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Deleterious Variation in BRSK2 Associates with
a Neurodevelopmental Disorder
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Developmental delay and intellectual disability (DD and ID) are heterogeneous phenotypes that arise in many rare monogenic disorders.
Because of this rarity, developing cohorts with enough individuals to robustly identify disease-associated genes is challenging. Social-
media platforms that facilitate data sharing among sequencing labs can help to address this challenge. Through one such tool,
GeneMatcher, we identified nine DD- and/or ID-affected probands with a rare, heterozygous variant in the gene encoding the serine/
threonine-protein kinase BRSK2. All probands have a speech delay, and most present with intellectual disability, motor delay, behavioral
issues, and autism. Six of the nine variants are predicted to result in loss of function, and computational modeling predicts that the re-
maining three missense variants are damaging to BRSK2 structure and function. All nine variants are absent from large variant databases,
and BRSK2 is, in general, relatively intolerant to protein-altering variation among humans. In all six probands for whom parents were
available, the mutations were found to have arisen de novo. Five of these de novo variants were from cohorts with at least 400 sequenced
probands; collectively, the cohorts span 3,429 probands, and the observed rate of de novo variation in these cohorts is significantly higher
than the estimated background-mutation rate (p = 2.46 x 10~°). We also find that exome sequencing provides lower coverage and ap-
pears less sensitive to rare variation in BRSK2 than does genome sequencing; this fact most likely reduces BRSK2’s visibility in many clin-
ical and research sequencing efforts. Altogether, our results implicate damaging variation in BRSK2 as a source of neurodevelopmental
disease.

Developmental delay and intellectual disability (DD and
ID), attention-deficient/hyperactivity disorder (ADHD),

tion in the general population (%ExAC v2 residual
variation intolerance score [RVIS] = 4.9462%,° pLI score

schizophrenia, language communication disorders, autism
spectrum disorders (ASDs), and motor and tic disorders lie
under a more general umbrella of neurodevelopmental dis-
orders (NDDs)."? Although these are traditionally catego-
rized into discrete disease entities, many symptoms are
not unique to a single NDD. Furthermore, many genes
have been associated with multiple NDDs,* and new ge-
netic associations continue to be discovered. This is partic-
ularly true given the recent acceleration in large-scale
sequencing and cross-site genotype-phenotype “match-
making” efforts.*”

Through a Clinical Sequencing Exploratory Research
(CSER) project focused on sequence-driven diagnoses for
probands with unexplained DD and/or ID,° we identified
variation likely to be deleterious in BRSK2 (MIM: 609236)
in four unrelated probands. BRSK2 encodes a serine/threo-
nine-protein kinase, which is involved in axonogenesis
and the polarization of cortical neurons.” BRSK2 is pre-
dicted to be relatively intolerant to protein-altering varia-

(probability that a gene is intolerant to a loss of function
mutation) = 0.78”). In each proband, the BRSK2 variant
was prioritized, after filtering and manual curation, as the
most compelling disease-candidate variant of interest (see
details by Bowling and colleagues for additional informa-
tion about the cohort and analytical methods®). Although
these observations suggest BRKS2 as a strong candidate
NDD-associated gene, we sought additional cases via
GeneMatcher® to support pathogenicity. GeneMatcher is
a database developed as part of the MatchMaker Exchange
and has been shown to facilitate rare-disease-gene
discovery.'® Information about five additional affected
probands who were found by research or diagnostic
sequencing (Table 1) and who had variants likely to be
deleterious in BRSK2 was independently submitted to
GeneMatcher. Informed consent to publish de-identified
data was obtained from all affected individuals and/or fam-
ilies (see Supplemental Material and Methods). Altogether,
the affected probands ranged in age from 3 years and
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Clinical Characteristics of Individuals with BRSK2 Variation

Table 2.

Proband

Male Male

Male

Male

Male

Male

Female

Male Male

Gender

10 years, 4 years,

6 years,

4 years

5 years, 3 years, 9 months 19 years

14 years

5 years

Age at last

11 months 7 months

10 months

7 months

examination

moderate moderate

mild

none reported

mild progressed

to severe

moderate

mild

severe

moderate

Intellectual
disability

speech and
gross motor

speech and
gross motor

speech

speech and
gross motor

speech and fine motor;

regression

speech and social

speech and
fine motor

speech, including
speech regression,

and motor

speech and
motor

Developmental

delay(s)

interaction; speech

regression

borderline

yes

yes

yes yes

yes

yes

yes

no

Autism

stereotypic

ADD and/or
ADHD,

stereotypic
(mild)

stereotypies,
pinching,

ADHD, hyperactive

temper tantrums, easily

none

ADD and/or ADHD,
stereotypic, temper

none

Behavior

as toddler, psychoses,

cries, fidgets, hits others,
prefers to play alone

reported

reported

impulsive

tantrums and
rigidity, sleep

issues

schizophrenia, anxiety,

hallucinations,
impulsive, self-

tantrums, sleep issues

mutilation, aggression,
concentration issues

Abbreviations are as follows: ADD = attention deficit disorder and ADHD = attention-deficient/hyperactivity disorder.

just at the C terminus of a helix, within a flexible linker;"’
thus, p.Gly212Glu might disrupt secondary protein struc-
ture. Arg620 and Arg621 comprise a di-arginine endo-
plasmic-reticulum (ER) retrieval-and-retention motif, and
a recent publication found that Arg620 forms a salt bridge
with Asp305 when the KA1 domain associates with the
UBA domain."® The authors of this paper also found that
disruption of several key polar residues, including Arg620
and Arg621, in the C terminus of the protein abolishes
phospholipid binding. On the basis of these observations,
it is plausible that p.Arg621Cys disrupts the localization of
this protein to the ER and possibly to other membranes.
Given that the p.Arg621Cys variant is of unknown inher-
itance, it remains a variant of uncertain significance
(VUS),"® and further experimental or computational ana-
lyses are needed if we are to better understand its potential
molecular and disease effects.

We assessed the degree of enrichment of observed
de novo variation in BRSK2 in the sequenced DD- and/or
ID-affected cohorts that underlie this study. Two probands
(1 and S) were a part of a cohort of 2,418 DD- and/or ID-
affected probands sequenced as trios. An additional pro-
band (2) was sequenced as a trio among a cohort of 550
affected probands, and two others (probands 3 and 4)
were among a cohort of 461. In aggregate, these cohorts
include five de novo variants in 3,429 affected, sequenced
individuals. We compared this observed rate to the ex-
pected rate estimated by Samocha et al.’® (2.97 x 10~ var-
iants per chromosome) of de novo missense, nonsense,
splice, and frameshift variation in BRSK2. The observed
rate of de novo variation in the DD- and/or ID-affected co-
horts considered here is significantly greater than the back-
ground mutation rate (five de novo variants observed versus
0.20 expected, p = 2.46 x 10~°), and this observation re-
mained significant even after a Bonferroni correction for
20,000 genes (p = 0.0492). We note that one proband (7)
with a de novo variant was sequenced clinically as a trio,
but a cohort size was not available for this proband;
furthermore, one or both parents were unavailable
for testing for three of the nine observed variants. Thus,
although these four additional variants add to the evidence
supporting a disease role for BRKS2, they are excluded from
the preceding enrichment calculations.

BRSK2 and its homolog BRSKI (MIM: 609235) encode
kinases required for neuronal polarization.” These two
kinases, along with 11 other kinases, form the AMPK-
related family of protein kinases.'” Although knockouts
of either Brsk1 or Brsk2 alone in mice were healthy and
fertile, double knockouts of Brsk1 and Brsk2 resulted in
pups that exhibited reduced spontaneous movement and
little response to tactile stimulation and that died within
2 h of birth.” Expression patterns of BRSK2 also support
its role in neurodevelopment. BRSK2 is most highly ex-
pressed in the brain in humans,'® and BrskI and Brsk2
are restricted to the nervous system in mice.’

BRSK2 interacts with several genes that are associated
with NDDs, including autism, tuberous sclerosis, and DD
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Figure 1.

Amino Acid

Exon and Domain Structure, Conservation, and Locations of Observed Variation in BRSK2

(A and B) Variation observed in BRSK2 is shown for (A) the canonical, 20-exon transcript, GenBank: NM_001256627.1 and (B) the 736 aa
protein, GenBank: NP_001243556.1. Protein domains include protein kinase, ubiquitin-associated (UBA), proline-rich (Pro-Rich), and
kinase-associated 1 (KA1) domains. Splice variants are shown below the schematic representation of the canonical transcript, and pro-
tein-altering variants are shown above the schematic representation of BRSK2. De novo variants are shown in green text, and those of

unknown inheritance are shown in black.

(C) Analysis of conservation throughout BRSK2 was performed with amino acid selection scores as previously published'? and used a
21-codon sliding window. The most-selected motifs of a protein are identified as peaks. The three residues found to be affected by
variation here are labeled, along with their respective conservation scores.

and/or ID. For example, BRSK2 has been shown to phos-
phorylate TSC2 and suppress mTORC1 activity.'” The tu-
berous sclerosis complex (TSC) signaling pathway is one
of the pathways associated with autophagy during early
axonal growth,?” and TSC2, specifically, is a regulator of
cellular size and growth.?"* BRSK2 has also been shown
to interact with PTEN, which has been associated with
various developmental disorders (see MIM: 601728%%%%)
including autism. PTEN-deficient mice display malforma-
tion of neuronal structures and autistic features that result
from aberrant TSC-mTORC1 signaling.”> WDR45, also
known as WIPI4, is a scaffold protein that controls auto-
phagy and has recently been shown to be dependent on
BRSK2 activity.”® Variation in WDR45 is associated with
an X-linked dominant disorder: neurodegeneration with
brain iron accumulation (MIM: 300894). The numerous
genetic and biochemical interactions between BRSK2 and
well-established NDD genes further strengthen the conclu-
sion that damaging variation in BRSK2 underlies an NDD.

Across six recent publications reporting on de novo varia-
tion in large cohorts with DD and/or ID or autism,*’** two
protein-altering BRSK2 variants were reported: GenBank:
NM_001256627.1 (¢.992_994del, [p.Lys331del]) was found
in a cohort of 2,500 probands with autism,*’ and GenBank:
NM_001256627.1 (c.770G>A, [p.Arg257His]) was found in
a cohort of 4,293 DD- and/or ID-affected probands.”® Inter-
estingly, this second variant has been observed as a hetero-
zygote seven times in gnomAD, suggesting itis not a highly

penetrant allele contributing to DD and/or ID. These data
raise an interesting question, namely as to why the fre-
quency of observed BRSK2 variation in this study is mark-
edly higher than that found in previous studies. This is
particularly true for the HudsonAlpha CSER study,’ in
which four variants were found among 581 affected pro-
bands (461 of whom were sequenced as trios). Some of the
discrepancy is probably due to stochastic variability in
observing a small number of rare events. However, one po-
tential systematic explanation is that BRSK2 is less deeply
covered in exomes, and the observed enrichment, in part,
reflects the effects of the genome sequencing that was
used for the HudsonAlpha probands described here. It has
been shown previously that genome sequencing provides
better coverage, in general, over coding exons than exome
sequencing does,””*!**73¢ and that some exons, including
among clinically relevant genes, tend to be more poorly
covered by exomes.*®

We find that BRSK2 is less well covered by exomes than
by genomes in gnomAD (Figure 3). For example, when
requiring a minimum depth of 20X among exonic bases
(plus 10 bp on either side of each exon), we found that
76% of gnomAD exome samples, compared to 93% of
genome samples, have half of all BRSK2 bases covered
(Figure 3A). Furthermore, we assessed rare-variant detec-
tion rates, in particular the rate at which singletons (i.e.,
variants for which only one alternative allele is observed
across the combined set of exomes and genomes) are
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Figure 2. Computational Modeling of BRSK2 Missense Variants

A full model of BRSK2 was created with I-TASSER modeling using PDB: 4YOM, 4YNZ, and 4IW0. This model of BRSK2 was combined
via ConSurf mapping with sequences for BRSK2 from 99 species. Amino acid coloring is as follows: gray = not conserved, yellow =
conserved hydrophobic, green = conserved hydrophilic, red = conserved polar acidic, blue = conserved polar basic, and magenta =
conserved human variants of interest. Zoomed-in views of the three locations are shown, along with codon usage throughout evolution.
The conservation score is defined as an additive metric of amino acid conservation and codon selection as previously defined.'” For
example, a conservation score of 2 indicates 100% conservation with >2 standard deviations above the mean for codon selection.'?
s/n indicates synonymous mutations versus non-synonymous mutations observed at the same position in other species; differences
are indicated. All three sites are under high selection and have multiple synonymous (s) amino acids in 99 open reading frames
(ORFs) of BRSK2 and only a single nonsynonymous (n) change observed at G212. Linear motifs mapped with the Eukaryotic Linear

Motif (ELM) tool are shown below each site.

observed. There are 46 singletons detected among 15,708
genomes (0.29%) in gnomAD and 189 singletons detected
among 125,748 exomes (0.15%); this difference is signifi-
cant (p = 1.5 x 10~*, Fisher’s exact test) and suggests
increased rare-variant sensitivity in genomes relative to
in exomes. Additionally, considering only exomes, we
compared coverage of BRSK2 exons to exons in other dis-
ease-associated genes that are annotated in the Develop-
ment Disorder Genotype-Phenotype Database (DDG2P).
Although, again, only 76% of samples have at least half

of BRSK2 bases covered at 20x in gnomAD exomes, 99%
of samples have half or more of the bases in previously
reported DDG2P genes covered in gnomAD exomes
(Figure 3B). Thus, we find it likely that the lower rates of
BRSK?2 variation found in other DD and/or ID studies re-
flects, at least in part, reduced variant sensitivity of exome
sequencing in BRSK2.

We have identified nine individuals harboring rare, het-
erozygous BRSK2 variants that are likely to be deleterious,
and we provide detailed clinical descriptions of the
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Comparisons of BRSK2 Sequencing Depth across gnomAD Datasets

Fractions of gnomAD samples that attain a per-base sequencing depth of >20x are plotted as a function of the percentage of bases exam-
ined, ordered by a decreasing fraction of exonic-base coverage. Only autosomal positions are included. The dashed line shows the frac-

tion of samples covered at the median-depth base.

(A) Using only BRSK2 exonic bases (exons plus 10 bp on either side), coverage is compared in gnomAD exomes (orange; 125,748 indi-

viduals) and gnomAD genomes (green; 15,708 individuals).

(B) Using only gnomAD exomes (125,748 individuals), exonic bases (exons plus 10 bp on either side) in BRSK2 (orange) are compared to
exonic bases in 1,012 confirmed developmental-delay genes identified by the Developmental Disorders Genotype-Phenotype Database

(DDG2P; purple).

phenotypes observed in these individuals, who all present
with varying degrees and manifestations of developmental
disorders. We believe these observations strongly support
the conclusion that damaging variation in BRSK2 is causally
related to an NDD. The key points of evidence are as follows:
(1) we observe a statistically significant enrichment of
de novo variants in affected individuals relative to the esti-
mated background mutation rate (p = 2.46 x 10°°);
(2) although one or both parents were unavailable in three
cases, none of the variants described here were found to be
inherited, and all observed variants are absent from gno-
mAD and TopMed; (3) BRSK2 is relatively intolerant to
protein-altering variation in the general population;*” (4)
all variants in affected probands are either predicted to
result in loss of function or are missense variants at highly
conserved residues; (5) all variants are computationally
predicted to be evolutionarily deleterious and have, for
example, CADD'' scores that are typical for mutations pre-
viously reported to underlie Mendelian disease; (6) model
organism evidence suggests a role for BRSK2 in neurodevel-
opment; and (7) BRSK2 is known to genetically and/or
biochemically interact with several genes that are robustly
associated with developmental disease. In summary, these
data collectively implicate BRSK2 as an NDD-related gene.

Accession Numbers

All relevant variant data are supplied within the paper or in sup-
porting files. Complete genome data for probands 3, 4, 8, and 9
are available via dbGAP (accession number phs001089.v3.p1).
Complete exome data for other probands is not available for pri-
vacy and institutional review board (IRB) reasons.
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Supplemental Data can be found with this article online at https://
doi.org/10.1016/j.ajhg.2019.02.002.

Acknowledgments

We thank all of the families who participated in the study. This
study was supported by: a grant from the National Human
Genome Research Institute (NHGRI), UM1HGO007301 (S.M.H.,
M.L.T,, JM.J.L., D.E.G., EM.B., and G.M.C.); the Radiz-Rare Dis-
ease Initiative Zurich, Clinical Research Priority Program Univer-
sity of Zurich (A.R.); the French Foundation for Rare Diseases
(C.N.); the National Institutes of Health (NIH) Office of the Direc-
tor, KO1ES025435 (J.W.P.); and the Fondation Maladies Rares
(C.N., C.D., and C.M.).

Declaration of Interests

The authors declare no competing interests.

Received: November 28, 2018
Accepted: February 1, 2019
Published: March 14, 2019

Web Resources

Bedtools, https://github.com/arq5x/bedtools2

Bravo Variant Browser, https://bravo.sph.umich.edu/freeze3a/
hg19/

Combined Annotation Dependent Depletion (CADD), https://
cadd.gs.washington.edu/

Developmental Disorder Genotype-Phenotype Database (DDG2P),
https://decipher.sanger.ac.uk/ddd#ddgenes

gnomAD Genome Aggregation Database, https://gnomad.
broadinstitute.org/

Online Mendelian Inheritance in Man, http://www.omim.org/

The R Project for Statistical Computing, http://www.r-project.org

UCSC Genome Browser, http://genome.ucsc.edu

References

1. Reiss, A.L. (2009). Childhood developmental disorders: An
academic and clinical convergence point for psychiatry,

706 The American Journal of Human Genetics 7104, 701-708, April 4, 2019


https://doi.org/10.1016/j.ajhg.2019.02.002
https://doi.org/10.1016/j.ajhg.2019.02.002
https://github.com/arq5x/bedtools2
https://bravo.sph.umich.edu/freeze3a/hg19/
https://bravo.sph.umich.edu/freeze3a/hg19/
https://cadd.gs.washington.edu/
https://cadd.gs.washington.edu/
https://decipher.sanger.ac.uk/ddd#ddgenes
https://gnomad.broadinstitute.org/
https://gnomad.broadinstitute.org/
http://www.omim.org/
http://www.r-project.org
http://genome.ucsc.edu
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref1
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref1

10.

11.

12.

13.

14.

15.

neurology, psychology and pediatrics. J. Child Psychol. Psy-
chiatry 50, 87-98.

. Thapar, A., and Rutter, M. (2015). Neurodevelopmental disor-

ders. In Rutter’s Child and Adolescent Psychiatry, A. Thapar,
D.S. Pine, J.E. Leckman, S. Scott, M.J. Snowling, and E.A. Tay-
lor, eds. (John Wiley & Sons, Ltd), pp. 31-40.

. Plummer, J.T., Gordon, A.J., and Levitt, P. (2016). The genetic

intersection of neurodevelopmental disorders and shared
medical comorbidities - relations that translate from bench
to bedside. Front. Psychiatry 7, 142.

. Philippakis, A.A., Azzariti, D.R., Beltran, S., Brookes, A].,

Brownstein, C.A., Brudno, M., Brunner, H.G., Buske, O.].,
Carey, K., Doll, C., et al. (2015). The Matchmaker Exchange:
A platform for rare disease gene discovery. Hum. Mutat. 36,
915-921.

. Sobreira, N., Schiettecatte, F.,, Valle, D., and Hamosh, A.

(2015). GeneMatcher: A matching tool for connecting investi-
gators with an interest in the same gene. Hum. Mutat. 36,
928-930.

. Bowling, KM., Thompson, M.L., Amaral, M.D., Finnila, C.R.,

Hiatt, S.M., Engel, K.L., Cochran, J.N., Brothers, K.B., East,
K.M., Gray, D.E,, et al. (2017). Genomic diagnosis for children
with intellectual disability and/or developmental delay.
Genome Med. 9, 43.

. Kishi, M., Pan, Y.A., Crump, J.G., and Sanes, J.R. (2005).

Mammalian SAD kinases are required for neuronal polariza-
tion. Science 307, 929-932.

. Petrovski, S., Wang, Q., Heinzen, E.L., Allen, A.S., and Gold-

stein, D.B. (2013). Genic intolerance to functional variation
and the interpretation of personal genomes. PLoS Genet. 9,
€1003709.

. Lek, M., Karczewski, K.J., Minikel, E.V., Samocha, K.E., Banks,

E., Fennell, T., O’'Donnell-Luria, A.H., Ware, ].S., Hill, AJ.,
Cummings, B.B., et al; Exome Aggregation Consortium
(2016). Analysis of protein-coding genetic variation in
60,706 humans. Nature 536, 285-291.

Sobreira, N.L.M., Arachchi, H., Buske, O.J., Chong, J.X., Hut-
ton, B., Foreman, J., Schiettecatte, F., Groza, T., Jacobsen,
J.O0.B., Haendel, M.A., et al. (2017). Matchmaker Exchange.
Curr. Protoc. Hum. Genet. 95, 9.31.1-9.31.15.

Kircher, M., Witten, D.M., Jain, P., O'Roak, B.J., Cooper, G.M.,
and Shendure, J. (2014). A general framework for estimating
the relative pathogenicity of human genetic variants. Nat.
Genet. 46, 310-315.

Prokop, J.W., Lazar, ]., Crapitto, G., Smith, D.C., Worthey,
E.A., and Jacob, H.J. (2017). Molecular modeling in the age
of clinical genomics, the enterprise of the next generation.
J. Mol. Model. 23, 75.

Wu, J.-X., Cheng, Y.-S., Wang, J., Chen, L., Ding, M., and
Wu, J.-W. (2015). Structural insight into the mechanism
of synergistic autoinhibition of SAD kinases. Nat. Commun.
6, 8953.

Sharrocks, A.D., Yang, S.H., and Galanis, A. (2000). Docking
domains and substrate-specificity determination for MAP
kinases. Trends Biochem. Sci. 25, 448-453.

Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster,
J., Grody, WW,, Hegde, M., Lyon, E., Spector, E., et al.; ACMG
Laboratory Quality Assurance Committee (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.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Samocha, K.E., Robinson, E.B., Sanders, S.J., Stevens, C., Sabo,
A., McGrath, L.M., Kosmicki, J.A., Rehnstrom, K., Mallick, S.,
Kirby, A., et al. (2014). A framework for the interpretation of
de novo mutation in human disease. Nat. Genet. 46, 944-950.
Lizcano, J.M., Goransson, O., Toth, R., Deak, M., Morrice,
N.A., Boudeau, J., Hawley, S.A., Udd, L., Mikeld, T.P., Hardie,
D.G., and Alessi, D.R. (2004). LKB1 is a master kinase that ac-
tivates 13 kinases of the AMPK subfamily, including MARK/
PAR-1. EMBO ]J. 23, 833-843.

Lonsdale, J., Thomas, J., Salvatore, M., Phillips, R., Lo, E.,
Shad, S., Hasz, R., Walters, G., Garcia, F.,, Young, N., et al,;
GTEx Consortium (2013). The Genotype-Tissue Expression
(GTEx) project. Nat. Genet. 45, 580-585.

Saiyin, H., Na, N., Han, X., Fang, Y., Wu, Y., Lou, W,, and Yang,
X. (2017). BRSK2 induced by nutrient deprivation promotes
Akt activity in pancreatic cancer via downregulation of
mTOR activity. Oncotarget 8, 44669-44681.

Lee, K.M., Hwang, S.K., and Lee, J.A. (2013). Neuronal auto-
phagy and neurodevelopmental disorders. Exp. Neurobiol.
22,133-142.

Tee, A.R., Fingar, D.C., Manning, B.D., Kwiatkowski, D.].,
Cantley, L.C., and Blenis, J. (2002). Tuberous sclerosis
complex-1 and -2 gene products function together to inhibit
mammalian target of rapamycin (mTOR)-mediated down-
stream signaling. Proc. Natl. Acad. Sci. USA 99, 13571-13576.
D’Gama, A.M., Geng, Y., Couto, J.A., Martin, B., Boyle, E.A.,
LaCoursiere, C.M., Hossain, A., Hatem, N.E., Barry, B.J., Kwiat-
kowski, D.J., et al. (2015). Mammalian target of rapamycin
pathway mutations cause hemimegalencephaly and focal
cortical dysplasia. Ann. Neurol. 77, 720-725.

Varga, E.A., Pastore, M., Prior, T., Herman, G.E., and McBride,
K.L. (2009). The prevalence of PTEN mutations in a clinical pe-
diatric cohort with autism spectrum disorders, developmental
delay, and macrocephaly. Genet. Med. 11, 111-117.

Kurata, H., Shirai, K., Saito, Y., Okazaki, T., Ohno, K., Oguri,
M., Adachi, K., Nanba, E., and Maegaki, Y. (2018). Neurodeve-
lopmental disorders in children with macrocephaly: A preva-
lence study and PTEN gene analysis. Brain Dev. 40, 36-41.
Kwon, C.-H., Luikart, B.W., Powell, C.M., Zhou, J., Matheny,
S.A., Zhang, W., Li, Y., Baker, S.J., and Parada, L.F. (2006).
Pten regulates neuronal arborization and social interaction
in mice. Neuron 50, 377-388.

Bakula, D., Miiller, A.J., Zuleger, T., Takacs, Z., Franz-Wachtel,
M., Thost, A.-K., Brigger, D., Tschan, M.P,, Frickey, T., Robenek,
H., etal. (2017). WIPI3 and WIPI4 B-propellers are scaffolds for
LKB1-AMPK-TSC signalling circuits in the control of auto-
phagy. Nat. Commun. 8, 15637.

Turner, T.N., Coe, B.P., Dickel, D.E., Hoekzema, K., Nelson,
B.J., Zody, M.C., Kronenberg, Z.N., Hormozdiari, F, Raja, A.,
Pennacchio, L.A,, et al. (2017). Genomic patterns of de novo
mutation in simplex autism. Cell 171, 710-722.e12.
Deciphering Developmental Disorders, S.; and Deciphering
Developmental Disorders Study (2017). Prevalence and archi-
tecture of de novo mutations in developmental disorders. Na-
ture 542, 433-438.

Lelieveld, S.H., Reijnders, M.R.E, Pfundt, R., Yntema, H.G.,
Kamsteeg, E.-J., de Vries, P, de Vries, B.B.A., Willemsen,
M.H., Kleefstra, T., Lohner, K., et al. (2016). Meta-analysis of
2,104 trios provides support for 10 new genes for intellectual
disability. Nat. Neurosci. 19, 1194-1196.

Tossifov, 1., O’Roak, B.J., Sanders, S.J., Ronemus, M., Krumm,
N., Levy, D., Stessman, H.A., Witherspoon, K.T., Vives, L.,

The American Journal of Human Genetics 104, 701-708, April 4, 2019 707


http://refhub.elsevier.com/S0002-9297(19)30047-3/sref1
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref1
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref2
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref2
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref2
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref2
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref3
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref3
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref3
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref3
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref4
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref4
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref4
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref4
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref4
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref5
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref5
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref5
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref5
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref6
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref6
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref6
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref6
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref6
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref7
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref7
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref7
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref8
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref8
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref8
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref8
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref9
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref9
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref9
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref9
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref9
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref10
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref10
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref10
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref10
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref11
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref11
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref11
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref11
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref12
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref12
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref12
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref12
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref13
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref13
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref13
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref13
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref14
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref14
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref14
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref15
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref15
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref15
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref15
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref15
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref15
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref15
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref16
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref16
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref16
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref16
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref17
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref17
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref17
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref17
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref17
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref18
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref18
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref18
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref18
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref19
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref19
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref19
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref19
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref20
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref20
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref20
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref21
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref21
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref21
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref21
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref21
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref22
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref22
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref22
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref22
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref22
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref23
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref23
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref23
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref23
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref24
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref24
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref24
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref24
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref25
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref25
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref25
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref25
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref26
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref26
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref26
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref26
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref26
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref27
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref27
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref27
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref27
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref28
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref28
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref28
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref28
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref29
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref29
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref29
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref29
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref29
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref30
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref30

31.

32.

33.

Patterson, K.E., et al. (2014). The contribution of de novo
coding mutations to autism spectrum disorder. Nature 515,
216-221.

Gilissen, C., Hehir-Kwa, ].Y., Thung, D.T., van de Vorst, M.,
van Bon, B.W.M., Willemsen, M.H., Kwint, M., Janssen,
I.M., Hoischen, A., Schenck, A., et al. (2014). Genome
sequencing identifies major causes of severe intellectual
disability. Nature 511, 344-347.

O’Roak, BJ., Stessman, H.A., Boyle, E.A., Witherspoon, K.T.,
Martin, B., Lee, C., Vives, L., Baker, C., Hiatt, J.B., Nickerson,
D.A., et al. (2014). Recurrent de novo mutations implicate
novel genes underlying simplex autism risk. Nat. Commun.
5, 5595.

Wilfert, A.B., Sulovari, A., Turner, T.N., Coe, B.P., and Eichler,
E.E. (2017). Recurrent de novo mutations in neurodevelop-

34.

35.

36.

mental disorders: Properties and clinical implications.
Genome Med. 9, 101.

Turner, T.N., Hormozdiari, F., Duyzend, M.H., McClymont,
S.A., Hook, P.W., lossifov, 1., Raja, A., Baker, C., Hoekzema,
K., Stessman, H.A., et al. (2016). Genome sequencing of
autism-affected families reveals disruption of putative non-
coding regulatory DNA. Am. J. Hum. Genet. 98, 58-74.
Belkadi, A., Bolze, A., Itan, Y., Cobat, A., Vincent, Q.B., Anti-
penko, A., Shang, L., Boisson, B., Casanova, J.L., and Abel, L.
(2015). Whole-genome sequencing is more powerful than
whole-exome sequencing for detecting exome variants. Proc.
Natl. Acad. Sci. USA 112, 5473-5478.

Meienberg, J., Bruggmann, R., Oexle, K., and Matyas, G.
(2016). Clinical sequencing: Is WGS the better WES? Hum.

Genet. 135, 359-362.

708 The American Journal of Human Genetics 104, 701-708, April 4, 2019


http://refhub.elsevier.com/S0002-9297(19)30047-3/sref30
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref30
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref30
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref31
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref31
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref31
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref31
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref31
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref32
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref32
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref32
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref32
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref32
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref33
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref33
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref33
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref33
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref34
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref34
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref34
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref34
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref34
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref35
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref35
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref35
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref35
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref35
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref36
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref36
http://refhub.elsevier.com/S0002-9297(19)30047-3/sref36

The American Journal of Human Genetics, Volume 104

Supplemental Data

Deleterious Variation in BRSK2 Associates with

a Neurodevelopmental Disorder

Susan M. Hiatt, Michelle L. Thompson, Jeremy W. Prokop, James M.J. Lawlor, David E.
Gray, E. Martina Bebin, Tuula Rinne, Marlies Kempers, Rolph Pfundt, Bregje W. van
Bon, Cyril Mignot, Caroline Nava, Christel Depienne, Louisa Kalsner, Anita Rauch, Pascal
Joset, Ruxandra Bachmann-Gagescu, Ingrid M. Wentzensen, Kirsty
McWalter, and Gregory M. Cooper



Supplemental Note: Case Reports

Proband 1 is a 5-year-old male born at 42 weeks gestational age. Birth weight was in the 68" percentile.
He walked independently at 18 months. There is no known specific timing of first words but they were
delayed, especially pronunciation. At the age of 3 years, he was diagnosed with global developmental
delay in visual, motor cognition and speech abilities. While no formal cognitive evaluation has
performed, he was noted by clinicians as having moderate intellectual disability. Visually, he has spasm
nutans with hypermetropia (+5.5D), intermittent horizontal nystagmus, and torticollis. He presents with
flat nasal bridge, short philtrum, pouting lower lip, widely spaced nipples, thin skin, and phimosis.
Through trio exome sequencing, we identified a de novo missense (p.Arg65GIn) in BRSK2. The proband is
also hemizygous for a de novo missense (p.Asp256Asn) in OTUDS5, considered a variant of uncertain
significance. OTUDS5 is not currently described as a disease-associated gene.

Proband 2 is a 14-year-old male and the second child of healthy unrelated parents. He was born full-
term with mild overgrowth (birth weight 4560 g (98" percentile), birth length 56 cm (99" percentile),
OFC 39 cm (97" percentile)) and normal Apgar score. He was a very quiet baby, walked at 17 months
and acquired his first words at 2 years. At the age of 3 years, he experienced an autistic regression
characterized by isolation, loss of communication skills, repetitive and poor play activities and abundant
stereotypies. He developed sleep disturbances that are improved by melatonin. He attends a special
school for intellectually disabled children. He has epilepsy, which started when he was 9 years old.
Absence seizures are the main seizure type but some tonic-clonic seizures have been reported. Seizures
were resistant to sodium valproate and carbamazepine but are partially controlled by levetiracetam and
clobazam. Now aged 14 years, he is unable to speak but can feed himself and is toilet trained. He still
has numerous stereotypies, plays with water and various objects and has temper tantrums. His behavior
met the criteria for autism spectrum disorder according to the Autism Diagnostic Interview. His weight is
66 kg (87" percentile), height 174 cm (91° percentile), occipitalfrontal head circumference (OFC) 57.5
cm (97 percentile). Clinical examination does not reveal altered morphological features nor signs of
neurological problems. Through trio exome sequencing, we identified a de novo splice variant (c.273-
1G>A) in BRSK2.

Proband 3 is a 5-year-old female born after an uneventful pregnancy. Birth weight was 3458 g (53™
percentile). Birth length and head circumference were not available. Gross motor development occurred
within the normal range, as she crawled at 10 months and walked independently at 15 months.
However, she is noted to have dyspraxia and mild gait ataxia. Skeletal evaluation indicates femoral
anteversion. She also exhibits tremors. Her first words were at 18 months and first combination of
words at three years. She was diagnosed with autism at 5 years and 6 months. At her last examination,
she was in the 98 percentile for height and 95" percentile for weight. She is considered to have mild
intellectual disability, although no formal cognitive evaluation has performed. She has distinctive
upslanting palpebral fissures, large eyes and a beaked shaped nose. She has had normal hearing, vision
and echocardiogram evaluations. No brain MRI was performed. Her family history is unremarkable.
Through trio genome sequencing, we identified a de novo splice alteration (c.530+1G>A) in BRSK?2.

Proband 4 is a 3-year-old male with unknown birth history. His motor development proceeded within
normal range, as he walked at 13 months of age. He exhibits delays in speech and social interaction. He
has behavioral abnormalities including temper tantrums and he easily cries, fidgets, and is anxious with
loud sounds. He prefers to play alone, has difficulty following directions, and throws toys and hits
others. He runs and climbs excessively. He has been diagnosed with autism. The only dysmorphic
feature noted is downslanting palpebral fissures. He also exhibits undescended testes. No formal



evaluations for vision or hearing were conducted but there are no obvious problems. At last evaluation,
he was within the 63™ percentile of height and 86" percentile for weight. His family history is
unremarkable. Through trio genome sequencing, we identified a de novo missense variant (p.Gly212Glu)
in BRSK2.

Proband 5 is a 19-year-old male, who was born by 38+4 weeks gestation with a weight of 4080 g. His
APGAR scores were 8-9. There were no congenital anomalies and the neonatal period was normal. He
started to walk around 12 months of age, but he did show delay in fine motor development. Speech was
unclear as a toddler. From the age of 1 year and 6 months he showed hyperactive behavior. At 5 years
an 1Q of 77 was measured and signs of autism spectrum disorder and ADHD were noted. He started at
regular education but soon went to a special school due to concentration problems. At 8 years of age,
attendance at school became more and more stressful due to behavioral difficulties. A disintegration
disorder, delusions and hallucinations were noted, and cognitive functioning regressed. From 9 years of
age it became more difficult to make contact with him. His developmental level and functioning had
shifted to a severe intellectual disability. At 18 years of age he was diagnosed with schizophrenia, autism
spectrum disorder, and ADHD. In addition, he shows self-mutilation and aggression towards others. He
sometimes speaks in short sentences. There are no reports of seizures. Vision and hearing are normal.
He gained weight after antipsychotic medication was changed. Family history consists of several first and
second-degree individuals with a psychiatric diagnosis such as bipolar disorder, psychoses, and
depression. At physical examination he had a height of 180 cm (-0.5 SD) and head circumference of 57
cm (-0.4 SD). In addition, he had deep-set eyes, mild upslanting of palpebral fissures, synophrys and a
short first digits of feet. Previous testing included a normal 250k SNP array, metabolic screen, MRI of the
brain, and EEG. Through trio exome sequencing, we identified a de novo nonsense variant (p.GIn244Ter)
in BRSK2.

Proband 6 is a 4-year-old male, born by C-section due to failure to progress at 40 weeks to a 43-year-old
mother following a pregnancy notable for maternal gestational diabetes treated with insulin and
maternal Zoloft use. Birth weight was 3260 g (31 percentile). Concerns about repetitive behaviors
emerged by 9 months of age. He walked at 14 months of age but did not speak any words until 24
months. He was diagnosed with autism spectrum disorder at 21 months. He continued to have
repetitive and perseverative behaviors with intense interest in letters and numbers. He was able to read
words by 3.5 years of age though language for communication remained limited. Behavioral issues were
noted, including tantrums and rigidity. He had difficulty falling asleep, a problem managed successfully
with melatonin. When last evaluated at 4.5 years of age, his weight and height were at 99" percentile
and 88™ percentile, respectively, with head circumference at the 64" percentile. His eyes appeared close
set; he had a single transverse palmar crease on the left hand and a supernumerary nipple on the right
side. He had mild hypotonia with lordotic posture and mild proximal weakness with difficulty jumping.
Genetic testing including microarray, Fragile X, and Prader Willi methylation, each of which were
normal. He had a normal creatine phosphokinase (CPK) levels. Through exome sequencing, a deletion
(c.1281_1287+5del12) was detected in BRSK2. The variant is predicted to destroy the canonical splice
donor site in intron 13 and cause abnormal gene splicing. Inheritance status is unknown.

Proband 7 is a 6-year-old male, who was born full-term (40 weeks gestation) after an uneventful
pregnancy. Birth weight was 3200 g (28 percentile) and birth length was 52 cm (76" percentile). Birth
OFC is not available. Subsequent growth was within normal to high percentiles, including height (90"
percentile), weight (50" percentile) and OFC (90-97*" percentile). Gross motor development proceeded
within the normal range; he was walking independently at 15 months of age. However, mild fine motor
delays were progressively observed and speech development was significantly delayed, with first words



after the age of 2 years. In addition, his behavior fell within the range of autism-spectrum disorders,
with positive ADOS-testing. He had some stereotypies and initially showed little interest in social
interactions, which subsequently improved with psychiatric follow-up and special education support in
school. Treatment with methylphenidate since age 5 years appeared to improve his social awareness.
No formal developmental or intelligence testing was performed. At age 6 years-10 months, he spoke in
simple sentences. A formal hearing test was normal. He presented with two generalized seizures within
days of each other at age 11 months, in the setting of an afebrile gastro-enteritis episode. EEG was
normal at the time and no further seizures occurred without medication. Neurological examination was
unremarkable and no brain MRI was performed. He showed no regression but continuous progress in all
developmental aspects. Morphologically, he was slightly brachycephalic with a broad and prominent
forehead, triangular face with pointed chin, slight upslanting palpebral fissures, narrow nose, broad
mouth with thick lower lip, and cupid’s bow of upper lip. His family history was unremarkable, except for
an aborted pregnancy with Trisomy 21. Previous investigations were normal for Fragile-X and SNP array.
Through exome sequencing, we identified a de novo frameshift (p.Ser466GInfs*83) in BRSK2.

Proband 8 is a 10-year-old male with unknown birth history. Gross motor development was delayed
with sitting at almost 2 years of age, and crawling and walking occurred after 2 years of age. He is mostly
non-verbal and often babbles. Although no IQ was recorded, he is noted to have moderate intellectual
disability, ADD/ADHD, and impulsivity. He has also been diagnosed with autism. There is no report of
seizures. He has dysmorphic features, including a heart-shaped face, narrow nose, down slanting
palpebral fissures and a hypoplastic alae nasi. He has had a normal CT. At last evaluation, his height and
weight were at the 13" percentile. Seizures, a brain tumor, and special education were reported in the
mother. A maternal half-sibling also presents with moderate intellectual disability, developmental delay,
autism spectrum disorder, and seizures. His father also has history of mental iliness. Through genome
sequencing of the proband and his mother, we identified a frameshift (p.Glu511Vfs*38) in BRSK2 that
was not inherited from his mother; his father was not available for testing.

Proband 9 is a 4-year-old male with unknown birth history. Gross motor development was delayed with
crawling starting at 14-15 months and walking at 18-20 months. His speech was also delayed. He
presents with stereotypic behaviors and was diagnosed with borderline autism at an unknown age. No
IQ was noted but he is considered to exhibit moderate intellectual disability. No seizures were noted.
Dysmorphic features consist of oval-shaped face, epicanthal folds, retrognathia, telecanthus, and
upturned ear lobe (more prominent ear on the right side). He shows astigmatism and wears glasses. He
has mild laryngomalacia and subglottic stenosis. He also has sleep apnea. He has had two episodes of
tachycardia. The only significant family history is that the mother had special education as a child.
Through genome sequencing, we identified a missense variant (p.Arg621Cys) in BRSK2. Inheritance
status is unknown. Due to remaining uncertainties, we would classify this BRSK2 variant as a variant of
uncertain significance according to the ACMG scoring guidelines?.
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Figure S1. Phylogenetic tree for BRSK2 sequences used. Tree was generated using 1000 bootstrap

replicates, showing the values for clustering of trees at each node. Sequences include an array of avian
(cyan), reptile (green), marsupial (blue), fish/shark (magenta), mammals (yellow), and primates (brown).
At the residues where missense variants were identified (R65, G212, and R621), the amino acid in
human is conserved in all other species, with one exception: G212V is found in the Sunda flying lemur
(Galeopterus variegatus).



Table S1. Additional clinical characteristics of individuals with BRSK2 variation.

Proband 1 2 3 4 5 6 7 8 9
Speech delay Yes Yes; Yes Yes; Yes Yes Yes Yes Yes
Regression Regression
First words n/a 24 m 18 m 24 m After 24 m Nonverbal,
(months) babbles
Motor delay Yes Yes Yes; Fine; No Yes; Fine Yes; Gross No Yes; Gross Yes; Gross
gross
Age of walking 18 m 17 m 15m 13 m 12m 14 m 15m After 24 m 18-20 m
(months)
Facial Short None Distinctive Downslanting Deep set Close set Brachycephal Heart-shaped Retrognathia,
dysmorphism philtrum, reported upslanting palpebral eyes, mild eyes Y, face, down telecanthus,
pouting palpebral fissures upslanting broad/promi  slanting epicanthal
lower lip, fissures, large palpebral nent palpebral folds,
full eyelids, eyes, beaked fissures, forehead, fissures upturned ear
high shaped nose synophrys slightly lobes, oval-
forehead, upslanting shaped face
flat nasal palpebral
bridge, fissures,
wide narrow nose,
spaced long
nipples philtrum,
slightly broad
mouth with
thick lower
lipand
cupid’s bow
upper lip,
triangular
face with
pointed chin
Other Nystagmus, Seizures, first  Tall stature, Undescended Short first Supernumera Two None Mild
phimosis, at 9y macrocephal  testes digits of feet  ry nipple; generalized reported laryngomalac
hyper- y, mild gait Single seizures; iaand




Family history

metropia,
torticollis

No

No

ataxia,
tremors

No

No

Yes

transverse
palmar
crease (L
hand), mild
hypotonia,
mild proximal
weakness

Unknown

possibly
linked to
gastroenteriti
s episode at
11 mo;
normal EEG,
no further
seizures

No

Yes

subglottic
stenosis;
sleep apnea,
astigmatism

Yes




Supplemental Methods
Ethics Statement

Informed consent to publish de-identified data was obtained from all patients and/or families. Probands
1, 5 and 6 were consented by established institutional processes. Proband 2 was enrolled in study in
France approved by the local ethical committee. Probands 3, 4, 8 and 9 enrolled in a study approved and
monitored by review boards at Western (20130675) and the University of Alabama at Birmingham
(X130201001). Proband 7 was enrolled in a study approved by the ethical committee of the canton of
Zurich under the number EK StV 11/09.

Exome/Genome sequencing

In all cases, the BRSK2 variant described here was the most compelling, likely causal deleterious variant
identified in each proband. Note that a variant of uncertain significance in OTUD5 was noted for
Proband 1, but there is no evidence to support further pathogenicity of this variant.

Site A

For probands 1 and 5, exome sequencing analysis (ES) was performed for the patient and both parents.
Exome capture was performed with the Agilent SureSelect Human All Exon enrichment kit version 5
(Agilent Technologies). Whole-exome sequencing was performed on the Illumina HiSeq platform 4000
(BGI, Copenhagen, Denmark) with 2x150bp reads. Sequencing reads were aligned to the GRCh37
reference genome using BWA version 0.7.8 and variants were called with GATK haplotype caller version
unified phenotyper 3.3.0 software packages. Variants were annotated using an in-house pipeline version
2.4.1. Prioritization of variants was done by selecting first de novo and rare variants (filtering <1% in
ExAC database, <1% in-house database, <5% dbSNP) in the coding regions and the splice sites of genes
on an institute-defined intellectual disability gene panel (743 genes at the time of analysis for Proband 1,
877 genes at time of analysis for Proband 5). As a second step, de novo, X-linked, homozygous and
compound heterozygous variants in genes beyond this gene panel were analyzed by using a stringent
filtering <5% dbSNP, <1% in-house database, phyloP >3,5 (except when de novo or truncating). Variants
in genes that had a clear link to the phenotype of the patient (e.g. animal model, pathway, expression
pattern) were confirmed by Sanger sequencing and reported.

Site B

For proband 2, ES was performed (QXT Agilent) on proband and both parents in a research setting.
Alignment and variant calling were performed using standard software (bwa -0.7.12, samtools-1.1,
picard-tools-1.121, GenomeAnalysisTK-2014.3-17g0583018, including Haplotype caller, FastQC 0.10.1).
Variants were annotated using SNPEff-4.2 and dbNSFP. Variants were filtered to require 1) minor allele
frequency in EXAC <1% and 2) impact on the coding sequence (missense, stop gained, stop loss, start
loss, frameshift and inframe indel, splice donor and acceptor variants). Sanger confirmation was
performed in all family members using Thermo Fischer Big Dye Terminator V3 and Applied Biosystem
3730 sequencer with POP7. Sequences were analyzed with Applied Biosystem Seqscape v2.5.

Site C



For probands 3, 4, 8, and 9, whole genome sequencing (WGS) was performed on probands and parents,
when available. Variant filtering and prioritization were performed as previously described 2. Sanger
validation was performed in a CAP/CLIA-certified laboratory.

Site D

For Proband 6, using genomic DNA from the proband and parents, the exonic regions and flanking splice
junctions of the genome were captured using the IDT xGen Exome Research Panel v1.0. Massively
parallel (NextGen) sequencing was done on an lllumina system with 100bp or greater paired-end reads.
Reads were aligned to human genome build GRCh37/UCSC hg19, and analyzed for sequence variants
using a custom-developed analysis tool. Additional sequencing technology and variant interpretation
protocol has been previously described®. The general assertion criteria for variant classification are
publicly available on the GeneDx ClinVar submission page
(http://www.ncbi.nlm.nih.gov/clinvar/submitters/26957/).

Site E

For Proband 7, Genomic DNA was extracted from EDTA blood of the patient and his parents. Whole
Exome Sequencing (WES) on the patient was performed using the xGen® Exome Research Panel v1.0
(IDT) with paired-end sequencing (HiSeq SBS Kit v4, 125 Fwd-125 Rev, Q30-value: 90.9) on a HiSeq
System (lllumina Inc.). Raw fastQ files were aligned to the hg19 reference genome using NextGene
(Softgenetics). The average depth of coverage was 270.8x and 98% of the targeted bases were assessed
by >20 independent sequence reads. By applying filters for known and candidate ID genes (SYSID and In-
House) and Minor Allele Frequency < 2% (gnomAD, EXAC) a total of 46 variants were observed in at least
16% of reads with sufficient quality level. Variants were investigated computationally for deleterious
effects, by associations of the affected gene with proband’s phenotype and by literature search for
functional information. The candidate BRSK2 mutation from the WES approach was re-sequenced in the
index and his parents after PCR amplification by Sanger sequencing using an ABI Genetic Analyzer 3730
(Applied Biosystems, Foster City, California).

Three-dimensional modeling
Protein modeling was performed as previously described®.
Statistical enrichment of BRSK2 variants

We compared the frequency of observed variation to the expected frequency of variation in BRSK2°
using an Exact Binomial Test in R.

Comparison of BRSK2 coverage in exomes and genomes

Bedtools was used to extract base-pair-level coverage data from gnomAD exomes and genomes (release
2.0.2) across the intersection of Consensus CDS exons (CCDS, as of August 2016) +/- 10bp and either

1) BRSK2 or 2) confirmed genes from the Developmental Disorder Genotype-Phenotype Database
(DDG2P, as of November 2018, using coordinates from GRCh37 ENSEMBL build 94). This resulted in
three sets of bp-level coverage data: exome-BRSK2, genome-BRSK2, and exome-DDG2P. Using R, sets
were sorted by fraction of samples meeting 20x coverage and the percentile rank of each position was
calculated and graphed. To assess rates of singleton variants, we used BCFTools to extract and normalize



variants from the CCDS +/- 10bp region. We removed all variants part of a multi-allelic site in either the
exome or genome sets and used R and dplyR to full-join the remaining variants and compute the sum of
the genome and exome allele counts. Unique variants were counted toward their respective set if their
combined allele count was equal to one and the variant had a filter status of PASS in its respective set.
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