Pollak et al. Molecular Autism (2019) 10:30

https://doi.org/10.1186/513229-019-0281-5 M 0 I ecu | ar Autis m

Neuropsychiatric phenotypes and a distinct ®

constellation of ASD features in 3929
deletion syndrome: results from the 3929
registry

Rebecca M. Pollak’, Melissa M. Murphy?, Michael P. Epstein?, Michael E. Zwick®?, Cheryl Klaiman®?,

Celine A. Saulnier’, the Emory 329 Project and Jennifer G. Mulle*>®”

Abstract

Background: The 1.6 Mb 3g29 deletion is associated with neurodevelopmental and psychiatric phenotypes,
including increased risk for autism spectrum disorder (ASD) and a 20 to 40-fold increased risk for schizophrenia.
However, the phenotypic spectrum of the deletion, particularly with respect to ASD, remains poorly described.

Methods: We ascertained individuals with 3g29 deletion syndrome (3g29Del, “cases,” n =93, 58.1% male) and
typically developing controls (n =64, 51.6% male) through the 3g29 registry (https://3g29deletion.patientcrossroads.
org). Self-report of neuropsychiatric illness was evaluated for 93 cases. Subsets of participants were evaluated with
the Social Responsiveness Scale (SRS, n =48 cases, 56 controls), Social Communication Questionnaire (n =33 cases,
46 controls), Autism Spectrum Screening Questionnaire (n =24 cases, 35 controls), and Achenbach Behavior
Checklists (n =48 cases, 57 controls).

Results: 3929Del cases report a higher prevalence of autism diagnoses versus the general population (29.0% vs.
1.47%, p < 2.2E—16). Notably, 329 deletion confers a greater influence on risk for ASD in females (OR=41.8, p=
4.78E— 05) than in males (OR = 24.6, p = 6.06E— 09); this is aligned with the reduced male:female bias from 4:1 in the
general population to 2:1 in our study sample. Although 71% of cases do not report a diagnosis of ASD, there is
evidence of significant social disability (3g29Del SRS T-score =71.8, control SRS T-score =459, p =2.16E— 13). Cases
also report increased frequency of generalized anxiety disorder compared to controls (28.0% vs. 6.2%, p = 0.001),
which is mirrored by elevated mean scores on the Achenbach diagnostic and statistical manual-oriented sub-scales
(p <0.001). Finally, cases show a distinct constellation of ASD features on the SRS as compared to idiopathic ASD,
with substantially elevated Restricted Interests and Repetitive Behaviors, but only mild impairment in Social
Motivation.
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Conclusions: Our sample of 3g29Del is significantly enriched for ASD diagnosis, especially among females, and
features of autism may be present even when an ASD diagnosis is not reported. Further, the constellation of ASD
features in this population is distinct from idiopathic ASD, with substantially less impaired social motivation. Our
study implies that ASD evaluation should be the standard of care for individuals with 3g29Del. From a research
perspective, the distinct ASD subtype present in 3g29Del is an ideal entry point for expanding understanding of

ASD.
Keywords: Autism, Copy number variants, 3g29 deletion, Psychiatric genetics, SRS, Developmental delay, Genomic
disorder,

Background individuals with 3q29Del ever assembled. Developing a

3929 deletion syndrome (3q29Del) is a rare (~ 1 in 30,
000) [1, 2] genomic disorder characterized by a 1.6 Mb
typically de novo deletion on chromosome 3 [3-5]. The
interval contains 21 distinct protein-coding genes, 3
antisense transcripts, 1 long noncoding RNA, and 1
microRNA. Our understanding of the syndrome pheno-
type continues to evolve. Initial reports found develop-
mental delay/intellectual disability universal among 3q29
deletion carriers, though some case reports have since
identified individuals without cognitive impairment [6].
The 3q29 deletion is associated with a 20 to 40-fold in-
creased risk for schizophrenia (SZ), with multiple repli-
cation studies supporting this association [7-11]. Case
reports also indicate other neuropsychiatric phenotypes
may exist, including attention-deficit/hyperactivity dis-
order (ADHD) and bipolar disorder [3, 4, 12-16]. Previ-
ous work by our team examining self-report data from
44 individuals with 3q29Del revealed a high prevalence
(~20%) of generalized anxiety disorder [5]. Further, case
reports have long suggested an association with autism
spectrum disorder (ASD), and studies with large sample
sizes indicate that the 3q29 deletion may confer a 19-
fold increased risk for ASD (p =0.001) [17, 18].

The range of neuropsychiatric manifestations in
3q29Del is consistent with other genomic disorders. For
example, the 22q11.2 deletion has a well-known associ-
ation with schizophrenia but is also associated with in-
tellectual disability (ID), ASD, anxiety, mood disorders,
and ADHD [19, 20]. A similar constellation of pheno-
types, including ASD, ADHD, ID, SZ, and anxiety, has
been identified in 16p11.2 deletion and duplication syn-
dromes [21, 22], 7q11.23 duplication syndrome [23], and
1q21.1 deletion syndrome [24]. Thus, risk for multiple
neuropsychiatric phenotypes appears to be a feature
common to many genomic disorders, including 3q29 de-
letion syndrome.

The present study aims to improve the current under-
standing of 3q29 deletion-associated neuropsychiatric
and neurodevelopmental phenotypes, and ASD in par-
ticular, by examining data from comprehensive, stan-
dardized questionnaires in the largest cohort of

clearer and more comprehensive picture of 3q29
deletion-associated phenotypes will aid in management
of the syndrome for both families and clinicians, which
may in turn improve long-term outcomes. Additionally,
a careful description of the phenotypic spectrum of
3q29Del provides a basis for cross-disorder comparison
between genomic disorders, which may ultimately create
inroads for identifying common mechanisms underlying
3q29Del and similar CNV disorders.

Methods and materials

Sample

Individuals with 3q29Del were ascertained through the
internet-based 3q29 deletion registry (https://3q29dele-
tion.patientcrossroads.org) as previously reported [5].
Briefly, information about the registry was emailed to
health care providers, medical geneticists, genetic coun-
selors, and support organizations; the registry is also ad-
vertised via Google AdWords, where specific keywords
were chosen to target the registry website in internet
searches. Participant recruitment, informed consent and
assent, and data collection are all performed through the
registry website. Data were securely downloaded and de-
identified for analysis. After data cleaning of the elec-
tronic records (removing spam accounts, duplicate re-
cords, and related individuals), 93 3q29Del registrants
(58.1% male) were included in the present study, ranging
in age from 0.1-41.0years (mean =10.0+ 8.6 years).
Clinical diagnosis of 3q29 deletion syndrome was con-
firmed in 58% of our study subjects via review of clinical
genetics reports and/or medical records. To confirm that
adaptation of standardized questionnaires to an online
format did not skew results, 64 typically developing con-
trols (51.6% male) were included, ranging in age from
1.0-41.0 years (mean = 9.9 + 7.2 years). Controls were re-
cruited via emails sent to intramural CDC and Emory
listservs and invited to fill out surveys in an identical
fashion to cases. Controls reporting a clinical diagnosis
of any neurodevelopmental disorder were excluded (n =
1). Description of the study sample can be found in
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Table 1. This study was approved by Emory University’s
Institutional Review Board (IRB00064133).

Questionnaires

Upon registration, the participant or his/her parent com-
pleted a custom medical and demographic questionnaire.
This questionnaire includes questions on the sex, birth-
date, race, and ethnicity of the participant, as well as a
detailed medical history, including developmental mile-
stones and prior clinical diagnoses of any neuropsychi-
atric or neurodevelopmental disorders [5].

Four standardized questionnaires were used to assess
ASD-related symptomology and general behavioral
problems in the participants. The Social Responsiveness
Scale (SRS; preschool, school-age, and adult forms; n =
48 3q29Del, 56 controls) is a 65-item, 4-point Likert-
scaled questionnaire designed to assess ASD-related
symptoms along a normative continuum [25]. The Social
Communication Questionnaire (SCQ, n=33 3q29Del,
46 controls) is a 40-item, yes/no questionnaire designed
to assess ASD-related symptoms keyed to diagnostic and
statistical manual (DSM) criteria [26]. The Autism
Spectrum  Screening Questionnaire (ASSQ, n=24
3q29Del, 35 controls) is a 27-item, yes/somewhat/no
questionnaire designed to assess ASD-related symptoms
in high-functioning individuals with no to mild ID [27].
The Child Behavior Checklist (CBCL) and Adult
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Behavior Checklist (ABCL) are 100-, 113-, or 126-item
(CBCL preschool, CBCL school-age, and ABCL, respect-
ively; n =48 3q29Del, 57 controls), 3-point Likert-scaled
questionnaires designed to assess behavioral or develop-
mental problems [28, 29]. Data from the CBCL and
ABCL were pooled for analysis. All standardized ques-
tionnaires were adapted for the online 3q29 deletion
registry and were completed by the participant or par-
ent/guardian of the participant upon registration. Some
participants were not eligible to complete the standard-
ized questionnaires because the proband was too young.
Demographic characteristics of the respondents for each
questionnaire can be found in Additional file 1: Table
S1. demonstrating that the average age and sex distribu-
tion of participants who completed the medical and
demographic questionnaire were not different from the
average age and sex distribution of participants who
completed each standardized form.

Analysis

Data from standardized questionnaires were imported
into R [30] and were recoded and scored according to
the publisher’s guidelines. Features of interest from the
medical history questionnaire (heart defects, age at walk-
ing, ASD diagnosis, global developmental delay/mental
retardation (GDD/MR) diagnosis) were recoded for ana-
lysis as follows: heart defects, yes/no; age at walking,

Table 1 Characteristics of study participants with 3q29Del and controls

3929 deletion syndrome Control p value
Age, years (mean + SD) 100+ 86 99+72 0.945
Sex (n, %) 0.521
Male 54 (58.1%) 33 (51.6%)
Female 39 (41.9%) 31 (48.4%)
Race (n, %) 0.0003
White 81 (87.1%) 41 (64.1%)
Black/African American 2 (2.2%) 12 (18.8%)
Other 10 (10.8%) 9 (14.1%)
Blank 0 (0%) 2 (3.1%)
Heart defect (n, %) 237E-07
Yes 27 (29.0%) 2 (3.1%)
No 54 (58.1%) 61 (95.3%)
Blank 12 (12.9%) 1(1.6%)
Age at walking (n, %) 2.16E— 09
Normal 2 (45.7%) 60 (93.8%)
Delayed 3 (25.0%) 1(1.6%)
Extremely delayed 2 (13.0%) 1 (1.6%)
Unsure 0 (10.9%) 2 (3.1%)
Not applicable 5 (5.4%) 0 (0%)

Demographic data collected from the custom medical and demographic questionnaire completed by participants upon enroliment in the online 3g29 Registry.
p values were calculated with Student’s t test (age), Fisher’s exact test (race, heart defect, age at walking), or Pearson’s chi square test (sex)
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binned as normal (<18 months), delayed (19-24
months), and extremely delayed (>24 months); ASD
diagnosis, yes/no; and GDD/MR diagnosis yes (reported
diagnosis of global developmental delay and/or mental
retardation)/no. To compare responses between 3q29Del
cases and controls, linear models and logistic regression
models were implemented using the stats R package
[30]. To perform case-only analysis within 3q29Del
cases, linear models and logistic regression models
were implemented using the stats R package [30] and
cumulative link proportional-odds models were imple-
mented using the ordinal R package [31]. All statis-
tical models included age, race, and sex as covariates.
To compare rates of self-reported diagnoses and
demographic parameters between 3q29Del cases and
controls, Fisher’s exact test was implemented using
the stats R package [30]. To compare rates of self-
reported diagnoses in 3q29Del cases to population
prevalence values, one-sample proportion tests with
Yates’ continuity correction were implemented using
the stats R package [30]. To compare sex distribution
between 3q29Del participants and controls, Pearson’s
chi square test was implemented using the stats R
package [30]. To compare age distribution in 3q29Del
participants and controls, two sample ¢ test was im-
plemented using the stats R package [30]. To com-
pare scores in 3q29Del participants to mean values
for children with idiopathic ASD, one sample ¢ test
was implemented using the stats R package [30].
Odds ratios and p values were calculated using the
fmsb R package [32]. Figures were generated using
the plotly and ggplot2 R packages [33, 34].

Sensitivity Analysis

The questionnaires for 90 participants with 3q29Del
(96.8%) were completed by a parent or guardian (“par-
ent-registered”), while 3 participants with 3q29Del
(3.2%) completed all questionnaires themselves (“self-
registered”). All control participants were parent-
registered. To assess whether responses from the self-
registered 3q29Del participants were influencing the re-
sults, self-registrants were removed and the data were
re-analyzed. Self-registrants were not found to have a
significant effect on the analyses (Additional file 1: Ta-
bles S2 and S3). All results include both parent- and
self-registrants.

Results

Self-report of neuropsychiatric diagnosis in 3q29Del
Self-report of neuropsychiatric diagnoses in our 3q29Del
study subjects (Table 2) revealed a higher prevalence of
neuropsychiatric disorder diagnoses compared to con-
trols, including anxiety (28.0%), and compared to general
population frequencies, including ASD (29.0%, Fig. 2a)

Page 4 of 15

and GDD/MR (59.1%) (Table 2), confirming prior work
by our group [5]. Reported rates of conduct disorder
(1.1% vs. 3.5%) and oppositional defiant disorder (3.2%
vs. 3.5%) were similar to those observed in the general
population. While a small proportion of participants re-
ported diagnoses of bipolar/manic depression (4.3%), de-
pression (6.5%), and schizophrenia (4.3%), we focused on
ASD due to the young age (mean =10.0 years) of our
study population, since many study participants have not
reached the age of risk for schizophrenia and other
adult-onset disorders. Despite this young age, the self-
reported rate of SZ diagnoses in our adult study subjects
(age > 18 years, n = 13) was 15-30 times higher than ex-
pected (15.4% compared to an expected 0.5-1% in the
general population; n =2) [37-41] and the frequency of
bipolar disorder was ~ 1.8 times higher than expected
[42]. A summary of neuropsychiatric diagnoses can be
found in Table 2.

SRS, SCQ, ASSQ, and CBCL/ABCL scores

In 3q29 deletion study subjects, the mean SRS score was
in the moderate range (T-score =71.8), the mean ASSQ
score was in the clinical range (mean =22.2), and the
mean CBCL/ABCL score was in the borderline range
(T-score = 62.5). The mean SCQ score in 3q29 deletion
carriers was at the extremely high end of the normal
range (mean =13.9, clinical cutoff=15) and elevated as
compared to controls (mean = 3.5). Mean scores for typ-
ically developing controls were all in the normal range
(SRS T-score =45.9, ASSQ mean =2.2, CBCL/ABCL T-
score =41.8, SCQ mean = 3.5) (Fig. 1). Participants with
3q29Del scored significantly higher than typically devel-
oping controls on all four scales (p<3.0E-12, Add-
itional file 1: Table S4).

Standardized scores stratified by ASD diagnosis

Next, we examined the relationship between SRS scores
and reported ASD diagnosis, to determine whether the
score inflation we observed in our study population as a
whole was largely due to the increased prevalence of
ASD. As expected, we observed that individuals with
3q29Del and an ASD diagnosis scored significantly
higher than both controls and individuals with 3q29Del
without an ASD diagnosis (3q29Del with ASD n =17, T-
score = 82.41; 3q29Del without ASD # =31, T-score =
65.90; control #n =56, T-score =45.90; p < 3.0E- 13; Fig.
2b). We were interested to observe that individuals with
3q29Del without an ASD diagnosis also scored signifi-
cantly higher than controls (3q29Del without ASD n =
31, T-score = 65.90; control n =56, T-score =45.90; p =
2.16E- 13; Fig. 2b), indicating that increased SRS scores
in individuals with 3q29Del are not driven by ASD diag-
nostic status alone (Additional file 1: Table S5). Similar
features were observed in the contribution of ASD
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Table 2 Self-reported neuropsychiatric diagnoses
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3929 deletion syndrome Control p value; 3g29Del vs. control
Total Male Female Total Male Female
GDD/MR (n, %) <2.20E-16
Yes 55(59.1%) 31 (574%) 24 (61.5%) 1.14%* 1.48%* 0.90%*
No 38 (409%) 23 (426%) 15(385%) 64 (100%) 33 (100%) 31 (100%)
ASD (n, %) <2.20E-16
Yes 27 (29.0%) 20 (37.0%) 7 (17.9%) 1.47%* 2.34%* 0.52%*
No 66 (71.0%) 34 (63.0%) 32 (82.1%) 64 (100%) 33 (100%) 31 (100%)
Anxiety (n, %) 0.001
Yes 26 (280%) 15 (27.8%) 11 (282%) 4 (6.2%) 2 (6.1%) 2 (6.5%)
No 67 (72.0%) 39 (722%) 28 (71.8%) 60 (93.8%) 31 (93.9%) 29 (93.5%)
Bipolar/Manic Depression (n. %) 0.146
Yes 4 (4.3%) 2 (3.7%) 2 (5.1%) 0 (0%) 0 (0%) 0 (0%)
No 89 (95.7%) 52 (963%) 37 (94.9%) 64 (100%) 33 (100%) 31 (100%)
Conduct Disorder (n, %) 1.00
Yes 1(1.1%) 1(1.9%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
No 92 (98.9%) 53 (98.1%) 39 (100%) 64 (100%) 33 (100%) 31 (100%)
Depression (n, %) 1.00
Yes 6 (6.5%) 2 (3.7%) 4 (10.3%) 4 (6.2%) 4 (12.1%) 0 (0%)
No 87 (93.5%) 52 (963%)  35(89.7%) 60 (93.8%) 29 (87.9%) 31 (100%)
Oppositional Defiant Disorder (n, %) 0.271
Yes 3(3.2%) 2 (3.7%) 1 (2.6%) 0 (0%) 0 (0%) 0 (0%)
No 90 (96.8%) 52 (963%) 38 (97.4%) 64 (100%) 33 (100%) 31 (100%)
Panic Attacks (n, %) 0.045
Yes 12 (129%) 9 (16.7%) 4 (10.3%) 2 (3.2%) 0 (0%) 2 (6.5%)
No 81 (87.1%) 45 (833%)  35(89.7%) 62 (96.8%) 33 (100%) 29 (93.5%)
Schizophrenia (n, %) 0.146
Yes 4 (4.3%) 1 (1.9%) 3(7.7%) 0 (0%) 0 (0%) 0 (0%)
No 89 (95.7%) 53 (98.1%) 36 (92.3%) 64 (100%) 33 (100%) 31 (100%)

Characteristics of self-reported neuropsychiatric diagnoses in study participants with 3q29Del and controls. Asterisks indicate where 3q29Del was compared to
general population prevalence values [35, 36]. p values were calculated with one-sample proportion test with Yates’ continuity correction when comparing to

population prevalence and Fisher’s exact test when comparing to controls

diagnosis status to SCQ scores (Additional file 1: Figure
S1 and Table S6).

Standardized scores stratified by sex

Both males and females with 3q29Del reported a signifi-
cantly increased frequency of ASD diagnoses, with a
substantially greater burden for ASD on females with
3q29Del. Males with 3q29Del are at 16-fold increased
risk for ASD as compared to the general population
(37.0% vs. 2.34%, OR =24.6, p = 6.06E- 09) and females
are at 34-fold risk compared to the general population
(17.9% vs. 0.52%, OR = 41.8, p = 4.78E- 05) (Fig. 2a) [35],
resulting in a male:female ratio in our study population
of 2:1, as compared to the general population ratio of 4:
1. Taken together, this indicates that the 3q29 deletion

elevates the risk for ASD in females more substantially
than in males.

Based on the sex differences in ASD risk for individ-
uals with 3q29Del, we also examined possible sex differ-
ences in scores. We found that both males and females
with 3q29Del scored significantly higher than controls
(3g29Del male n =26, T-score = 74.31; control male » =
30, T-score =45.80; p=7.70E-11; 3q29Del female n =
22, T-score=68.73; control female n =26, T-score=
46.04; p =7.42E-09); while 3q29Del males have higher
scores than females, the differences are not statistically
significant  (3q29Del male #n=26, T-score=74.31;
3q29Del female n = 22, T-score = 68.73; p > 0.05; Fig. 2c).
After stratifying our study population further by sex and
ASD diagnosis status, we determined that both male and
female 3q29Del participants without an ASD diagnosis



Pollak et al. Molecular Autism (2019) 10:30 Page 6 of 15
P
SRS SCQ ASSQ CBCL/ABCL
106 @ ASD diagnosis, male
. @ ASD diagnosis, female
96 ¢ 49 94 A No ASD diagnosis, male
:'A Severe Clinical : Clinical ® Clinical A No ASD diagnosis, female
86 o} .-:. . 35 39 N 84 - H Control
a0
" . . « * -
76 ° 25 . 29 S . 74 ;‘ o °
- : R a ® o ;.‘ . - N - .A.A’
66 ——=— 15 i O 19 - B4t o
il S R PN i
—— L . e
56 ;';A . ) 5 ﬁ!:‘ . 9 53 54 A‘..-.
. .II-I - 0 [T " . i..' [ N ne s
46 o’ LI whex 44 | AW ggn
% + l..l n -
Sl | . \‘:, nugn
36 | m 34 |
Normal Normal Normal '. M E .I Normal
24 .
0 10 20 30 40 0 10 20 30 40 0 10 20 30 0 10 20 30 40
Age in years
Fig. 1 Score distribution for 3g29Del and controls on the SRS, SCQ, ASSQ, and CBCL/ABCL. Total scores on the SRS (n =48 3g29Del, 56 control), SCQ (n =
33 3929Del, 46 control), ASSQ (n = 24 3g29Del, 35 control), and CBCL/ABCL (n =48 3g29Del, 57 control) for registry participants. Self-reported diagnosis of
ASD is denoted by shape (circle/ASD, triangle/no ASD), and sex of participant is denoted by color (red/female, blue/male). Controls are shown in black

had significantly higher scores than controls (3q29Del
male without ASD #n = 14, T-score = 66.29; control male
n =30, T-score =45.80; p=1.20E-06; 3q29Del female
without ASD # =17, T-score = 65.69; control female 7 =
26, T-score =46.04; p =5.04E-07; Fig. 2d). Taken to-
gether, this suggests that increased SRS scores in individ-
uals with 3q29Del are not driven by sex alone or by sex
and ASD diagnosis status in combination (Additional file
1: Table S5); rather, the presence of the deletion itself
confers a greater risk for social disability. Furthermore,
these data show an enrichment for female ASD in our
study population, based on the reduction in male bias
and the highly similar scores between males and females
with 3q29Del, irrespective of ASD diagnosis status. Simi-
lar features were observed in the contribution of sex to
SCQ scores (Additional file 1: Figure S1 and Table S6).

ASD presentation of 3¢29Del

While total scores on the SRS, SCQ, ASSQ, and CBCL/
ABCL can give an indication of the overall level of impair-
ment of individuals, sub-scores can reveal nuanced deficits
in specific behavioral domains. To this end, we analyzed all
SRS sub-scales (Social Awareness, Social Cognition, Social
Communication, Social Motivation, Restricted Interests
and Repetitive Behaviors, and Social Communication and
Interaction) to better understand the extent of social dis-
ability in our study population; our goal was to determine
whether our observed total score inflation was due to a spe-
cific severe deficit in a few domains or if individuals with
3q29Del showed high scores across all sub-scales. The
mean score for the Restricted Interests and Repetitive

Behaviors sub-scale was in the severe range (T-score =
77.3). Mean scores for Social Awareness (T-score = 67.3),
Social Cognition (T-score=69.1), Social Communication
(T-score =69.7), and Social Communication and Inter-
action (T-score = 69.5) were all in the moderate range. Not-
ably, the mean score for Social Motivation was in the mild
range (T-score = 62.1, Fig. 3a, Table 3). This sub-score pro-
file is strikingly different from that reported in studies of
idiopathic ASD, where children tend to score equally high
on all sub-scales (3q29Del Social Motivation T-score = 62.1,
idiopathic ASD Social Motivation T-score =784, p = 7.66E
—11) [43]. This atypical behavioral profile is supported by
clinical data; direct assessment of individuals with 3q29Del
by clinicians affiliated with the Emory 3q29 Project (http://
genome.emory.edu/3q29/, [44]) shows less impaired social
motivation as compared to children with idiopathic ASD.

ASD presentation stratified by sex

To determine whether this unusual SRS sub-score pro-
file was influenced by sex, we examined profiles of male
and female 3q29 deletion carriers separately. We found
that the shape of the profiles was identical, with males
scoring on average 5 points higher than females on every
sub-scale (n = 26 male, 22 female; p > 0.05; Fig. 3b; Table
3), demonstrating that the social disability in 3q29Del is
not qualitatively different between males and females.

ASD presentation stratified by ASD diagnosis

We then stratified our study subjects according to re-
ported ASD diagnosis status and examined subscale
scores separately for 3q29Del individuals reporting a
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diagnosis of ASD and those not reporting a diagnosis of
ASD. We observed that the shape of the profile is shared
between 3q29Del individuals reporting a diagnosis of
ASD and those not reporting a diagnosis of ASD, with
individuals reporting a diagnosis of ASD scoring on
average 10—15 points higher on every sub-scale (Fig. 3c).
As expected, 3q29Del participants with ASD scored sig-
nificantly higher on all sub-scales than 3q29Del partici-
pants without ASD (n =17 with ASD, 31 without ASD;
p <0.005; Table 3); however, 3q29Del participants with-
out ASD still scored significantly higher than controls
on all sub-scales (n=31 without ASD, 56 control; p <
5.0E- 05; Table 3).

Additional neuropsychiatric phenotypes in 3q29Del

To further assess behavioral features associated with the
3q29 deletion, we examined the DSM-oriented Attention
Deficit/Hyperactivity Problems, Anxiety Problems, and
Depressive Problems sub-scales from the CBCL and

ABCL. These DSM-oriented sub-scales align with neuro-
psychiatric diagnoses reported by individuals with
3q29Del [5]. Individuals with 3q29Del scored signifi-
cantly higher than typically developing controls on all
three scales (3q29Del Attention Deficit/Hyperactivity
Problems T-score=61.0, control Attention Deficit/
Hyperactivity Problems T-score = 51.3, 3q29Del Anxiety
Problems T-score =60.9, control Anxiety Problems T-
score =52.9, 3q29Del Depressive Problems T-score =
62.7, control Depressive Problems T-score = 52.3, all p <
0.001, Fig. 3d, Additional file 1: Table S7), supporting
previous reports of increased risk for neuropsychiatric
phenotypes associated with the 3q29 deletion [5].

Confounding due to heart defects and/or ID-related
phenotypes

A previous study of 3q29Del by our group showed that
approximately 25% of individuals with 3q29Del reported
a congenital heart defect [5]. Early hypoxic insult due to
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Fig. 3 Comparison of SRS sub-scales and CBCL/ABCL DSM-oriented sub-scales between 3g29Del and controls. a Profile of individuals with
3g29Del (n=48) and controls (n=59) across SRS sub-scales, showing moderate to severe impairment of 3q29Del participants in all domains
except Social Motivation (RRB, Restricted Interests and Repetitive Behaviors; SCI, Social Communication and Interaction). b Profile of 3g29Del
males (n=26) and females (n = 22) and controls (n =59) across SRS sub-scales, showing that 3g29Del males and females both score significantly
higher than controls and that there are no significant differences in score between males and females. ¢ Profile of 3q29Del participants reporting
an ASD diagnosis (n=17) and participants not reporting an ASD diagnosis (n=31) and controls (n = 59) across SRS sub-scales, showing that
3g29Del participants score significantly higher than controls irrespective of ASD status, with 3g29Del participants reporting an ASD diagnosis
scoring significantly higher than those not reporting an ASD diagnosis. d Profile of 3g29Del participants (n =48) and controls (n =57) across 3
DSM-oriented sub-scales from the CBCL and ABCL, showing significantly increased pathology in 3g29Del participants in all 3
domains. ***p < 0.001

\

a heart defect has been hypothesized to contribute to  individuals with more pronounced ID-related pheno-

later neuropsychiatric and neurodevelopmental out-
comes [45-50]. To determine if the high frequency of
heart defects in our study population was driving ad-
verse neurodevelopmental outcomes within 3q29Del
cases, we implemented generalized linear and cumula-
tive link models to assess the relationship between con-
genital heart defects and clinical ASD diagnosis, GDD/
MR diagnosis, and age at walking, which has been re-
ported to be a suitable proxy for ID in the absence of
available IQ and adaptive behavior measures [51]. Con-
genital heart defects were not associated with self-
reported ASD or GDD/MR diagnoses or age at walking
(p >0.05, Additional file 1: Table S8). Individuals with
3q29Del are also commonly diagnosed with mild to
moderate ID [5]. To ask whether ASD phenotypes or
ASD features were disproportionately overrepresented in

types and/or heart defects, we stratified the data accord-
ing to these phenotypes. Within our 3q29Del study
population, congenital heart defects were associated with
significantly increased scores on the SCQ and CBCL/
ABCL (p < 0.05); however, reported GDD/MR diagnosis
and age at walking were not significantly associated with
scores on the SRS, SCQ, ASSQ, or CBCL/ABCL (p>
0.05, Additional file 1: Table S9). These data indicate
that ID-related phenotypes were not driving the in-
creased scores in our study population.

Discussion

Previous studies have found enrichment of the 3q29 de-
letion in large samples ascertained based on clinical
ASD diagnosis [17, 18]. We have approached the associ-
ation of 3q29Del with ASD from a different angle; by
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Table 3 SRS sub-scale score comparison stratified by genotype, ASD status, and sex

Social awareness  Social cognition Social Social motivation ~ RRB Scl
communication

Mean+ p Mean+ pvalue Meant pvalue Meanxt p Mean+  pvalue Meanx  pvalue
SD value  SD SD SD value  SD SD

Genotype

Control 47.04 + - 4527 + - 4588 + - 46.13 + - 47.66 - 4550 + -
8.88 764 8.14 7.66 851 7.74

3g29Del 6733+ 145E- 69.06+ 120E- 6969+  <200E 6210+ 162E— 7731+  <200E 6952+  <200E
13.28 13 15,51 15 13.92 -16 13.52 10 14.25 -16 14.63 -16

Sex

Male control 4597 + - 4523+ - 4573+ - 46.57 + - 4763+ - 4537 + -
9.15 742 6.34 6.58 559 6.60

Male 3g29Del 6992+  761E- 7108+ 107E-= 7212+ 1.74E- 6392+  339E- 7992+  284E- 7200+ = 7.12E-
1392 09 17.65 08 1547 10 15.23 06 14.82 13 16.34 10

Female control 4827 + - 4531+ - 46.04 + - 4562 + - 4769+ - 4565+ -
8.56 8.03 9.95 8.85 11.08 9.01

Female 3g29Del 6427+  452E- 6668+ 129E— 6682+  299%E- 5995+ 136E- 7423+ 1.30E- 6659+ 1.87E—
12.08 06 1251 08 11.52 08 11.14 05 13.22 09 12.02 08

ASD Status

Control 47.04 + - 4527 + - 4588 + - 46.13 + - 47.66 + - 4550 + -
8.88 764 8.14 7.66 851 774

No ASD diagnosis 6261+  517E— 6410+  577E— 6461+ 1.20E— 5800+ 142E— 7058+  <200E 6413+ 519

3g29Del 1320 09 15.80 M 13.54 12 13.15 06 11.50 -16 1439 12

ASD diagnosis 7594+  243E- 7812+  <200E 7894+  <200E 6959+  512BE- 8959+  <200E 7935+  <200E

3g29Del 833 15 10.18 -16 9.18 -16 10.99 12 10.04 -16 9.02 -16

Comparison of mean scores on the SRS sub-scales between study participants with 3q29Del and controls. 3q29Del participants were stratified by ASD status and
sex for further analysis. p values were calculated using simple linear regression, adjusting for age, race, and sex

ascertaining subjects with 3q29Del and investigating the
prevalence of reported ASD diagnosis and ASD-related
phenotypes, the current study complements the existing
literature, providing additional evidence for the 3q29 de-
letion as a genetic risk factor for ASD. Notably, the
male:female ratio of self-reported ASD diagnosis in our
study population is 2:1. This is a reduction from the 4:1
male bias observed in idiopathic ASD in the general
population. A substantial reduction in male bias in ASD
prevalence has been observed in studies of other CNVs
and single-gene mutations; a recent study has shown
that as the severity of a mutation increases, the sex ratio
in ASD prevalence approaches 1:1 [52]. Taken together,
this suggests that the 3q29 deletion is approaching the
severe end of the spectrum of ASD-associated
mutations.

We have shown that compared to typically developing
children, our 3q29Del sample is significantly enriched
for ASD features and other behavioral problems, irre-
spective of a clinical ASD diagnosis. This finding is par-
ticularly concerning; while individuals with 3q29Del who
have an ASD diagnosis tend to score higher on sympto-
mology scales overall, 3q29Del individuals without an
ASD diagnosis still score significantly higher than typic-
ally developing children. This indicates several possible

explanations: (a) an enrichment for ASD features or so-
cial disability that falls short of diagnostic criteria, (b)
possible undiagnosed ASD in our study population, or
(c) non-specificity of the SRS, and potentially SCQ, for
phenotypes other than ASD, such as anxiety. The possi-
bility of undiagnosed ASD in our study population is
aligned with anecdotal reports from parents of our study
participants, where they have reported concerns about
atypical social development that do not appear to have
been addressed using gold-standard ASD evaluations.
Based on the elevated symptomology scores in our study
population, the substantially increased risk for ASD as-
sociated with the 3q29 deletion, and the apparent sever-
ity of the 3q29 deletion, our data suggest that gold-
standard ASD evaluations should be the recommended
standard of care for individuals diagnosed with 3q29Del.
If implemented, this practice would enable patients to
gain access to early interventions, treatments, and thera-
peutic programs that are known to improve later
outcomes.

Based on the SRS sub-scales, participants with
3q29Del display a strikingly different behavioral profile
as compared to a study of children with idiopathic ASD
[43]. Male and female 3q29Del individuals show sub-
stantially less impaired social motivation in the context
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of an otherwise typical ASD profile, with the most severe
deficits in the Restricted Interests and Repetitive Behav-
iors domain. This profile is also observed when dividing
scores for 3q29Del participants based on reported ASD
diagnosis. This qualitative difference from idiopathic
ASD may serve as an inroad to therapeutic interventions
in 3q29Del, as well as an investigative inroad to a dis-
tinct subtype of ASD. Because social motivation appears
to be relatively well-preserved in 3q29Del, this suggests
that therapies such as cognitive-behavioral therapy to
teach social skills and effective strategies for social inter-
action may be particularly successful in this patient
population.

Some facets of the difference in ASD features between
3q29Del and idiopathic ASD are recapitulated by the
scores on the Withdrawn sub-scale of the CBCL and
ABCL. Previous studies utilizing the CBCL in idiopathic
ASD have found that mean scores for participants with
ASD are in the borderline range, with over 50% of sub-
jects scoring in the borderline or clinical range [53, 54].
While 3q29Del participants generally, as well as males
and females separately, score significantly higher than
controls, their mean score is still in the normal range
(Additional file 1: Figure S2A and B). However, 60% of
3q29Del participants reporting an ASD diagnosis score
in the borderline or clinical range (Additional file 1: Fig-
ure S2C and Table S10), which is in line with what is ex-
pected based on studies of idiopathic ASD [53, 54]. This
is in conflict with the relatively well-preserved social
motivation in 3q29Del individuals with ASD identified
in our analysis of the SRS sub-scales and suggests that a
more refined analysis is merited to identify the true de-
gree of social disability in this population.

We tested the hypothesis that the score inflation ob-
served in our 3q29Del study subjects may be due to the
high prevalence of developmental delay or congenital
heart defects [5]. Our available data do not support this
hypothesis and instead reveal that social disability is
equally distributed in our study population. Lack of dir-
ect measures of intellectual disability, and errors or
missing data in self-report measures, may obscure this
relationship; however, numerous studies of the relation-
ship between ID and ASD in genomic disorders suggests
that when the population is stratified by the presence of
a specific genetic variant, the association between these
two phenotypes diminishes. A large study of several gen-
etic disorders showed that the prediction of genetic diag-
nosis based on ADI-R scores was not confounded by IQ
[55], a study of 7q11.23 duplication found that IQ was
not significantly associated with ASD status [56], and
multiple studies of 22q11.2 deletion have shown that IQ
is not significantly associated with SRS score, ASD se-
verity, and ASD status [57-59]. A question ripe for fu-
ture investigation is the potential role for microcephaly
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in the ASD-related phenotypes observed in 3q29Del.
Microcephaly, ASD, and ID are associated with the
16p11.2 duplication [21]; microcephaly has been shown
to be associated with ASD and ID in probands with
pathogenic CNVs [60]; and children with “complex aut-
ism”, defined as ASD with microcephaly and/or dysmor-
phology, have significantly lower cognitive function than
children with “essential autism” [61]. Reports have
shown a high prevalence of microcephaly in 3q29Del [3,
4, 12]; however, this question was not probed in the
current study due to the high rate (>50%) of 3q29Del
participants responding “Unsure” to the medical history
questionnaire regarding their child’s head circumference
at birth, rendering this data unreliable. Ongoing studies
with direct evaluation of study subjects [44] will address
these questions.

While this study is the most comprehensive study of
behavioral phenotypes in 3q29Del to date, it is not with-
out limitations. All of the data used in the present study
were collected from questionnaires completed by the
parents and guardians of individuals with 3q29Del,
which introduces several potential sources of bias. Some
studies have questioned the validity and reliability of
parent-report data [62]; however, a recent study in Wil-
liams syndrome patients has shown that parents are
more accurate in predicting their child’s social behaviors
than the child themselves [63]. The responses to the
medical and demographic questionnaire are more likely
to include error due to the fact that the data is retro-
spective. By limiting our study to only a few key points
in the medical history (heart defects, age at walking, and
ID/ASD diagnosis), we aimed to reduce recall errors;
however, we only had proxies for ID, rather than direct
evaluation of cognitive ability. Further, the sample sizes
for our stratified analyses were small, rendering them
underpowered; while the differences between males and
females were not statistically significant, males do score
higher than females on all measures. Studies with larger
sample size will be better able to assess the importance
of and estimate the true effect size of any difference be-
tween males and females. Additionally, there is likely as-
certainment bias within our sample. First, our sample of
93 individuals with 3q29Del is 87.1% white, indicating
that we are not adequately reaching minority popula-
tions. Second, parents that register their children and
complete in-depth questionnaires are likely to be highly
motivated, possibly because their children experience
significant morbidity—a potential indication that we are
sampling from the extreme of the phenotypic distribu-
tion of 3q29Del. Thus, scores on the standardized ques-
tionnaires, as well as rates of heart defects and clinical
neuropsychiatric diagnoses, may be higher in our study
sample than in the general 3q29Del population. Add-
itionally, the odds ratios calculated for the increased risk
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for ASD associated with the 3q29 deletion may also be
overestimated, due to the combined effects of self-report
data and ascertainment bias; however, if this increased
risk is replicated using gold-standard diagnostic mea-
sures, it could provide valuable insight into possible sex-
specific effects of the deletion. Finally, the lack of ob-
served association between congenital heart defects and
neurodevelopmental outcomes may be obscured by the
high rate of patent ductus arteriosus in 3q29 deletion
syndrome [5], which is a relatively mild heart defect;
however, the low number of participants with different
types of heart defects rendered analyses to assess their
associations with neurodevelopment underpowered
(Additional file 1: Table S11). Ongoing studies by the
Emory 3q29 Project (http://genome.emory.edu/3q29/),
including direct in-person patient evaluations [44] aim
to address some of the weaknesses of the present work
by performing comprehensive gold-standard evaluations
by expert clinicians.

While direct in-person evaluations are the ideal
method to corroborate the findings of this study, the
low population frequency of the 3q29 deletion and geo-
graphic dispersal of our study population (Additional
file 1: Figure S3) renders this approach infeasible for a
large number of study subjects. However, a small
number of 3q29 deletion study subjects have been dir-
ectly assessed as part of the Emory 3q29 Project
(http://genome.emory.edu/3q29/). We confirm high
concordance between registry-leveraged data and gold-
standard direct evaluation, as all participants qualifying
for an ASD diagnosis based on gold-standard evalu-
ation have clinically significant scores on the SRS and
all participants reporting an ASD diagnosis qualified for
an ASD diagnosis after gold-standard assessment by the
Emory 3929 Project team (Additional file 1: Table S12).
Notably, one participant that did not report a prior
diagnosis of ASD received an ASD diagnosis after as-
sessment by our team, supporting our hypothesis that
ASD may be underdiagnosed in the 3q29Del popula-
tion. Five additional participants with a clinically sig-
nificant SRS score did not qualify for an ASD diagnosis,
suggesting that the SRS is not selectively identifying
children with ASD in participants with 3q29Del, pos-
sibly due to the high rates of reported anxiety in our
study population. However, this comparison does sug-
gest that our analysis, though based on self-report data,
reveals valid conclusions about behavioral phenotypes
in 3q29 deletion syndrome. For genetic syndromes with
low population frequencies, data collection through re-
mote means such as online patient registries remains a
valuable phenotyping tool.

While the current understanding of the 3q29 deletion
is still evolving, there are more well-understood CNV
disorders that can be used as a comparison point to
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determine whether the social disability phenotypes de-
scribed in this study are distinct to 3q29Del. These in-
clude Williams Syndrome (WS, or the 7q11.23 deletion),
the reciprocal 7q11.23 duplication, 16p11.2 deletion and
duplication, Smith-Magenis Syndrome (SMS), and
22q11.2 deletion. WS is typically associated with hyper-
sociability [64], and patients with WS show more prob-
lems with social cognition than with pro-social behaviors
[65], similar to what we have observed in our population
of individuals with 3q29Del. However, the prevalence of
restricted interests and repetitive behaviors appears to
be lower in WS as compared to 3q29Del [65], and the
mean SRS sub-scale Social Motivation score indicates
enhanced social motivation in WS as compared to
3q29Del (WS mean T-score = 55.24, 3q29Del mean T-
score =62.1, p=0.0005) [66]. Studies of the reciprocal
7q11.23 duplication showed that parent-reported ASD
symptomology via standardized questionnaires was higher
than ASD features as assessed by gold-standard instru-
ments, that some probands had been diagnosed with ASD
based on delayed speech and social anxiety but did not
qualify for ASD via gold-standard measures, that substan-
tially more males than females qualified for an ASD diag-
nosis, and that 7q11.23 duplication probands were
indistinguishable from children with idiopathic ASD on
measures of ASD severity and diagnosis status [56, 67,
68]. This is qualitatively different from our 3q29Del popu-
lation; all of the participants with a prior ASD diagnosis
who were later assessed by the Emory 3q29 Project team
had their diagnosis confirmed using gold-standard mea-
sures (Additional file 1: Table S12), the male:female ratio
in our sample is 2:1, and we see significant differences be-
tween 3q29Del cases and idiopathic ASD [43] on the SRS
Social Motivation sub-scale.

Similar to 7q11.23 duplication, ASD probands with
16p11.2 deletion or duplication were indistinguishable
from idiopathic ASD probands [68]; probands with
16p11.2 deletion also have a significantly higher mean
SRS score as compared to 3q29Del (16p11.2 mean T-
score =77.8, 3q29Del mean T-score="71.8, p=0.003)
[22], and males with 16p11.2 deletion are at increased
risk for ASD compared to females and are overrepre-
sented when cases are ascertained based on neurodeve-
lopmental disorders [69, 70], indicating a different sex-
based ASD risk as compared to 3q29Del. A study of
16p11.2 duplication probands found that scores on the
SRS Social Motivation sub-scale were not significantly
different from controls and that ASD cases had specific
impairments in social cognition and communication
[71]; 3q29Del cases score significantly higher than con-
trols on the SRS Social Motivation sub-scale and do not
have substantially higher scores on the Social Cognition
or Social Communication sub-scales relative to the other
SRS sub-scales.
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A recent study of SMS showed that female probands
scored higher than males on SRS sub-scales and the sex
ratio of ASD was reversed, with more females than
males qualifying for a diagnosis [72], which we do not
observe in our 3q29Del study population. Finally, studies
of 22q11.2 deletion show some similarities with
3q29Del, including SRS total scores that are not signifi-
cantly different, high levels of ASD features in the ab-
sence of ASD diagnosis, and a male:female ASD ratio of
approximately 1:1 [19, 58, 59, 73]; however, 22q11.2 de-
letion probands have a significantly lower mean ASSQ
score as compared to 3q29Del (22q11.2 mean =11,
3q29Del mean =222, p=0.00004), and 3q29Del cases
have significantly higher scores on several CBCL/ABCL
sub-scales (Additional file 1: Table S13) [74, 75]. Taken
together, this evidence suggests that while the ASD fea-
tures in 3q29Del reported in this study share some char-
acteristics with other CNV disorders, the complete
constellation of symptoms is discrete from previously
described genomic syndromes.

There are significant strengths of this study as com-
pared to previous studies of 3q29Del. First, this is the
largest cohort of individuals with 3q29Del ever assem-
bled. This is a critical step in capturing the true pheno-
typic spectrum associated with the 3q29 deletion. Our
use of standardized questionnaires allowed for compari-
son between ASD features present in 3q29Del and those
reported in idiopathic ASD and ASD in other CNV dis-
orders. Additionally, our online patient registry allows
for remote data collection, which has enabled us to ex-
pand our sample size. This study has shown that high-
quality, comprehensive medical history and symptomol-
ogy data can be collected through an online patient
registry, effectively reducing the patient-ascertainment
burden associated with studying rare disorders. Taken
together, these attributes make the present study an ex-
cellent complement to previously published case reports
on individuals with 3q29Del; by capturing a larger pa-
tient base with systematic assessments, we are able to
more accurately measure the presence of a variety of
neuropsychiatric and neurodevelopmental phenotypes
associated with the 3q29 deletion. The findings reported
here indicate that comprehensive neuropsychiatric and
neurodevelopmental assessments with gold standard
tools are merited for individuals diagnosed with
3q29Del, and that such assessments should be the stand-
ard of care for this patient population.

Conclusions

The present study confirms previous reports of pheno-
types in 3q29Del, as well as expanding the spectrum of
behavioral phenotypes associated with the deletion. We
found that individuals with 3q29Del report a signifi-
cantly higher prevalence of ASD diagnosis than the
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general population, and significantly elevated scores on
the SRS, SCQ, ASSQ, and CBCL/ABCL irrespective of
ASD diagnosis indicate significant social disability over-
all in our study population. Further, 3q29Del participants
showed a distinct profile of ASD-related phenotypes on
the SRS sub-scales, marked by less impaired scores on
the Social Motivation sub-scale and extremely high
scores on the Restricted Interests and Repetitive Behav-
iors sub-scale. This score profile is consistent between
3q29Del males and females and between 3q29Del partic-
ipants with and without ASD, suggesting that it may be
a hallmark behavioral feature of the syndrome and pro-
viding a potential therapeutic inroad for the treatment of
individuals with 3q29Del. Finally, we identify a high de-
gree of social disability in female 3q29Del participants;
the 3q29 deletion elevates the risk ASD in females (OR =
41.8, p=4.78E-05) more substantially than in males
(OR=24.6, p=6.06E-09). These results demonstrate
that there is a benefit to studying rare CNVs such as
3q29Del; studying a single genomic variant with large ef-
fect allows us to control for genetic etiology and unmask
the mechanisms underlying the development of neuro-
psychiatric and neurodevelopmental disorders.
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