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Abstract

Background Neurodevelopmental conditions such as intellectual disability (ID) and autism spectrum disorder (ASD)
can stem from a broad array of inherited and de novo genetic differences, with marked physiological and behavio-

ral impacts. We currently know little about the psychiatric phenotypes of rare genetic variants associated with ASD,
despite heightened risk of psychiatric concerns in ASD more broadly. Understanding behavioral features of these vari-
ants can identify shared versus specific phenotypes across gene groups, facilitate mechanistic models, and provide
prognostic insights to inform clinical practice. In this paper, we evaluate behavioral features within three gene groups
associated with ID and ASD — ADNP, CHDS, and DYRKTA — with two aims: (1) characterize phenotypes across behav-
ioral domains of anxiety, depression, ADHD, and challenging behavior; and (2) understand whether age and early
developmental milestones are associated with later mental health outcomes.

Methods Phenotypic data were obtained for youth with disruptive variants in ADNP, CHDS8, or DYRKTA (N=65, mean
age=2_8.7 years, 40% female) within a long-running, genetics-first study. Standardized caregiver-report measures

of mental health features (anxiety, depression, attention-deficit/hyperactivity, oppositional behavior) and develop-
mental history were extracted and analyzed for effects of gene group, age, and early developmental milestones

on mental health features.

Results Patterns of mental health features varied by group, with anxiety most prominent for CHDS, oppositional fea-
tures overrepresented among ADNP, and attentional and depressive features most prominent for DYRKTA. For the full
sample, age was positively associated with anxiety features, such that elevations in anxiety relative to same-age

and same-sex peers may worsen with increasing age. Predictive utility of early developmental milestones was limited,
with evidence of early language delays predicting greater difficulties across behavioral domains only for the CHDS
group.

Conclusions Despite shared associations with autism and intellectual disability, disruptive variants in ADNP, CHDS,
and DYRKTA may yield variable psychiatric phenotypes among children and adolescents. With replication in larger
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samples over time, efforts such as these may contribute to improved clinical care for affected children and adoles-
cents, allow for earlier identification of emerging mental health difficulties, and promote early intervention to alleviate

concerns and improve quality of life.

Keywords Neurodevelopmental conditions, Autism, ASD, Phenotyping; genetics, ADNP, CHDS8, DYRKIA, Mental

health

Background

Neurodevelopmental conditions such as intellectual dis-
ability (ID) and autism spectrum disorder (ASD) can
stem from a broad array of inherited and de novo genetic
differences, including copy number variants (CNVs) and
single likely gene-disrupting (LGD) variants [21, 52, 62].
Although they account collectively for approximately
25% of ASD cases, CNVs and LGD variants conferring
increased likelihood for ID and ASD are individually
rare among research samples [28, 29, 31, 39]. Charac-
terization of the complex phenotypes arising from these
sources is thus incomplete, but nuanced understanding
of the developmental implications of different genetic
influences has tremendous potential to improve clinical
care, elucidate mechanisms influencing outcomes, and
inform etiological models linking genes to behavior.

Among the many LGD variants influencing neurode-
velopmental outcomes, those affecting the genes ADNP,
CHDS8, and DYRKI1A are among the most prevalent and
consistently identified within cohorts ascertained for
ASD and developmental disabilities [21, 52, 62]. Indi-
viduals with disruptions to ADNP (a transcription fac-
tor-encoding gene involved in chromatin remodeling)
exhibit facial dysmorphology, early-emerging gastroin-
testinal and feeding difficulties, vision and hearing con-
cerns, musculoskeletal differences, and both cardiac
and endocrine complications [25, 60]. LGD variants to
CHDS (a chromatin remodeler associated with regula-
tion of B-catenin and Wnt) result in an overgrowth syn-
drome that most commonly includes macrocephaly and
tall stature, sleep disturbance, gastrointestinal problems,
and hypotonia [6, 40, 46, 47]. Clinical presentation of
LGD variants to DYRKIA (a dual kinase regulating cell
proliferation and differentiation) includes microcephaly
and distinct facial features, persistent feeding and gastro-
intestinal difficulties, seizures and hypertonia, short stat-
ure, and vision problems [13, 58, 59].

Efforts to characterize brain-based phenotypes of
these variants have typically centered on clarifying their
relative prevalence of ASD and ID, as well as investigat-
ing profiles of ASD features within and across groups.
Among ADNP patients described in the literature, ID
has been nearly universal, with the majority of patients
meeting criteria for ASD diagnosis as well [4, 25, 60].
Among those with ASD, features related to unusual

social approach, lack of interest in peers, sensory-seeking
behaviors, and repetitive motor movements are promi-
nent in standardized evaluations, along with relative
strengths in nonverbal communication [4, 27, 56, 61].
Among those with CHDS8 events, a somewhat different
phenotype emerges, with ID that is less severe on average
[3], but very high rates of ASD diagnosis among individu-
als who are rigorously evaluated with standardized meas-
ures [6, 11, 62]. When compared to individuals with LGD
variants in other genes, those with CHDS8 variants may
exhibit decreased social motivation and more marked
repetitive/restricted behaviors [5], as well as heightened
auditory sensitivities [27]. DYRKIA is again associ-
ated with ID (often moderate to severe) in nearly 90% of
patients [13, 32], along with frequent language delays and
motor speech disorders [41]. Comprehensive standard-
ized assessment of the behavioral phenotype yields diag-
nostic rates of 85% for ASD among individuals with LGD
variants to DYRKIA [32], and quantitative assessments of
ASD features suggest relative strengths in social motiva-
tion [41], but more marked impact on repetitive and sen-
sory-oriented behaviors [27, 32, 41].

An essential component in characterizing the behavio-
ral phenotype of these conditions is to consider the pres-
ence of psychiatric features within specific gene groups.
Regardless of etiology, individuals with ASD more
broadly exhibit elevated rates of mental health diagnoses
and subclinical symptoms relative to the general popula-
tion [26, 33, 45], and genetic conditions associated with
ASD may thus carry a similar concern. According to
population-derived estimates, approximately 70% of chil-
dren and adolescents with ASD have at least one mental
health condition, with 40% experiencing multiple condi-
tions [55]. Precise prevalence rates of specific diagnoses
vary across estimates and shift over the course of devel-
opment, but anxiety, depression, and attention-deficit/
hyperactivity disorder (ADHD) appear to be the most
common psychiatric diagnoses among individuals with
ASD, with notable rates of disruptive behavior disorder
as well [33, 34].

Existing literature on the psychiatric phenotypes of
LGD variants lags behind our understanding of ASD and
ID in these populations, but evidence emerging from
studies of these variants individually documents over-
lapping areas of concern. For example, ADNP has been
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associated with marked anxiety and obsessive—compul-
sive behavior, as well as externalizing features such as
aggressive behavior, temper tantrums, and ADHD [23,
60, 61]. Similarly, individuals with LGD variants to CHD8
display elevated rates of anxiety disorders and ADHD
diagnoses, and related traits (e.g., hyperactivity) have
been documented among individuals who did not have
formal diagnoses of ADHD [12, 23]. Tantrums, aggres-
sion, and self-injurious behaviors have been noted as
well in individuals with LGD variants to CHDS8 [23, 40].
Among children with DYRKIA syndrome, concerns for
withdrawal, attention problems, and depressive symp-
toms appear to be most prevalent, with relatively fewer
concerns related to anxiety, aggressive, or oppositional
behavioral [18]. Across DYRKIA samples with broader
age ranges, formal diagnoses and subthreshold features
of hyperactivity and anxiety have been reported [13, 23, 58].

From this emerging literature, we can observe areas
of shared behavioral features as well as potential points
of divergence between gene groups. However, direct
group comparisons are infrequent, as ADNP-, CHDS-,
and DYRKI1A-associated conditions are individually rare
in the general population and have been identified rela-
tively recently. In addition, ascertainment and assessment
procedures vary across studies, affecting both prevalence
rates for mental health diagnoses and our ability to con-
trast findings across different research groups. Thus,
the extent to which psychiatric phenotypes differ across
these groups remains unclear. In this paper, we pur-
sue two related aims. First, we aim to describe multiple
domains of mental health features observed among youth
with rare LGD variants in the genes described above —
ADNP, CHDS8, and DYRKIA — with the goal of under-
standing shared and divergent features. By following a
‘genetics first’ approach (in which recruitment is defined
by genetic, rather than behavioral, diagnosis; [30, 57] and
applying a standardized assessment protocol, we are able
to evaluate mental health profiles in a more systematic
and cohesive manner.

Second, we aim to explore developmental patterns in
mental health features for these groups, through consid-
eration of both chronological age and early developmen-
tal milestones. Because of the rarity and relatively recent
recognition of these genetic conditions, prospective lon-
gitudinal research charting trajectories of development
over time is incomplete [7]. In its absence, one method to
assess change over time is through exploration of devel-
opmental milestones, particularly those related to motor
and communication development, which are compelling
for several reasons. First, delays in early motor and lan-
guage development may predict internalizing difficulties
later in childhood among the general population [24, 54],
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suggesting they may have predictive validity for mental
health concerns among youth with neurodevelopmen-
tal conditions as well. Second, delays in milestones are
more common among individuals with ASD-associated
genetic differences relative to those with ASD without an
identified genetic cause, and may be most severe among
those with single-gene conditions such as those included
here [64]. Third, early milestones are routinely moni-
tored in medical settings and may be quantified easily
and noninvasively, and so could be readily leveraged to
inform clinical care for affected youth. As such, the tim-
ing of developmental milestones and their association
with later outcomes may be both relevant to our scien-
tific understanding of neurodevelopmental outcomes and
clinically meaningful for youth with LGD variants to the
genes explored here.

No study to date has examined how developmental
milestones might be associated with psychiatric features
for youth with ADNP, CHDS8, and DYRKIA variants, but
findings from our research group indicate that motor and
language milestones offer predictive insight into neu-
rodevelopment more broadly [3]. Moreover, that work
suggests differential predictive patterns across different
genetic groups, such that age of independent walking
predicts later cognitive outcomes among individuals with
disruptive variants to ADNP, whereas language mile-
stones such as age of acquisition of single words and
phrases may predict cognitive and adaptive outcomes for
those with LGD variants to CHD8 and DYRKIA [3].

Together, these emerging findings suggest that tim-
ing of developmental milestones may carry potential to
distinguish more specific developmental courses across
these gene groups, implicating underlying neurobio-
logical systems and yielding predictive clinical implica-
tions for medical and educational supports [3, 64]. In
this paper, we aim to extend these efforts by exploring
the role of developmental milestones in understanding
mental health. By drawing on extensive phenotypic data
collected using standardized research procedures, we
seek to identify points of similarity and divergence across
ADNP, CHDS8, and DYRKIA neurodevelopmental condi-
tions to better inform clinical practice and mechanistic
models.

Methods

Participants

Participants were enrolled in a long-running ‘genet-
ics first’ study at the University of Washington
(RO1IMH101221), through which individuals with rare
variants in ASD-associated genes completed in-depth
phenotyping procedures [5, 32]. For the current manu-
script, participants with LGD variants in ADNP, CHDS,
or DYRKIA were included, with variants confirmed
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through targeted sequencing or exome sequencing
through a research study, or through review of clinical
genetic testing lab reports. This yielded a sample of 65
individuals. Full genetic characterization is presented in
Supplementary Materials, Table S1.

All study procedures were conducted in accordance
with the University of Washington Institutional Review
Board. Participants and their legal guardians provided
informed assent, consent, and permission as appropri-
ate. Following enrollment, research clinicians conducted
comprehensive clinical and behavioral evaluations, often
via onsite family visits to the University of Washington
with a minority via home visit or telehealth. Assessments
included cognitive assessment, caregiver interview, and
extensive caregiver questionnaires. Diagnostic testing
for ASD was overseen by licensed psychologists, using
research reliable administrations of the Autism Diag-
nostic Observation Schedule (ADOS-2) [35] and Autism
Diagnostic Interview, Revised (ADI-R) [36, 37].

Table 1 presents demographic and phenotypic char-
acteristics for the sample as a whole and separately by
gene group. Note that IQ data were available for only a
subset of participants (approximately 70% of the sam-
ple), as cognitive testing was completed only for those
evaluated onsite or through home visit (not telehealth).
Gene groups did not differ significantly in verbal IQ,
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F(2,43)=1.10, p=0.34, or in nonverbal IQ, F(2,44)=1.28,
p=0.29, for those with available IQ data.

Measures

Cognitive ability

Procedures for cognitive assessment were modeled on
those of the Simons Simplex Collection [19]. Verbal and
nonverbal IQ were measured with the Differential Abil-
ity Scales, 2nd Edition (DAS-II) [15], Wechsler Abbre-
viated Scale of Intelligence, 2nd Edition (WASI-2) [63],
or Mullen Scales of Early Learning [42], with test selec-
tion based on age and ability level. Verbal IQ was com-
posed of the Verbal Composite score of the DAS-II,
Verbal Comprehension score of the WASI-2, or sum of
verbal subdomains (Receptive Language, Expressive
Language) on the Mullen. Nonverbal IQ was composed
of the Special Nonverbal Composite Score on the DAS-
II, Perceptual Reasoning score of the WASI-2, or sum of
the nonverbal domains (Visual Reception, Fine Motor)
of the Mullen. When valid, standardized IQ scores with
a mean of 100 (SD of 15) were extracted. When a par-
ticipant’s performance was below the floor of a measure
or a measure was administered out of age level, ratio IQ
scores (100X mental age equivalent / chronological age)
were computed instead.

Table 1 Means, standard deviations, and ranges for participant demographic and phenotypic characteristics

Full Sample ADNP CHD8 DYRK1A
N=65 N=21 N=18 N=26
Age in years 8.7 (4.3) 7.5(3.3) 94 (3.8) 9.1(5.2)
Range: 3910 18.7 Range:391t0 15.6 Range: 5.4 t0 16.8 Range: 4.0to 18.7
Sex Assigned at Birth 26 female 9 female 5 female 12 female
39 male 12 male 13 male 14 male
Verbal IQ 49.1(27.8) 486 (23.7) 60.2 (32.0) 44.7 (27.8)
N=46 Range:4to 119 Range: 16 t0 97 Range: 15to 101 Range:4to 119
Nonverbal IQ 50.2 (26.3) 46.0 (24.1) 61.2(27.1) 473 (26.6)
N=47

9% Autism Spectrum Disorder

Range: 12 to 133
Yes: 47 (72.3%)
No: 12 (18.5%)
Unsure: 6 (9.2%)

Range: 16 to 99
Yes: 9 (42.9%)
No: 9 (42.9%)
Unsure: 3 (14.3%)

CBCL Anxiety Problems 60.4 (10.6) 609 (11.1)
Range: 50 to 82 Range: 50 to 79
CBCL Depressive Problems 63.2 (9.1) 63.1(9.2)
Range: 50 to 82 Range: 50 to 82
CBCLADHD 63.0(7.9) 64.6 (8.2)
Range: 50 to 80 Range:51to 78
CBCL Oppositional 57.5(8.6) 61.9(9.8)

Range: 50to 77

Range: 50 to 77

Range: 20 to 100
Yes: 16 (88.9%)
No: 0

Unsure: 2 (11.1%)
64.6 (9.9)

Range: 50 to 82
66.4 (8.7)

Range: 52 to 82
61.4(7.7)

Range: 50 to 80
564 (7.3)

Range: 50 to 71

Range: 12 to 133
Yes: 22 (84.6%)
No: 3 (11.5%)
Unsure: 1 (3.9%)
57.1(9.8)
Range: 50 to 79
61.1(90)
Range: 50 to 79
62.8(7.9)
Range: 50 to 76
54.7 (7.2)
Range:50to 73

Verbal 1Q available for 46 participants. Nonverbal IQ available for 47 participants. CBCL Child Behavior Checklist [1]. CBCL domains are reported in T-scores with a mean

of 50 and standard deviation of 10
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Developmental milestones

Information about milestones was gathered through
structured interviewing with the Autism Diagnos-
tic Interview — Revised (ADI-R) [36, 37]. Responses to
Item 5 (First Walked Unaided) and Item 9 (First Single
Words) were extracted, reflecting acquisition of inde-
pendent walking and acquisition of meaningful single
words, respectively. Independent walking was coded as
“no delay” if it was achieved by 18 months of age, and
coded as “delay” if achieved later or not at all. Similarly,
acquisition of single words was coded as “no delay” if it
was achieved by 24 months of age, and coded as “delay”
if achieved later or not at all. The decision to dichotomize
responses in this way was based on two factors. First, a
subset of participants had not met these milestones and
so did not have a true “age of acquisition” at the time of
study participation. Second, the ADI-R allows categorical
coding of caregivers’ responses when needed (e.g., “[age
of acquisition] not known but apparently delayed”). As
a result, continuous data were not available for all par-
ticipants, whereas a dichotomous approach allowed us to
retain all participants with ADI-R data.

Behavioral features

Mental health features were assessed through caregiver
report using the age-appropriate version of the Child
Behavior Checklist (CBCL) [1], a well-established ques-
tionnaire that assesses a broad range of behavioral and
mental health domains. For each item on the CBCL, car-
egivers are asked to indicate the extent to which it is “Not
True’, “Somewhat or Sometimes True’, or “Very True
or Often True” of their child. Standardized scores (nor-
med for age and sex) can then be derived for a number
of clinical domains. Resulting T-scores have a mean of 50
(standard deviation of 10) in normative samples [1], with
scores between 65 to 69 constituting the borderline clini-
cal range and scores exceeding 69 constituting the clinical
range. For the current analyses, we extracted standard-
ized scores for the following DSM-5-oriented domains:
Anxiety Problems (e.g., fear, worry, self-consciousness),
Depressive Problems (e.g., sadness, guilt, fatigue), Atten-
tion Deficit/Hyperactivity Problems (e.g., impulsivity,
inattention), and Oppositional Defiant Problems (e.g.,
arguing, disobedience, tantrums). Domains were selected
due to their comparability across the two versions of
the CBCL appropriate for the sample age range, which
allowed for consistent outcome variables across the full
sample. Both continuous T-scores as well as categorical
ranges (average versus elevated above 65) were used.

Analytic approach
Analysis followed two approaches. For our first aim,
characterizing shared and divergent features across our
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three gene groups, we computed a 3x4 ANOVA with
gene group (ADNP, CHD8, DYRKIA) as a between-sub-
jects factor and behavioral domain (anxiety, depressive
problems, ADHD, oppositional) as a within-subjects fac-
tor. Interaction effects were prioritized over main effects
during interpretation, consistent with recommenda-
tions [48], and significant effects were further analyzed
with ANOVAs. Outcomes in these models were CBCL
T-scores and thus were continuous measures. Next, to
understand whether gene group membership was asso-
ciated with elevated levels of behavioral features defined
categorically, we computed chi-square analyses to com-
pare group distributions across average versus elevated
score ranges defined dichotomously as below or above
T-scores of 65, respectively.

For our second aim, understanding developmental
patterns in mental health features, we first computed
correlations between chronological age and continu-
ous CBCL T-scores. Because T-scores on the CBCL are
sex- and age-normed, significant correlations represent
divergence from normative trajectories over the course
of development, whereas nonsignificant correlations
represent maintenance of a consistent position rela-
tive to peers. To investigate potential predictive effects
of early developmental milestones, we then computed
an ANCOVA with CBCL T-scores as outcomes, and
absence/presence of delay in age of walking and absence/
presence of delay in age at single word acquisition as
between-subjects factors. Age at assessment was entered
as a continuous covariate. Models were run separately for
each gene group to understand developmental patterns
unique to each group.

Results

Aim 1: Shared and divergent behavioral features

Analyses revealed a significant main effect of behavioral
domain on CBCL scores, F(3, 186)=9.21, p<0.001, par-
tial eta®=0.129. However, this was qualified by a signifi-
cant Domain x Gene interaction effect, F(6, 186)=2.95,
p=0.009, partial eta®=0.087, indicating different pro-
files of behavioral features across the gene groups (see
Table 1 and Fig. 1). Although IQ data were not available
for the full sample, this omnibus model was then tested
with verbal IQ and nonverbal IQ entered as covariates
to account for potential differences in verbal or nonver-
bal IQ scores across the groups. Because the pattern of
results was largely unchanged (Domain x Gene interac-
tion F(6, 123)=2.98, p=0.009, partial eta?=0.127; main
effect of CBCL domain F(3, 123)=6.77, p<0.001, partial
eta?=0.142; main effect of gene group F(2, 41)=2.94,
p=0.064, partial eta’?=0.125), subsequent analyses omit-
ted IQ covariates in order to include the full sample and
maintain parsimonious models.
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Within-subjects ANOVAs were then computed for
each gene group individually to understand the signifi-
cant Domain x Gene interaction. Simple contrasts were
computed, in which scores for each domain were com-
pared to that of the last domain (oppositional behavior).
For the ADNP group, the effect of CBCL domain was not
significant, Greenhouse—Geisser F(3, 60)=0.87, p=0.46,
partial eta®=0.042, indicating relatively uniform scores
across the CBCL domains for participants in the ADNP
group. In contrast, within the CHDS8 group, the effect
of domain was significant, F(3, 51)=7.521, p<0.001,
partial eta®’=0.307, with contrasts revealing significant
elevations in anxiety, F(1, 17)=18.18, p<0.001, par-
tial eta?=0.517, depressive problems, F(1, 17)=23.43,
p<0.001, partial eta?=0.580, and ADHD features, F(1,
17)=5.23, p=0.035, partial eta’=0.235, relative to
oppositional behavior. The effect of CBCL domain was
also significant for the DYRKIA group, F(3, 75)=9.14,
p<0.001, partial eta®=0.268, and was such that scores
for depressive problems, F(1, 25)=15.04, p<0.001, par-
tial eta’=0.376, and scores for ADHD, F(1, 25)=21.14,
p<0.001, partial eta®=0.458, were significantly higher
than those for oppositional behavior.

Next, we aimed to compare gene groups with respect to
clinical severity of behavioral features. Figure 2 presents
group distributions of behavioral features, indicating

Anxiety Problems

100%
6
80% 9
10
60%
40% 20
12
20% 8
0%
ADNP CHD8 DYRK1A
Average Elevated
Attention Deficit/Hyperactivity Problems
100%
5
80% 10 13
60%
40% 13
20% 1 =
0%
ADNP CHD8 DYRK1A
Average Elevated
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the percentage of each gene group with average versus
elevated scores on each domain. With regard to anxi-
ety, an omnibus y? test comparing the observed group
distributions indicated a trend-level effect, y*(2)=4.99,
p=0.082, such that the DYRKIA group was less likely to
have elevated anxiety (adj. std. residual=-2.1) whereas
the CHDS8 group may be overrepresented among those
with elevated anxiety (adj. std. residual=1.8). As these
effects did not meet conventional significance thresh-
olds, they should be considered with caution. Results for
oppositional features did meet significance, y*(2)=8.07,
p=0.018, and were such that the ADNP group was
overrepresented among those with elevated levels of
oppositional behavior, (adj. std. residual=2.8). Finally,
models for depressive problems, y*(2)=0.25, p=0.869,
and ADHD, x*(2)=2.40, p=0.301, were not significant
with regard to group distribution.

Aim 2: Developmental patterns

Correlations between CBCL T-scores and participant
age are presented in Table 2. For the full sample, anxiety
T-scores were positively correlated with age, r=0.394,
p=0.001, 95% CI [0.17, 0.58], such that higher scores
were associated with older age. Because T-scores are age-
and sex-normed, a positive correlation indicates increas-
ing divergence (elevation, in this case) relative to typical

Depressive Problems

100%
80% - 5 11
60%
40%
20% 1 3 *
0%
ADNP CHD8 DYRK1A
Average Elevated
Oppositional Defiant Problems
100%
3 5
80%
19
60%
40% 15 21
20% 40
0%
ADNP CHD8 DYRK1A
Average Elevated

Fig. 2 Proportions of participants in each gene group with Child Behavior Checklist T-scores in the average and elevated (at or above 65) ranges
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Table 2 Correlations between age and CBCL T-scores for the full sample and by gene group

Anxiety Depressive ADHD Oppositional
Full Sample r=.39 r=11 r=.04 r=-09
N=65 p=00] p=239 p=75 p=49

95% CI[.17,.58] 95% Cl [-.14, .34] 95% CI [-.21, .28] 95% CI [-.33,.16]
ADNP group r=.52 r=-01 r=.18 r=.13
N=21 p=016 p=95 p=45 p=59

95% CI [.11,.78] 95% ClI [-44, 42] 95% ClI [-.28, .56] 95% CI [-.32, .53]
CHD8 group r=.55 r=.13 r=.05 r=-08
N=18

DYRKIA group
N=26

p=.018

95% CI [.11,.81]
r=.32

p=.12

95% CI [-.08, .63]

p=.61
95% Cl [-.36, .56]
r=.16
p=45
95% CI [-.25, 51]

p=.85
95% Cl [-43, .51]
r=.03
p=.88
95% CI [-.36, 41]

p=.76
95% CI [-.52, 41]
r=-11
p=.59
95% CI [-48, .29]

CBCL Child Behavior Checklist [1]

developmental fluctuations over time. When considering
each gene group individually, this positive association
held for both the ADNP, r=0.52, p=0.016, 95% CI [0.11,
0.78], and CHDS groups, r=0.55, p=0.018, 95% CI [0.11,
0.81]. See Fig. 3. This effect appeared to be unique to anx-
iety, as there were no significant associations between age
and CBCL T-score for depressive problems, ADHD, or
oppositional behavior, ps >0.39.

Models investigating developmental milestones were
examined next. See Table 3 for developmental character-
istics by group.
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Within the ADNP group, the main effect of CBCL
domain was marginally significant, Greenhouse—Geis-
ser F(2.17, 34.76)=3.38, p=0.071, partial eta®=0.14,
and there was a significant Domain x Age interac-
tion effect, Greenhouse—Geisser F(2.17, 34.76) =4.28,
p=0.019, partial eta®?=0.21, consistent with the
positive correlation between age and anxiety prob-
lems described above. In addition, the interaction
of Domain x Walking Delay was marginal, Green-
house—Geisser F(2.17, 34.76)=2.72, p=0.076, partial
eta?=0.145; that effect suggested higher scores on

ADNP @

CHDS A

DYRK1A M

15.00 20.00

Age at Assessment (Years)

Fig. 3 Scatterplot showing correlations between participant age at assessment and Child Behavior Checklist Anxiety Problems T-Scores for each
gene group. Notes: Gray horizontal line at T-score of 65 indicates clinical threshold. T-scores have a mean of 50 and SD of 10. CBCL, Child Behavior

Checklist [1]
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Table 3 Rates of delay and mean age of acquisition for developmental milestones
Full Sample ADNP CHD8 DYRK1A
Independent Walking N=64 N=20 N=18 N=26
No delay (Met by 18 mos) 23 (35.9%) 4 (20.0%) 8 (44.4%) 11 (42.3%)
Delayed (Not met by 18 mos) 41 (64.1%) 16 (80.0%) 10 (55.6%) 15 (57.7%)
Age (months) if achieved (Mean, SD) 22.8(8.2) 25.5(8.2) 19.6 (5.8) 23.0(9.2)
Range: 12 to 54 Range: 17 t0 48 Range: 12to 36 Range: 12 to 54
Single Word Acquisition N=63 N=20 N=17 N=26
No delay (Met by 24 mos) 16 (25.4%) 3(15.0%) 8(47.1%) 5(19.2%)
Delayed (Not met by 24 mos) 47 (74.6%) 17 (85.0%) 9 (52.9%) 21 (80.8%)
Age (months) if achieved (Mean, SD) 37.0(23.0) 39.0(14.4) 29.2 (24.2) 42.2(26.9)
Range: 9to 120 Range: 18to 72 Range: 9to 108 Range: 11 to 120

depressive problems for participants with a history
of delay in walking, F(1, 18)=3.52, p=0.077, partial
eta?=0.16, but should be considered cautiously as it
did not meet conventional thresholds for significance.
There were no main or interactive effects observed for
delays in single word acquisition, ps > 0.10.

Within the CHDS8 group, the Domain x Age inter-
action was marginally significant, with a positive
association between anxiety problems and age, Green-
house—Geisser F(2.21, 28.69)=3.11, p=0.055, partial
eta®=0.19. There was also a significant main effect
of delay in single word acquisition, F(1, 13)=4.90,
p=0.045, partial eta®?=0.27; participants with a his-
tory of delay (acquisition of single words later than
24 months of age) had higher CBCL scores overall
relative to participants who acquired single words by
24 months of age. There were no main or interactive
effects of delays in walking.

Finally, among the DYRKIA group, results again
indicated a main effect of CBCL domain (consistent
with that described earlier), F(3, 66)=3.12, p=0.032,
partial eta®=0.12, with no main or interactive effects
for acquisition of single words, independent walking,
or participant age.

Discussion

This study is among the first to examine mental health
features across multiple groups of individuals with dis-
ruptive variants in ASD-associated genes. Our data
suggest that ADNP, CHDS, and DYRKIA groups may
have separable and distinct phenotypes with regard to
mental health, despite their shared associations with
autism and intellectual disability. Our findings also
suggest that differences persist even when accounting
for verbal and nonverbal intellectual ability, an impor-
tant fact when comparing overlapping phenotypes.

Shared and divergent features

Among youth with LGD variants to ADNP, scores for the
four behavioral domains measured showed variability
within the group, but group means fell generally in the
normal range as shown in Fig. 1. We did not find particu-
lar elevations among any of the domains when examined
within the ADNP group. However, when distributions
of normal versus elevated scores were examined across
groups, we did find that the ADNP group was signifi-
cantly overrepresented among youth with clinically rele-
vant oppositional difficulties. Thus, oppositional behavior
may be the area most likely to warrant clinical support
for this group. Indeed, emerging qualitative evidence
from families of youth affected by ADNP variants high-
lights aggression and associated behaviors as both highly
prevalent (endorsed by all families included) and among
the most pressing stressors for caregivers [17]. Supports
to address challenging behaviors may include medica-
tion as well as behavioral interventions that can elucidate
the triggers and functions of challenging behaviors, but
should also include speech/language therapy to reduce
communication barriers that can contribute to external-
izing behaviors [17, 44, 53].

Within the CHDS8 group, a contrasting pattern emerged
in which oppositional features were significantly lower
than anxiety, depression, and ADHD, all of which had
group means approaching clinical thresholds. When
considered categorically, the CHDS8 group displayed a
marginally significant trend toward overrepresentation
among those with clinical levels of anxiety symptoms.
Taken together, this pattern suggests that internaliz-
ing symptoms may be most prominent for these youth.
Furthermore, post hoc analyses of medication use in
this sample indicate that those with CHDS8 variants were
marginally more likely to be using antidepressant medi-
cation at the time of study participation (endorsed for
approximately 19% of youth) than were our other groups
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(5% of ADNP group, 0% in DYRKIA group), x*(2)=5.99,
p=0.050. To the extent that medication was decreas-
ing symptoms of anxiety and depression for the CHD8
group, symptom levels reported here may in fact under-
estimate the prevalence of internalizing difficulties. Of
note, features of ADHD were also elevated in this group,
consistent with previous reports indicating ADHD
among approximately one half of patients with CHDS8
[40]. Together, this reinforces routine screening for both
internalizing and externalizing symptoms as an impor-
tant component to ongoing care for youth with LGD
variants to CHDS, as many patients would likely benefit
from medical and/or behavioral supports within each of
these broad domains.

Youth with LGD variants to DYRKIA displayed yet a
different profile of mental health features, with significant
elevations within the domains of depressive problems
and ADHD. Compared to the ADNP and CHDS8 groups,
the DYRK1A group was marginally less likely to have ele-
vated levels of anxiety, and group means for both anxiety
and oppositional behavior were well within the normal
range on the CBCL. While ADHD has been documented
previously for individuals with DYRKIA syndrome [59]
and our findings are consistent in that regard, depressive
features have not been identified within the phenotype.
As such, this area warrants more study in this popula-
tion to determine whether concerns are truly elevated or
whether findings here reflect overlap between depressive
symptoms and somatic effects of DYRKIA variants. For
example, several items within the Depressive Problems
subscale of the CBCL address sleep concerns, including
tiredness, lack of energy, and sleeping too little or too
much [1]. While this corresponds well with DSM-5 diag-
nostic criteria for depression (e.g., presence of fatigue,
sleep disturbance) [2], these items also overlap with doc-
umented physiological features of DYRKIA syndrome
[14]. As a result, primary sleep disturbances may inflate
estimates of depressive features, and it will be important
to understand the extent to which core depressive symp-
toms of lowered mood and anhedonia might be affected
in DYRKI1A moving forward.

Shared across the sample as a whole was a significant
positive correlation between age and anxiety, indicating a
marked increase in anxiety with increasing age. Because
anxiety was assessed with a sex- and age-normed T-score,
this positive correlation indicates that youth in our sam-
ple are increasingly discrepant from their peers as time
goes on. When considered separately, this effect held
for both the ADNP and CHDS groups. It is important to
note that our data are cross-sectional in nature and lon-
gitudinal data will be needed to confirm these patterns.
Nevertheless, our findings imply the need for intentional
screening for anxiety so that appropriate supports can be
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offered. Within the ASD population more broadly, cog-
nitive-behavioral approaches to reduce anxiety can be
highly effective (e.g., Facing Your Fears; [49, 49, 50, 50],
and adaptations for youth with co-occurring ASD and
intellectual disability may be well suited for youth with
genetic conditions conferring higher rates of ID [8].

More variable across the groups considered here was
the role of early developmental milestones in under-
standing longer term outcomes. The strongest effect
was observed for our CHDS8 group, for whom a his-
tory of delay in single word acquisition was significantly
associated with higher CBCL scores across the domains
assessed. Thus, early language delay may predict height-
ened mental health concerns later in childhood and ado-
lescence specifically within the CHDS8 population. We
also observed a trend-level effect related to motor mile-
stones in our ADNP group, such that depressive scores
were marginally higher among those who had a history of
delay in independent walking. These findings extend pre-
vious patterns documented by our research group with a
partially overlapping participant sample [3], in which lan-
guage milestones predicted intellectual and adaptive out-
comes among individuals with variants in CHDS, but age
of walking played a unique role in the prediction of verbal
and nonverbal IQ scores among individuals with ADNP.
Although these groups are characterized by variability
in early development and in later outcomes, increasing
evidence supports the potential predictive power of early
developmental markers in understanding a broad range
of intellectual, adaptive, and psychiatric outcomes.

Limitations and future directions
A primary limitation of this work relates to measure-
ment and quantification of developmental milestones. As
described earlier, we chose to dichotomize acquisition of
single words and of independent walking, an approach
that increased inclusion of participants (including those
who had not attained those milestones) yet decreased
both statistical power and specificity in age of milestone
attainment. Data also consisted of retrospective reports
rather than information collected through prospective
and/or observational means. Although parents are likely
accurate in recalling concrete milestones such as first
words or first steps at the level of specificity assessed
here [38], a broader range of motor, communication,
and social milestones (e.g., sitting, crawling, rate of word
acquisition) evaluated in real-time with more precision
would be ideal. Such research would also ideally include
assessment of the many other genetic, psychosocial, and
environmental factors that may predict mental health
outcomes later in development.

Similarly, psychiatric features described in the current
study were evaluated through a very well-established
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standardized questionnaire [1], but mental health assess-
ments are rarely developed or extensively validated
among individuals with intellectual disability, for whom
symptom presentation, communication methods, and/
or opportunities for subjective report of internal expe-
riences may differ from standardization samples [10,
20, 22]. Validation of such questionnaires specifically
within groups with genetic conditions is particularly
incomplete [43]. Evidence from young children with a
range of neurogenetic conditions suggests that the fac-
tor structure of some symptom scales may differ from
that of validation and standardization samples [43], rais-
ing the need for validation within more specific groups.
Validation of symptom measures that include somatic
features may be especially important; as we note earlier
with regard to DYRKIA, symptoms conventionally attrib-
uted to psychiatric concerns (e.g., sleep disturbance with
regard to depression, muscle tension or gastrointestinal
concerns with regard to anxiety) may overlap with the
complex medical phenotypes observed in these condi-
tions. Indeed, psychometric analyses of the CBCL among
youth with Down Syndrome (which also has many physi-
ological components) suggest that subscales with physi-
cal symptoms (Somatic Problems, Affective/Depressive
Problems) may have lower internal consistency than sub-
scales with fewer physical symptoms (Anxiety, ADHD,
and Oppositional concerns) [16]. As a result, scores on
the CBCL and other measures developed in the general
population may be elevated due to multiple, confounded
factors, and psychiatric features may be best assessed by
using tools that account for these factors, by interpreting
standardized measures within the context of an individu-
al's broader neurodevelopmental history, and by comple-
menting questionnaires with diagnostic interviewing that
parse symptoms more specifically.

Finally, as is often true, results presented here are influ-
enced by the methods through which participants were
ascertained. More severely affected individuals may be
more likely to receive genetic testing through medical
settings and, consequently, our phenotypic understand-
ing may not accurately represent individuals who are
similar genetically yet more subtly affected phenotypi-
cally [3]. Family and cultural preferences likely affect
interest in pursuing genetic testing, and financial and
insurance barriers limit access for some families who may
be interested [9, 51, 65]. Increased availability of screen-
ings for a broader array of genetic conditions could allay
some systemic issues related to access and could allow
very early identification that would more accurately rep-
resent the full phenotypic spectrum. Larger and more
representative participant groups would also permit
exploration of individual differences (e.g., intellectual
ability, sex assigned at birth) that may moderate mental
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health outcomes, identify psychiatric concerns across a
larger developmental span (e.g., emergence of psychosis
or other adult-onset conditions), and facilitate discovery
of associations between more specific variant character-
istics and phenotypic outcome [61].

Conclusions

Despite shared associations with autism and intellectual
disability, data presented here suggest ADNP, CHDS,
and DYRKIA may yield variable psychiatric phenotypes
among affected children and adolescents, including dif-
ferential associations with early development. Replica-
tion will be important as participant groups grow in size,
phenotypic heterogeneity, and demographic diversity,
and future efforts may enhance etiological models of
neurodevelopmental conditions and shed light on shared
and divergent influences on brain structure and function
to more fully trace mechanistic pathways from genes to
brain to behavior. For affected families, efforts may con-
tribute to improved clinical care for children and ado-
lescents, allowing for earlier identification of emerging
mental health difficulties and more proactive intervention
to alleviate those concerns and improve quality of life.
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