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Disruption of CTNNDZ2, encoding delta-catenin,
causes a penetrant attention deficit disorder
and myopia

Abidemi Adegbola,!.2* Richard Lutz,? Elina Nikkola,* Samuel P. Strom,* Jonathan Picker,5¢
and Anthony Wynshaw-Boris?

Attention deficit hyperactivity disorder (ADHD) is a common and highly heritable neurodevelopmental disorder with poorly under-
stood pathophysiology and genetic mechanisms. A balanced chromosomal translocation interrupts CTNNDZ2 in several members of a
family with profound attentional deficit and myopia, and disruption of the gene was found in a separate unrelated individual with
ADHD and myopia. CTNND2 encodes a brain-specific member of the adherens junction complex essential for postsynaptic and den-
dritic development, a site of potential pathophysiology in attentional disorders. Therefore, we propose that the severe and highly pene-
trant nature of the ADHD phenotype in affected individuals identifies CTNND2 as a potential gateway to ADHD pathophysiology similar

to the DISC1 translocation in psychosis or AUTSZ2 in autism.
Introduction

Attention deficit hyperactivity disorder (ADHD [MIM:
1434635]) is a common and highly heritable disorder. Fam-
ily, twin, and adoption studies confirm a strong genetic in-
fluence on ADHD vulnerability, and quantitative genetic
studies indicate that ADHD genetic risk is continuously
distributed throughout the population.’ Despite heritabil-
ity estimates of 60%-90% for categorically defined ADHD,?
the genetic factors involved have been elusive. Most ge-
netic and environmental risk factors are likely to have
only a small effect on causal pathways, although rare ge-
netic variants”* might have a major influence in some in-
dividuals. Furthermore, family environment adversity fac-
tors (high degree of psychosocial stress, maternal mental
disorder, paternal criminality, low socioeconomic status,
and foster care) are associated with increased rates of
ADHD.>° The heterogeneity of presentation and socioen-
vironmental phenocopies has made it difficult to isolate
the specific genetic factors involved.

Genetic variation in catenin delta 2 (CTNNDZ2 [MIM:
604275]) has been associated with human neurodevelop-
mental phenotypes, including autism’ and intellectual
disability within the del(5) (p15) cri-du-chat syndrome
[MIM: 123450].8 CTNND2 encodes delta-catenin, an adhe-
sive junction-associated protein of the armadillo/beta-cat-
enin superfamily that is expressed within proliferating
neuronal progenitor cells of the neuroepithelium and in
the dendritic compartment of postmitotic neurons.” In hu-
mans, CTNND?Z is located at 5p15.2 and encodes four alter-
natively spliced isoforms, three of which use a downstream
start codon compared to the full-length 21-exon variant.

All are predominantly confined to the brain, with variation
in their regional expression patterns. The 6.2 kb mRNA iso-
form has the most abundant whole brain expression over-
all, while the full length 7.0 kb isoform is detected primar-
ily in cortical regions and the 4.2 kb isoform is present in
subcortical regions and only just detectable in the cerebral
cortex.” Data from the Genome Aggregation Database
(gnomAD) indicate that CTNND2 has a high probability
of loss-of-function (LOF) intolerance with a LOEUF (loss-
of-function observed/expected upper bound fraction) of
0.098, indicating that only 9.8% of the expected LOF var-
iants were observed and, therefore, CTNND?2 is likely under
selection against LOF variants.'”

Involvement of CTNND2Z2 in the phenotypes of ADHD
and myopia is suggested by genetic studies of inherited
structural variation in ADHD probands, leading to identifi-
cation of an intronic deletion in CTNNDZ2 within a derived
gene set of ADHD-enriched copy number variants (CNVs)*
and several genome-wide studies implicating polymor-
phisms within CTNNDZ2 in myopia susceptibility in East
Asian populations."''* However, a definitive role for
CTNND?Z2 in pathogenesis of these conditions has yet to
be established.

Here, we describe four individuals with protein-trun-
cating CTNND?2 disruptions, three of whom are members
of a multigenerational family with marked attention
deficit disorder, and all of whom present with ADHD and
myopia. A 5;6 chromosome translocation was present in
all familial individuals with ADHD tested and was absent
in tested unaffected family members. The chromosome 6
breakpoint directly impacted no coding genes, while the
chromosome 5 breakpoint disrupted intron 2 of CTNND?2.
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A family with highly penetrant attention deficit and childhood myopia

(A) Pedigree and clinical manifestations of the individuals from family 1 with ADHD and myopia. Black, attention deficit; blue, autistic
traits; red, childhood onset myopia. Karyotypes of tested individuals are indicated. For others, DNA was not available. Asterisk, translo-
cation; filled triangle, translocation plus additional genetic findings, text; filled circle, normal karyotype.

(B) Karyotypes of individual F1 I1.2 and F1 III.3 demonstrating a translocation between chromosomes 5 and 6.

Identification of an unrelated individual with a CTNND2
disruption and attention deficit provided independent
confirmation and strongly indicates that haploinsuffi-
ciency of CTNND?2 is a high-penetrance cause of a human
ADHD phenotype.

Subjects and methods

Recruitment, consent, and sample collection

Participants were recruited from one of the following: Boston
Children’s Hospital, Harvard Medical School; University Hospitals
of Cleveland and Case Western Reserve University; or the Univer-
sity of Nebraska Medical Center. All individual study protocols
were approved by local institutional review boards (IRBs;
2009P002139, 08-10-15, and 20200792). Procedures were in
accordance with the ethical standards of the responsible commit-
tee on human experimentation (institutional and national).
Informed consent from all participants was obtained for publica-
tion of the data. Medical and psychiatric histories were taken as
well as detailed phenotyping by clinical geneticists with expertise
in dysmorphology. All families were offered genetic counseling.

Whole exome sequencing and variant screening

For the index family (family 1), array-based comparative genomic
hybridization analysis of whole-blood extracted DNA was per-
formed in duplicate using two platforms: the Agilent 244K micro-
array chip and the Illumina Infinium OmniSExome-4 kit. Whole
genome sequencing (WGS) was performed on short-read and
long-read platforms using the 10x Genomics Chromium System
(for all three affected individuals tested) and the Oxford Nanopore
PromethION Sequencing Platform (for only the individual identi-
fied as II.2 in Figure 1). Locus validation of the breakpoint and

fused sequences on the derivative chromosomes was carried out
by Sanger sequencing.

For whole genome phasing and structural variant calling, Long
Ranger’s Whole Genome Mode was used to analyze FASTQ files
generated from a 10x Genomics Chromium-prepared library
using Illumina’s bcl2fastq software. Paired sequences obtained
from each sample were mapped to human genome reference
GRCh37/hg19 using Long Ranger 2.1.6 with default parameters.
Variant calling of SNPs and indels was carried out with the general
purpose FreeBayes caller incorporated into Long Ranger. The vari-
ants were filtered by requiring a depth of coverage of at least 10
and a quality score of 30. Opal 4.0 from Fabric Genomics was
used for variant annotation and analysis using the following fil-
ters: coverage > 10 reads, quality score > 40, Omicia Score >
0.7, and minor allele frequency (MAF) in Exome Aggregation Con-
sortium (ExAC), Exome Variant Server (EVS) and 1000 Genomes
Project < 5%. The Omicia score is a proprietary score that assesses
whether a variant is likely to be deleterious. It is a meta-classifier
that combines scores from the following variant scoring algo-
rithms: SIFT,'® PolyPhen,'” MutationTaster,'® and PhyloP."? All
flagged variants were automatically annotated with pathogenicity
scores from the VAAST Variant Prioritizer.”

For individual 1.2 from family 2, whole exome sequencing,
copy-number variant (CNV) analysis, and qPCR were performed
based on potential involvement of delta-catenin. DNA was bar-
coded and exonic regions and flanking splice junctions of the
genome were captured using a custom-modified captureset based
on the IDT xGen Exome Research Panel v1.0. Massively parallel
sequencing was done on an Illumina system with 100 bp or greater
paired-end reads. Logarithmically transformed coverage ratios
were scaled to ensure regions with no deletions had ratios of 1.0
and regions with a heterozygous deletion would be expected to
have a ratio of 0.5. Putative deletions or duplications were
confirmed by qPCR.*"%?
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Results

Identification of a family with ADHD and myopia
segregating with a balanced translocation

Five of 20 individuals (25%) in a three-generation family of
European descent had ADHD clustered in two arms of the
family (75% offspring in those families) in a pattern sug-
gestive of Mendelian autosomal dominant inheritance
(family 1; Figure 1A). Three affected individuals were as-
sessed: a 9-year-old boy (F1 III.2), a 10-year-old girl (F1
I11.3), and their 46-year-old mother (F1 II.2). All were found
to be non-dysmorphic. Phenotypes with high penetrance
were ADHD and early-onset myopia, which were shared
common features in all affected individuals. A typical opti-
cal strength was —6.75 diopters (F1 II1.3). ADHD diagnoses
were made by two independent child psychiatrists at Chil-
dren’s Hospital Boston using DSM-IV diagnostic criteria”’
current at that time and confirmed to meet newer
DSM-V criteria for ADHD.

F1 II.2 had a partial college education, while F1 III.2 and
F1 III.3 were in grade school and receiving treatment for
ADHD. F1 III.3 was unable to tolerate psychostimulants
due to side effects and received primarily behavioral inter-
ventions. F1 III.2 responded substantially to amphetamine
and dextroamphetamine mixed salts and clonidine, which
are conventional first- and second-line medications for
ADHD.**

Notably, the male subject alone (F1 III.2) had short stat-
ure (2" growth percentile) and autistic traits but did not
meet criteria for autism spectrum disorder. This additional
phenotype was not observed in any of the other 19 indi-
viduals in the pedigree.

We identified a t(5;6)(p15.1;q14.1) chromosome trans-
location [t(5;6)(6qter — 6q14::5p15.1 — Sqter;6pter —
6q14.1::5p15.1 — Spter] on karyotype analysis of three as-
sessed affected individuals (Figure 1B). The karyotype in F1
I1.5 (unaffected) was negative and therefore imputed nega-
tive in F1 II1.9 and F1 II1.10 (unaffected offspring). A 244K
Array comparative genomic hybridization (CGH) indi-
cated that the translocation was balanced with respect to
coding genes, while the denser Illumina SNP array
confirmed these findings in F1 II.2 (Figure 2A). Individual
F1 III.2, who displayed additional autism-like traits and
short stature, had a novel 1.1 Mb microduplication on
chromosome 6 (Figure 2B) that was not found in the other
familial translocation carriers encompassing ethylma-
lonyl-CoA decarboxylase 1 (ECHDC1 [MIM: 612136]),
ring finger protein 146 (RNF146 [MIM: 612137]), R-spon-
din 3 (RSPO3 [MIM: 610574]), and centromeric protein
W, CENPW [MIM: 611264]). This structural variant was
not present in the DECIPHER database®® or Database of
Genomic Variants.”® F1 II1.2 additionally harbored trun-
cating variants in developmental genes identified via
WGS. These were lysine methyltransferase 2B (KMT2B
[MIM: 606834]), NC_000019.10 :2.35718139G>T (NM_
014727.2:¢.121G>T; NP_055542.1:p.Glu41Ter) and short
stature homeobox (SHOX [MIM: 312865]), NC_000023.

11:2.630946A>T (NM_000451.3:c.49A>T; NP_000442.1
(LRG_710p1):p. Lys17Ter). These variants were not present
in the gnomAD, ClinVar or Human Gene Mutation Data-
base (HGMD) databases and were absent in other family
members with ADHD. These additional genetic variants
unique to F1 II.2 are possible contributors to F1 II1.2s
ancillary phenotypic features, consistent with a multiple-
hit model.”’

Identification of CTNND2 disruption at the translocation
breakpoint

Both short- and long-read WGS localized the chromosome
5 breakpoint to intron 2 of CTNND2 (GenBank:
NM_001332.4) on 5p15.2, while the chromosome 6 break-
point did not disrupt any coding genes, being approxi-
mately 20 kb removed from the nearest gene on chromo-
some 6 (Figure 3A). Direct sequencing of the derivative
chromosome breakpoint regions confirmed the novel se-
quences and indicated that neither of the derivative chro-
mosomes harbored novel promoter-gene or gene-gene
fusions (Figure 3B). A 12 bp insertion bridged chromo-
somes 5 and 6 on the derivative chromosome 5, as did a
5 bp insertion on the derivative chromosome 6. The final
rearrangement was determined to be Seq[GRCh38]
t(5;6)(p15.1;,q14.1) g.[chr5:qter_11732070:TTGTATGGG
TAA::chr6:79131137_qter] g.[chr6:pter_79,097,577::CCT
TAA::chr5:11,732,067_pter].

No enhancers were bioinformatically identified within
20 kb of either breakpoint, which was determined using
the Genehancer track on the University of California,
Santa Cruz (UCSC) genome browser. Neither breakpoint
boundary disrupted a topologically associating domain
(TAD) boundary in ENCODE data from IMR90 lung cells
and human embryonic stem cells (hESCs),*® further
confirmed using the UCSC genome browser Hi-C and
Micro-C functions.

The translocation separated exon 1 and exon 2 of
CTNND?2Z from the other 19 exons, consistent with isolated
haploinsufficiency of CTNND2 (Figure 3A).

Identification of an individual with ADHD and myopia
with an exon 2 deletion of CTNND2

We searched for individuals with CTNNDZ2 variants of
unknown significance (VUSs) in a larger cohort of unre-
lated probands with developmental conditions, excluding
missense mutations for clarity, focusing on early LOF vari-
ants. Subjects were ascertained from the case group that
had undergone genetic testing for autism or develop-
mental delay at genetic testing companies that specifically
test for CTNND2 variants (Fulgent Genetics, Prevention
Genetics, and Blueprint Genetics). In 24 instances, a posi-
tive result for a variant had been reported, one of which
was a truncating VUS. This variant, a deletion of exon 2
of CTNND2 (Figures 4A-4D), was present in family 2
(Figure 4A). The family was comprised of a parent-child
trio wherein the female child (II.1, referred to as F2 II.1)
had developmental delay and the mother (I.2, referred to
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Figure 2. Analysis of copy number variation in the chromosome 5;6 translocation

(A) INlumina Chip data demonstrating balanced sequence of chromosome 5 in the region that contains CTNND2 (chr5:109,000,000-
119,000,000) in three F1 translocation carriers (II.2 in brown, II.2 in gray, and II.3 in blue).

(B) 1.2 Mb duplication (chr6:126121880-127921880) in the more severely-affected III.2 (gray), which was not present in other translo-
cation carriers (I.2 in brown and III.3 in blue). This region encompasses ECHDC1, RNF146, RSPO3, and CENPW genes.

as F2 1.2) carried a diagnosis of ADHD. All members of the
trio underwent exome sequencing and qPCR, while, in
addition, F2 II.1 had low-coverage sequencing (8-10 x ).
For qPCR on F2 1.2, a resampling approach was used to es-
timate the probability of obtaining a log transformed
coverage ratio value as low as CTNND2 exon 2 (0.54)
from the set of 24 CTNNDZ2 exons’ values. For each
CTNNDZ2 exon, we sampled one exon at a time (with
replacement) from the log transformed coverage ratio
values of all 24 exons 1 million times at random and calcu-
lated the probability (p value) of obtaining exons in which
a given coverage ratio value was lower than or equal to the
coverage ratio value of the exon being tested (Figure 4D).

All three modalities confirmed an exon 2 deletion of
CTNNDZ in F2 II.1, while exome and qPCR confirmed
the exon 2 deletion in F2 1.2 (Figure 4E).

F2 1.2, a 31-year-old individual, completed an adult
ADHD self-report scale and was evaluated by a board-certi-
fied adult psychiatrist, with both results consistent with
ADHD. The subject carries an independent community-
based medical diagnosis of ADHD and undergoes treat-
ment with atomoxetine.”” She was in special education
classes as a child for reading and comprehension diffi-
culties, the latter of which has since resolved. She is
high-functioning and currently completing an advanced
life science degree (Master’s degree in psychology after
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Figure 3. Chromosome 5;6 translocation

(A) Graphic representation of the results obtained from the quantitative analysis of derivative chromosomes by short-read and long-read
sequencing, which demonstrated chromosome breakpoints on Chr5 and Chr6 and flanking genes (left). Final positions after rearrange-

ments are shown on the right.

(B) Breakpoint sequences were confirmed by Sanger sequencing of PCR products of the regions flanking the breakpoints in blood cells
from F1 II.2. Connecting arrows from Der 5 to Der 6 indicate hg38 coordinates at breakpoint and final reattachment locations on both
chromosomes, with novel sequences inserted at junctions. There is a 3 bp loss in CTNND?2 intron 2 between derivative chromosome 5
and derivative chromosome 6. A loss of approximately 30 kb on chromosome 6 is in a non-genic region.

previously obtaining a Bachelor’s degree). This subject has
myopia and has worn glasses since the age of three. The in-
heritance of this participant’s deletion mutation could not
be established.

F2 II.1 is a 23-month-old female who carries the
same heterozygous maternally inherited exon 2 dele-
tion in CTNND2. She also harbored a de novo heterozy-
gous NC_000005.10:g.138393234T>C (NM_016604.3:
€.2693T>C; NP_057688.2 p.Phe898Ser) change in lysine
demethylase 3B (KDM3B [MIM: 609373]), predicted to
be benign by PolyPhen-2,'” deleterious by SIFT'® and Pro-

vean,”’ and disease causing by MutationTaster.'® This

variant was not found in the gnomAD,'’ ClinVar,
or HGMD databases. F2 I1.1 displays developmental delay,
autism, moderate hearing loss, short stature, and dysmor-
phic features consistent with Diets-Jongmans syndrome
[MIM: 618846], which is caused by heterozygous
KDM3B mutations®' and is consistent with the heterozy-
gous ¢.2693T>C, p.Phe898Ser change in KDM3B being
the causative mutation for her dysmorphia and intellec-
tual disability. The severity of this latter condition, how-
ever, masks milder neurodevelopmental phenotypes,

Human Genetics and Genomics Advances 7, 100007, October 22, 2020 5



A c F21. 2 vs Control

. Attention Deficit Family 2 (F2) : 0.956 : 0 957
. Diets-Jongmans Syndrome 1.1 1.2 ;Z WAMT
Bl childhood Onset Myopia L 2 o W CTNND2-E2
so 0.528 B CTNND2-E2B
@ CTNND?2 exon 2 deletion . 0. 488 M CTNND2-12
& CTNND2 exon 2 deletion + KDM3B missense .1 0s DMD-E13
variant 02
o 0
” ~ F212  Control
Depth of coverage ratio of all exons
B D from CTNND2 (exon 2 marked in red)
~ o.
a [sp}
E Flanking Depth of >
Exon © Coordinates (hg 38)  coverage ratio § 0
1 chr5:11903796-11904063 0.91 g A
2 chr5:11732115-11732292 0.54 C |_|_| |_|
Alt. chr5:11588725-11588937 12 8 I I I I I I |
2 chr5:11564923-11565076 1189
4 chr5:11412014-11412089 1.12 06 07 08 09 10 11 1.2
5 chr5:11411515-11411672 0.82 depth of coverage ratio
6 chr5:11397010-11397223 1.02
7 chr5:11384644-11385249 0.99 p-values of all exons from CTNND2
8 chr5:11364675-11364910 0.99 (exon 2 marked in green)
9 chr5:11346351-11346647 0.91 <
10 chr5:11236670-11236843 1.1 >
(&)
11 chr5:11199427-11199681 0.88 0C> @
12 chr5:11159555-11159779 1.09 g. N
: £ )
13 chr5:11117429-11117587 0.94 T -— |_l—|—|——‘ | |
14 chr5:11110837-11111063 0.94 o
15 chr5:11098554-11098768 1.04 I I I I I I
Alt. chr5:11083860-11083975 1.01 0.0 0.2 0.4 0.6 0.8 1.0
16 chr5:11082675-11082866 1.05
17 chr5:11022748-11022999 1.05 p-values
18 chr5:11017953-11018078 1.11
19 chr5:10992530-10992697 0.98 CTNND2 DELETION
20 chr5:10988090-10988262 0.94 N
21 chr5:10981752-10981866 0.79
22 chr5:10971821-10973733 1.05 “m_m__
qPCR D % %
B e Py
Fam”y 1 o chr5 11,903,908 1,904,175 1,732,227 1,732,404 11,565,035 1,565,188
N, ™ o - i . . : f f
c c c c
o [e] [e] o
X x x X
w|w [hN] L
CTNND2

Family 2 Ref 37
t(5;18(p15;q11)
[t(1:8(p22;q24)]
also present]

Figure 4. Genetic analysis of family 2 and summary of genetic findings

(A-E) The presence of a CTNND2 exon 2 deletion was established by low-coverage whole genome sequencing, exome sequencing, and
qPCR as described in Subjects and methods.

(A) Pedigree and phenotypes of family 2.

(B) F2 1.2: relative read count for all exome-sequenced CTNND2 exons. Alt. refers to alternate exons not found in the longest transcript.
(C) F21.2: qPCR of exon 2 of CTNNDZ2 and estimated gene dosage ratios. For F2 1.2, the autosomal AMT and X-linked DMD control targets
were within the normal expected range, while two different targets within CTNND2 exon 2 were indicative of a heterozygous deletion

(legend continued on next page)
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such as ADHD. F2 II.1 was too young to undergo detailed
vision testing and was removed from further analyses
(Table 1).

Discussion

Here, we describe unrelated individuals from two families
with remarkably consistent penetrant ADHD, early onset
myopia, and disruptions in CTNNDZ2. Although ADHD is
one of the most heritable childhood neuropsychiatric dis-
orders, a range of genome-wide association study (GWAS)-
implicated genes involved in various cell and neuronal
functions (cell division, cell adhesion, neuronal migration,
and neuronal plasticity) have mostly failed to pass
genome-wide levels of significance, with a handful of
recent exceptions.”> ADHD displayed by individuals with
CTNND?2 lesions ranged in severity from a relatively mild
presentation in F2 1.2 to a severe presentation in the famil-
ial translocation carriers. The specificity of the genetic de-
fects—the balanced translocation in the index family and
exon 2 deletion in F2 I.2—strongly supports that CTNND2
disruptions are responsible for the ADHD and myopia phe-
notypes displayed by these individuals.

Delta-catenin is an armadillo family member with a
coiled-coil domain, an armadillo domain important in
binding cadherin and beta-catenin,*® a polyproline tract
able to bind src receptor kinases,** and a PDZ domain at
the C terminus that is able to bind erbin.** Both the trans-
location and exon deletion we describe disrupt the coiled-
coiled domain in the N-terminal section of the protein,
leaving other domains intact. As the coiled-coiled domain
is unique to the single longest isoform, but not to three
shorter isoforms, and there are intragenic promoter ele-
ments that are unaffected by the translocation or exonic
deletion,*® we wished to determine if truncating lesions
elsewhere in the gene are associated with ADHD. We found
that an intronic deletion within CTNNDZ intron 4 has pre-
viously been reported within an ADHD cohort,* but it
would not be expected to affect coding exons. Further-
more, we identified published individuals in an unrelated
family with a rearrangement affecting CTNND2 consisting

of two separate balanced translocations.?” In this family
with reading disabilities, CTNND2 was disrupted by a
translocation breakpoint in intron 9 as well as a second un-
characterized gene at another breakpoint, zinc finger and
SCAN domain containing 30 (ZSCAN30), with both genes
fused together in opposite orientations. In the index fam-
ily of the current study and in F2 1.2, the genetic lesions are
more specific relative to the genetic complexity of the Hof-
meister et al.>’ family, where it might be challenging to
assign the relative contributions of each of multiple ge-
netic rearrangements to the observed phenotypes. Howev-
er, affected individuals in the Hofmeister et al.*” study were
reported to have attention deficit consistent with our
interpretation that CTNNDZ2 disruption is consistent
with highly penetrant ADHD. Finally, subjective atten-
tional deficits were reported in a large family with a
p-Glul044Lys CTNND2 substitution, which altered
dendrite morphology in vitro;*® however, no formal assess-
ment, testing, or follow-up for ADHD was done.

All confirmed translocation carriers in this study and the
Hofmeister et al.>’ study developed severe early onset
myopia from early toddler and school years, as did F2 1.2
in this study. Individuals in the index family with ADHD
(individuals II.3 and III.4) who did not submit to genetic
analysis also had childhood onset myopia, which was
not present in non-ADHD family members. Thus, in the
index family, ADHD and severe childhood myopia segre-
gated together (Figure 1). Notably, Ctnnd2 is implicated
in eye development in mice®” and is consistent with an in-
dependent association of CTNND2 SNPs with myopia in
selected human populations.''~'* Like ADHD, myopia is
a common complex disorder, and CTNND2Z2 lies 5 Mb telo-
meric to the autosomal dominant high myopia locus
MYP19 (MIM: 613969)."°> The autosomal dominant
ADHD4 locus (MIM: 608906) is centromeric to CTNND2
on 5pl3. Figure 4F summarizes the CTNND2 disruptions
from this study and Hofmeister et al.*’

A substantial amount of in vivo and in vitro data support
an important role for delta-catenin in behavior and neural
development, including proliferation of neural progeni-
tors, neurogenesis, dendritic arborization, and synaptic
function. Unlike other members of the p120ctn protein

(CTNND2-E2 and CTNND2-E2B). Pink, biallelic exon 6 of AMT gene; brown and blue, two probes for CTNND2 exon 2; green, CTNND2
intron 2; blue, DMD gene exon 13. Error bars are = 1 SD from 3 replicates.

(D) Analysis of depth of coverage ratios for F2 1.2 CTNNDZ2 exons. Top panel: frequency distribution histogram of log-transformed
coverage ratio values of all exons from CTNND2. Bars represent frequency of observations within bins of depth of coverage values on
the horizontal axis. The red vertical line marks the position of the depth of coverage ratio value of CTNND2 exon 2 within that specific
bin. Bottom panel: frequency distribution of probability values (p values) from all CTNND2 exons from the resampling analysis. The
horizontal axis represents bins of p values of the CTNND2 exons getting a depth of coverage ratio less than or equal to the depth of
coverage ratio of a particular exon from CTNND2. The green vertical line marks the p value of CTNND2 exon 2 within its specific
bin. Exon 2 had a coverage ratio value of 0.54, consistent with a hemizygous deletion (p = 0.0415) and 3 standard deviations (SDs) below
the expected value for this exon, while all other exons are within + 1 SD.

(E) Summary schematic of qQPCR and next-generation sequencing (NGS) approaches showing loss of CTNND2 exon 2. Results from three
methods are shown: quantitative PCR (qPCR), low-pass whole genome sequencing (LG), and exon-by-exon copy number variant calling
(CNVexon). Concordance across all methods for a heterozygous deletion is demonstrated. The critical region confirmed by all three
methods includes exon 2 of CTNND2.

(F) Summary of CTNND2 genetic findings in individuals with ADHD, supporting a haploinsufficiency mechanism. Red, translocation
breakpoint in family 1; blue line, deletion in family 2; dashed brown line, translocation breakpoint from Hofmeister et al.*”
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Table 1. Phenotypic characteristics of subjects in this study

F111.2 F1 1.2 F111.3 F21.2 F211.1
ADHD + + + NA?
Myopia/refractive error + + + + NAP
Autism or autistic features - +€ +
Growth deficits (small stature) 44 - - 44
Dysmorphic features - - - - +
Moderate hearing loss - - - - +
CTNND?2 disruption translocation translocation translocation exon 2 exon 2 deletion
deletion

Other genetic findings

(p.Lys17Ter) variant®’

Additional OMIM diagnoses

6q22.32 microduplication®
KMT2B ¢.121G>T (p.Glu41Ter)
variant®’ SHOX ¢.49A>T

short stature, idiopathic,
familial (MIM: 300582)

KDM3B ¢.2693T>C
(p-Phe898Ser)
variant®"

Diets-Jongmans
syndrome (MIM: 618846)

Abbreviations are as follows: ADHD, attention deficit hyperactivity disorder; OMIM, Online Mendelian Inheritance in Man.

aF2 11.1 is still too young to determine her development.
BF2 1.1 is still too young to accurately determine her vision.

F1 11.2 had an original diagnosis of DSM-IV pervasive developmental disorder, not otherwise specified.
9F1 111.2's height is approximately 2" percentile. F2 I1.1's height is approximately 6" percentile and weight is 2" percentile.

®Not found in other familial translocation carriers.
Deleterious by SIFT and MutationTaster.

9De novo.

PDeleterious by SIFT, Provean, and MutationTaster.

family, delta-catenin is unique in that it has restricted
expression to central neurons*’~** and is widely expressed
in different regions of the brain,***> both during early
development and in the mature brain.***” Delta-catenin
is first expressed within proliferating neuronal progenitor
cells of the developing neuroepithelium, becomes downre-
gulated during neuronal migration, and is later re-ex-
pressed in the dendritic compartment of postmitotic neu-
rons.” In the mouse, delta-catenin expression increases
through fetal life and peaks at postnatal day 7, with
lower levels thereafter, and shifts from embryonic expres-
sion at the cell periphery to nascent apical dendrites
in postnatal life and adulthood.”***® Delta-catenin is
likely to have neuron type-specific expression patterns
and functional roles.”® Analysis of the primary visual
cortical region in adult mice indicates that the expression
of members of the pl20ctn family is varied within
neuronal subtypes,*’° with delta-catenin enriched in
inhibitory somatosensory neurons, growth cones,”* den-
dritic segments, and postsynaptic terminals in central neu-
rons.”'>?

A mouse model with a truncated form of delta-catenin
that includes the first 461 amino acids of delta-catenin
fused to GFP at its C terminus (delta-catenin N-term
mice) has been described.>® Mutant mice have severe defi-
cits in the hidden version of the water maze (H-WM), a
sensitive measure of spatial learning and hippocampal
function,>” failing to acquire the H-WM task even after
14 days of training. Normal performance on the visible wa-
ter maze task suggests that the deficits observed are prob-

ably spatial in nature. Mutant animals have normal levels
of exploratory activity and anxiety. In implicit motor-skill
learning on an accelerating rotarod, mutant mice dis-
played an overall deficit in motor coordination. Psychosti-
mulants improved rotation behavior, motor coordination,
and motor skill learning.>® On a Pavlovian fear-condition-
ing task, mutant animals froze significantly less than wild-
type animals 24 h later, while auditory conditioning
assessed 48 h later was also impaired in delta-catenin mu-
tants, confirming that 3-cat™/~ animals have learning def-
icits that extend beyond spatial-learning impairments.

Delta-catenin is a key regulator of dendrite arborization
in pyramidal neurons. Loss of delta-catenin in hippocam-
pal neurons by short hairpin RNA (shRNA)-mediated
knockdown during the stages coinciding with dendrite
development reduces dendritic arbors,”' similar to what
is observed in neurons from delta-catenin N-term mice.”’
In vivo two photon imaging studies in cortical neurons of
wild-type and delta-catenin N-term mice indicate no alter-
ations in the dendritic arbor at 5 weeks of age®® but, there-
after, delta-catenin N-term mice have progressive retrac-
tion of the dendritic arbor, leading to functional deficits
in cortical responsiveness.’® Overexpression of delta-cate-
nin enhances the branching number of dendrites in pri-
mary hippocampal neurons.®’>®

Taken together, these data suggest that delta-catenin
likely regulates multiple aspects of dendrite morphogen-
esis, including developmental dendrite arborization and
dendrite stability in the adult. This is enabled by its inter-
action with erbin, which binds to delta-catenin at the
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PDZ domain and promotes its appropriate subcellular
localization.”® The C-terminal region of delta-catenin is
the site of interaction with cortactin, actin and 14-3-3¢/
¢***® and is a critical determinant of its ability to regulate
dendrite morphogenesis.®’ Delta-catenin also interacts
with cyclin-dependent kinase 5 (CDKS) and with regula-
tors of the Rho family of small GTPases,***”"°*-% well-
known regulators of the actin cytoskeleton that have pro-
found influence on dendritic morphogenesis.®>*> The
increase in density of synapses observed with overexpres-
sion of delta-catenin in mature primary hippocampal neu-
rons is inhibited by the use of a dominant negative Rac
construct or a dominant negative Cdc42,°” indicating a
G protein-mediated role in delta-catenin’s effects on regu-
lating the actin cytoskeleton. Abolishing delta-catenin
phosphorylation at Thr454 by Akt®’ inhibits delta-cate-
nin’s effect on dendrite-like branching in NIH 3T3
cells,”” while loss of CDK5-mediated phosphorylation of
delta-catenin at residues Ser300 and Ser357 enhances the
density of dendritic protrusions and enhances the associa-
tion between delta-catenin and N-cadherin, GRIP, and
PSD9S, resulting in an increase in the surface AMPA recep-
tor (AMPAR) and ratio of AMPA/N-methyl-d-aspartate
(NMDA) compared to the wild-type delta-catenin.®®®’

Thus, delta-catenin plays a critical role in dendritic archi-
tecture via several effectors in convergent downstream
pathways that assemble actin filaments. Other actin
modeling proteins within this pathway have been associ-
ated with ADHD-like behaviors in relevant mouse
models.°®”* Our finding that CTNND2 is a high pene-
trance ADHD gene in human subjects provides additional
evidence that dendritic aberrations are a potential patho-
physiologic cause of ADHD.

Dendritic lesions are linked to a wide range of neurode-
velopmental phenotypes.”*”° Functional CTNND2 vari-
ants are likely to act cumulatively with other risk genetic
variants when present to produce a more complex or
extended phenotype, consistent with multiple-hit devel-
opmental models®’ that suggest that phenotypes with
two deleterious mutations are distinct and/or more severe
than cases carrying only the co-occurring mutation. Thus,
de novo CTNNDZ2 variants have been associated with
distinct or more severe phenotypes’-® albeit a putative
Mendelian phenotype attributed to a CTNND2 missense
variant®® was recently revised to assign ultimate causation
to a different gene.”’

In summary, the complexity and heterogeneity of the
ADHD phenotype has hindered the search for underlying
genetic causes. Consistent with evidence characterizing
ADHD subjects as carrying a higher burden of inherited
rare CNVs in neurodevelopmental genes or a higher
burden of rare protein-truncating single nucleotide vari-
ants,* we describe a rare family carrying a penetrant trans-
location that, by interrupting CTNND2, causes an ADHD/
myopia phenotype that is also found in unrelated individ-
uals with disruption of the gene. The severe and highly
penetrant nature of the ADHD phenotype in the subjects

in this study identifies CTNND2 as a potential gateway to
ADHD pathophysiology similar to the DISC1 translocation
in psychosis.”®

Data and code availability

The datasets and variants generated during this study are
available at GenBank (Whole genome sequencing; SRA
accession PRJNA64834) and ClinVar (Gene variants; Acces-
sions SUB7836623, SUB7824655).
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