICS:0060, p=0.0011, OR=3.63, 95%Cl=1.46-8.93; Figure 6B, Table S3). Here, altered
437  inactivation parameters are as would be expected of the domain IlI-IV linker, given its role in
438 inactivation gating.*® In summary, the distributions of functional annotations across the channel
439  provide validation of FENICS in sufficiently capturing structural-functional relationships from
440  established functional domains and motifs in sodium channels and suggest potential value for

441  this ontology in categorical assessment of channel defects at larger scales.

442  Functional consequences can apply to a majority of individuals with SCN2A-related disorders

443  Functional data are not just applicable in the diagnostic space through the ACMG/AMP PS3
444  criterion, but also are increasingly useful in therapeutic decision-making. Accordingly, to assess
445  the total potential impact of already available electrophysiological data, we examined the
446  curated dataset at a disease population level by projecting the results of 72 experiments on 66
447  SCN2A variants onto a cohort of 413 individuals with SCN2A-related disorders. Excluding protein-
448  truncating variants and large deletions, which are presumed to result in complete loss-of-
449  function, we found that 124/343 (36.2%) of individuals had missense variants with existing
450 functional evidence. In particular, 103/343 (30%) of individuals had one of 19 recurrent missense

451  variants, including 10 functionally studied variants accounting for 21% of individuals (Figure 7).
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452  Next, we included disease-causing variants at conserved codons across the four channels
453  SCN1A/2A/3A/8A. This accounted for 24 additional variants and 54 individuals with some related
454  functional information. Including the entire disease cohort, variants with existing functional
455  information across the Nayv channels accounted for 52% of individuals with missense variants
456  causing SCN2A-related disorders (Figure 7). By establishing a population-level understanding of
457  the scope of functional data in SCN2A, this dispels the notion that functional information is
458  unknown for most individuals, which is critical as functional data on missense variants can
459  contribute substantially to both diagnosis of SCN2A-related disorders and the clinical

460  actionability of such a diagnosis.
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461  Discussion

462  Here, using the Bayesian approach adopted by the ClinGen Sequence Variant Interpretation
463  Working Group,>!3?> we determined the levels at which electrophysiological data can be used
464  for clinical variant interpretation of several voltage-gated ion channel genes in
465 neurodevelopmental disorders. We compiled functional data into the newly built FENICS
466  ontology and show that its 152 consensus terms are sufficiently precise to describe functional

467  impact for use in the ClinGen PS3 framework.

468  Disease-causing variants in genes encoding voltage-gated ion channels such as SCN1A, SCN2A,
469  SCN3A, SCN8A, and KCNQ2 are the most common causes of genetic epilepsies.!? Voltage clamp
470  studies on these channels have been performed for decades and remain a standard assay; thus,
471  they are continuously and increasingly a part of the clinical decision-making space for these
472  genetic conditions.?33 Yet, variable and nonstandard reporting and cataloguing has led to limited
473  analysis of the entirety of available data and represents a major impediment to accessibility of

474  these results in the clinic.

475  Inour work, we reasoned that a data harmonization approach to electrophysiological data would
476  facilitate deeper discoveries, as evidenced by the analogous impact of the Human Phenotype
477  Ontology (HPO) in genotype-phenotype studies.3%4%°0 Since its first release, the HPO has been
478  used by us and others to comprehensively evaluate clinical presentations, identify novel disease

479  genes, and carry out extensive longitudinal phenotyping efforts.?33541
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480 To surmount the barrier to incorporating functional data in precision care of individuals with
481 channelopathies, we developed the FENICS ontology to act as a bridge across electrophysiology
482  labs, ClinVar, ClinGen, and the clinic in voltage-gated channelopathies. Combining standardized
483  parameters from FENICS with quantitative electrophysiological data, we determined threshold
484  values for Strong, Moderate, and Supporting weights for decrease in peak current, increase in
485  persistent current, and shifts in voltage dependence of activation or inactivation, as per the
486  ClinGen SVI Working Group criteria.®*13 Of note, supporting thresholds tended to be well within
487  the variability of wildtype channels, suggesting more caution may be warranted in applying a
488  PS3_Supporting criterion from our calibration than in higher levels of evidence. Analogous to the
489  HPOQ’s applicability across disease domains, we calibrated PS3 in a different epilepsy-related
490 channel gene, KCNQ2, with distinct parameters and thresholds, illustrating the utility of FENICS
491  across ion channels. However, the potential direct benefit of all these raw threshold values may
492  be limited, as finding and interpreting heterogeneously presented data from research
493  laboratories can be difficult in the context of clinical genetic testing. Accordingly, the weighted
494  thresholds are also mapped to existing FENICS terms at levels of “mild,” “moderate,” and
495  “severe” changes to a given parameter. Beginning March 2022, FENICS is an accepted format for
496  describing functional conseqences of variants in ClinVar, and 271 variants with FENICS terms have
497  been deposited to date. Therefore, FEINICS provides a standardized and publicly available
498 framework for simplified variant interpretation that provides accessible precise functional

499 information to clinical providers.
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500 One feature of our work was the harmonization of electrophysiological results across not only
501 several distinct reports, but also different sodium channel genes, fueled by the high sequence
502  similarity between the four neuronally expressed voltage-gated sodium channels. An emerging
503 body of work highlights how inference across these channels can accurately represent broad
504 functional changes.*?*8 In a specific example, this approach has already helped define the clinical-
505 genetic spectrum of p.R1636Q, a recurrent reported gain-of-function SCN1A variant.??2 Our
506  FENICS dataset recapitulated several structure-function relationships among sodium channels,
507 demonstrating that the ontology captures functional consequences granularly enough to reflect
508 some underlying biology. Moreover, as a result of our cross-channel approach, we were able to
509 apply our calibration beyond SCN1A, which accounts for our benign variant dataset, to an
510 additional 117 variants in SCN2A/3A/8A, which are the causative genes in up to an additional 11%
511  of all genetic epilepsies in large exome studies.!”?> Given the applicability of some functional
512  insight for a majority of reported individuals with disease-causing SCN2A variants, as well as the
513 rise of automated electrophysiological approaches in the research space,’>® we expect that
514  systematic functional evaluations will facilitate diagnosis and expand clinical trial readiness.

515

516 The 191 experimental sodium channel variant assessments harmonized in our study account for
517  asignificant proportion of patients seen in a clinical setting. For example, we estimate that clinical
518 care of nearly half of all individuals with early-onset SCN2A-related disorders can be informed by
519 existing functional data on their variant alone. Furthermore, given that variants at identical sites
520 across brain-expressed voltage-gated sodium channels are largely functionally consistent, an
521 even larger proportion of diagnosed individuals already have some functional information to

522  guide clinical care and therapeutic decision-making.
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523  Humans possess 79 genes encoding potassium channel pore-forming subunits, making them the
524  most diverse ion channel gene superfamily,® and at least 19 of these genes have been linked to
525 epilepsy and/or NDD to date.> To begin to test the broader potential utility of our approach for
526  evaluation of potassium channel genes, we applied it to KCNQ2, using a recent dataset where 80
527  clinical and 24 control population variants had been studied by patch-clamp in parallel under

528 standardized conditions.

529 Insummary, our data demonstrates the utility of curating electrophysiological studies in voltage-
530 gated ion channels to satisfy criteria for formal clinical variant interpretation. There remains a
531 pressing need to generate electrophysiological data on novel, unstudied variants, but our findings
532 emphasize that there is also a significant amount of data that could be incorporated into clinical
533  management of individuals with these disorders. By establishing a systematic and standardized
534  language for existing functional data, we expand the availability and promote the clinical

535 actionability of ion channel electrophysiology.
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Tables

Table 1. Biophysical parameters.

Peak current density (Inat)

Maximum current density (pA/pF) of current conducted by the channel

Rate of activation (Tact)

Time constant measuring how quickly or slowly the channel changes to the activated state with respect to time

Rate of deactivation (Tge)

Time constant measuring how quickly or slowly the channel closes upon repolarization with respect to time

Voltage dependence of
activation (V1/2act)

Half-maximal voltage, the potential at which 50% of channels are in the open state, reflecting the proportion of channels
that are in activated states after being held at different membrane potentials/voltages

Slope factor of activation (Kact)

Slope factor indicating the steepness of voltage dependence of activation when plotted with respect to voltage after fitting
to a Boltzmann function

Rate of fast inactivation (ts)

Time constant measuring how quickly or slowly the open channel changes to the inactivated state with respect to time

Rate of recovery from fast
inactivation (Treci)

Time constant measuring how quickly or slowly the channel becomes available for activation after return to hyperpolarizing
potentials to allow recovery from inactivation, i.e., the channel’s inactivation gate reopens

Voltage dependence of fast
inactivation (V1/2f)

Half-maximal voltage, the potential at which 50% of channels are in the fast inactivated state, reflecting the proportion of
channels that are in fast inactivated states after being held at different membrane potentials/voltages

Slope factor of fast inactivation
(kri)

Slope factor indicating the steepness of voltage dependence of inactivation when plotted with respect to voltage after fitting
to a Boltzmann function

Persistent current (Inap)

Noninactivating current, the proportion of peak current that remains after the channel changes to the inactivated state

Gating-pore current

Presence of an alternative, abnormal pathway of ion flow created through the voltage-sensor domain (“omega current”)
resulting in abnormal depolarization due to additional cation flow, independent of the voltage-gated pore pathway

Channel modulation

Response of the channel to modulators, such as channel blockers or openers

lon selectivity

Specificity of the channel for a single ion type

Resurgent current (Inagr)

Current conducted due to the channel reopening in response to negative voltage changes after a normal transient current

Entry into slow inactivation
(Tent,si)

Time of onset of slow inactivation, i.e., entering an inactivated state following long (seconds) or high frequency
depolarizations, reducing the proportion of channels available for opening

Rate of slow inactivation (ts)

Time constant measuring how quickly or slowly the open channel changes to the slow inactivated state with respect to time

Rate of recovery from slow
inactivation (Trec,si)

Time constant measuring how quickly or slowly the channel becomes available for activation after return to hyperpolarizing
potentials to allow recovery from inactivation, i.e. the channel’s inactivation gate reopens

Voltage dependence of slow
inactivation (V1/2s)

Half-maximal voltage, the potential at which 50% of channels are in the slow inactivated state, reflecting the proportion of
channels that are in slow inactivated states after being held at different membrane potentials/voltages

Slope factor of slow
inactivation (ks)

Slope factor indicating the steepness of voltage dependence of inactivation when plotted with respect to voltage after fitting
to a Boltzmann function

Subthreshold current (Inas)

Continuous low-level conduction of ions by the channel

Ramp current (lramp)

Total amount of current measured during a steady depolarization over time

Use dependence (u.d.)

Attenuation of current conducted by the channel in response to repeated depolarization
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Figure 1. Review of 216 experiments in 191 SCN1A/2A/3A/8A variants. (A) The common structure of the voltage-
gated sodium channel, highlighting four homologous domains, each with six transmembrane segments including the
S4 voltage sensor and S5-6 pore loop. (B) Map of functionally studied variants in the sodium channels, showing
number of distinct functional studies (height) and overall functional effect (color). For 168/191 variants, only a single
experimental assessment has been performed. The most analyzed variant position is SCN8A:p.R1872Q/W/L, for
which 7 independent experiments have been performed. (C) Example categorical mapping of functional data on
SCN8A:p.R1872W.3* Where available, changes to each of 22 biophysical parameters were recorded along with the
overall effect of the variant.
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Figure 2. Heterogeneous functional effects across ion channel experiments. (A) Effects on individual biophysical
parameters showing gain-of-function (blue), loss-of-function (red), and normal or unmeasured (gray) defects across
19 parameters (rows, ordered by decreasing number of available measurements) and 216 variant assessments,
highlighting the complex biophysical landscape of these variants. Variants frequently exhibit properties leading to
both gain- and loss-of-function. (B) Distribution of functional effects in overall gain-of-function, loss-of-function, and
mixed-function variant assessments. Bars indicate frequency of an effect in the respective subgroup. Inar = peak
(transient) current, V1/2act = voltage dependence of activation, V125 = voltage dependence of fast inactivation, Inap =
persistent current, Trecsi = time constant of recovery from fast inactivation, ts = time constant of fast inactivation, kact
= slope factor of activation, ki = slope factor of fast inactivation, u.d. = decay in current amplitude from use
dependence, Trecsi = time constant of recovery from slow inactivation, Tentsi = time constant of entry into slow
inactivation, ks = slope factor of slow inactivation, Inar = resurgent current, Inas = subthreshold current, Vi/25 = voltage
dependence of slow inactivation, lramp = ramp current, T.c = time constant of activation, t¢e = time constant of
deactivation.
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Figure 3. Calibration of voltage clamp measurements SCN1A/2A/3A/8A for the modified ACMG/AMP criteria. (A)
Example mapping of peak current density. Since the sum total of these parameters represents a single functional
assay, likelihood ratios (LR) were computed as previously described, but iteratively for each parameter to remove
“false negative” (FN) variants exhibiting other strong biophysical defects. (B) Final ACMG/AMP evidence thresholds
for four parameters with sufficient data; dots represent benign (blue, n=23) and pathogenic (red, n=63) controls. (C)
Positive likelihood ratios traced across every possible threshold in the final dataset. A Strong level of evidence is
achievable for each of the parameters analyzed.
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Figure 4. Computation of ACMG/AMP-compatible thresholds for experiments in KCNQ2. (A) Mapping of population
(blue, n=24) and disease-causing (red, n=80) variants to the Ky7.2 channel. Kv7.2 subunits have 6 transmembrane
segments, and a long C-terminal intracellular domain. Channels assemble as tetramers including Kv7.2 and Kv7.3
subunits. (B) Likelihood ratios, distribution of benign variant measurements, and final variant evidence thresholds in
the homozygous condition for peak current, time constant of activation, and voltage dependence of activation. (C)
Likelihood ratios, distribution of benign variant measurements, and final variant evidence thresholds in the
heterozygous condition for the same parameters. While voltage dependence of activation in either state and time
constant of activation in the heterozygous state do not have Strong evidence thresholds, an estimate of a
corresponding “severe” categorization can be derived from the 5% percentile of benign variant values.


https://doi.org/10.1101/2024.05.09.593343
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.09.593343; this version posted May 14, 2024. 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 4.0 International license.

Effect on lon
/ Channel Function
Overall Biophysical Single property Multiple
assessment effect contribution property effect
Overall Overall Leading to Leading to
GoF Loss-of-Function Gain-of-Function
Overall Ramp Use
Mixed Current Dependence
Peak L
Current Activation
Increased Decreased Tau Vi
Peak Current Peak Current Activation Activation
Right Shift Left Shift
V1/2ac| V112acl
Mild Decrease Mod. Decrease  Severe Decrease Mild Left Mod. Left Severe Left
Peak Current Peak Current Peak Current Shift V, . Shift V. ., Shift V, .

Moderate Increase in Component leading

Slope of Activation to Gain-of-Function

Overall SCNB8A: Moderate Hyperpolarizing Component leading
Gain-of-Function p.R1872W Shift of V, , Activation to Loss-of-Function
Mild Slowing of Component leading

Fast Inactivation to Gain-of-Function

Figure 5. Assembly of expert consensus and ACMG/AMP calibration into the FENICS biomedical ontology. (A)
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and ACMG/AMP-compatible levels of severity, which also relate to their contribution to gain- or loss-of-function.
Distinct subontologies for more compound parameters and the overall functional consequence also exist. (B)
Example translation to FENICS of functional evidence for SCN8A:p.R1872W. Annotation of individual parameter
changes can automatically map to their functional contribution, and a separate overall effect is also annotated.
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Figure 6. Association between specific biophysical changes and common structural features of voltage-gated sodium
channels, i.e., transmembrane segments (A) and repeat domains (B). Points are plotted along the protein primary
sequence. Point size indicates p-value and height indicates odds ratio. Red points are associations significant after
correction for FDR of 10%; blue points are associations nominally significant with p < 0.05; gray points are non-
significant associations with p > 0.05. V1/2at = voltage dependence of activation, u.d. = use dependence, ks = slope
factor of fast inactivation, V125 = voltage dependence of slow inactivation, kit = slope factor of activation, Vi =
voltage dependence of fast inactivation.
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Figure 7. Projection of FENICS-curated SCN2A variants (n=66) to 413 individuals reported with SCN2A-related
disorders. More than 1 in 3 individuals with missense variants have functional data available for their variant, while
more than half have functional data available for at least one variant affecting the corresponding amino acid across
SCN1A/2A/3A/8A.
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