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Supplementary Information 
 

Clinical Notes 
 
Likely Pathogenic Variants in F01-F20 
 
All of the variants were prioritized using published approaches (Brandler et al., 2018; Brandler et 
al., 2016; Iossifov et al., 2014), AMCG guidelines (Kleinberger et al., 2016; Richards et al., 
2015), and previously published literature where possible. All dSNVs fulfilled ACMG-
classification of pathogenic or likely pathogenic. All dSV would be classified as being of 
unknown significance – likely pathogenic (Kearney et al., 2011). 
 
F01: CACNG2, 22q12.3 Del 
Has been previously reported in intellectual disability (Hamdan et al., 2011); many members of 
the calcium channel family have been implicated in ASD; high likelihood of impact; reported by 
us previously (Brandler et al., 2016). 
 
F02: GIGYF1, stop-gain 
Listed as score 3 gene in SFARI GENE (suggestive evidence). 
 
F03: GTF2I, stop-gain 
Listed as score 4 gene in SFARI GENE (minimal evidence). 
 
F04: SLC35A2, start-loss 
SLC35A3 has been implicated in ASD; note that we were unable to design a ddPCR assay for 
this variant and did not include it in our analyses. 
 
F05: TSC2, missense/splice site mutation 
Involved in various disorders; listed as score 3S in SFARI GENE (suggestive evidence, 
syndromic). 
 
F06: 1p36.32 Dup 
Large effect size duplication; complex rearrangement of this locus was connected to 
developmental phenotypes with variable expressivity (Tonk et al., 2005). 
 
F07: SON, stop-gain 
Strongly implicated in the autosomal dominant ZTTK syndrome (Zhu et al., 2015), for which 
intellectual disability has been described. 
 
F08: DCHS1, missense 
Homozygous mutations cause Van Maldergem syndrome 1 which includes autistic features 
(Cappello et al., 2013); heterozygous variants have been described in autistic females (Butler et 
al., 2015). 
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F09: GRIN2A, splice site mutation 
Multiple reports of this specific mutation in a range of neurodevelopmental disorders (Carvill et 
al., 2013; Lemke et al., 2013); listed as score 4 in SFARI GENE (minimal evidence). 
 
F10: BCL11A, missense 
Heterozygous mutations have been reported in Dias-Logan Syndrome (Dias et al., 2016), for 
which intellectual disability has been described; listed as score 2S in SFARI GENE (strong 
candidate, syndromic). 
 
F11: SCN1A, missense 
Implicated in various epileptic disorders with intellectual disabilities (Mulley et al., 2005); listed 
as score 3S in SFARI GENE (suggestive evidence, syndromic). 
 
F12: PAK1, missense 
Novel candidate; expression in the developing brain; mutations in the gene of its binding partner 
PAK3 cause intellectual disability, some of these variants impair the interaction between the two 
proteins. 
 
F13: NR2F1, missense 
Implicated in Bosch-Boonstra-Schaaf optic atrophy syndrome (Bosch et al., 2014), for which 
intellectual disability is reported; patient has ocular findings that are consistent with this 
syndrome; listed as score 4S in SFARI GENE (minimal evidence, syndromic). 
 
F14: CTCF, stop-gain 
Implicated in intellectual disability (Gregor et al., 2013); listed as score 3 in SFARI GENE 
(suggestive evidence). 
 
F15: DYRK1A, stop-gain 
Implicated in intellectual disability (van Bon et al., 2011); listed as score 1S in SFARI GENE 
(high confidence, syndromic). 
 
F16: SCN2A, missense 
Implicated in epileptic disorders with intellectual disabilities (Berkovic et al., 2004); listed as 
score 1 in SFARI GENE (high confidence). 
 
F17: DIP2C, frameshift 
Listed as score 2 in SFARI GENE (strong candidate). 
 
F18: 7q11.23 Dup and 16p13.11 Del 
The chromosome 7 duplication is in the Williams syndrome locus (MIM194050); likely to confer 
risk; the chromosome 16 deletion is in a risk region that contains NDE1 (Alkuraya et al., 2011) 
and 16p13.11 microdeletion is a cause of syndromic developmental delay (Bartsch et al., 2006). 
 
F19: 15q13.1-q13.3 Del 
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Deletions of this locus have been implicated in intellectual disability with variable expressivity 
(Sharp et al., 2008). 
 
F20: 10q21.3-q22.1 Dup 
Duplications of an overlapping region have been implicated in cases with several syndromic 
features and intellectual disability (Aalfs et al., 1995; Alesi et al., 2017). 
 

Supplementary Table 1. ACMG Classification of Variants. 

 

GENE EFFECT EVIDENCE 

GIGYF1 Likely pathogenic (II) PS2, PM2, PP3, PM4 

GTF2I Likely pathogenic (II) PS2, PM4, PM2, PP3 

TSC2 Likely pathogenic (II) PS2, PM4, PP3, PM2 

SON Likely pathogenic (II) PS2, PM2, PM4, PP3 

DCHS1 Likely pathogenic (II) PS2, PM2, PP3 

GRIN2A Pathogenic (Ia) PS1, PS2, PS3, PM2, PM4, PVS1 

BCL11A Likely pathogenic (II) PS2, PM2, PP2 

SCN1A Likely pathogenic (II) PS2, PM2, PP3 

PAK1 Likely pathogenic (II) PS2, PM2, PP3 

NR2F1 Likely pathogenic (II) PS2, PM2, PP3 

CTCF Likely pathogenic (II) PS2, PM2, PM4, PP3 

DYRK1A Pathogenic (Ia) PVS1, PS2, PM2, PM4, PP3 

SCN2A Likely pathogenic (II) PS2, PM2, PP3 

DIP2C Likely pathogenic (II) PS2, PM2, PM4, PP3 

 
ACMG-classification of the 14 dSNVs (Kleinberger et al., 2016; Richards et al., 2015). 
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Supplementary Table 2. F09 Clinical Information. 

 

Patient F01:II-1 F01:II-1 F01:II-1 
Sex Male Female Male 

Age at last examination 28 years 24 years 19 years 
Age at seizure onset 12 years 5 years 5 years 

Seizure Type    
Tonic-clonic Y Y Y 

Complex partial N Y Y 
Partial with secondary 

generalizations 
N Y Y 

Status epilepticus N Y N 
Major seizure type Tonic-clonic Partial with secondary 

generalizations 
Tonic-clonic 

Lifetime seizure total 2 Many Many 
Anti-epileptic medications 

(AEMs) 
Depakote Dilantin, Tegretol, 

Trileptal, Topomax, 
Lamictal 

Depakote, Lamictal, 
Keppra, Prednisone, 
Topomax 

AGE at AEM usage 12-14 years 5 years to present 6 years to present 
Age at most recent 

seizure 
12 years 16 years 13 years 

ASD symptoms (pr)/ 
clinical diagnosis 

Absent (0/7)/No Absent (0/7)/No Present (4/7)/Yes 

ADHD symptoms (pr)/ 
clinical diagnosis 

Present (7/17)/Yes Present (4/17)/No Present (6/17)/No 

 
Clinical information for the affected children in F09. pr: parental report; symptoms were 
assessed post hoc through a conversation with the parents using DSM-5 as a reference 
(American Psychiatric Association, 2013). 
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Additional Information 
 
Primer3 settings ddPCR 
 
PRIMER_TASK=pick_pcr_primers 
PRIMER_PICK_ANYWAY=1 
PRIMER_MISPRIMING_LIBRARY=HUMAN 
PRIMER_LIB_AMBIGUITY_CODES_CONSENSUS=1 
PRIMER_MAX_MISPRIMING=12.00 
PRIMER_MAX_TEMPLATE_MISPRIMING=12.00 
PRIMER_PAIR_MAX_MISPRIMING=24.00 
PRIMER_PAIR_MAX_TEMPLATE_MISPRIMING=24.00 
PRIMER_PRODUCT_MIN_TM= 
PRIMER_PRODUCT_OPT_TM= 
PRIMER_PRODUCT_MAX_TM= 
PRIMER_PRODUCT_OPT_SIZE=0 
PRIMER_PRODUCT_SIZE_RANGE=40-100 100-150 150-200 
PRIMER_GC_CLAMP=0 
PRIMER_OPT_SIZE=20 
PRIMER_MIN_SIZE=13 
PRIMER_MAX_SIZE=27 
PRIMER_OPT_TM=55 
PRIMER_MIN_TM=54 
PRIMER_MAX_TM=56 
PRIMER_MAX_DIFF_TM=100.0 
PRIMER_MIN_GC=20.0 
PRIMER_OPT_GC_PERCENT= 
PRIMER_MAX_GC=80.0 
PRIMER_SALT_CONC=50.0 
PRIMER_DIVALENT_CONC=3.8 
PRIMER_DNTP_CONC=.8 
PRIMER_SALT_CORRECTIONS=1 
PRIMER_TM_SANTALUCIA=1 
PRIMER_DNA_CONC=50.0 
PRIMER_NUM_NS_ACCEPTED=0 
PRIMER_SELF_ANY=8.00 
PRIMER_SELF_END=3.00 
PRIMER_MAX_POLY_X=5 
PRIMER_LIBERAL_BASE=1 
PRIMER_NUM_RETURN=5 
PRIMER_FIRST_BASE_INDEX=1 
PRIMER_MIN_QUALITY=0 
PRIMER_MIN_END_QUALITY=0 
PRIMER_QUALITY_RANGE_MIN=0 
PRIMER_QUALITY_RANGE_MAX=100 
PRIMER_INSIDE_PENALTY= 
PRIMER_OUTSIDE_PENALTY=0 
PRIMER_MAX_END_STABILITY=9.0 
PRIMER_WT_TM_GT=1.0 
PRIMER_WT_TM_LT=1.0 
PRIMER_WT_SIZE_LT=1.0 
PRIMER_WT_SIZE_GT=1.0 
PRIMER_WT_GC_PERCENT_LT=0.0 
PRIMER_WT_GC_PERCENT_GT=0.0 
PRIMER_WT_COMPL_ANY=0.0 
PRIMER_WT_COMPL_END=0.0 
PRIMER_WT_NUM_NS=0.0 
PRIMER_WT_REP_SIM=0.0 
PRIMER_WT_SEQ_QUAL=0.0 
PRIMER_WT_END_QUAL=0.0 
PRIMER_WT_POS_PENALTY=0.0 
PRIMER_WT_END_STABILITY=0.0 
PRIMER_WT_TEMPLATE_MISPRIMING=0.0 
PRIMER_PAIR_WT_PR_PENALTY=1.0 
PRIMER_PAIR_WT_IO_PENALTY=0.0 
PRIMER_PAIR_WT_DIFF_TM=0.0 
PRIMER_PAIR_WT_COMPL_ANY=0.0 
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PRIMER_PAIR_WT_COMPL_END=0.0 
PRIMER_PAIR_WT_PRODUCT_TM_LT=0.0 
PRIMER_PAIR_WT_PRODUCT_TM_GT=0.0 
PRIMER_PAIR_WT_PRODUCT_SIZE_GT=0.0 
PRIMER_PAIR_WT_PRODUCT_SIZE_LT=0.0 
PRIMER_PAIR_WT_REP_SIM=0.0 
PRIMER_PAIR_WT_TEMPLATE_MISPRIMING=0.0 
PRIMER_INTERNAL_OLIGO_OPT_SIZE= 
PRIMER_INTERNAL_OLIGO_MIN_SIZE=13 
PRIMER_INTERNAL_OLIGO_MAX_SIZE=27 
PRIMER_INTERNAL_OLIGO_OPT_TM=56 
PRIMER_INTERNAL_OLIGO_MIN_TM=55 
PRIMER_INTERNAL_OLIGO_MAX_TM=57.5 
PRIMER_INTERNAL_OLIGO_MIN_GC=20.0 
PRIMER_INTERNAL_OLIGO_OPT_GC_PERCENT= 
PRIMER_INTERNAL_OLIGO_MAX_GC=80.0 
PRIMER_INTERNAL_OLIGO_SALT_CONC=50.0 
PRIMER_INTERNAL_OLIGO_DIVALENT_CONC=3.8 
PRIMER_INTERNAL_OLIGO_DNTP_CONC=0.8 
PRIMER_INTERNAL_OLIGO_DNA_CONC=50.0 
PRIMER_INTERNAL_OLIGO_SELF_ANY=12.00 
PRIMER_INTERNAL_OLIGO_MAX_POLY_X=5 
PRIMER_INTERNAL_OLIGO_SELF_END=12.00 
PRIMER_INTERNAL_OLIGO_MISHYB_LIBRARY=NONE 
PRIMER_INTERNAL_OLIGO_MAX_MISHYB=12.00 
PRIMER_INTERNAL_OLIGO_MIN_QUALITY=0 
PRIMER_INTERNAL_OLIGO_NUM_NS=0 
PRIMER_IO_WT_TM_GT=1.0 
PRIMER_IO_WT_TM_LT=1.0 
PRIMER_IO_WT_SIZE_LT=1.0 
PRIMER_IO_WT_SIZE_GT=1.0 
PRIMER_IO_WT_GC_PERCENT_LT=0.0 
PRIMER_IO_WT_GC_PERCENT_GT=0.0 
PRIMER_IO_WT_COMPL_ANY=0.0 
PRIMER_IO_WT_NUM_NS=0.0 
PRIMER_IO_WT_REP_SIM=0.0 
PRIMER_IO_WT_SEQ_QUAL=0.0 
SCRIPT_TASK=Detection 
SCRIPT_PRINT_INPUT=0 
SCRIPT_FIX_PRIMER_END=5 
SCRIPT_CONTAINS_JAVA_SCRIPT=1 
SCRIPT_SEQUENCING_LEAD=50 
SCRIPT_SEQUENCING_SPACING=500 
SCRIPT_SEQUENCING_REVERSE=1 
SCRIPT_SEQUENCING_INTERVAL=250 
SCRIPT_SEQUENCING_ACCURACY=20 
SCRIPT_DETECTION_PICK_LEFT=1 
SCRIPT_DETECTION_PICK_HYB_PROBE=1 
SCRIPT_DETECTION_PICK_RIGHT=1 
SCRIPT_DETECTION_USE_PRODUCT_SIZE=0 
SCRIPT_DETECTION_PRODUCT_MIN_SIZE=100 
SCRIPT_DETECTION_PRODUCT_OPT_SIZE=200 
SCRIPT_DETECTION_PRODUCT_MAX_SIZE=1000 
SERVER_PARAMETER_FILE=Default 
PRIMER_NAME_ACRONYM_LEFT=F 
PRIMER_NAME_ACRONYM_INTERNAL_OLIGO=IN 
PRIMER_NAME_ACRONYM_RIGHT=R 
PRIMER_NAME_ACRONYM_SPACER=_ 

 
 
  



7 
 

Supplemental Text References 
 
Aalfs, C.M., Hoovers, J.M., Nieste-Otter, M.A., Mannens, M.M., Hennekam, R.C., and Leschot, 
N.J. (1995). Further delineation of the partial proximal trisomy 10q syndrome. J Med Genet 32, 
968-971. 
Alesi, V., Orlando, V., Genovese, S., Loddo, S., Pisaneschi, E., Pompili, D., Surace, C., 
Restaldi, F., Digilio, M.C., Dallapiccola, B., et al. (2017). Interstitial 10q21.1q23.31 Duplication 
due to Meiotic Recombination of a Paternal Balanced Complex Rearrangement: Cytogenetic 
and Molecular Characterization. Cytogenet Genome Res 151, 179-185. 
Alkuraya, F.S., Cai, X., Emery, C., Mochida, G.H., Al-Dosari, M.S., Felie, J.M., Hill, R.S., Barry, 
B.J., Partlow, J.N., Gascon, G.G., et al. (2011). Human mutations in NDE1 cause extreme 
microcephaly with lissencephaly [corrected]. Am J Hum Genet 88, 536-547. 
American Psychiatric Association (2013). Diagnostic and Statistical Manual of Mental Disorders, 
5th edn (Washington, DC). 
Bartsch, O., Rasi, S., Delicado, A., Dyack, S., Neumann, L.M., Seemanova, E., Volleth, M., 
Haaf, T., and Kalscheuer, V.M. (2006). Evidence for a new contiguous gene syndrome, the 
chromosome 16p13.3 deletion syndrome alias severe Rubinstein-Taybi syndrome. Hum Genet 
120, 179-186. 
Berkovic, S.F., Heron, S.E., Giordano, L., Marini, C., Guerrini, R., Kaplan, R.E., Gambardella, 
A., Steinlein, O.K., Grinton, B.E., Dean, J.T., et al. (2004). Benign familial neonatal-infantile 
seizures: characterization of a new sodium channelopathy. Ann Neurol 55, 550-557. 
Bosch, D.G., Boonstra, F.N., Gonzaga-Jauregui, C., Xu, M., de Ligt, J., Jhangiani, S., 
Wiszniewski, W., Muzny, D.M., Yntema, H.G., Pfundt, R., et al. (2014). NR2F1 mutations cause 
optic atrophy with intellectual disability. Am J Hum Genet 94, 303-309. 
Brandler, W.M., Antaki, D., Gujral, M., Kleiber, M.L., Whitney, J., Maile, M.S., Hong, O., 
Chapman, T.R., Tan, S., Tandon, P., et al. (2018). Paternally inherited cis-regulatory structural 
variants are associated with autism. Science 360, 327-331. 
Brandler, W.M., Antaki, D., Gujral, M., Noor, A., Rosanio, G., Chapman, T.R., Barrera, D.J., Lin, 
G.N., Malhotra, D., Watts, A.C., et al. (2016). Frequency and Complexity of De Novo Structural 
Mutation in Autism. Am J Hum Genet 98, 667-679. 
Butler, M.G., Rafi, S.K., Hossain, W., Stephan, D.A., and Manzardo, A.M. (2015). Whole exome 
sequencing in females with autism implicates novel and candidate genes. Int J Mol Sci 16, 
1312-1335. 
Cappello, S., Gray, M.J., Badouel, C., Lange, S., Einsiedler, M., Srour, M., Chitayat, D., 
Hamdan, F.F., Jenkins, Z.A., Morgan, T., et al. (2013). Mutations in genes encoding the 
cadherin receptor-ligand pair DCHS1 and FAT4 disrupt cerebral cortical development. Nat 
Genet 45, 1300-1308. 
Carvill, G.L., Regan, B.M., Yendle, S.C., O'Roak, B.J., Lozovaya, N., Bruneau, N., Burnashev, 
N., Khan, A., Cook, J., Geraghty, E., et al. (2013). GRIN2A mutations cause epilepsy-aphasia 
spectrum disorders. Nat Genet 45, 1073-1076. 
Dias, C., Estruch, S.B., Graham, S.A., McRae, J., Sawiak, S.J., Hurst, J.A., Joss, S.K., Holder, 
S.E., Morton, J.E., Turner, C., et al. (2016). BCL11A Haploinsufficiency Causes an Intellectual 
Disability Syndrome and Dysregulates Transcription. Am J Hum Genet 99, 253-274. 
Gregor, A., Oti, M., Kouwenhoven, E.N., Hoyer, J., Sticht, H., Ekici, A.B., Kjaergaard, S., Rauch, 
A., Stunnenberg, H.G., Uebe, S., et al. (2013). De novo mutations in the genome organizer 
CTCF cause intellectual disability. Am J Hum Genet 93, 124-131. 
Hamdan, F.F., Gauthier, J., Araki, Y., Lin, D.T., Yoshizawa, Y., Higashi, K., Park, A.R., 
Spiegelman, D., Dobrzeniecka, S., Piton, A., et al. (2011). Excess of de novo deleterious 
mutations in genes associated with glutamatergic systems in nonsyndromic intellectual 
disability. Am J Hum Genet 88, 306-316. 



8 
 

Iossifov, I., O'Roak, B.J., Sanders, S.J., Ronemus, M., Krumm, N., Levy, D., Stessman, H.A., 
Witherspoon, K.T., Vives, L., Patterson, K.E., et al. (2014). The contribution of de novo coding 
mutations to autism spectrum disorder. Nature 515, 216-221. 
Kearney, H.M., Thorland, E.C., Brown, K.K., Quintero-Rivera, F., South, S.T., and Working 
Group of the American College of Medical Genetics Laboratory Quality Assurance, C. (2011). 
American College of Medical Genetics standards and guidelines for interpretation and reporting 
of postnatal constitutional copy number variants. Genet Med 13, 680-685. 
Kleinberger, J., Maloney, K.A., Pollin, T.I., and Jeng, L.J. (2016). An openly available online tool 
for implementing the ACMG/AMP standards and guidelines for the interpretation of sequence 
variants. Genet Med 18, 1165. 
Lemke, J.R., Lal, D., Reinthaler, E.M., Steiner, I., Nothnagel, M., Alber, M., Geider, K., Laube, 
B., Schwake, M., Finsterwalder, K., et al. (2013). Mutations in GRIN2A cause idiopathic focal 
epilepsy with rolandic spikes. Nat Genet 45, 1067-1072. 
Mulley, J.C., Scheffer, I.E., Petrou, S., Dibbens, L.M., Berkovic, S.F., and Harkin, L.A. (2005). 
SCN1A mutations and epilepsy. Hum Mutat 25, 535-542. 
Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, J., Grody, W.W., Hegde, M., 
Lyon, E., Spector, E., et al. (2015). Standards and guidelines for the interpretation of sequence 
variants: a joint consensus recommendation of the American College of Medical Genetics and 
Genomics and the Association for Molecular Pathology. Genet Med 17, 405-424. 
Sharp, A.J., Mefford, H.C., Li, K., Baker, C., Skinner, C., Stevenson, R.E., Schroer, R.J., 
Novara, F., De Gregori, M., Ciccone, R., et al. (2008). A recurrent 15q13.3 microdeletion 
syndrome associated with mental retardation and seizures. Nat Genet 40, 322-328. 
Tonk, V.S., Wilson, G.N., Yatsenko, S.A., Stankiewicz, P., Lupski, J.R., Schutt, R.C., Northup, 
J.K., and Velagaleti, G.V. (2005). Molecular cytogenetic characterization of a familial 
der(1)del(1)(p36.33)dup(1)(p36.33p36.22) with variable phenotype. Am J Med Genet A 139A, 
136-140. 
van Bon, B.W., Hoischen, A., Hehir-Kwa, J., de Brouwer, A.P., Ruivenkamp, C., Gijsbers, A.C., 
Marcelis, C.L., de Leeuw, N., Veltman, J.A., Brunner, H.G., et al. (2011). Intragenic deletion in 
DYRK1A leads to mental retardation and primary microcephaly. Clin Genet 79, 296-299. 
Zhu, X., Petrovski, S., Xie, P., Ruzzo, E.K., Lu, Y.F., McSweeney, K.M., Ben-Zeev, B., 
Nissenkorn, A., Anikster, Y., Oz-Levi, D., et al. (2015). Whole-exome sequencing in 
undiagnosed genetic diseases: interpreting 119 trios. Genet Med 17, 774-781. 
 




