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Abstract

Biallelic pathogenic variants in SZT2 result in a neurodevelopmental disorder with
shared features, including early-onset epilepsy, developmental delay, macrocephaly, and
corpus callosum abnormalities. SZT2 is as a critical scaffolding protein in the amino acid sensing
arm of the mTOR signaling pathway. Due to its large size (3432 amino acids), lack of crystal
structure, and absence of functional domains, it is difficult to determine the pathogenicity of
SZT2 missense and in-frame deletions. We report a cohort of twelve individuals with biallelic
SZT2 variants and phenotypes consistent with SZT72-related neurodevelopmental disorder. The
majority of this cohort contained one or more $SZ72 variants of uncertain significance (VUS). We
developed a novel individualized platform to functionally characterize SZT2 VUSs. We identified
a recurrent in-frame deletion (SZT2 p.Val1984del) which was determined to be a loss-of-
function variant and therefore likely pathogenic. Haplotype analysis determined this single in-
frame deletion is a founder variant in those of Ashkenazi Jewish ancestry. Overall, we present a
FACS-based rapid assay to distinguish pathogenic variants from VUSs in SZT2, using an approach
that is widely applicable to other mTORopathies including the most common causes of the focal

genetic epilepsies, DEPDC5, TSC1/2, MTOR and NPRL2/3.
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Introduction

SZT2 (Seizure Threshold 2) encodes a large (>350 kDa) protein with ubiquitous tissue
expression and no homology to known functional domains *. The first association of SZT2 with
seizure susceptibility emerged from a mutagenesis screen in mice 1 In this study, homozygous
Szt2 knockout mutant mice seized at a lower electrical input relative to wildtype littermates in
an acute electroconvulsive model *. Years later, biallelic SZT2 pathogenic variants were
identified in a small cohort of patients with infantile-onset epilepsy and dysgenesis of the
corpus callosum 2 Since then, several small case studies report biallelic SZT2 variants in
association with a neurodevelopmental disorder (NDD) characterized primarily by early-onset
focal epilepsy, developmental delays, macrocephaly and corpus callosum abnormalities %*°.

For years the function of SZT2 remained elusive until 2017 when SZT2 was identified as
a part of the KICSTOR complex, a required component of the amino acid sensing arm of the
mTORC1 pathway *” 2. The KICSTOR complex, including SZT2, localizes to the lysosomes only in
the presence of amino acids in the extracellular environment Y In genome-edited cells lacking
endogenous expression of SZT2, mTORC1 activity no longer depended on amino acids, i.e.
mTORC1 was constitutively active *’. Moreover, cells lacking SZT2 exhibited amino acid-
insensitive localization of mTOR to the lysosomal surface, suggesting that SZT2 is a key
scaffolding protein 7 Based on these two pivotal studies, we hypothesize that biallelic 272
loss-of-function (LoF) variants produce a mTORopathy due to constitutive mTORC1 activity > 2.
The majority of the pathogenic SZT2 variants described to date are truncations, resulting

in complete SZT2 LoF (null). However, there are now also many cases of both missense variants
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84  and in-frame deletions that are more difficult to classify, driven primarily by our inability to
85 determine the effect of single amino acid alterations on SZT2 function. We focus primarily on
86 these variants of uncertain significance (VUS) and devise a functional assay to identify LoF $ZT2
87 alleles. Moreover, we use this approach to demonstrate that a recurrent single amino acid
88 deletion is both likely pathogenic and a founder variant in those of Jewish ancestry.
89
90 Subjects and Methods
91  Study participants
92 Individuals with candidate causative SZT2 variants were identified by clinical exome
93  sequencing (n=11) or gene panel (n=1). The individuals at Northwestern Memorial Hospital and
94  Lurie Children’s Hospital were consented to research under an IRB approved study. We
95 obtained de-identified genetic and clinical data from external colleagues for cases identified
96 through Genematcher *°. These individuals were consented for research under IRB approved
97  studies at their local institutions. SZT2 variant classification was performed according to the
98  American College of Medical Genetics (ACMG) criteria *°.
99
100  Haplotype analysis in individuals with the recurrent p.Val1984del variant
101 Exome sequencing data from probands and parents with the SZT72 p.Val1984del variant
102  were obtained. Variant call files (vcfs) were generated with standard GATK best practices.
103  Briefly, sequencing reads were aligned to the human genome (hg38) with BWA-MEM followed
104 by calling and genotyping alleles with GATK HaplotypeCaller and GATK GenotypeGVCFs. Then,

105 GATK SelectVariants was used to subset a vcf file containing variants within 20 Mb of 272
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106  p.Vall1984del in the individual homozygous due to uniparental disomy (UPD) of all of

107 chromosome 1 (proband 3). SNVs and indels in this region were filtered by minor allele

108 frequencies in gnomAD (see Web Resources) to generate a list of candidate variants for

109 haplotype analysis. Segregation of alleles in independent trios was used to define haplotype
110  boundaries.

111

112  Generation of gene-edited cell lines

113 pSpCas9(BB)-2A-Puro (PX459) V2.0 was a gift from Feng Zhang (Addgene plasmid #
114  62988; http://n2t.net/addgene:62988 ; RRID:Addgene_62988). gRNAs targeting SZT2 exons
115  (Table S1) were cloned into PX459 as previously described **. HEK 293T (ATCC® CRL-3216™)
116  cells were seeded into 24-well plates and transfected with pX459 plasmid with cloned gRNAs
117  (500-1000 ng) and ssODN repair oligo (1-2 uL of 10 uM stock) with lipofectamine 3000

118 (Invitrogen# L3000001) according to manufacturer’s instructions. Cells were treated with

119  puromycin (2.5 ug/mL) for 48 hours beginning the day after transfection. Cells were replica
120 plated for cryopreservation and genomic DNA isolation with PureLink™ Genomic DNA Mini Kit
121 (Invitrogen K182002) according to manufacturer’s instructions. gRNA targeting of SZT2 exon
122 was confirmed by T7 endonuclease | (NEB# M0302) according to manufacturer’s instructions.
123  Homology-directed repair was confirmed by amplicon sequencing. Individual clones were

124  collected by limited dilution cloning in 96 well plates followed by similar replica plating as

125  described above. Genomic DNA from each clone was screened by Sanger sequencing as well as

126  amplicon sequencing to confirm genotype as either (1) homozygous for the homology-directed


https://doi.org/10.1101/2021.01.06.425612

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.06.425612; this version posted January 7, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

127  repair (HDR) allele or (2) compound heterozygous for the HDR allele and an out-of-frame indel
128 predicted to lead to SZ72 LoF. All primer sequences provided in Table S1.

129

130 Amplicon sequencing

131 Amplicons with lllumina adaptors were generated by two rounds of PCR including the
132  introduction of unique barcodes and standard lllumina primers. Amplicons were sequenced to a
133  depth of at least 1,000X on an Illumina Miniseq according to manufacturer’s recommendation.
134  Alleles were analyzed with CRISPResso02 using the web interface or command line workflow 2,
135

136  Immunoblot analysis of mTORC1 activity

137 Amino acid starvation was performed as previously described *’. Briefly, cells plated in
138  poly-L-lysine coated plates were rinsed in Dulbecco's phosphate-buffered saline (DPBS) (Gibco#
139  14190250) twice before the addition of amino acid-free Dulbecco's minimal essential media
140 (DMEM) containing 10% dialyzed FBS. For the amino acid starved condition, cells were starved
141  of amino acids for 60 min at 37 °C. For cells treated with amino acids, cells were starved of
142  amino acids for 50 min at 37 °C followed by incubation with amino acid containing DMEM for
143 10 min at 37 °C. Cells were briefly rinsed with ice-cold DPBS twice. Cells were scraped in ice-
144  cold DPBS and pelleted at 300 xg for 5 min. The cells were lysed in RIPA Lysis and Extraction
145  Buffer (Thermo Scientific 89900) supplemented with EDTA-free protease inhibitors (Roche

146  Complete Pl EDTA-free; Sigma 11836170001) and PhosSTOP™ phosphatase inhibitors (Sigma
147  4906845001) for 30 min at 4 °C. Insoluble material was removed by pelleting at 12,000 xg for

148 20 min. Protein concentration was determined by BCA assay (Pierce™ BCA Protein Assay Kit;
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149  Cat# 23225) and equal amounts (10-50 ug) of protein were loaded for SDS-PAGE (4-12%

150 gradient gel). Proteins were transferred to PVDF membrane and blocked for 60 min at room
151  temperature (RT) with 5% bovine serum albumin (BSA) in PBS-T (PBS + 0.05% Tween20).

152  Primary antibodies (Table S2) were incubated overnight at 4 °C in blocking buffer. Membranes
153  were washed 3x 5 min in PBS-T prior to incubation with secondary antibodies (Table S2) for 60
154  min at RT. After washing 4x 5 min in PBS-T, membranes were incubated in Amersham ECL Prime
155  (GE Healthcare) according to manufacturer’s instructions. Membranes were imaged on a Licor
156  Odyssey Fc for 30 sec to 60 min.

157

158  FACS analysis of mTORCI activity

159 Amino acid starvation was performed as described above. After starvation, cells were
160  washed twice with DPBS supplemented with 1% v/v Phosphatase Inhibitor Cocktail 3 (Sigma;
161  P0O044). Cell were trypsinized using trypLE (Gibco) supplemented with 1% v/v Phosphatase
162 Inhibitor Cocktail 3. Cells were pelleted (300 x g for 5 min at RT) and resuspended in BD

163  Fixation/Permeabilization solution (BD Biosciences 554714). After incubation on ice for 20 min,
164  cells were pelleted and washed twice with BD Permeabilization/Wash buffer. Phosphorylated
165  S6 (p-S6) was labeled with Alexa488 conjugated antibody (Table S2) for 30 min on ice followed
166 by two washes with BD Permeabilization/Wash buffer. Cells were flow sorted on the BD

167 FACSMelody 3-laser cell sorter. At least 200,000 cells were collected for cells with dim

168  Alexa488-signal (P-56°") and those with bright Alexa488-signal (P-S6"°"). Genomic DNA was
169  prepared by manufacturer’s recommendation using PureLink™ Genomic DNA Mini Kit

170  (Invitrogen K182002) with slight modification to include a 40 min incubation at 90 °C to reverse
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171  crosslinks. Amplicon sequencing and Sanger sequencing were performed on unsorted and
172  sorted cells to determine the constitutive mTORC1 activity score (CMAS). CMAS is calculated for

HIGH 7 94 alleles

173  each allele present in the amplicon sequencing dataset. CMAS = % alleles in P-S6
174  in unsorted cells. CMAS represents an enrichment score to determine whether cells with high

175 mTORC1 activity are enriched for proband-derived SZT2 missense alleles (HDR-mediated). Allele

176  percentage derived from amplicon sequencing and used to calculate CMAS are reported in

177 Table S3.
178
179 Results

180  Genetic characterization of individuals with bi-allelic SZT2 variants

181 We describe 12 individuals with bi-allelic SZT2 variants and of these 24 alleles,

182  truncating variants were identified in a quarter (6/24) of the cohort (Figure S1; Table 1). This
183  included one individual (Individual 2) who had bi-allelic SZT2 truncating variants®, and five

184  individuals carrying a truncating variant on one allele and a single amino acid change on the

185 other (Individuals 1, 5, 6, 7, 8). Most individuals carried at least one SZT72 VUS, and these

186  variants accounted for the majority of the variants present in the cohort (missense: 12/24, 50%;
187  in-frame del: 5/24, 21%). One variant (p.Val1984del) was identified in multiple individuals in our
188  cohort and has been previously reported in a single individual 1

189

190 Effect of patient-specific SZT2 variants on mTORC1 activity

191 We designed a functional assay to measure the effect of these SZ72 VUSs. We utilized

192  CRISPR/Cas9 to edit HEK293T cells at the endogenous SZT2 locus and then quantified mTORC1
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193  signaling in cells starved or starved and subsequently treated with amino acids (Figure 1A).
194  Notably HEK293T are diploid for chromosome 1 on which SZT2 is located. First, we created a
195  HEK293T SZ72 null cell line (SZ72"%/“°) and recapitulated the constitutive mTORC1 activity and
196  insensitivity to the presence of amino acids previously observed in SZT2 null cell lines 7 8

197  (Figure S2).

198 We examined one previously published likely pathogenic SZT2 variant (c.1496G>T) and
199 the recurrent p.Val1984del VUS identified in three patients in our cohort (Probands 1,3,4) along

21 ¢ 1496G is the last nucleotide of exon 10 and

200  with one individual described previously
201  ¢.1496G>T yields two possible transcripts: (1) exon skipping resulting in SZT2 p.Gly412Alafsx86
202  or(2) missense variant SZT2 p.Ser499lle. RT-PCR from patient fibroblasts suggested exon 10
203  skipping, though it was unclear whether any of the predicted missense allele p.Ser499lle

204  transcript was generated, and if so, whether this missense VUS impacted SZT2 function’. We

c1496>T/K0) and by analysis of RNA

205 generated a compound heterozygous SZT2 cell line (HEK.SZT2
206  transcripts determined that exon 10 is skipped, producing a truncated protein

207  (p.Gly412Alafs*86) (Figure S3). Furthermore, HEK.SZT254%%>T/X0 cais displayed constitutive
208 mTORC1 activity (Figure 1C and Figure S4). We generated homozygous SZ72 p.Val1984del HEK
209  cells (HEK.SZT2P ValoBadel /p.vallssidel) oy 4 qotermined that this VUS also resulted in constitutively
210  active mTORCL1 (Figure 1B-C). Collectively, these results demonstrate that complete SZT2 LoF
211  and both the previously published ¢.1496G>T and the recurrent p.Val1984del lead to

212 constitutive mTORCL1 signaling also suggesting SZT2 LoF.

213

214
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215 A medium-throughput assay for functional characterization of SZT2 VUS

216 The time-consuming process of limited dilution cloning and identification of clones with
217  desired genotypes led us to investigate methods to increase throughput of our approach. Based
218 on high rates of indel formation (60+%) due to nonhomologous end-joining (NHEJ) as well as
219  high HDR efficiency (up to 30%) in HEK293T, we considered the possibility of performing

220 functional testing directly after gene editing. Though immunoblot analysis from a pool of cells
221  with different SZT2 alleles would be challenging to interpret, we hypothesized that

222  immunolabeling for phospho-S6 (P-S6) followed by flow cytometry would be a viable

223 alternative. Amino acid starved SZT2 null cells were shown to have both elevated P-S6K and P-
224 S6 levels due to constitutive mTORC1 activity *2. The conceptual framework is as follows: if a
225  variant is LoF variant, then cells homozygous for that variant or compound heterozygous for the
226  variant and a truncating variant induced by NHEJ would lack any functional SZT2 and therefore
227  exhibit constitutive mTORC1 activation. Alternatively, if a variant did not cause SZT2 LoF, cells
228  with one or two copies would express sufficient levels of functional SZT2 for physiological

229  regulation of mMTORC1 by amino acid deprivation (Figure 2A). Visually, a single right-shifted peak
230  (P-S6™°") would be indicative of a LoF variant, while observation of two peaks (i.e. P-56"'°" and
231 P-56'"°") would indicate the variant did not cause LoF. Subsequent genotyping of unsorted cells
232 as well as the sorted pools of high and low phosphorylated-S6 (i.e. P-56"'°" and P-56°%)

233  allowed us to determine the CMAS for each allele.

234 As a proof-of-principle, we first performed phospho-S6 FACS sorting on amino acid

235  starved wildtype HEK and HEK SZT2/*° cells. Wildtype HEK cells exhibited a single left-shifted

236 peak (P-56'°"), while the 52729/ cells exhibited a single right-shifted peak (P-S6™'"),
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237  indicating constitutive mTORC1 activity (Figure S5). We then used the assay to investigate a

238 number of the SZT2 VUSs present in the cohort: p.Val1984del, p.Glul447Ala, p.Arg1948GIn, and
239  p.Arg2589Trp (Figure 2B). As an additional negative control, we assayed a common variant in
240 the general population, SZT2 p.Pro446Ser (MAF=0.3 in gnomAD), and present in a homozygous
241  state in multiple individuals (n=15,475). All LoF alleles had high CMAS scores (mean CMAS=1.41
242  £0.2; n=13) consistent with constitutively active mTORC1, while CMAS for SZT2 p.Pro446Ser
243 was low (0.26 £ 0.07; n=2), consistent with the protein retaining physiological scaffolding

244  function and amino acid sensitive mTORC1 (Figure 2C and S6). As with the western blot analysis
245  above, p.Val1984del was significantly enriched in the P-56™°" (mean CMAS = 0.91 + 0.06; n=3)
246  pool, indicative of constitutive mTORC1 activity. Conversely, p.Glu1447Ala (mean CMAS = 0.38
247  £0.08), p.Arg1948GIn (mean CMAS =0.17 = 0.03; n=2), and p.Arg2589Trp (mean CMAS = 0.48 +

248  0.15) were not enriched in the p-s6™eH

pool, (Figure 2 B-C) and CMAS were not significantly
249  different to p.Pro446Ser, but rather were consistent with the CMAS of the benign variant,
250  suggesting these variants do not cause SZT2 LoF.

251

252  Haplotype analysis of recurrent SZT2 in-frame deletion p.Val1984del

253 Based on our observation of p.Val1984del in multiple individuals, we hypothesized this
254  variant may be derived from a common ancestor. In support of this observation, SZT2

255  p.Val1984del is observed at low allele frequency in two populations in gnomAD, specifically in

256  non-Finnish Europeans (MAF=0.00005420) and Ashkenazi Jewish (MAF=0.0008679), though no

257  homozygous individuals are reported. Using exome sequencing data we identified a shared
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258  haplotype spanning ~4 Mb including the 5272 p.Val1984del in all three individuals in our cohort
259  (Figure 3), suggesting this variant is a founder variant in those of Jewish ancestry.

260

261  Clinical characterization of individuals with bi-allelic SZT2 variants

262 The functional assays allowed us to tentatively reclassify 8/16 (50%) VUS in our cohort
263  of 12 individuals. We acknowledge that reclassification of variants based on functional data is
264  relevant in a clinical setting when classification is based on a ‘well-established assay’, which our
265  approach has not yet achieved *°, However, for simplicity sake in this research study we

266  reclassified VUS with CMAS similar to p.Pro446Ser (GnomAD MAF=0.3, numerous

267  homozygotes) as likely benign (LB) and VUS with CMAS consistent with SZT2 LoF as likely

268  pathogenic (LP). We then grouped these individuals into four groups (P or LP/P or LP, P or

269  LP/VUS, VUS/VUS, LB/LB) and assessed the prevalence of the most common clinical features
270  associated with pathogenic SZT2 variants i.e. early-onset epilepsy, developmental delays,
271  intractable focal seizures, macrocephaly and corpus callosum abnormalities (Table 1 and 2) *°.
272  Individual 2 with bi-allelic SZT2 truncating variants did not require reclassification but was

273  included in the cohort as a representative of the P/P group for the purpose of phenotypic

274  comparison. While sub-grouping the cohort in this manner meant we were unable to perform
275  statistical analysis due to small group sizes, we could make a number of observations. The

276  median seizure onset was 24 months and relatively consistent, with the exception of the LB/LB
277  group where seizure onset was much later (median 13 years) and a number of the core features

278  of SZT2-associated epilepsy were present in only one of the two individuals with these variants.

279  Conversely, most individuals with either PLP/PLP or PLP/VUS did present with focal seizures,
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280 developmental delay and macrocephaly. Notably, where this information was available, the
281  majority of individuals achieved seizure control, most with anti-seizure medications, but some
282  were self-limiting (Table S4). Moreover, very few individuals, except individuals 9 and 11, had
283  corpus callosum abnormalities (Table S5 and Figure S6).

284

285  Discussion

286 The identification of VUS is one of the most challenging bottlenecks in clinical genetic
287  diagnostics of the modern era. We developed a novel individualized platform that allowed us to
288  recategorize 8/16 (50%) of SZT2 VUS. Of note, we identify a recurrent in-frame deletion

289  (p.Val1984del) in four individuals, including two in a homozygous state (one instance of

290 chromosome 1 UPD), and one heterozygous in trans with a truncating variant. Two of the

291 individuals (1 and 3) were identified at Lurie Children’s hospital over two years. We determined
292  that this variant is a founder variant in individuals with Jewish ancestry. A carrier frequency of
293  1:576is estimated based on gnomAD data, but may differ on local ancestry, and inclusion of
294  this variant in genetic testing panels for those with Jewish ancestry requires further

295  investigation.

296 Based on the necessity for a functional assay to reclassify SZT2 VUSs, we developed a
297  strategy to functionally characterize SZT2 VUSs by knock-in of SZT2 variants into HEK 293T cells.
298 The molecular function of SZT2 as a critical regulatory scaffolding protein in the amino acid

299  sensing arm of the mTOR signaling pathway had previously been elucidated in HEK 2937 '/ 2,

300 Advantages of using HEK 293T cells are the high transfection and gene editing efficiencies, both

301 for knockout (NHEJ) and knock-in (HDR) strategies. We successfully developed this strategy as a
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302 medium-throughput assay that revealed a recurrent inframe deletion SZT72 p.Val1984del to be a
303  LoF variant (Figure 2B-C and Figure 3B-C). Using this FACS-based assay we also functionally

304 characterized an additional set of 3 SZT2 VUSs (p.Glu1447Ala, p.Arg1948GIn, and p.Arg2589Trp)
305 as unlikely to be LoF as these variants retained amino-acid sensitive mTORC1 activity as

306 observed for a common population variant (p.Pro446Ser) and suggest these variants are likely
307  benign. However, while our approach can robustly detect complete LoF alleles, it may not

308 detect more subtle effects on protein function, including partial LoF. Moreover, we know that
309 the clinical features of individuals with pathogenic SZT2 variants are neuronally restricted, even
310 though SZT2 is ubiquitously expressed, thus perturbation of the mTOR pathway is more likely to
311  have a detrimental impact during neuronal development and/or function. For instance, it has
312  recently been shown that mTOR regulation is essential for outer radial glia migration during
313 human neuronal development »*. In the future, development of high-throughput functional

314  assays in cells of a neuronal lineage, for instance, immortalized ReNcells, may improve on the
315 discriminatory power of the novel assay we present here.

316 Nakamura Y et al. recently examined mTORC1 activity in lymphoblastoid cell lines (LCLs)
317  from affected individuals®*. They report elevated mTORC1 activity in cell lines derived from

318 individuals with biallelic SZT2 variants relative to cell lines generated from healthy individuals.
319 There are a few important caveats to their study. First, the developed assay requires generating
320 LCLs from individuals, which is not always possible and decreases throughput. Further, both cell
321 lines generated from individuals with biallelic SZT2 LoF variants show significant response to
322  amino acid treatment after starvation. One of the key findings from the initial studies, and our

323  studies here in HEK293T cells, was that SZT72 gene knockout rendered cells completely


https://doi.org/10.1101/2021.01.06.425612

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.06.425612; this version posted January 7, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

324  insensitive to amino acids *” &

. Although difficult to explain, the finding could be a technical
325  issue with the LCL model.

326 Similar to previously published biallelic SZT2 cases, most individuals carrying either P/LP
327  or VUS presented with pediatric-onset epilepsy and expressed common features including focal
328  seizures, developmental delay and macrocephaly. However, none of the individuals in these
329  groups had corpus callosum abnormalities, including those with P/LP variants, suggesting that
330 thisis not a cardinal feature of SZT2-associated epilepsy. Moreover, a genotype-phenotype

331  correlation has been suggested; individuals bearing truncating mutations may be more likely to
332 have intractable seizures than individuals with missense variants 2. In this cohort, we observed
333  more variability, with individual 2 (bi-allelic truncations) having seizure onset at two months
334  with intractable seizures, while the other individual with intractable seizures (with seizure onset
335 at two days of life) carried a multi-exon in-frame deletion and a VUS (Table S4, S5). Moreover,
336 theindividuals with homozygous p.Val1984del (individuals 3, 4) had divergent presentations,
337  with individual 3 presenting with DEE and intractable seizures while individual 4 had a

338 suspected neonatal seizures that resolved without medication. Despite these differing seizure
339  patterns, both individuals have developmental delays and cognitive impairment. Finally, one
340 individual had adult-onset epilepsy with seizures eventually being well-controlled on anti-

341 convulsant medication. This individual had dysgenesis of the corpus callosum (Figure S6) and
342  was found to have inherited SZT2 missense VUS from each parent. This case is rather intriguing,
343  as it potentially suggests the phenotypic spectrum for biallelic SZT2 variants is significantly

344  broader than previously thought. However, testing of these variants utilizing our assay suggests

345  they do not cause SZT2 LoF, although we cannot rule out the possibility of partial LoF variants,
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346 as described above, which could account for the milder phenotypic presentation. Collectively,
347  these results suggest a straightforward genotype-phenotype relationship is unlikely and further
348  studies are needed to characterize the phenotypic spectrum and the impact of genetic variation
349  on protein function.

350 In summary, here we demonstrate the utility of an individualized platform to

351  recharacterize SZ72 VUS. Importantly, this included a p.Val1984del variant that has a carrier
352 allele frequency of at least 1:576 in those of Jewish ancestry and is a founder variant in this

353  population. While additional modifications are still required to increase throughput, perhaps

354  using saturation mutagenesis or multiplex assays of variant effect (MAVE) * *°

, our approach
355  can be applied to characterize VUS in other mTORopathies, including TSC1, TSC2, DEPDCS5,
356  NPRL2 and NPRL3, which are the most common causes of focal epilepsies. As the

357 mTORopathies are the targets of multiple new clinical trials for mTORC inhibitors, resolution of
358  VUSs could qualify more individuals with intractable epilepsies for inclusion in these studies *’.
359

360 Supplemental Data

361 Supplemental data includes seven figures and five tables.
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476  Figure Legends

477

478  Figure 1 Development of gene editing approach for functional characterization of SZT2 VUSs.
479  (A) Individual cell clones either homozygous or heterozygous (+ LoF on other allele) for an

480 individual SZT2 variant were generated by gene editing followed by limiting dilution cloning.
481 Immunoblot for amino acid sensitive mTORC1 activity by P-S6K levels was used to determine
482  whether individual variants caused SZT2 loss of function. Homology-directed repair rate of cells
483  generated by transfection of px459 encoding targeting gRNAs was analyzed using amplicon
484  sequencing and varied between 12-25%. (B) Immunoblot of mTORC1 activity in control HEK
485  cells and homozygous HEK SZT2P Val1o8adel/pailssadel (|00 () Densitometric quantification of (B).
486 At least 3 individual replicates were performed. * = p < 0.05 (T-test).

487

488  Figure 2

489 Development of medium throughput assay for functional characterization of SZ72 VUSs. (A)
490 HEK cells were co-transfected with px459 encoding targeting gRNAs and repair

491 oligonucleotides, followed by puromycin selection. Cells were starved of amino acids and then
492 fixed for immunolabeling of phosphorylated S6 and FACS sorting. gDNA was isolated from

493  unsorted and sorted cells followed by amplicon sequencing to confirm CRISPR/Cas9 targeting
494  and to calculate CMAS. (B) Representative FACS plots. Dashed line represents the boundary for
495  sorting P-S6™"°" and P-56'°" cell populations. (C) CMAS scores derived from amplicon

496 sequencing of sorted and unsorted cells. For all but p.Arg1948GIn (n=2) and p.Pro466Ser (n=2),
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497  at least 3 individual replicates were performed. * = p < 0.05 (One-way ANOVA with Tukey’s

498  posthoc test).

499

500 Figure3

501 Shared haplotype suggests SZT2 p.Val1984del is a founder variant in those of Ashkenazi

502 Jewish ancestry. Using exome sequencing data from three study trios in combination with

503 allelic frequencies in the gnomAD population database, all individuals carry the same rare (MAF
504 ranging from 0.00007-0.2) variants spanning a 4Mb interval. Ref| Alt alleles for SNVs (1 & 5

505 flanking; 2-4 in haplotype block): (1) rs12406524=G|A; (2) rs142849148=G|C; (3)

506 rs1126742=A|G; (4) rs13376679=T|C; (5) rs75538709=G | A.

507
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Table 1 Genetic details of biallelic $ZT2 variants

Individu 1 2 8 4 5 6 7 8 9 10 11 12
al
Testing Exome Exome Exome Exome Exome Exome Exome Panel Exome Exome Exome Exome
Inherita Cmp Het Cmp Het Hmz Hmz Cmp Het Cmp Het Cmp Het Cmp Hmz Cmp Het Cmp Hmz®
nce Het® Het
Maternally inherited allele
Variant €.9407_9408 €.9703C>T None” c.5949 5951 | c.2384_5680 c.841delC c.1173 11 €.1091- C.7448C | c.7346G | ¢.5843G | c.7765C
(NM dupTG p.Arg3235* UPD of all delTGT del p.GIn281S 74del 1G>A® >T >A >A >T
015284, p.Val3137Tr of p.Vall984de | p.His795 His erfs*32 p.Lys393G p.Ser24 p.Arg24 p.Argl9 p.Arg25
NP_056 pfs*48 chromosome | 1893del lyfs*47 83Leu 49GIn 48GIn 89Trp
099) 1 (exon16-40
deletion)
GnomA 4.16e-6 5.63e-6 Unk 6.36e-5 Unk 4.37e-6 NP NP 7.95e-6 3.99e-5 7.96e-6 1.59e-5
D MAF
CADD 50 50 N/A N/A 50 50 50 50 18.74 15.37 16.93 19.83
Polyphe N/A N/A N/A N/A N/A N/A N/A N/A 1 0.897 0.976 1
n
ACMG P P N/A VUS P P P P VvUS VUS VUS VvUS
Classific
ation
Reclassi P (NT) P (NT) N/A LP P (NT) P (NT) P (NT) P VUS VUS LB LB
fied * (NT) (NT)
Paternally inherited allele
Variant €.5949 5951 | ¢.3509_3512 | ¢.5949 5951 | c.5949 5951 c.1678G>T, c.6553C>T | c.4040G> C.7588A | ¢.7448C | ¢.3757C | c.4340A | c.7765C
delTGT delCAGA delTGT delTGT p.Ala560Ser p.Arg2185 A >C >T >T >C >T
p.Val1984de | p.Thrll70Arg | p.Vall984de | p.Vall1984de Trp p.Arg1347 p.lle253 p.Ser24 p.Argl2 p.Glul4 p.Arg25
| fs*22 | | His oOLeu® 83Leu 53Cys 47Ala 89Trp
GnomA 6.36e-5 NP 6.36e-5 6.36e-5 NP 2.39e-5 1.13e-4 6.36e-5 NP 6.36e-5 6.36e-5 NP
D MAF
CADD N/A 50 N/A N/A 15.9 16.55 16.7 8.82 18.74 16.72 17.62 19.83
Polyphe N/A N/A N/A N/A 0.007 1 0.004 0 1 1 1 1
n
ACMG VUS P VvUS VvUS VUS VUS VUS VUS VUS VUS VUS VUS
Classific
ation
Reclassi LP P (NT) LP LP VUS (NT) VUS (NT) VUS (NT) VUS VvUS VUS LB LB
fied * (NT) (NT)

Footnotes: *Variant reclassification after functional testing. Abbreviations used include Cmp het: compound heterozygous, Hmz: homozygous, P: Pathogenic, LP:
Likely pathogenic, VUS: variant of uncertain significance, LB: likely benign, MAF: minor allele frequency, CADD: Combined Annotation Dependent Depletion,
ACMG: American College of Medical Genetics, NP, not present; VUS: variant of uncertain significance, LB: likely benign, NT: not tested,.Unk: unknown, NP: not
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present. *Uniparental disomy (UPD) of all of chromosome 1. *Regions of homozygosity detected suggesting consanguinity. $Samples from both parents were not
available to confirm inheritance, the maternally and paternally inherited variants are randomly assigned in the table for clarity only.

Table 2 Summary of clinical features stratified by ACMG criteria and functional classification

Category P or LP/ P or LP/VUS VUS/VUS LB/LB Cohort
PorlLP

Affected individuals 1-4 (n=4) 5-8 (n=4) 9,10 (n=2) 11,12 (n=2) n=12

Median seizure onset | 30m 9m 18m 13y 24m

(range) (2m-4y) (2DOL-2y) (3DOL-3y) (6y10m-20y) (2DOL-20y)

Focal seizure 3/4 (75%) 2/4% (50%) 0/2 (0%) 1/2 (50%) 6/12 (50%)

Seizures intractable 2/4 (50%) 1/3 (33%) 0/2 (0%) 1/2* (50%) 4/11 (36%)

Developmental delays

414 (100%)

414 (100%)

2/2 (100%)

1/2 (50%)

11/12 (92%)

Macrocephaly

314" (75%)

2/4” (50%)

1/2 (50%)

1/2 (50%)

7/12 (58%)

Corpus callosum
abnormalities

0/4 (0%)

1/4 (25%)

1/2 (50%)

1/2 (50%)

3/12 (25%)

A Individual 4 had microcephaly € individual 7 had no report of seizures and ™ microcephaly *individual 12 achieved only partial seizure control

Abbreviations: DOL, day of life; m, months; y, years
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