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ABSTRACT  47 
 48 
Trigeminal neuralgia (TN) is a common, debilitating neuropathic face pain syndrome often 49 
resistant to therapy. The familial clustering of TN cases suggests genetic factors play a role in 50 
disease pathogenesis. However, no unbiased, large-scale genomic study of TN has been performed 51 
to date. Analysis of 290 exome-sequenced TN probands, including 20 multiplex kindreds and 70 52 
parent-offspring trios, revealed enrichment in cases of rare, damaging variants in GABA receptor 53 
binding genes. Mice engineered with a novel, TN-associated de novo mutation (p.Cys188Trp) in 54 
the GABAA receptor Cl- channel γ-1 subunit (GABRG1) exhibited trigeminal mechanical allodynia 55 
and striking face pain behavior. Other TN probands harbored rare, inherited or unphased damaging 56 
variants in Na+ and Ca+ channels, including a genome-wide significant variant burden in the α-1H 57 
subunit of the neuronal mechanosensory Ca2+ channel Cav3.2 (CACNA1H). These results provide 58 
the first genome-level insight into TN, and implicate genetically-encoded impairment of GABA 59 
signaling and neuronal ion transport in TN pathogenesis. 60 
 61 
  62 



INTRODUCTION 63 
 64 
Trigeminal neuralgia (TN), or “tic doulourex”, is a severe neuropathic face pain syndrome 65 
characterized by recurrent, paroxysmal, lancinating face pain in the distribution of the trigeminal 66 
nerve that is variably triggered by sensory stimuli such as light touch or cold temperature1. TN 67 
affects ~3–4 per 100,000 people in the United States2, 3. The pathogenesis of “classical TN (cTN)” 68 
is frequently attributed to hyperexcitability of trigeminal ganglion neurons4, 5, 6, 7 secondary to 69 
morphological compression of the trigeminal nerve root entry root by the cerebral vasculature (i.e., 70 
neurovascular compression [NVC])8, 9, 10, 11, 12. However, asymptomatic NVC has been noted in 71 
~13-85% of asymptomatic subjects13, 14, 15, 16. Other cases of TN are related to trigeminal nerve 72 
infection (e.g., herpes zoster), trauma, demyelination (as in multiple sclerosis), or compression 73 
from a space-occupying lesion in the cerebello-pontine angle and are termed “secondary TN”. 74 
However, a significant number of TN cases lack a demonstrable cause (“idiopathic TN [iTN]”)1, 75 
17, including some cases with bilateral symptoms18, 19. 76 
 77 
First-line pharmacotherapy of TN includes the Na+ channel blocker carbamazepine or its analogs20, 78 
followed by other Na+ channel- or GABA-modulating anticonvulsants such as gabapentin, 79 
lamotrigine, and topiramate21. The efficacy of these drugs suggests that neuronal hyperexcitability 80 
and aberrant ion transport may be involved in TN pathogenesis. For patients resistant to medical 81 
therapy, alternative interventional and surgical treatments are offered. These include neurolysis of 82 
the trigeminal ganglion and the cisternal segment of the nerve, as well as open neurosurgical  83 
microvascular decompression (MVD) of the nerve. However, the few reported randomized, 84 
placebo-controlled trials with long-term follow-up have left continued uncertainty about the 85 
efficacy of these medical and surgical interventions22. Gaps in our understanding of the cellular 86 
and molecular pathogenesis of TN have impeded the development of improved diagnostic, 87 
prognostic, and therapeutic measures. 88 
 89 
The reported heritability of neuropathic pain conditions ranges from 16% to 50%23, 24. Familial 90 
forms of TN are well-documented, with many exhibiting autosomal dominant inheritance with 91 
incomplete penetrance25, 26, 27, 28. The average age of TN onset in familial forms is 44.4 years26, 92 
nine years younger than the average age of sporadic TN cases29. A subset of familial forms 93 
demonstrates genetic anticipation, with progressively earlier disease onset across each succeeding 94 
generations27, 30. These observations implicate genetic determinants in TN pathogenesis. Previous 95 
studies using candidate gene approaches have identified an association of TN with a common 96 
single nucleotide polymorphism in the Na+-dependent serotonin transporter SERT (SLC6A4)31, 97 
and a gain-of-function de novo mutation (DNM) in the voltage-gated Na+ channel Nav1.6 (SCN8A) 98 
in a single TN patient32. However, no large, unbiased, whole exome sequencing (WES) genomics 99 
study of TN has been performed to date.  100 
 101 
The discovery of human genetic variants associated with TN could illuminate disease mechanisms, 102 
explain the variability of TN phenotypes and therapeutic responses, and identify potential drug 103 
targets for therapeutic intervention. Here, we present our analysis of WES of 290 exome-104 
sequenced TN probands, including 20 multiplex kindreds and 70 parent-offspring trios. This 105 
approach, proven successful for several neurodevelopmental disorders33, 34, 35, 36, 37, congenital 106 
heart disease38, 39, and other heritable conditions33, 40, 41, enables unbiased identification of rare, 107 
damaging DNMs and copy number variations (CNVs), along with rare, inherited single nucleotide 108 



variants and insertions and deletions (indels) that contribute to disease pathogenesis. We 109 
hypothesized that rare, damaging variants in genes encoding proteins with important roles in the 110 
development, structure, or function of neurons in the peripheral or central trigeminal pain circuitry 111 
might confer risk for the development of TN. 112 
 113 
RESULTS 114 
 115 
We ascertained 290 probands with TN-related disorders, including 41 from the UK Biobank 116 
(Table 1 and Supplementary Table 1; see Methods). UK Biobank patients included 34 probands 117 
(85.4%) (all singletons) with a primary diagnosis of TN (ICD10 code: G50.0), and 6 probands 118 
(17.1%) with atypical facial pain (ICD10 code: G50.1) and one proband with both. We recruited 119 
an additional 249 probands with either cTN, iTN type 1 (purely paroxysmal), or iTN type 2 (with 120 
concomitant continuous pain) that included 70 parent-offspring trios (see Methods). 63.9% 121 
(159/249) of probands had undergone neurosurgical intervention, including MVD (54.6%, 122 
136/249), thermal or balloon rhizotomy (11.6%, 29/249), or gamma knife radiosurgery (14.9%, 123 
37/249). 42.6% (58/136) of patients treated with MVD did not have sustained symptom relief. 124 
19.1% (26/136) of these patients underwent a repeat MVD for post-operative recurrence of 125 
symptoms. Interestingly, 36/249 (14.5%) of cases were characterized by bilateral TN, and 41/249 126 
(16.5%) of probands had a family history of TN.  127 
 128 
To gain insight into the genomic architecture of TN, we first screened for rare, damaging 129 
heterozygous mutations (minor allele frequency [MAF] ≤ 1×10-3 in Bravo42) in genes previously 130 
implicated in TN31, 32. Two probands each carried a deleterious missense (predicted as deleterious 131 
by metaSVM or have a CADD score ≥ 3043, 44; D-mis) mutation in non-conserved residues of 132 
SCN8A. p.Ile1583Thr maps to the ion transport domain, and p.Arg475Gln is located immediately 133 
adjacent to the voltage-gated Na+ channel domain (Supplementary Fig. 1). No rare damaging 134 
mutations were identified in SLC6A4.   135 
 136 
We next examined rare (MAF ≤ 5×10-4), damaging (i.e., D-mis or loss-of-function [LoF]) variants 137 
that segregated with TN in 20 multiplex families with at least two affected individuals available 138 
for WES (Fig. 1; see Methods). Of the 10 genes with segregating variants in at least two families 139 
(Supplementary Table 2), only SCN5A, encoding Na+ channel Nav1.5, was intolerant to both 140 
LoF (pLI ≥ 0.9) and missense variants (mis-z-score ≥ 2) (Supplementary Fig. 2a). In iTN-1 family 141 
TRGN201, SCN5A p.Arg1826His was shared by affected siblings TRGN201-1 and TRGN201-2. 142 
(Supplementary Fig. 2b). p.Arg1826His maps to a conserved residue in the Nav1.5 C-terminal 143 
cytoplasmic domain and is reported in ClinVar as pathogenic for long QT syndrome 144 
(Supplementary Fig. 2c). Nav1.5 Arg1826His-mediated Na+ currents exhibit delayed inactivation 145 
and a 2- to 3-fold increase in late Na+ current45, 46. SCN5A p.Phe1293Ser was shared by cTN-1 146 
proband TRGN141-1 and her similarly affected maternal grandmother TRGN141-4 147 
(Supplementary Fig. 2a,b). p.Phe1293Ser maps to SCN5A domain III and is predicted to alter 148 
Nav1.5 structure (Supplementary Fig. 2c,d). Of note, SCN5A-mutant TN patients did not report 149 
a history of cardiac arrhythmias or sudden death47. 150 
 151 
We also identified 4 rare CNVs (MAF ≤ 1x10-3) that segregated in 3 multiplex TN families 152 
(Supplementary Table 3). Among them, one ~500kb duplication covering the serine-threonine 153 
kinase MAPK3 was shared by the proband and the affected mother, but not the unaffected father 154 



in family TRGN190. MAPK3 has been previously implicated in the pathogenesis of multiple 155 
trigeminal pain models27, 48, 49, 50. Interestingly, the TRGN190 proband with the MAPK3 156 
duplication was diagnosed with bilateral cTN-1 at 11 years of age and exhibited bilateral NVC on 157 
brain MRI. The patient was treated with bilateral MVD, followed one year later by repeat bilateral 158 
MVD for symptom recurrence. The proband’s mother, also with a MAPK3 duplication, was 159 
diagnosed with bilateral cTN-1 at 43 years of age. Though NVC was observed on her MRI, she 160 
declined surgery. Both patients reported significant symptom relief with the voltage-gated Na+ 161 
channel blocker oxcarbazepine. The proband’s sister was also diagnosed with oxcarbazepine-162 
responsive unilateral iTN at 17 years of age, but was not available for WES. 163 
 164 
We next examined the contribution of DNMs, including CNVs, to TN risk. Our TN cohort 165 
demonstrated a rate of 1.06 coding region DNMs per proband followed the expected Poisson 166 
distribution and closely matched the burden of DNMs in the control cohort (Supplementary Fig. 167 
3 and Supplementary Table 4). No genes contained more than one protein-altering DNM 168 
(Supplementary Excel 1). 11 de novo CNVs were identified, including a duplication in KCNK1, 169 
encoding the inward-rectifying K+ channel TWIK1 (Supplementary Table 5). Of note, the pain 170 
insensitivity in multiple African rodents has been attributed in part to down-regulation of kcnk1 171 
expression51. No recurrent CNVs were observed. 172 
 173 
We performed Gene Ontology (GO) enrichment analysis (see Methods)52 of genes harboring 174 
damaging DNMs with high brain expression (above 75% percentile among all genes from murine 175 
RNA-seq53). Analysis showed the greatest enrichment among genes associated with the molecular 176 
function term “GABA receptor binding genes” (GO:0050811) (GABRG1, TRAK1 [Fig. 2a]; 177 
enrichment >100, adjusted p-value = 5.85×10-3). Damaging DNMs in GO:0050811 genes were 178 
enriched in TN cases but not controls (enrichment = 114.0, p-value = 1.5×10-4) (Supplementary 179 
Table 7). Interestingly, several other notable genes with novel or rare damaging DNMs but not 180 
included under the GO term GO:0050811 term were identified that, similar to GABRG1 and 181 
TRAK1, have elevated brain expression and play important roles in GABA signaling or 182 
neurotransmission. These include ASTN2 (c.1736+2T>C)54, EEF2 (p.Arg839His)55, UNC80 183 
(p.Lys2794*)56, 57, and KIF1B (p.Arg928Trp)58, 59, 60.  184 
  185 
GABRG1 encodes the γ-1 subunit of the heteromeric ligand-gated gamma-aminobutyric acid type 186 
A receptor (GABAAR) Cl- channel. The γ-1 subunit is important in mediating the GABAAR 187 
response to benzodiazepines61. Patient TRGN124-1 with iTN-1 had a novel D-mis GABRG1 DNM 188 
(p.Cys188Trp) in a conserved residue of the GABAAR γ-1 ligand binding domain that is predicted 189 
to disrupt a disulfide bond with Cys202 (ΔΔG = 3.8 kcal/mol) (Fig. 2a-c). Unrelated patient 190 
TRGN343-1 with iTN-2 carried the rare D-mis GABRG1 mutation p.Tyr178His (MAF = 8.2×10-191 
6), which also maps to a conserved residue in the ligand binding domain and is predicted to disrupt 192 
a hydrogen bond between adjacent β-sheets (ΔΔG = 1.7 kcal/mol) (Fig. 2a-c). Another TN patient 193 
in the UK Biobank carried a rare stop-gain mutation in GABRG1 (p.Trp53*) located just before 194 
the ligand-binding domain. 195 
 196 
TRAK1 encodes a kinesin adaptor protein that that regulates the anterograde axonal transport of 197 
mitochondria and GABAARs62. Patient TRGN261-1 with iTN-2 had a novel D-mis TRAK1 DNM 198 
(p.Glu798Lys) (Fig. 2a) in a conserved residue of the second kinesin-binding Milton domain of 199 
TRAK1 (Fig. 2b). Unrelated patient TRGN107-1 with cTN-1 carried the unphased heterozygous 200 



D-mis TRAK1 mutation (p.Arg124Gln) with a MAF just above our threshold (1.6×10-5). 201 
p.Arg124Gln maps to a highly conserved residue in the TRAK1 HAP1_N domain (IPR006933) 202 
that directly participates in GABAAR trafficking in conjunction with kinesin (KIF) proteins63. 203 
Recessive TRAK1 mutations cause early infantile epileptic encephalopathy (OMIM# 618201)62 204 
and Trak1 knockout mice exhibit severely reduced CNS abundance of GABAARs63. 205 
 206 
A total of 9 rare (MAF ≤ 1.0×10-5) damaging de novo, transmitted, or unphased mutations were 207 
identified in GO:0050811 GABA receptor binding genes, yielding enrichment compared to 208 
gnomAD controls (OR = 3.7, Fisher’s exact p-value = 4.2×10-3; Supplementary Table 8, 9). 209 
These genes included GABAAR subunit α-5 GABRA5 and trafficking regulators PLCL1, JAKMIP1 210 
and ARFGEF2. Extension of our search to the 21 genes encoding HUGO Gene Nomenclature 211 
Committee (HGNC)-designated GABA receptor subunits identified two additional novel, 212 
damaging heterozygous mutations in the GABAAR α-6 and δ subunits, GABRA6 and GABRE 213 
(Supplementary Fig. 4a). GABRA5 p.Glu107Gln and GABRA6 p.Glu90Ala both map to 214 
respective ligand-binding domains, whereas GABRE p.Trp300* affects the neurotransmitter gating 215 
domain (Supplementary Fig. 4b-d).  216 
 217 
As proof-of-principle, we generated a mouse model of one of the newly identified human TN-218 
associated GABAAR DNMs (GABRG1 p.Cys188Trp), using Crispr/CAS9 mutagenesis (see 219 
Methods, Supplementary Fig. 5). To test for trigeminal pain hypersensitivity, we quantified 220 
nocifensive behaviors using a modified version of a facial stimulation test64. In contrast to wild-221 
type littermates (n = 23 mice), mutant mice (n = 25) showed significant nocifensive behaviors in 222 
response to tactile stimulation of the trigeminal nerve region (Fig. 2d; see Methods; p < 0.0001; 223 
Mann-Whitney test; Supplementary Video 1 and Supplementary Excel 2) in both males (n = 11 224 
wild type & 12 mutants) and females (n = 12 wild type & 13 mutants), respectively (p-value=0.39 225 
for females; p-value=9× 10-4 for males; Kruskal-Wallis test). No significant difference in 226 
nocifensive behavior was observed between male and female mutants (p-value=0.40). To measure 227 
nociceptive withdrawal threshold, we also used a modified mechanical threshold test65, 66. Mutant 228 
mice (n = 11) showed a significantly lower nociceptive withdrawal threshold than wild-types (n = 229 
9; p-value = 1.0x10-3; Mann-Whitney test Fig. 2e and Supplementary Excel 3). Hind paw 230 
nociceptive withdrawal threshold was also significantly reduced in mutant mice (p-value= 1.6x10-231 
3; Fig. 2f and Supplementary Excel 3). 232 
 233 
Next, we performed burden analysis of rare de novo and inherited/unphased variants in 290 TN 234 
probands, adjusting for de novo mutability using a one-tailed binomial test (see Methods). 235 
Analysis of ultra-rare variants at MAF ≤ 1×10-5 did not identify significantly enriched genes. 236 
However, among moderately rare variants at MAF ≤ 1×10-4, the Cav3.2 T-type Ca2+ channel α-237 
1H subunit (CACNA1H) reached genome-wide significant enrichment in cases (3.7, p-238 
value=2.4×10-6; Fig. 3a and Supplementary Table 10a). CACNA1H contained 19 predicted 239 
damaging variants, including one LoF variant and 18 D-mis variants (Supplementary Table 10b). 240 
Among these, 16 are unphased, and 3 are transmitted with incomplete penetrance. The CACNA1H 241 
variants map to extracellular, intracellular and intra-membrane regions of the ion channel (Fig. 3b) 242 
and are predicted to impact Cav3.2 protein structure (Supplementary Fig. 6). In one family, the 243 
CACNA1H D-mis variant p.Arg1674His was shared by proband TRGN282-1 and his sister 244 
TRGN282-2, both similarly affected by medically-intractable  iTN1.  245 
 246 



Last, we examined recessive genotypes. No genes harbored more than 1 recessive genotype in 249 247 
TN probands (see Methods). However, case-control analysis comparing rare damaging 248 
hemizygous variants (MAF ≤ 5×10-5) in 49 male TN probands to male controls in gnomAD 249 
identified CACNA1F, encoding the Cav3.2 T-type Ca2+ channel α-1H subunit, as the most 250 
significantly enriched gene (OR=14.2, p-value = 1.56 × 10-3; Supplementary Table 11a). 251 
CACNA1F contained three rare D-mis variants (Fig. 3c and Supplementary Table 11b). 252 
p.Ala1335Thr and pArg1289Gly respectively mapped to the exofacial and endofacial surfaces of 253 
the channel. p.Ile721Val mapped to an extracellular loop of the channel. All three variants are 254 
predicted to significantly impact CACNA1F channel structure (Supplementary Fig. 7).  255 
 256 
DISCUSSION 257 

These results provide the first insight into the genomic architecture of TN. We ascertained the 258 
largest collection of familial forms of TN to date, and identified several candidate genes with 259 
mutational enrichment in TN probands. Our findings implicate de novo and inherited rare, 260 
damaging variants in GABA signaling and other ion transport genes in TN pathogenesis in a subset 261 
of patients. Our creation of a novel knock-in mouse with the TN-associated de novo GABRG1 262 
p.Cys188Trp mutation represents, to our knowledge, the first TN animal model engineered with a 263 
human mutation.  264 
 265 
Previous candidate gene sequencing approaches had identified SCN8A and SLC6A4 as potential 266 
TN-associated genes31, 32. In our WES study, we detected only two rare transmitted mutations in 267 
SCN8A and none in SLC6A4. Nonetheless, our data implicate other ion transport pathways in the 268 
genetic architecture of TN, including genes related to the function of the ligand-gated GABAAR 269 
Cl- channel. These findings are consistent with the  expression of GABAARs along sensory axons67, 270 
68, with the well-documented role of GABAAR signaling in trigeminal pathway nociception46, 69, 271 
70, 71, 72, with the efficacy of GABA-modulating drugs in some TN patients73, 74 (Supplementary 272 
Table 12), and with the established importance of GABAAR disinhibition and consequent neuronal 273 
hyperexcitability in neuropathic pain69, 70, 71. These observations support our speculation that the 274 
not infrequent co-occurrence of anxiety, depression, and other psychiatric conditions with TN, 275 
especially those in younger patients75 (often unresponsive to MVD13), may reflect pleiotropy of 276 
germline variants impacting other aspects of GABA signaling.  277 
 278 
In addition to variants in GABA signaling genes, we also identified dominant variants in the 279 
SCN8A-related Nav1.5 Na+ channel gene SCN5A in two multiplex TN families; a genome-wide 280 
significant enrichment of dominant variants in the Cav3.2 α-1H subunit CACNA1H; and multiple 281 
X-linked hemizygous variants in the related Cav3.2 α-1F subunit CACNA1F. SCN5A mutations are 282 
well known to cause cardiac rhythm disorders including long QT syndrome subtype 3, Brugada 283 
syndrome, and cardiac conduction disease76, but are also expressed in the brain77 and have been 284 
implicated in both epilepsy78 and schizophrenia47. CACNA1H variants has been previously 285 
implicated in congenital pain79 and epilepsy80. T-type Ca2+ currents mediated by Cav3.2/α-1H are 286 
responsible for the excitatory effects of GABA in sensory neurons81 and mechanosensation in 287 
nerve root ganglia82. Increased expression of Cav3.2 in damaged dorsal root ganglion neurons 288 
contributes to the development of neuropathic pain triggered by spared nerve injury83. The closely-289 
related Cav3.1 has been shown to be a key element in the pathophysiology of a mouse model of 290 
trigeminal neuropathic pain84. Mechanical thresholds of pain are significantly altered in a rat model 291 
of congenital stationary night blindness with a Cacna1f mutation85. Detailed electrophysiology of 292 



these TN-associated SCN5A, CACNA1H, and CACNA1F channel variants in cell culture systems 293 
and animal models will be rich topics for future investigation. 294 
 295 
How might these mutations and other gene variants contribute to TN pathology? One possibility 296 
is a “genetic-mechanical” model, in which a germline mutation confers increased sensitivity of the 297 
trigeminal ganglia or axons to neurovascular compression (NVC) by an offending blood vessel, 298 
such as the superior cerebellar artery in the cerebello-pontine angle. This mechanism may 299 
contribute to unilaterality of symptoms in some patients with NVC, and has been proposed for a 300 
gain-of-function mutation in SCN8A32. A germline mutation could also predispose patients to the 301 
development of bilateral symptoms, as is seen in some TN patients. Alternatively, a germline 302 
mutation could predispose an individual to later-onset TN arising from a second somatic mutation 303 
in the other allele of the same, or another gene, in trigeminal ganglion neurons or other downstream 304 
brainstem or thalamo-cortical neurons in the trigeminal system circuitry. Such a “two-hit” model 305 
has been seen in other neurovascular cutaneous syndromes with unilateral or multifocal lesions86, 306 
87, 88.  307 
 308 
Given the role of common variants in multiple neuropathic pain disorders89, 90, 91, we also examined 309 
the contribution to TN from common variants through a genome-wide association analysis of 236 310 
European cases and 348,048 ethnicity-matching controls from the UK Biobank. No common 311 
variants reached genome-wide significance (Supplementary Fig. 8). However, the small number 312 
of available cases limited the power of our analysis. A power calculation suggests that more than 313 
3,500 cases are needed to achieve 80% power assuming moderate effect size (l=1.4) and a minor 314 
allele frequency of 0.2 for risk alleles (Supplementary Fig. 9). Thus, future studies examining 315 
common variants will require greater numbers of patients. Although childhood and adolescent 316 
onset of TN has been reported92, the high prevalence of TN and its inconsistent segregation patterns 317 
within families suggest that complex epistatic interactions, gene-environment interactions, or 318 
effects from common polygenic variants could also play important pathogenic roles in TN89, 93.  319 
 320 
Our data suggests rare, damaging exonic variants likely contribute to the pathogenesis of a small 321 
fraction of TN cases. Nonetheless, continued gene discovery and functional analysis of these 322 
variants, including mechanistic work and drug screening in humanized animal models such as our 323 
GABRG1 p.Cys188Trp knock-in mouse, could further elucidate TN pathophysiology, improve 324 
diagnostics, and optimally stratify certain patients for specific treatments (e.g., a GABA-325 
modulating drug instead of a craniotomy for MVD). Our findings suggest a WES approach might 326 
also be suitable to study of hemifacial spasm, another cranial nerve pain syndrome with known 327 
familial occurrences that has been classically attributed to NVC and treated with neurosurgical 328 
MVD94, 95, 96, 97, 98, 99, 100. Moreover, the identification of novel mutations (even in single patients) 329 
has the potential to identify unexpected, new targets for development of non-addictive 330 
analgesics101. Overall, these considerations provide impetus for WES of additional TN case-parent 331 
trios, and for the functional study of discovered variants.  332 
 333 
  334 



METHODS 335 
 336 
Case cohort, enrollment, phenotyping, and exclusion criteria 337 
 338 
We recruited 249 probands with TN, including 70 trios and 20 multiplex kindreds with two or 339 
more affected individuals among first or second-degree relatives. Inclusion criteria included male 340 
or female patients meeting the diagnostic criteria specified in ICHD-3 for either classical 341 
trigeminal neuralgia (13.1.1.1) or idiopathic trigeminal neuralgia (13.1.1.3)102. Participants were 342 
further subdivided into either “13.1.1.1.1 Classical TN, purely paroxysmal” (“cTN-1”) and 343 
“13.1.1.1.2 Classical TN with concomitant continuous pain” (“cTN-2”), or “13.1.1.3.1 Idiopathic 344 
TN, purely paroxysmal” (“iTN-1”) and “13.1.1.3.2 Idiopathic TN with concomitant continuous 345 
pain” (“iTN-1”), according to ICHD-3 criteria102. By definition, “13.1.1.2 Secondary TN”, 346 
including “13.1.1.2.1 TN attributed to multiple sclerosis”, “13.1.1.2.2 TN attributed to space-347 
occupying lesion”, “13.1.1.2.3 TN attributed to other cause”, and “13.1.2 Painful trigeminal 348 
neuropathy” related to previous trauma, surgery, or radiation to the trigeminal nerve ipsilateral to 349 
pain were excluded from analysis. Also excluded were patients with psychiatric or mental illness 350 
that might interfere with patients’ ability to grant informed consent or to complete clinical 351 
questionnaires. Diagnoses were assigned after full review of each patient’s medical history and a 352 
neurological examination by a neurologist and neurosurgeon, along with a review of each patient’s 353 
brain MRI by a neuroradiologist. Patients and participating family members additionally provided 354 
buccal swab samples (Isohelix SK-2S DNA buccal swab kits), medical records, radiological 355 
imaging studies and official written reports, neurosurgery operative reports, and TN phenotype 356 
data. Written informed consent for genetic studies was obtained from all participants. Parent or 357 
legal guardian authorization was obtained in writing for sample collection of all minors in this 358 
study. All study protocols were approved by the Yale Human Research Protection Program and 359 
Institutional Review Board. 360 
 361 
Control cohorts 362 
 363 
Controls consisted of 1,798 previously analyzed families with one offspring with autism, one 364 
unaffected sibling, and unaffected parents. In this study only the unaffected sibling and parents 365 
were analyzed. Controls were designated as unaffected by SSC103. Permission to access SCC 366 
genomic data in the National Institute of Mental Health Data Repository was obtained. Written 367 
informed consent for all participants was provided by the Simons Foundation Autism Research 368 
Initiative.  369 
 370 
Exome sequencing 371 
 372 
70 trios and 179 singletons were sequenced at the Yale Center for Genome Analysis following the 373 
same protocol. Briefly, genomic DNA from venous blood or saliva was captured using the 374 
Nimblegen SeqxCap EZ MedExome Target Enrichment Kit (Roche) or the xGEN Exome 375 
Research Panel v1.0 (IDT) followed by Illumina DNA sequencing as previously described39. At 376 
each site sequence reads were independently mapped to the reference genome (GRCh37) with 377 
BWA-MEM and further processed using  GATK Best Practices workflows104, 105, 106 including 378 
duplication marking, indel realignment, and base quality recalibration, as previously described107. 379 
Single nucleotide variants and small indels were called using GATK HaplotypeCaller and 380 



Freebayes108 and annotated using ANNOVAR109, dbSNP (v138), 1000 Genomes (August 381 
2015)106, NHLBI Exome Variant Server (EVS; https://evs.gs.washington.edu/EVS/)110, ExAC 382 
(v3)111 and Bravo112. The MetaSVM and the Combined Annotation Dependent Deletion (CADD) 383 
algorithms were used to predict deleteriousness of missense variants (“D-mis”, defined as 384 
MetaSVM-deleterious or CADD ≥30)43, 44. Candidate variant calls were validated using Sanger 385 
sequencing. 386 
 387 
Kinship analysis and removal of duplicated samples 388 
 389 
Pedigree information and participant relationships were confirmed using pairwise PLINK identity-390 
by-descent (IBD) calculation113 and pairwise comparison of high quality ultra-rare SNPs absent 391 
from public databases (ExAC and gnomAD)114. Individuals with ≥ 90% IBD or shared ultra-rare 392 
SNPs were identified as sample duplicates and removed from analysis. 393 
 394 
Principal component analysis 395 
 396 
EIGENSTAT software115 was used to classify ethnicities through analyzing tag SNPs in cases and 397 
HapMap samples with known ethnicities. Principal component analysis was then performed to 398 
cluster the studied samples with HapMap samples using R software (version 3.4.1)116, and the 399 
ethnicities of the cases were determined based on their best clustered ethnicity group against 400 
HapMap populations. 401 
 402 
Variant filtering 403 
 404 
DNMs were called using TrioDenovo117 as described previously107 and filtered using stringent 405 
hard cutoffs including: (1) in-cohort allele frequency ≤ 4 × 10-4 for controls and MAF ≤ 4 ×10-4 406 
across all samples in 1000 Genomes, EVS, and ExAC, Bravo for cases due to limited cohort size, 407 
(2) a minimum of 10 total reads total, 5 alternative allele reads, and a minimum of 20% alternate 408 
allele ratio in the proband for alternate allele reads ≥ 10 or ,for alternate allele reads < 10, a 409 
minimum 28% alternate ratio, (3) a minimum depth of 10 reference reads and alternate allele ratio 410 
< 3.5% in parents, and (4) exonic or canonical splice-site variants. 411 
 412 
For transmitted heterozygous variants, we filtered for high-quality heterozygotes (pass GATK 413 
Variant Score Quality Recalibration [VQSR], minimum 8 total reads, and genotype quality [GQ] 414 
score ≥ 20)106, 111. Variants with large impact on protein structures including LoF (canonical splice-415 
site, frameshift insertion/deletion, stop-gain, stop-loss) and D-mis variants were considered for the 416 
analysis. Common variants with MAF > 5×10-3 within the cohort were excluded. Both rare (MAF 417 
≤ 1×10-5 in Bravo) and moderately rare (MAF ≤ 1×10-4 in Bravo) variants were tested for 418 
enrichment across all genes of the genome. 419 
 420 
We filtered recessive variants for rare (MAF ≤ 10-3 in Bravo and in-cohort MAF ≤ 5×10-3) 421 
homozygous and compound heterozygous variants that exhibited high quality sequence reads (pass 422 
GATK VSQR, have > 4 total reads for homozygous and > 8 reads for compound heterozygous 423 
variants, have a GQ ≥ 10 for homozygous and GQ ≥ 20 for compound heterozygous variants). 424 
Only LoF, D-mis, and non-frameshift indels were considered potentially damaging to the disease.  425 
 426 



Hemizygous variants were filtered by the same criteria as were recessive variants except for a more 427 
stringent frequency filter (MAF ≤ 5×10-5 in Bravo and in-cohort MAF ≤ 5×10-3).  428 
 429 
Segregated variants in familial cases were filtered for rare (MAF ≤ 5×10-4 in Bravo and in-cohort 430 
MAF ≤ 5×10-3) and  damaging (LoF and D-mis) dominant variants shared by affected individuals 431 
but not found in unrelated individuals.  432 
 433 
Finally, in silico visualization was performed on all de novo, heterozygous, recessive variants, and 434 
hemizygous variants that (1) appeared at least twice or (2) were among the top 20 significant genes 435 
from the burden analysis, or (3) segregated in the families. Sanger validation was performed on 436 
candidate variants of interest. 437 

De novo enrichment analysis 438 

The expected number of DNM per gene per variant class was obtained based on a mutation model 439 
developed previously118. A one-tail Poisson test was used to compare the observed number of 440 
DNMs across each variant class to the expected number under the null hypothesis. The R package 441 
‘denovolyzeR’107 was used to perform all de novo analyses. 442 

Gene Ontology Enrichment Analysis 443 
 444 
Functional profiling of 10 genes with high brain expression (brain expression rank ≥ 75%)53 445 
harboring DNMs was conducted with g:GOSt from g:Profiler119, a tool that performs gene set 446 
overrepresentation/enrichment analysis and detects statistically enriched terms from functional 447 
information sources, including the Gene Ontology database120, 121. We used all annotated genes as 448 
the statistical domain scope, the g:SCS algorithm119 to address multiple testing, and p = 0.05 as a 449 
user-defined threshold for statistical significance. 450 
 451 
Case-control burden analysis 452 
 453 
Case and control cohorts were processed using the same pipeline and filtered with the same criteria 454 
as described (see Variant filtering in Methods). A one-sided Fisher’s exact test was used to 455 
compare the observed number of mutations in each variant class examined in cases to the same 456 
variant class in controls under the null hypothesis. The gnomAD controls we used are without 457 
TOPMed samples. 458 
 459 
Copy number variation analysis 460 
 461 
To identify CNVs from WES data, the aligned reads were imported into XHMM (eXome-Hidden 462 
Markov Model)122. Potential CNVs were inspected visually and prioritized based on Phred-scaled 463 
quality score, genomic length, GC content of targets, and low sequence complexity.  464 
 465 
Protein structural modelling 466 
 467 
The sequence of human SCN5A protein was downloaded from UniProt (Q14524) and aligned with 468 
the cryo-electron microscopy structure of the human Nav1.2-beta2-KIIIA (PDB id: 6J8E, 469 



resolution: 3.00 Å) in ICM-Molsoft123, 124 (Supplementary Fig. 10). The homology model was 470 
built in ICM-Molsoft based on an 80% sequence identity over resolved residues of human Nav1.2-471 
beta2-KIIIA complex.  472 
 473 
The sequence of human CACNA1H protein was downloaded from UniProt (O95180). The 474 
structures of the human Cav3.1 (PDB id: 6KZO, resolution 3.3 Å) and rabbit Cav1.1 complex 475 
(PDB id: 5GJW, resolution: 3.6 Å) were used to model the protein using homology tool of ICM-476 
Pro125, 126 (Supplementary Fig. 11). The initial model was built based on an 85% sequence identity 477 
over the resolved residues of human Cav3.1. As the homologous sequence for the loop harbouring 478 
residue of interest (R1674) and the surrounding region between 1562-1619 residues were missing 479 
in the structure of human Cav3.1, it was built using rabbit Cav1.1 as the template.  480 
 481 
The sequence of human CACNA1F protein was downloaded from UniProt (O60840) and aligned 482 
with the cryo-electron microscopy structure of the rabbit Cav1.1 complex (PDB id: 5GJV, 483 
resolution: 3.6 Å) in MolSoft ICM-Pro ver 1.8.7c125, 127 (Supplementary Fig. 12). The homology 484 
model was built in ICM-Pro based on a 75% sequence identity over the resolved residues of rabbit 485 
Cav1.1 complex. All the investigated residues lie in the conserved region of the protein.  486 
 487 
The sequence for human Gamma-Aminobutyric Acid Type A Receptor Gamma1 Subunit 488 
(GABRG1) was obtained from UNIPROT as accession number Q8N1C3. The protein modelling 489 
protocol was identical was for the three proteins. The downloaded Protein Data Bank structure 490 
(PDB id 6D6U) was used as a template to construct homology models using MODELLER128 491 
(Supplementary Fig. 13).  492 
 493 
Twenty models were subjected to restrained energy minimization to relieve steric clashes between 494 
or among side chains. Stereochemical parameters were analyzed using PROCHECK129 and 495 
PROSA130.  The final model was chosen based on a combination of the lowest energy function 496 
score (Dope) within the modeling program and model satisfaction of standard PROCHECK and 497 
PROSA criteria. Mutations were constructed and change of in silico free energy (ΔΔG) was 498 
calculated using the ICM mutagenesis program (www.molsoft.com)127: 499 
 500 
ΔΔG = ΔGmisfolded – ΔGunfolded 501 

ΔGunfolded refers to the sum of the energies attributed to the individual residues before the mutation, 502 
while ΔGmisfolded refers to the sum of the energies attributed to the individual residues after the 503 
mutation. A positive ΔΔG is proportional to the magnitude of the predicted destabilization effect 504 
on the protein caused by the point mutation.  505 
 506 
Enrichment analysis for the dominant variants 507 
 508 
A one-sided binomial test was performed to compare the observed number of damaging dominant 509 
variants within each gene with the expected number as described before38, and calculated using 510 
the following formula: 511 

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑	𝐶𝑜𝑢𝑛𝑡𝑠0 = 𝑁 ×
𝑀𝑢𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦

∑ 𝑀𝑢𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦:;<;=
 512 

 513 



where ‘i’ denotes the ‘ith’ gene; ‘N’ denotes the total number of damaging dominant variants; 514 
Mutability refers to the de novo probability in each gene. The p-value threshold after Bonferroni 515 
multiple testing correction is 2.6×10-6 (0.05/19,347). 516 
 517 
Gabrg1 mouse model and pain testing  518 
 519 
The Gabrg1 knock-in mouse model was generated using CRISPR/Cas9 as described131, 132. In 520 
brief, a T7-sgRNA template was prepared by PCR131, incorporating the antisense guide sequence 521 
TAGGAAAATTATGAAGTTGA (from the mouse Gabrg1 gene target region) and then used for 522 
in vitro transcription and purification with the MEGAshortscript T7 Transcription Kit and 523 
MEGAclear Transcription Clean-Up Kit, respectively (both from Thermo Fisher Scientific). Cas9 524 
mRNA (CleanCap, 5moU-modified) was purchased from TriLink Biotechnologies and the 525 
homology-directed repair (HDR) oligonucleotide (142 b including 65 b homology flanks was 526 
ordered from Integrated DNA Technologies as a phosphorothioate-protected Ultramer. All animal 527 
procedures were performed according to NIH guidelines and approved by the Yale IACUC. 528 
C57BL6/N strain mice were obtained from Charles River and cytoplasmic microinjections of the 529 
sgRNA, Cas9 mRNA and HDR oligo into single-cell embryos were performed by the Yale 530 
Genome Editing Center. DNA lysates of tissue biopsies from potential founder pups were screened 531 
by PCR amplification with the following primers (F5´- AGGAGGTCCAAATGCTGTT and R5´- 532 
GGGAAGGGCGGTAGATG), followed by diagnostic PstI digestion and sequencing 533 
confirmation. 534 
 535 
Pain hypersensitivity was measured using complementary approaches. Nociceptive withdrawal 536 
thresholds of the hind paw and trigeminal nerve region were quantified using the Simplified Up-537 
Down method (SUDO)65, 66. The experimental group consisted of male and female mice carrying 538 
C188W mutations in Gabrg1. Sex-matched WT mice were included in the control group. Mice 539 
were placed in a transparent Plexiglas cage atop a wire mesh and were free to move about. After 540 
60 minutes of acclimation, withdrawal responses were assessed. To assess sensitivity in the 541 
trigeminal nerve regions, Von Frey filaments (Stoelting, USA) were applied perpendicularly to the 542 
region of interest. A positive reaction was noted if the animal exhibited a vigorous head retraction 543 
or rapid grooming of the muzzle region. The entire SUDO procedure was repeated twice per animal 544 
for each nerve region at 5 months of age. A Mann-Whitney test was performed to assess statistical 545 
significance of differences between groups. To assess, nocifensive behavior to stimulation of the 546 
trigeminal area we also used a complementary modified version of a facial stimulation test64. Mice 547 
were stimulated once using filament #7 (0.6 g) and the subsequent grooming response was video 548 
recorded. Positive (presence of a stimulus-associated grooming response) and negative responses 549 
(absence of grooming behavior) were scored as values of +1 or -1 value, respectively. Mice were 550 
tested 3 times, on different days. Analysis of the videos was assessed by an experimenter blind to 551 
the animal’s genotype. 552 
 553 
Genome-wide association analysis 554 
 555 
Imputed genotype array data of 48,7395 samples were obtained from UK Biobank. Only SNPs 556 
which have a MAF>0.05, have a missing genotype rate < 0.01 and passed the Hardy-Weinberg 557 
test (H-W p-value >0.001) were considered for the analysis using plink133. Subjects with self-558 
report and genetically confirmed European ancestry were included (UK Biobank data filed 22006), 559 



whereas related subjects (relatedness > 0.1 by gcta64134) were excluded. These filters yielded in 560 
236 cases with TN (ICD10 code: G50.0 or G50.1) and 348,048 controls. A Multivariate Logistic 561 
Regression was performed using plink133. The covariates included gender and the top 10 principle 562 
components. The Manhattan plot was generated using the R (3.4.1) package qqman. 563 
 564 
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FIGURE LEGENDS  577 
 578 
Figure 1. Pedigrees for 20 TN familial cases. 20 familial cases with ≥ 2 members available for 579 
whole-exome sequencing (WES) are shown with sample IDs. Black circle/squares: Subjects with 580 
TN diagnosis.  581 
 582 
Figure 2. Damaging de novo and inherited mutations in GABRG1 and TRAK1 in TN 583 
probands. (a) De novo and inherited mutations in GABRG1 and TRAK1. Pedigrees with Sanger-584 
validated mutant bases marked on the chromatograms. (b) Mapping of GABRG1 and TRAK1 585 
mutations. GABRG1 p.Cys188Trp and p.Tyr178His impact conserved residues at the 586 
neurotransmitter-gated ligand binding domain of GABRG1. TRAK1 p.Cys188Trp affects a 587 
conserved residue of the second kinesin-binding Milton domain. (c) Structural modeling of 588 
GABRG1 p.Cys188Trp and p.Tyr178His mutations. p.Cys188 disulphide-bonds with Cys202. 589 
Mutation to Trp188 disrupts this conserved disulphide bond with calculated ΔΔG = 3.8 kcal/mol. 590 
In the midst of surrounding hydrophobic residues, the side chain hydroxyl of Tyr178 hydrogen 591 
bonds with the guanidinium side chain of Arg166, stabilizing interactions between their adjacent 592 
β-sheets. Disruption of this hydrogen bond by Arg mutation to His is predicted to destabilize ΔΔG 593 
by 1.70 kcal/mol. (d) WT and mutant mice were examined for nocifensive withdrawal behavior 594 
following stimulation of the trigeminal nerve region in response to mechanical stimulation using 595 
a single Von Frey filament (#7; 0.6 g). The Y-axis values represent average responses to 3 596 
stimulations (on different days; +1 = presence of a stimulus-associated grooming response; -1 = 597 
absence of grooming behavior). The Mann-Whitney test was applied to assess statistical difference 598 
between WT and mutant mice. A Kruskal-Wallis test evaluated significant differences among all 599 
sub-groups: male and female WT and mutants. P-value * < 0.05; *** < 1×10-3; **** < 1×10-4. (e-600 
f) Measurement of nociceptive withdrawal threshold using the using the Simplified Up-Down 601 
method (SUDO) (Bonin et al Mol Pain 2014). (e) Graph showing withdrawal threshold results 602 
using an adaptation of the method to test in the region innervated by the trigeminal nerve (see 603 
Methods; Taylor et al Pain 2012). (f) Nociceptive withdrawal threshold in response to mechanical 604 
stimulation of the hind paw using calibrated Von Frey filaments. P-value ** < 0.01. 605 



 606 
Figure 3. Gene burden analysis for heterozygous damaging mutations and mutation 607 
mapping in Ca2+ channels encoded by CACNA1H and CACNA1F. (a) Quantile-quantile plot 608 
of observed versus expected p-values for damaging (LoF and D-mis) variants with MAF ≤ 1x10-609 
4. The unique genome-wide significant gene CACNA1H is circled in red . The genome-significance 610 
cutoff is 2.6x10-6, 0.05/19347. Mutation mapping of (b) CACNA1H and (c) CACNA1F. 611 
CACNA1H graph adapted from Rzhepetskyy et al135; CACNA1F graph was modified from 612 
Haeseleer et al136. 613 
 614 
Table 1. Demographic and clinical characteristics of TN cases and controls  615 
 616 

617 
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