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Abstract

New genomic disorders associated with large, rare, recurrent copy humber variations (CNVs) are
being discovered at a rapid pace. Detailed phenotyping and family studies are rare, however, as are
data on adult phenotypic expression. Duplications at 2q13 were recently identified as risk factors
for developmental delay/autism and reported in the prenatal setting, yet few individuals (all
children) have been extensively phenotyped. During a genome-wide CNV study of schizophrenia,
we identified two unrelated probands with 2913 duplications. In this study, detailed phenotyping
and genotyping using high-resolution micro-arrays was performed for 12 individuals across their
two families. 2q13 duplications were present in six adults, and co-segregated with clinically
significant later-onset neuropsychiatric disorders. Convergent lines of evidence implicated
GABAminergic dysfunction. Analysis of the genic content revealed promising candidates for
neuropsychiatric disease, including BCL2L 11, ANAPCI, and MERTK. Intrafamilial genetic
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heterogeneity and “second hits” in one family may have been the consequence of assortative
mating. Clinical genetic testing for the 2913 duplication and the associated genetic counseling was
well received. In summary, large rare 2913 duplications appear to be associated with variable adult
neuropsychiatric and other expression. The findings represent progress toward clinical translation
of research results in schizophrenia. There are implications for other emerging genomic disorders
where there is interest in lifelong expression.
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INTRODUCTION

Rare copy number variations (CNVs) contribute to genetic vulnerability for many
developmental and neuropsychiatric disorders [Miller et al., 2010; Pinto et al., 2010; Cooper
etal., 2011; Lionel et al., 2011], including later-onset conditions like schizophrenia [Xu et
al., 2008; Kirov et al., 2009; Levinson et al., 2011; Costain et al., 2013]. New genomic
disorders associated with large, rare, recurrent CNVs, such as 2913 duplications [Szatmari et
al., 2007; Rudd et al., 2009; Cooper et al., 2011; Yu et al., 2012; Costain et al., 2013], are
being discovered at a rapid pace. Detailed phenotyping and family studies are rare, however.
Data on adult phenotypic expression would be of particular value for genetic counseling
[Dolcetti et al., 2013].

The first report of rare recurrent ~1.7 Mb CNVs at the 2q13 locus involved 5 of 2,419
samples (2 duplications and 3 deletions) from patients referred to a clinical cytogenetic
laboratory [Rudd et al., 2009]. In retrospect, a previous study of CNV in multiplex autism
families had identified a 2q13 duplication in an affected parent—child dyad [Szatmari et al.,
2007]. Duplications at this locus are increasingly accepted as risk factors for developmental
disorders [Cooper et al., 2011; Yu et al., 2012]. The total number of individuals with 2g13
duplications with detailed phenotype data available remains two, however. Both were
children with developmental delay, tooth abnormalities, and neurologic and other features
[Rudd et al., 2009]. The recent prenatal clinical reporting of a 2q13 duplication (as a variant
of uncertain significance) in a fetus with an abnormality detected by ultrasound [Wapner et
al., 2012] underscores the need for additional information to inform genetic counseling.

Recently, we detected typical 2913 duplications in 2 of 420 unrelated probands with
schizophrenia of European ancestry [Costain et al., 2013]. Herein, we report the results of
follow-up family studies to delineate the inheritance status, segregation pattern, and
associated extended phenotype. A secondary goal was to document the outcome of clinical
genetic testing and counseling for adults with schizophrenia and their family members.

MATERIALS AND METHODS

Recruitment of the probands with schizophrenia is described in detail elsewhere [Costain et
al., 2013]. Available adult family members (=18 years) were subsequently contacted with the
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permission of the probands. For the proband in Family A, we were able to recruit family
members across three generations; for the proband in Family B, the sole full- and half-
siblings, but no ancestors, were available for study (Fig. 1). After description of the study,
written informed consent was obtained. The study was approved by local hospital and
university institutional review boards. The possibility of the return of clinically relevant
findings (e.g., the presence or absence of the 2q13 duplication) was discussed at the time of
consent. Following standard practice, genetic counseling was provided in conjunction with
the clinical confirmation and return of confirmed results for these variants.

High quality genomic DNA was genotyped using the Affymetrix® Genome-Wide Human
SNP Array 6.0 (n = 6) or Affymetrix® CytoScanHD Array (n = 6), at The Centre for
Applied Genomics (Toronto, Ontario, Canada). An established multi-algorithm approach
was used to maximize sensitivity and specificity of CNV calling, as previously described
[Silversides et al., 2012; Costain et al., 2013]. Pair-wise identity by descent was calculated
for every pair of individuals to confirm relatedness within families and non-relatedness
between families (data not shown) [Costain et al., 2013]. The presence or absence of 2q13
duplications was clinically confirmed in a CLIA-approved laboratory [Costain et al., 2013].
All other rare CNVs of interest (Fig. 1) were validated using clinical microarray and/or
gPCR [Costain et al., 2013]. Select CNVs present at a frequency of <0.1% in our initial
2,357 population-based adult controls (i.e., “rare” CNVs) were assessed in an additional
21,481 controls [Costain et al., 2013].

Phenotyping was done via direct one-on-one assessment, systems review, and review of
lifetime medical records. Standard laboratory and imaging investigations were performed as
indicated on a clinical basis for the individuals with 2913 duplications. Detailed psychiatric
assessments included use of a modified version of the Structured Clinical Interviews for
DSM-I1I-R (SCID) for Axis | disorders. Neuropsychological testing was performed using
the Wechsler Abbreviated Scale of Intelligence (WASI) and the Wide Range Achievement
Test 3 (WRAT3). Collateral history was collected from participants regarding family
members including those unavailable for study.

Stringent [Costain et al., 2013] genome-wide CNV calls for all 12 adults with available
DNA samples are included in Table SI. The 2q13 duplications confirmed in 6 of these
individuals overlapped 10 known RefSeq genes and 4 microRNAs (Fig. 1; Table SII). There
were only 3 such duplications in 23,838 controls (0.013%) [Costain et al., 2013]. No other
rare CNVs were shared between families (Table Sl). Of note, the 2 unrelated probands each
had a (different) additional rare exonic CNV that was absent in these 23,838 controls using a
50% overlap criterion (Fig. 1): a 9p24 deletion (Family A) and a 3p21 duplication (Family
B). The maternal aunt (11-1) and uncle (11-7) in Family A without 2913 duplications had
typical 16p13.11 duplications [Tropeano et al., 2013] that were present in 25 of the 23,838
controls (0.10%) (Fig. 1). None of the remaining CNVs were predicted to be of clinical
significance based on ACMG guidelines (Table Sl) [Kearney et al., 2011], although note was
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made of a recent report of a rare 9p24 deletion disrupting SL C1A1 co-segregating with
psychasis in an extended multigenerational pedigree [Myles-Worsley et al., 2013].

Phenotype in Adults

The six adults with 2q13 duplications shared a number of related phenotypic features (Table
). The dental (ectopic teeth/dental crowding), otologic (hearing loss), and urogenital
(cryptorchidism) abnormalities, and short stature, were previously reported in other cases
with 2913 duplications (reviewed in Table SI1I). Most notable, however, was the presence of
treatable later-onset psychiatric illness in all of these six individuals, albeit with two of the
six ascertained because of schizophrenia. The highly variable neuropsychiatric expression
appeared to encompass psychotic disorders, obsessive—compulsive spectrum disorders
(including trichotillomania [Flessner et al., 2012]), major mood disorders, and disinhibitory
psychopathology (including conduct disorder). The presentation and natural history of each
psychiatric disorder, including age at onset and response to treatment, was generally
unremarkable (Table | and data not shown). No individual had a childhood diagnosis of
developmental delay, autism spectrum disorder, or multiple congenital anomalies. However,
relative deficits in arithmetic were present, and the individual with the mildest
neuropsychiatric phenotype (Family A, 111-1) had one major (cryptorchidism) and one minor
(bifid uvula) congenital anomaly. The psychiatric phenotypes of the six family members
without 2913 duplications (mean age 57.2 years; range 30—74 years) are shown in Figure 1;
none had a major psychotic disorder, a history of developmental delay/intellectual disability,
or a congenital abnormality.

In Family A, all three brothers in the proband’s sibship (111-1, 11-2, 111-3) reported multiple
episodes of alcohol-induced blackouts in the absence of heavy consumption. I111-1 and 111-2
also had a history of vertigo. Their mother (11-4) and maternal aunt (11-2) with the 2913
duplication have had limited exposure to alcohol, but the former reported a serious amnesic
response to a benzodiazepine and the latter had a chronic tic disorder. The unrelated proband
with schizophrenia (Family B, 11-2) was previously reported to have elevated y-
aminobutyric acid (GABA) concentrations in the CSF [Perry et al., 1983]. Blackout
propensity was unknown for him, with minimal alcohol exposure and benzodiazepine
exposure only in the context of other medications. All six affected individuals also had
chronic sleep disturbances/insomnia. None of the adults with 2913 duplications had a history
of seizures or EEG abnormalities, despite the presence of risk factors such as anti-psychotic
medication use.

Outcomes of Clinical Genetic Testing and Counseling

All participants either displayed a passive curiosity or expressed a genuine psychological
benefit as a result of clinical testing for the 2q13 duplication. No negative psychological
consequences were reported by the study participants at time of disclosure nor at follow-up,
up to two years later. During pre-test genetic counseling, the mother in Family A (11-4)
endorsed blaming herself somewhat for her son’s psychotic illness because “it came from
[her] side of the family,” and also questioned whether “something” might have happened
during her pregnancy. She reported that all three of her children (111-1, 111-2, 111-3) had
already decided not to have children because psychiatric illness is so common in her family
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(“poor genetic material”). Post-testing, she did not express any guilt at having “passed on”
the 2913 duplication to her three sons, but instead was appreciative of finally having a partial
explanation for the family’s struggles. In Family A, the reproductive implications for 111-1,
I11-2, and I11-3 were discussed, as was the possibility of prenatal detection of the 2q13
duplication. Previously, I11-2 had been considering a vasectomy because of a fear of
transmitting his psychotic illness to any offspring. The current uncertainty surrounding these
2913 duplications and their association with schizophrenia (and other phenotypes) was
appropriately communicated in the course of genetic counseling. Probands and family
members reported choosing to participate in the research in part because of an altruistic
desire to help other (unrelated) individuals with these 2q13 duplications.

DISCUSSION

Understanding Expression Across the Lifespan

This is the first study of the adult phenotype associated with 2q13 duplications. Much of our
knowledge of emerging genomic disorders comes from pediatric samples with limited
phenotype data available to clinical diagnostic laboratories. Few adults, and almost none
with schizophrenia, have yet benefitted from clinical micro-array testing [Costain et al.,
2013]. While the majority of 213 duplications reported to date have been inherited, little
information has been provided about the transmitting parents. Descriptions of parental
phenotypes as “normal,” especially if (as is sometimes the case) used as a code word for
“not assessed,” are unhelpful and may be counter-productive. In addition, ascertainment of
transmitting parents is expected to bias toward those with milder phenotypes [Costain et al.,
2011; Dolcetti et al., 2013; Costain, 2014]. The adult phenotype of most genomic disorders
remains relatively understudied, and neuropsychiatric and other symptoms may appear over
time and/or be present but not assessed. Our findings reinforce the importance of long-term
follow-up of pediatric patients with genetic findings and of careful phenotyping of
transmitting parents. Use of complementary strategies for population-wide genetic screening
to identify individuals for clinical follow-up are helpful. For example, two typical 2q13
duplications were discovered in a unselected population cohort (Northern Finland 1966
Birth Cohort) and could now be phenotyped [Pietilainen et al., 2011]. The overall positive
outcomes reported in this study are representative of our experiences to date in providing
clinical genetics services to adults with developmental and/or neuropsychiatric disease.
However, none of the study participants would have a priori met existing criteria for clinical
genetic testing with chromosomal microarray analysis [Miller et al., 2010].

Genotype—Phenotype Correlations

Typical 2q13 duplications are contained within a much larger region on chromosome 2 that
has shown linkage to both schizophrenia and disinhibitory phenotypes (conduct disorder and
suicide attempts) [Lewis et al., 2003; Dick et al., 2010]. Also, a karyotypically visible
unbalanced insertion leading to trisomy 2gq11.2—q21.1 was previously found in a mother and
daughter, both with psychotic illness and mild intellectual disability [Glass et al., 1998].
Recurrent microduplications at 2q13 implicate at least three promising candidate genes in
this region (Table SlI; Fig. 1): (i) the neurodevelopmental facilitator ANAPCI; (ii) the
neuronal apoptosis regulator BCL 2/ 11; and, (iii) the TAM receptor component and multiple
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sclerosis risk gene MERTK. Other apparent features associated with 2913 duplications (e.g.,
dentition abnormalities) may be associated with these and/or other genes in the region (e.g.,
FBLN?). Dosage changes in the non-protein coding content of the 2q13 region may also
play a role in disease; for example, predicted targets of the microRNAs mir-4435 and
mir-4771 include many genes implicated in schizophrenia including the GABA receptor
GABRAI (Table SlI). That the reciprocal deletion at this locus may similarly predispose to
developmental disorders including schizophrenia [Rudd et al., 2009; Cooper et al., 2011; Yu
etal., 2012; Costain et al., 2013] is of interest with respect to understanding the pathway
from genotype to phenotype. The adult phenotype associated with 213 deletions is thus
deserving of separate study.

Evidence for GABAminergic Dysfunction

Intrafamilial

Knowledge of the extended neuropsychiatric phenotype allows speculation about effects of
2013 dosage variation on GABAergic neurotransmission. Alcohol-induced blackouts
(reported in Family A, 111-1, 111-2, and 111-3, though not in the other affected individuals
where alcohol exposure was limited) result in part from potentiation of GABAa-mediated
inhibition [Nelson et al., 2004]. Blackout susceptibility is only indirectly associated with
alcoholism risk [Nelson et al., 2004], and only one of the Family A members had a history
of alcohol abuse. Instead, blackout susceptibility shows a stronger direct association with
impaired judgment (e.g., greater levels of other alcohol-related risk-taking behavior or
victimization), and with susceptibility to periods of anterograde amnesia associated with
other drugs (e.g., benzodiazepines; reported in Family A, 11-4) [Nelson et al., 2004]. The
unrelated proband with the 2q13 duplication (Family B, 11-2) had no history of either of
these two potential symptoms of GABAminergic dysfunction, but was previously reported to
have elevated concentrations of GABA in his CSF [Perry et al., 1983]. Additional evidence
consistent with the potential for increased inhibitory tone in association with 2913
duplications includes: (i) a well-recognized role for GABA-minergic dysfunction in
schizophrenia, vertigo, tic disorders, and the other neurological/neuropsychiatric features
present in Family A and B [Nishiike et al., 2001; Hines et al., 2012]; and, (ii) the absence of
seizures in any of the study participants or other cases with 2q13 duplications reported to
date (Table SIII). In contrast, seizures have been reported in several individuals with the
reciprocal 2913 deletion [Rudd et al., 2009; Cooper et al., 2011; Yu et al., 2012].

Genetic Heterogeneity and Assortative Mating

Intrafamilial genetic heterogeneity and assortative mating are important considerations in
multiplex families with neuropsychiatric disease. We previously reported an excess of
individuals with two or more rare exonic CNVs in a schizophrenia cohort; this would have
included these two unrelated probands with 2q13 duplications [Costain et al., 2013]. The
second rare exonic CNV in each proband with a 2q13 duplication overlapped additional
promising candidates for neuropsychiatric disease (Table Sll): JAK2and SLC1A1 (9p24
deletion in Family A), and RHOA (3p21 duplication in Family B). The segregation pattern
suggested that the 9p24 deletion was inherited from the father (11-3) in Family A,
unavailable for study but reported to have both impulsive and violent behavior, and a
personal and family history of alcohol abuse (Fig. 1).
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The 16p13.11 duplication identified in Family A is consistently found at a modestly elevated
prevalence in cohorts with neuro-developmental diseases [Tropeano et al., 2013]. The
occurrence of this CNV could be an incidental finding of limited significance in this family.
However, the familial co-occurrence of the 16p13.11 and the 2g13 duplications could also be
a consequence of assortative mating in the maternal grandparental generation, where 1-1 and
I-2 in Family A both reportedly had a major psychiatric illness and each could have had one
of these CNVs. The maternal uncle with schizophrenia unavailable for study (11-5; Fig. 1)
would thus have been at 75% risk of inheriting at least one of the 2913 or 16p13.11
duplications. The notable familial recurrence of trichotillomania in Family A could be the
result of shared genetic or non-genetic influences that act as modifiers of an initial CNS
“insult” (the 16p13.11 duplication for I1-1, and the 2913 duplication for 11-2, I11-2, and
[11-3), or altogether different genetic variants segregating in the family. Whole genome
sequencing is a logical future consideration.

CONCLUSIONS

Large rare duplications at 2913 can be added to the growing list of recurrent CNVs
associated with highly variable neuropsychiatric expression including schizophrenia. These
findings represent progress toward clinical translation of research results with implications
for emerging genomic disorders where there is interest in lifelong expression. Analysis of
the genic content revealed novel candidate genes for neuropsychiatric disease, supporting the
likelihood of multiple gene involvement within individuals. As for children with
developmental disorders found to have pathogenic CNVs, clinical genetic testing and
counseling could be provided for the benefit of adults with schizophrenia and their families
[Costain et al., 2013, 2014a,b], regardless of the acknowledged need for a more complete
understanding about key genetic parameters.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.

Familial segregation and genic content of 2q13 duplications and other rare CNVSs. Solid and
open colored bars represent gains (duplications) and losses (deletions), respectively. Start
and stop coordinates for the four CNVs of interest were: chr2:111,105,101-112,832,463,
chr3:49,382,869-49,443,186, chr9:4,527,834-5,014,492, and chr16:15,016,089-16,260,667.
Genomic parameters are from NCBI Build 36 (hg18). All CNVs pictured were confirmed
using a second method (see text). Notably, these 2913 duplications are distal to another 2913
locus for recurrent CNVs overlapping NPHPI [Cooper et al., 2011]. Subject 11-3 is a
presumed carrier of the 9p24 deletion, given its presence in two of his offspring (111-2, 111-3)
and absence in their mother (11-4) and other maternal relatives. Psychiatric conditions in
individuals with 2q13 duplications are outlined in Table I. In Family A, the psychiatric

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2015 June 13.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duosnuen Joyiny YHID

Costain et al.

Page 12

conditions in individuals without confirmed 2q13 duplications included: a history of
untreated psychotic and paranoid features for subject I-1, lifelong “nerve problems”
requiring treatment and psychotic features for subject I-2, trichotillomania and major
depression for subject I1-1, alcohol abuse with impulsive and violent behavior for subject
I1-3, and chronic paranoid schizophrenia (age at onset 28 years) and dyslexia with average
1Q for subject 11-5. Subject 111-4 has no chronic psychiatric conditions, but has had two brief
episodes of substance-induced psychosis. Of note, a distant maternal cousin (second cousin
once removed) with schizophrenia (not pictured), a 6th degree relative to the proband in
Family A, had neither the 2q13 duplication nor the 16p13.11 duplication, but did have a rare
1.4 Mb exonic loss overlapping five genes including L/N7A (Case 44 in [Costain et al.,
2013]) that was not found in any of the individuals portrayed in this figure.
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