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Purpose: Array comparative genomic hybridization is available for
the evaluation of autism spectrum disorders. The diagnostic yield of
testing is 5-18% in children with developmental disabilities, includ-
ing autism spectrum disorders and multiple congenital anomalies.
The yield of array comparative genomic hybridization in the adult
autism spectrum disorder population is unknown.

Methods: We performed a retrospective chart review for 40 consec-
utive patients referred for genetic evaluation of autism from July 2009
through April 2012. Four pediatric patients were excluded. Medical
history and prior testing were reviewed. Clinical genetic evaluation
and testing were offered to all patients.

Results: The study population comprised 36 patients (age range
18-45, mean 25.3 years). An autism spectrum disorder diagnosis was
confirmed in 34 of 36 patients by medical record review. One patient

INTRODUCTION

The autism spectrum disorders (ASDs) are neurodevelop-
mental conditions diagnosed in children with impairments
in social relationships, language, and communication, along
with restricted and repetitive behaviors. Many children with
ASDs also have intellectual disability or epilepsy, and approx-
imately 75% require lifelong social and behavioral support.
One in 88 children has some form of ASD, and diagnosis
rates have been rising in the past few decades."” Therefore,
autism is common and a reason for referral to geneticists,
developmental pediatricians, and pediatric neurologists for
diagnostic evaluation.

Technological advances have enabled the discovery of chro-
mosomal copy-number changes and single-nucleotide changes
on a genome-wide basis.>* Since these became available, many
published studies have reported on the identification of copy-
number changes in individuals with intellectual disability,
developmental delay, or autism, and array comparative genomic
hybridization (aCGH) has emerged as the single highest yield
diagnostic test. The International Standard Cytogenomic Array
Consortium reviewed 33 published studies of 21,698 patients
with developmental delays, congenital anomalies, or autism

had had an abnormal karyotype; none had prior array comparative
genomic hybridization testing. Of the 23 patients with autism who
underwent array comparative genomic hybridization, 2 of 23 (8.7%)
had pathogenic or presumed pathogenic abnormalities and 2 of 23
(8.7%) had likely pathogenic copy-number variants. An additional 5
of 23 (22%) of autism patients had variants of uncertain significance
without subclassification.

Conclusion: Including one patient newly diagnosed with fragile X
syndrome, our data showed abnormal or likely pathogenic findings
in 5 of 24 (21%) adult autism patients. Genetic reevaluation in adult
autism patients is warranted.
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who were tested by aCGH and found an overall diagnostic yield
of 12% in patients.® Studies utilizing aCGH in predominantly
pediatric cases of ASDs have yielded variable results, with the
largest cohort (age range 19 months-22 years) demonstrating
copy-number variants (CNVs) in 154 of 848 (18.2%) of patients,
including abnormal or possibly significant results in 7%, with an
additional 11.2% with variants of unknown significance.’

There are no studies of the diagnostic yield of aCGH in adults
with ASD, although one study of 45 adult patients with intellec-
tual disability reported a diagnostic yield of 22% and suggested
the yield of aCGH may be higher in an adult as compared with a
pediatric population.® It could be hypothesized that the diagnos-
tic yield of genetic testing in an adult ASD population would be
lower than in a pediatric population because of childhood mor-
tality from epilepsy or congenital anomalies. Alternatively, the
yield could be higher in adults if chromosomal anomalies were
not previously identified because of the limitations of prior test-
ing or the lack of prior genetic evaluation.’ A third possibility is
that the diagnostic yield is similar in adults and children but with
a different distribution of abnormalities. The primary purpose
of the present study was to assess the diagnostic yield of clinical
genetic evaluation and aCGH in an adult ASD population.
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MATERIALS AND METHODS

After approval by our institutional Human Subjects Review
Board, a retrospective chart review was performed on all
patients referred to the Autism Genetics Clinic in the Center
for Human Development and Disability at the University of
Washington from 1 July 2009 to 30 April 2012. A total of 40
patients were ascertained, including two male siblings. Four
patients younger than 18 years were excluded. Medical record
review confirmed the diagnosis of autism spectrum disorder in
34 of the 36 adult patients. Age; sex; developmental, education,
and work history; prior genetic test results; neuroimaging; elec-
troencephalograms; and medical history were reviewed. Prior
genetic testing had been performed in 16 patients, and was
nondiagnostic except in one patient (6.25%) with a chromo-
some abnormality detected by karyotype. No patient had previ-
ously had aCGH testing.

Family history and physical exam were performed by a clini-
cal geneticist and neurologist (EM.H.). Fragile X molecular
testing was offered if it had not been documented previously.
aCGH was offered to all patients except patient 18, in whom
clinical suspicion of fragile X syndrome was high, so it was
ordered as a first-line test. Because it was diagnostic, aCGH was
not performed. Additional genetic testing was performed as
clinically indicated and varied by patient.

The diagnosis of an ASD was based on Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition, criteria
and confirmed by chart review by a neurologist specializing in
autism (G.S.). Twelve of the patients had undergone psycho-
logical testing. Although the testing battery varied depending on
patient age, typical instruments included the Mini-Mental State
Examination, Gilliam Asperger’s Disorder Scale, Wechsler Adult
Intelligence Scale—Third or Fourth Edition, Differential Ability
Scales, Autism Diagnostic Observation Schedule, Behavioral
Assessment System for Children, Beck Depression Inventory, and
Beck Anxiety Scale. Results of cognitive testing were reviewed by
a clinical psychologist blinded to the results of genetic testing.
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Laboratory testing was performed by the Cytogenetics and
Genomics Laboratory or the DNA Diagnostic Laboratory at
the University of Washington Medical Center, unless otherwise
stated.

Microarray comparative genomic hybridization analysis was
performed using a whole-genome microarray with 135k oligo-
nucleotide probes (NimbleGen CGX-3 v1.0; Roche NimbleGen,
Madison, WI). Genomic DNA was extracted from peripheral
blood using a Qiagen DNeasy Blood & Tissue Kit (Qiagen,
Valencia, CA). The concentration and quality of genomic
DNA were determined using Spectrophotometer NanoDrop
ND-1000 (Thermo Fisher Scientific, Wilmington, DE). Purified
genomic DNA and normal control reference DNA were labeled
with different fluorochromes using a Roche NimbleGen Dual-
Color DNA Labeling Kit through random priming with Cy3 or
Cy5 primers, and then co-hybridized onto the microarray slide.
Hybridization and washing were performed as specified by the
manufacturer. Microarray slides were scanned using an Agilent
Microarray Scanner (Agilent Technologies, Santa Clara, CA).
Whole-genome analysis of the CGH microarray was performed
using NimbleScan 2.5 (Roche NimbleGen) and DNA Analytics
4.0 (Agilent Technologies, Santa Clara, CA). The global aber-
ration detection method 1 algorithm with a threshold 10.0
and aberration filter for a minimum of five probes per region
was applied. The log2R ratios were calculated for information
regarding copy number. The data and copy-number states were
also visually inspected. Abnormal array results were confirmed
by fluorescence in situ hybridization studies. Genomic linear
positions for the copy-number changes (NCBI build 36, http://
genome.ucsc.edu/) are listed in Tables 1 and 2.

CNVs of uncertain significance (VUSs) were investigated
by comparison with databases and by literature search. The
databases that were used included the following: Database of
Genomic Variants (DGV, http://projects.tcag.ca/variation/),
Database of Structural Variation (dbVAR, http://www.ncbi.
nlm.nih.gov/dbvar/), International Standard Cytogenomic

Table 1 Pathogenic and presumed pathogenic genetic syndromes diagnosed

Patient Chromosome Gain/ Size Chromosome
number location loss (Mb) coordinates (hg18) Karyotype Fragile X Syndrome Diagnosis
18 Xq28 NA NA NA ND 270 CGG Fragile X Autism
repeats, syndrome
hypermethylated
19 22q11.21 Loss 2.49 chr22:17,299,469-19,790,650 ND ND Velo-cardio-facial MCA, ID
syndrome
25 17p11.2 Loss 3.39 chr17:16,755,641-20,147,193 ND ND Smith-Magenis PDD/NOS
syndrome
26 2931.3g36.1  Gain NA NA dup(2) Normal NA Autism
(931.3936.1)
30 15911.2g13.1  Gain 5 chr15:21,208,376-26,193,909 Normal Normal 15911.2-913 Asperger
Duplication
syndrome
36 16p11.2 Loss 0.535 chr16:29,564,890-30,100,123 ND ND 16p11.2 Deletion  Schizoid
syndrome

ID, intellectual disability; MCA, multiple congenital anomalies; NA, not available; ND, not done; PDD/NOS, pervasive developmental disorder, not otherwise specified.
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Table 2 Copy-number variants identified in adult autism patients

Normal
controls
Chromosome Gain/ Size Chromosome Genes in (n =8,329)
Subject location loss (kb, Mb) coordinates (hg18) Karyotype Fragile X the region Diagnosis Interpretation (%)
1 9g31.1 Loss 202 kb chr9:104,697, ND Normal  CYLC2 PDD/NOS  VUS, likely 0.05
996-104,900,401 benign
4 4924 Gain 360 kb chr4:06,375, ND Normal TET2, PPA2, Asperger  VUS 0
674-106,735,350 EEFTATPY,
ARHGEF38
6 Xp22.13 Gain  288kb chrX:17,862, ND Normal  BEND 2 Autism VUS NA
036-18,150,086
10923.1 Loss  45kb chr10:84,130, ND Normal  NRG3, Autism VUS 0.07
199-84,175,730 intronic
14 5g22.2 Loss 100 kb chr5:112,270, Normal Normal REEP5 Autism VUS 0
214-112,315,453
7p22.1 Gain 200 kb chr7:4735218- Normal Normal  RADIL, Autism VUS 0.01
4908023 PAPOLB,
FOXK1,
KIAA0415
22 Xp22.33 or Gain  342.48kb  chrX:1,685, ND Normal  ASMT Autism VUS NA
Yp11.32 (PAR1) 561-2,028,041
24 Xp22.33 (PAR1) Gain  577.10kb  chrX:827,639-1,404, ND ND CRLF2, Autism VUS, likely NA
740 CSF2RA benign
28 7p22.2-p21.3 Gain  4.67 Mb chr7:3,612, Normal Normal FOXK1 Autism VUS, likely 0
717-8,278,510 and 48 pathogenic
additional
genes
29 7931.1 Loss 122 kb chr7:110,858, Normal Normal IMMP2L Autism VUS, likely 0.56
721-110,981,469 pathogenic
40 Xp11.21 Gain  150kb chrX:56,316, Normal Normal KLF8 Autism VUS NA

996-56,466,262

NA, not applicable; ND, not done; PAR1, chromosome X pseudoautosomal region 1; PDD/NOS, pervasive developmental disorder, not otherwise specified; VUS, variant of

uncertain significance.
Normal controls refers to controls used in ref. 15.

Array Consortium (https://isca.genetics.emory.edu), DatabasE
of Chromosomal Imbalance and Phenotype in Humans using
Ensembl Resources (DECIPHER, https://decipher.sanger.
ac.uk/application/), OMIM (http://www.ncbi.nlm.nih.gov/
Omim), UCSC Genome Bioinformatics Site (http://genome.
ucsc.edu/), and the European Cytogeneticists Association
Register of Unbalanced Chromosome Aberrations (http://
www.ecaruca.net).

We followed the American College of Medical Genetics and
Genomics Standards and Guidelines for interpretation of post-
natal constitutional CNVs." This states that pathogenic CNVs
will include well-documented syndromes and most cytogeneti-
cally visible alterations (>3-5Mb) unless the CNV corresponds
to a well-known heteromorphism. Categorization as a CNV
of uncertain clinical significance, likely pathogenic, is recom-
mended if there is a prior single case report with well-defined
breakpoints and phenotype, or a gene in the CNV interval is
compelling and specific for the phenotype. Categorization as a
CNV of uncertain clinical significance, likely benign, is recom-
mended if there are no genes in the interval, or it is reported in
a small number of cases in databases of variation in the general
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population but is not a common polymorphism. Categorization
as a CNV of uncertain clinical significance (no subclassifica-
tion) is recommended if there are genes in the interval, but it
is unknown whether they are dosage sensitive, or the CNV is
reported in multiple contradictory publications or databases.

RESULTS
Clinical and demographic features
Demographic characteristics for the 36 adult patients (28
men, 8 women) are presented in Table 3. The average age
was 25.3 years (range 18-45 years). Sixteen patients had had
prior genetic testing, with a diagnostic abnormality in only
one patient (6.25%). Patient 22 is a 21-year-old man who had
a karyotype when he was 10 years old, which showed a partial
duplication of the long arm of chromosome 2, reported as
46,XY,rec(2)dup(2)(q31.3q36.1)ins(2)(q33.1q31.3q36.1). His
family declined aCGH testing.

Of the 36 patients, 25 patients had aCGH testing, including
patients 19 and 36, who were referred for genetic evaluation of
autism but for whom record review did not confirm the diagno-
sis. One patient had fragile X but not aCGH testing. Of 10 patients
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Table 3 Patient demographics for referrals for adults
with autism from 1 July 2009 to 30 April 2012

Study cohort

Total patients 36
Mean age (years) 25.3 (range: 18-45 years)
Gender, male:female 3.5:1
Male (%) 28 (78)
Female (%) 8(22)
Ethnicity (%)
White 29(80.6)
Hispanic 1(2.8)
Black 2 (5.6)
Other (1 South Asian, 3 multicultural: 4(11)
2 white/Asian, 1 Hispanic/white)
Education (%)
High school 30(83)
Technical school 2(5.6)
2-Year college 2 (5.6)
4-Year college 0
Unknown 2(5.6)
Residence (%)
Parents/family 25(69)
Group home 9(25)
Semi-independent 1(2.8)
Independent 1(2.8)
ASD diagnosis (%)
Autistic disorder 26(72)
Asperger disorder 3(8.3)
PDD/NOS 5(14)
None 2(5.6)
Secondary diagnoses (%)
Intellectual disability/number tested 10/12 (83)
Epilepsy 11(31)
Dysmorphic (three or more anomalies) 9(25)

ASD, autism spectrum disorder; PDD/NQOS, pervasive developmental
disorder, not otherwise specified.

not tested, 6 had insurance that did not cover aCGH testing, 3
declined because of the necessity for sedation for phlebotomy,
and 1 declined because of a previous abnormal karyotype.

Of a total of 25 adult autism patients, 1 was diagnosed with
fragile X syndrome, 1 had an abnormal karyotype, and 23
underwent aCGH testing. Only 12 confirmed ASD individu-
als had adequate psychological testing to determine intel-
lectual status, of which 10 had at least borderline intellectual
impairment. In addition, 9 autism patients had three or more
minor anomalies and were considered dysmorphic. Of the 7
dysmorphic autism patients who underwent updated testing,
3 of 7 (43%) had pathogenic findings and 1 of 7 had two VUSs
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identified. Epilepsy was reported in 11 individuals with autism;
of these, 9 individuals underwent aCGH testing, 5 of 9 (56%)
had normal results, and 4 of 9 (44%) had a VUS, all involving
the X chromosome (Table 2).

Pathogenic genetic test results

Two patients were referred with a diagnosis of autism that could
not be confirmed; however, aCGH was performed in them for
other indications. Patient 19 had no neuropsychological testing
or medical records available to confirm autism. He is a 26-year-
old man who was born with cleft palate, congenital heart defect,
and imperforate anus. The diagnosis of velo-cardio-facial syn-
drome was considered clinically, and aCGH was performed for
congenital anomalies and intellectual disability. He had a 2.40 Mb
deletion on chromosome 22q11.21, confirming velo-cardio-
facial syndrome. Patient 36 is a 19-year-old man with intellec-
tual disability and dysmorphic features. He met Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition, criteria for
schizoid personality disorder and rate-disabled reading disorder
and has a chromosome 16p11.2 deletion, which been reported
in approximately 1% of individuals with autism.'*** Of the 24
autism patients who had current genetic testing, fragile X DNA
testing identified a fully methylated, trinucleotide repeat expan-
sion (270 CGG repeats) in patient 18. He is a 45-year-old man
with intellectual disability, autism, macrocephaly, large ears, long
face, prominent chin, macro-orchidism, and a maternal uncle
with intellectual disability.

Of the 23 patients with confirmed autism who underwent
aCGH, results were abnormal and pathogenic or presumed
pathogenic in 2 of 23 patients (8.7%). One patient was found to
have Smith-Magenis syndrome, and one patient was diagnosed
with 15q11.2-q13 duplication. The 15q11.2-q13 duplication
in the patient includes the entire Prader-Willi/ Angelman syn-
drome critical region, including the SNRPN gene. This duplica-
tion has been associated with autism and development delay,
usually when it is present on the maternally inherited chro-
mosome 15, although there are rare reports of the duplication
arising on the paternal chromosome 15."*'* This patient’s par-
ents declined follow-up aCGH studies. Given her presentation,
this duplication was probably on the maternally inherited or
derived chromosome 15 and presumed to be pathogenic. The
results and clinical features are summarized in Tables 1 and 4.

Analysis of VUSs

We identified rare CNVs in 9 of 23 (39%) autism patients, and
two (patients 6 and 14) had both a copy gain and a copy loss.
The genetic test results are summarized in Table 2, and clini-
cal features are summarized in Table 5. Each VUS was evalu-
ated to see how well it was represented in the DGV, and its fre-
quency was calculated using a control cohort (8,329 unaffected
adults) in dbVar from a previously published study that used
an array platform related to that used by the patients in this
study, whereas the controls were studied on a higher-resolution
platform.”” These CNVs are rare, and their frequencies in this
normal control cohort ranged from 0 to 0.56% (Table 2).

73



ORIGINAL RESEARCH ARTICLE

STOBBE et al | Genomic abnormalities in adults with autism

Table 4 Summary of clinical features for the patients in Table 1

Patient Age Additional
number (years) Gender Diagnosis Dx Clinical features Family history
18 45 M Autism ID Prominent forehead, large ears, pointed 1 Maternal uncle with ID/ASD
chin, tremor
19 27 M MCA, ID ID Multiple congenital anomalies: cleft palate, Negative
prominent nose, congenital heart defect,
imperforate anus
25 22 E PDD NOS ID Submucous cleft palate, bruxism, Negative
strabismus brachycephaly, flat midface,
brachydactyly
26 22 M Autism D Preauricular pit and tags, IQ 44, nonverbal ~ Negative
30 26 F Asperger ADD None, IQ 87 1 Brother with neurodevelopmental
disorder
36 20 M Schizoid None Narrow nasal bridge, thin lips, Father with schizophrenia, bipolar

retrognathia, pes planus, single transverse
palmar crease

disorder, ADHD

ADD, attention-deficit disorder; ADHD, attention-deficit hyperactivity disorder; ASD, autism spectrum disorder; Dx, diagnosis; F, female; ID, intellectual disability;
1Q, intelligence quotient; M, male; MCA, multiple congenital anomalies; PDD/NOS, pervasive developmental disorder, not otherwise specified.

Table 5 Summary of clinical features in adults with aCGH VUS

Patient Age

number (years) Gender Diagnosis Additional Dx Clinical features Family history
1 22 M PDD/NOS None None 1 Paternal uncle institutionalized at
age of 3 years
4 22 Asperger Depression Epicanthanal folds, tapered Negative
fingers
6 26 M Autism Epilepsy None Paternal grandmother with epilepsy
14 22 M Autism ID Dolichocephaly. Head Negative
circumference 57 cm.
Prominent ears, narrow face,
wide mouth, scoliosis, severe
pectus excavatum. Has 30 words.
Normal brain MR
22 27 M Autism ID, epilepsy None 1 Sister with dyslexia
24 23 Autism ID, epilepsy Mild: preauricular tag, uterine Negative
didelphys, scoliosis
28 33 M Autism ID Tall (191.3cm), 1 Sister with bipolar disorder
dolichomacrocephaly (63.6cm),
deep-set eyes, small ears, large
hands and feet, high arched
palate, compulsive, 1Q 44.
Normal head CT
29 28 M Autism None Macrocephaly (61.5cm), IQ 68 2 Sisters with ADHD, anxiety.
Depression in 3 second-degree
relatives. ASD in maternal
grandfather’s half sister
40 19 M Autism ID, epilepsy 1Q 42 1 Brother with ASD, 1 brother with

ASD and epilepsy, mother with bipolar
disorder, father with depression

aCGH, array comparative genomic hybridization; ADHD, attention-deficit hyperactivity disorder; ASD, autism spectrum disorder; CT, computed tomography;
Dx, diagnosis; F, female; ID, intellectual disability; 1Q, intelligence quotient; M, male; MRI, magnetic resonance imaging; PDD/NOS, pervasive developmental disorder;

not otherwise specified; VUS, variant of uncertain significance.

Patient 1 had a 202-kb loss on 9q31.1 containing CYLC2,
which encodes cylicin II, a protein component of the cytoskel-
etal calyx of mammalian sperm heads, unlikely to be associ-
ated with ASD.*® One deletion and two duplications in CYLC2

74

a VUS, likely benign.

were reported in the DGV in the general population, and the
frequency in the control population was 0.04% (Table 2).
Although it is rare, given its gene function, this was classified as
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Patient 4 had a copy gain in the region of 4q24, with mini-
mum size of 359.68kb. This interstitial duplication contains
the C-terminal part of TET2, PPA2, and EEFIAIPY, and the
N-terminal part of ARHGEF38. Therefore, it could poten-
tially form a chimeric gene containing the N-terminal part of
ARHGEF38 and the C-terminal part of TET2. TET2 encodes
tet methylcytosine dioxygenase 2, and defects in this gene
have been associated with several myeloproliferative disor-
ders.”” PPA2 encodes pyrophosphatase 2, a nuclear encoded
mitochondrial protein.'® ARHGEF38 (Rho guanine nucleotide
exchange factor 38) is uncharacterized. Similar-sized duplica-
tions have not been reported in DGV or dbVAR. The patient’s
mother was tested and was negative for the duplication; her
father was not available. The clinical significance of this dupli-
cation is unknown because of a paucity of information; there-
fore, it was classified as a VUS.

In patient 6 (male), two CNVs were detected: a duplication
of 288.05kb on Xp22.13 containing BEND2 and a deletion of
45.53kb on 10q23.1 within the intron 3 of NRG3. Similar CNV's
have not been reported in DGV or dbVAR control cohorts.
Little information is available for BEND2, so this was classified
as a VUS. NRG3 encodes a member of the neuregulin family,
which are neuronally expressed proteins in the developing ner-
vous system.'” Neuregulin 3 is a ligand for the transmembrane
tyrosine kinase receptor ERBB4, a member of the epidermal
growth factor receptor family. NRG3-ERBB4 binding activates
intracellular signaling cascades and the induction of cellular
responses, including neuroblast proliferation, migration and
differentiation.”**! Recent studies have implicated this gene as
a susceptibility locus for neuropsychiatric disorders, including
schizophrenia and autism.”** Although NRG3 is a compelling
candidate gene for autism in the literature, because whether this
intronic deletion would affect splicing or expression of NRG3 is
unknown, this deletion was considered a VUS.

Patient 14 also had two CNVs. One CNV overlapped with
the gene REEP5 and resulted in the deletion of its promoter
region and its first two to four exons. REEP5 (also known as
DP1I) encodes receptor expression—-enhancing protein 5 and
is involved directly in shaping the tubular endoplasmic retic-
ulum.* Despite its important function, the dosage effect of
REEP5 in humans has not been established. No similar-sized
deletions were reported in DGV or dbVAR. Therefore, it was
classified as a VUS. The other CNV is a duplication that con-
tains KIAA0415, RADIL, PAPOLB, and exons 2 to 8 of FOXKI.
FOXK1 encodes forkhead box K1, which regulates myogenic
progenitor cell activation and muscle regeneration.”> However,
it is not known if this duplication would alter FOXKI expres-
sion or function. There is no information on KIAA0415.
RADIL, a ras association and dilute domains protein, has its
highest expression in the adult brain, spinal cord, testis, and
pancreas. RADIL is a RAS-related protein GTPase interactor
and is required for cell adhesion and migration. RADIL was
found to mediate migration of neural crest precursors in the
zebrafish model.*® PAPOLB encodes a testis-specific poly(A)
polymerase beta and regulates spermatogenesis.”’ Although
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this duplication overlaps the much larger duplication in patient
28, and both include FOXKI, the clinical significance of this
duplication is unknown; there is a similar duplication in the
DGYV, and its frequency in the control population was 0.01%.
Therefore, this duplication was classified as a VUS.

Patient 22 (male) had a duplication in the region of Xp22.33
or Ypll.32p11.31 (pseudoautosomal region 1), containing
ASMT except for its first exon. ASMT encodes acetylseratonin
O-methyltransferase, which catalyzes the last step of melato-
nin synthesis. Genetic variants of ASMT appear to be associ-
ated with attention-deficit and hyperactivity disorder (ADHD)
and intellectual disability.®* A partial duplication in the ASMT
gene was observed in 6-7% of the cases of ASD but in only 2%
of controls (P = 0.003).* Smaller duplications involving exons
of ASMT have been reported in 11 individuals in the DGV.
Therefore, although ASMT is a compelling gene for autism, and
CNVs have been reported to be enriched in autism patients, it
is unknown if this duplication in the proband would disrupt
ASMT function, so it was classified as a VUS.

Patient 24 (female) had a duplication on the chromosome
X pseudoautosomal region 1 band Xp22.33/Yp11.32, contain-
ing CRLF2 and CSF2RA. Fluorescence in situ hybridization
using BAC probe RP11-309M23 ruled out an insertion of this
duplicated region elsewhere in the genome. A recent fine-scale
survey of X-chromosome CNVs verified that the duplication
including CRLF2 and CSF2RA has been excluded from dis-
ease causation by segregation analysis.* There are a few similar
duplications in DGV in the general population. Therefore, this
CNV probably represents a rare polymorphism and was classi-
fied as a VUS, likely benign.

In patient 28, with moderate to severe intellectual disability
and autism, a 4.67Mb duplication containing 49 genes was
detected, and a similar duplication was reported in one indi-
vidual in the DECIPHER database in a patient with autistic
behavior, seizures, brachycephaly, high palate, short palpebral
fissures, short metacarpals, and renal agenesis. Because of the
size of the duplication, the number of genes in the region, and
concordance with a previously reported patient, this CNV was
considered a VUS, likely pathogenic.

Patient 29 has a 122-kb loss on 7q31.1 containing at least the
second and third exons of the IMMP2L gene. IMMP2L encodes
mitochondrial inner membrane peptidase subunit 2; this com-
plex processes the signal peptide sequences of proteins targeted
to mitochondria. IMMP2L was reported previously as one of
multiple candidate genes in ASD by homozygous haplotype shar-
ing.** Recent studies show that the inherited rare CNV-associated
gene set is significantly enriched for genes reported as candidates
in studies of autism, schizophrenia, Tourette syndrome, and
ADHD, including A2BPI, AUTS2, CNTNAP2, and IMMP2L.***
Similar deletions including IMMP2L are also reported in DGV
for seven individuals, and their frequency in the control popula-
tion was 0.56%. Deletions in IMMP2L could be associated with
increased risk for autism but demonstrate reduced penetrance,
similar to the chromosome 16p11.2 deletion." Because multiple
publications have implicated IMMP2L as a candidate autism
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gene, including gene deletions, and it is rare in the general popu-
lation, this CN'V was classified as likely pathogenic.

In patient 40 (male), with both autism and epilepsy, a dupli-
cation of 149.27kb on Xpl11.21 was detected. This interstitial
duplication overlaps with the C-terminal domain of the KLF8
(ZNF741) gene. Fluorescence in situ hybridization using BAC
probe RP13-1021K9 showed that it was an interstitial duplica-
tion. Depending on the orientation and site of the insertion, it
could potentially interrupt the KLF8 gene or change its expres-
sion. Follow-up studies showed that this CNV was inherited
from the patient’s mother, who has bipolar disease. The pro-
band has two brothers with autism but not epilepsy; the copy
gain was present in one and absent in the other. The autistic
brother without the duplication could be a phenocopy. Their
father has depression and had a normal array result. The KLF8
gene encodes a member of the Sp/KLF family of transcription
factors, which contain a C-terminal DNA-binding domain with
three Kruppel-like zinc fingers. The encoded protein regulates
the epithelial to mesenchymal transition during development
and plays a role in tumor invasion and metastasis.**>** Similar
duplications have not been reported in DGV. Moreover, a simi-
lar duplication has been reported in the DECIPHER database
in a man with motor nerve abnormalities and retinal/choroid
coloboma  (https://decipher.sanger.ac.uk/patient/253748). A
de novo balanced translocation t(X;21)(p11.2;q22.3) that inter-
rupted the KLF8 gene was reported in a girl with nonsyndromic
mental retardation and childhood seizures.* Analysis of her
lymphoblasts showed absence of the KLF8 transcript. All of her
normal X chromosomes were inactivated.” Because of conflict-
ing reports, our patient’s duplication was considered a VUS.

Statistical tests

Among 23 adult patients with confirmed autism who under-
went aCGH, CNVs were demonstrated in 9 of 23 (39.1%) of
patients, compared with 18.2% in published pediatric cases of
ASDs.” The two-tailed P value calculated using Fisher’s exact
test was statistically significant at 0.025, suggesting that the
adult ASD population is enriched for aCGH abnormalities
and rare CNVs. Among these 9 patients, pathogenic and likely
pathogenic results were found in 4 of 23 (17.4%) of patients and
VUS results in 5 of 23 (21.7%) of patients, as compared with 7
and 11.2%, respectively, in a pediatric ASD cohort.” The differ-
ences in both categories were not statistically significant due to
small sample size (P values of 0.078 and 0.171, respectively).

DISCUSSION
The use of aCGH as a first-line diagnostic test in the evalu-
ation of patients with autism has been supported by the
American College of Medical Genetics and Genomics, and
the International Standard Cytogenomic Array Consortium.*’
Published studies were performed using entirely or largely
pediatric populations, and the yield and types of abnormalities
in adult populations have not been studied. We report here on
an adult population of consecutively evaluated clinic patients
referred for genetic evaluation of ASDs. We found that the yield
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of genetic abnormalities in an adult population was 39.1%,
significantly higher than previously described in the pediat-
ric ASD population (18.2%), P value 0.025. Our study found
that genomic losses and gains are compatible with survival into
adulthood.

The identification of a specific diagnosis was welcome infor-
mation for families, and some families expressed gratitude
for the opportunity for updated genetic evaluation even in
the absence of a diagnostic finding. Although one reason for
attempting to identify the genetic cause of an ASD in childhood
is to offer accurate reproductive recurrence risk counseling to
parents, there is an equal and perhaps greater reason to con-
sider identification of the cause of ASD in young adults in order
to provide risk counseling to their siblings of reproductive age,
because any individual has only two parents but can have more
than two siblings. Indeed, diagnosis for reproductive risk to sibs
was a commonly stated goal of genetic counseling for families
of this young adult population. Our patients were relatively dis-
abled according to their living situation and employment his-
tory, but some patients were living independently or semi-inde-
pendently, and may wish to know their own reproductive risk.

Our study was limited by the size of the study population
and potential referral bias as to which patients were referred
for genetic evaluation. However, the demographics of the study
cohort reflect the national autism spectrum population in some
aspects. The sex ratio was 3.5 men to 1 woman, and 83% had
completed high school. Of 16 patients who had previously under-
gone metabolic or cytogenetic testing, testing for single gene dis-
orders, neuroimaging, and muscle or skin biopsy, only one had
had a diagnostic result. Of the 24 autism patients who underwent
updated genetic testing, 1 of 24 (4%) had a new diagnosis of frag-
ile X syndrome, and of patients who underwent aCGH testing, 2
of 23 (8.7%) received a new diagnosis of either Smith~Magenis
syndrome or presumed pathogenic15q11.2-q13 duplication
syndrome, and 2 patients had VUSs considered likely pathogenic
(see Tables 1 and 2). The overall yield of diagnostic abnormali-
ties or CNVs likely pathogenic was 5 of 24 or 21%.

Given our results, we recommend repeat genetic evalua-
tion for adults with ASDs. Nationwide, there are fewer genet-
ics clinics and services for adult patients (other than cancer
genetics services) as compared to pediatric genetic clinics, and
less awareness among health-care providers of the benefits of
genetic evaluation for adults.

Our study demonstrates the value of clinical genetic evalua-
tion in an adult population with known or suspected ASDs. The
presence of three or more minor anomalies has been consid-
ered significant because of the increased risk of major malfor-
mations, and this was used to classify patients as dysmorphic.*
This study found a significant likelihood of detecting a diagnos-
tic abnormality in an adult patient when a potential syndrome
was raised by a clinical geneticist, because fragile X syndrome,
Smith-Magenis syndrome, and Velo-cardio-facial syndrome
were all recognized clinically prior to genetic test results.

This study provides information for clinicians regard-
ing genetic testing for adults with ASDs. Although VUSs
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outnumbered diagnostic findings, this result is similar to those
of other published studies and reflects current technology and
available information in databases.” It also reinforces the need
for careful genetic counseling in interpretation. Identification
of genetic abnormalities can inform medical treatment and
health screening for individuals with ASDs and provide infor-
mation for family planning for their relatives.
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