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Abstract

Background SHANK?2 disorder is a rare neurodevelopmental disorder caused by a deletion or pathogenic sequence
variant of the SHANK2 gene and is associated with autism spectrum disorder (ASD), intellectual disability (ID), and
developmental delay. To date, research in SHANK2 has focused on laboratory-based in vivo and in vitro studies with
few prospective clinical studies in humans.

Methods A remote assessment battery was comprised of caregiver interviews with a psychiatrist, psychologists, and
a genetic counselor, caregiver-reports, and review of records. Results from this cohort were reported using descriptive
statistics. An age-matched sample of participants with SHANK3 haploinsufficiency (Phelan-McDermid syndrome, PMS)
was used to compare adaptive behavior between the two groups.

Results All ten participants demonstrated delays in adaptive behavior, with most motor skills preserved and a
weakness in communication. According to parent report, 90% of participants carried a formal diagnosis of ASD,
50% of participants carried a diagnosis of attention-deficit/hyperactivity disorder (ADHD), and mild-to-moderate
developmental delays were noted. Sensory hyperreactivity and seeking behaviors were more pronounced

than sensory hyporeactivity. Medical features included hypotonia, recurrent ear infections, and gastrointestinal
abnormalities. No similar facial dysmorphic features were observed. Compared to PMS participants, individuals with
SHANK? disorder had significantly higher adaptive functioning.

Conclusions Consistent with previous studies of SHANK2 disorder, these results indicate mild to moderate
developmental impairment. Overall, SHANK2 disorder is associated with developmental and adaptive functioning
delays, high rates of autism, including sensory symptoms and repetitive behaviors, and ADHD. This study was limited
by its remote nature, diverse age range, and the homogeneous racial and ethnic sample. Future studies should

L examine larger, diverse cohorts, add cognitive testing, capture longitudinal data, and include in-person assessments.
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Background identified [37-42]. Two recent publications reviewed

Over the past decade there has been a significant increase
in the use and utility of genetic testing in cases of intel-
lectual and developmental disorders [1-7]. To date, more
than 250 high confidence genes associated with autism
spectrum disorder (ASD) [7-10] and other neurodevel-
opmental disabilities such as intellectual disability (ID)
[11-14] have been identified. SHANK?2 is one such gene.

SHANK?2 is part of the SHANK gene family, which
organizes intermediate scaffolding proteins at excit-
atory synapses and are categorized as master scaffold-
ing proteins [15] responsible for the structural integrity
of dendritic spines in the postsynaptic density [16]. The
SHANK family is involved in activity at the postsynaptic
sites of excitatory synapses in the brain. Loss of func-
tion of SHANK? is associated with synaptic dysfunction
[16]. Other proteins in the SHANK gene family include
SHANKI and SHANK3. SHANK3 deficiency leads to a
neurodevelopmental disorder known as Phelan-McDer-
mid syndrome (PMS). PMS is associated with high
rates of intellectual and developmental disability (IDD),
autism, sensory symptoms, hypotonia, neuropsychiat-
ric symptoms, and a number of medical comorbidities
[17-21].

The knockout of SHANK?2 in mice has been used to
create a model for neuropsychiatric symptoms includ-
ing ASD [22-29]. There are several variants of SHANK2
mouse models with phenotypic differences based on
which cell types the SHANK?2 deletion occurs in and the
exon knockout location [28-31]. Observed phenotypes
include enhanced fear causing behavioral inflexibility [22,
27], hyperactivity [30-31], repetitive grooming [30-31]
or jumping behaviors [25], and sensory hyperreactiv-
ity [24]. Some previous preclinical studies experimented
with molecular interventions to compensate for the loss
of SHANK?2. For example, improvement in social interac-
tion in a SHANK2 mouse model was reported after glu-
tamate modulation [25]. Similarly, Chung and colleagues
[26] observed that when early development N-methyl-
D-aspartate glutamate receptor (NMDAR) hyperfunc-
tion was suppressed, later NMDAR hypofunction and
ASD-like behaviors decreased. In addition to autism,
the SHANK?2 gene has also been associated with schizo-
phrenic behaviors [32] and decreased bone mass [33] in
animal models.

To date, research in SHANK2 has focused on in
vivo and in vitro studies with limited clinical studies in
humans. Prior clinical research includes small cohort
studies of one to three participants [34—36] and gene dis-
covery studies where participants with SHANK2 were

the literature and collated these small cohorts with their
own as a comparison [43—44]. The largest was a literature
review of 13 previously identified cases along with one
additional participant [44]. When reported, all patients
had mild to moderate ID and language delays, 92% had
ASD or autism traits, and 20% had difficulties with atten-
tion or sleep disorders [44]. Outside of these distinc-
tions, there was a noted variability in the understanding
of the SHANK2 clinical phenotype from smaller cohort
studies [44], indicating the need for additional studies in
larger cohorts. No studies to date have compared pheno-
types of SHANK?2 disorder with that of PMS (SHANK3
haploinsufficiency).

Previous literature relied on case reports and chart
review with very limited prospective phenotyping.
Here, we present the results of a prospective, remote-
based clinical phenotyping study in ten participants with
SHANK?2 disorder. This study was the first to include a
larger, systematically evaluated cohort of individuals with
the disorder. We included assessments that covered a
wide range of domains and phenotypic features in accor-
dance with the recommendations from AlMail and col-
leagues [45], which outlined the recommended battery
for reporting a new rare genetic disorder. Following the
success of a remote battery used at our Center to phe-
notype CHAMP1 syndrome [46], this battery of assess-
ments was administered remotely as well. This approach
removed barriers to participation and allowed us to
include individuals from multiple countries.

Methods

Participants

Ten participants between the ages of 3 to 25 years
(Mg =9.7+6.7) enrolled in this study. All participants
were white, non-Hispanic, and most were female (n=7).
Study recruitment was advertised by the Seaver Autism
Center and by the SHANK2 Foundation and caregivers
contacted the study team directly to participate. Inclu-
sion criteria included a confirmed pathogenic or likely
pathogenic deletion or sequence variant in SHANK2 and
the ability for a caregiver to read and understand English.
All eligible participants who contacted the study team
were included in the study. The caregiver’s primary lan-
guage was not assessed. Table 1; Fig. 1 provide the genetic
landscape for this sample. This study was approved by
the Program for the Protection of Human Subjects at the
Icahn School of Medicine at Mount Sinai.
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Table 1 SHANK2 genetic landscape

Sequence Variants

Coding DNA Change Amino Acid Change Inheritance
€.2802dupC p.Ala935Argfs*30 de novo
€.2826_2853dup p.Phe952Hisfs*22 de novo
€.2445_2446delGT p.Tyr816Argfs*69 de novo
€3364_3365dup p.Pro1123Glyfs*52 unknown
c4930G>T p.Glu1644* de novo
2521 C>T p.Arg841* de novo

Copy Number Variants

(Deletions)

Start Coordinate End Coordinate Inheritance
70,419,765 70,606,442 unknown
70,384,774 70,613,589 unknown
70,423,040 70,685,140 unknown
70,317,016 70,535,034 de novo

Legend: Sequence variants in SHANK2 in the cohort, mapped onto transcript
NM_012309.5. Deletions of SHANK2 are reported in hg19 start and end
coordinates. All deletions only include SHANK2

Materials

To facilitate the study of this ultra-rare disorder, a remote
phenotypic protocol was applied [46]. All caregiver inter-
views were conducted using HIPAA-compliant Zoom.
Caregiver questionnaires were completed via REDCap or
on scoring platforms provided directly by the publisher.

Skill development and loss was assessed by the Early
Skills Attainment and Loss caregiver interview, a measure
focusing on regression [47]. This instrument measured
Language, Motor, Social, and Adaptive skill attainment
and loss. If a skill was attained, the interviewer either
asked if the skill was attained by age 1, or the specific
month at which it was attained. Skill loss was defined as
the discontinuation of a skill that was previously obtained
and used consistently for at least 3 months. Developmen-
tal milestones were analyzed by comparison to Center for
Disease Control (CDC) guidelines, as reported in Zubler
et al. [48].

Psychiatric and medical history were assessed by a psy-
chiatrist (DEG) through a structured caregiver interview.
Participants were present for a portion of the interview
for virtual observation. Dysmorphology was assessed by
caregiver report using a standardized list of dysmorphic
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features and analysis of front and side profile photos by a
certified genetic counselor and trainee (TL, RG).

The Developmental Profile, Fourth Edition (DP-4; [49]),
is a caregiver interview that obtained estimates of devel-
opmental functioning across Physical, Adaptive Behav-
ior, Social-Emotional, Cognitive, and Communication
domains. Standard scores could not be obtained for one
participant who was out of the normed age range.

The Vineland Adaptive Behavior Scales, 3rd Edition,
Comprehensive Interview (Vineland-3; [50]), assessed
adaptive behavior through caregiver interview across
Communication, Daily Living Skills, Socialization, and
Motor domains. Standard scores are available across all
ages, but only for participants nine and younger on the
Motor domain.

Sensory symptomatology was assessed with the Sen-
sory Assessment for Neurodevelopmental Disorders
(SAND; [51]) for Hyperreactivity, Hyporeactivity, and
Seeking behaviors across visual, tactile, and auditory
modalities; and with the Sensory Profile Caregiver Ques-
tionnaire (SP; [52]) assessing the following domains:
Auditory, Visual, Touch, Taste/Smell, Activity Level,
Body Position, Emotional/Social, and Movement Pro-
cessing across four quadrants: Low Registration, Seeking,
Sensitivity, and Avoidance. Due to the remote nature of
the study, only the interview portion of the SAND was
conducted with the caregiver, and the observation was
omitted.

The Child/Adult Behavior Checklist (CBCL/ABCL;
[53]) assessed caregiver-reported behaviors. Domains
included Syndrome Scales, Internalizing, Externaliz-
ing, Total Problems, and DSM-Oriented Scales. Three
caregivers completed the CBCL for ages 1.5 to 5, six
completed the CBCL for ages 6 to 18, and one caregiver
completed the ABCL for ages 18 and older. Subdomains
assessed differed by form completed.

The Aberrant Behavior Checklist (ABC; [54]) is a care-
giver report questionnaire that assessed maladaptive
behaviors within five domains: Irritability, Lethargy, Ste-
reotypy, Hyperactivity, and Inappropriate Speech. The
frequency and severity of repetitive behaviors was mea-
sured by caregiver report using the Repetitive Behavior
Scale, Revised (RBS-R; [55]) across the following scales:
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Fig. 1 SHANK2 Genetic Landscape

Legend: Individuals' SHANK2 variants mapped onto the gene, located on chr11:70,313,959—70,963,623 (hg19). Participants with deletions all carried dele-

tions within the SHANK2 gene (see Table 1)
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Stereotyped, Self-Injury, Compulsive, Ritualistic, Insis-
tence on Sameness, and Restricted Behaviors.

Quality of Life and Caregiver Concerns were assessed
using a Visual Analogue Scale (VAS) where caregiv-
ers list their top three concerns for the participant and
rate how concerned they were about these items from 1
to 100; and using the Child and Family Quality of Life,
Second Edition (CFQL; [56]), capturing the caregiver’s
perspective of their child’s and their own quality of life. It
includes the following domains: Child, Family, Caregiver,
Financial, Social, Relationship, Coping, and Changes in
Quality of Life.

The battery included validated and unvalidated assess-
ments. Most of the assessments were published vali-
dated measures including the DP-4, Vineland-3, SP,
CBCL/ABCL, ABC, RBS-R, and CFQL. One published
standardized assessment, the SAND, includes both a
caregiver interview and direct observation of the child,
however, due to the remote nature of the study, the direct
observation was omitted; therefore, only raw scores were
produced from the interview. Three assessments were
not validated but have been used in similar populations
including the Early Skills, the structured psychiatric
evaluation, and the VAS. The assessments selected were
recently successfully used in a prior remote battery of
an IDD sample [46] and were considered appropriate for
remote use.

Comparison to SHANK3 cohort

Overall adaptive functioning in the SHANK2 cohort was
compared to an age-matched group of individuals with
PMS (N=62, M, =9.64, SD=5.52, range=3-24 years)
which included a subset of individuals participating in a
natural history study through the Developmental Synap-
topathies Consortium.

Table 2 Early skills achievement |

Skill N N N Typical
Achieved Achieved Achieved Achieve-
byage1 after ment [48]
age 1
Social Skills
Respond to name 10 3 7 9 months
Social smile 9 8 1 2 months
Point at objector 8 1 7 18 months
event
Eye contact 10 7 3 2 months
Wave goodbye 9 2 7 12 months
Show objectsto 9 0 9 15 months
others
Motor
Reach for an 10 8 2 6 months
object
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Results

Early skill development

Early skill development and loss, assessed by the early
skill attainment and loss survey and clinician interview, is
summarized in Tables 2 and 3.

Language milestones were delayed in all participants.
Seven participants used full sentences or phrases of three
or more words. Of those, five used full complex sentences
with appropriate grammar and two used phrases and
combined more than three words. One five-year-old par-
ticipant used two-word phrases; one three-year-old used
single words; and one three-year-old was babbling but
had not yet said a first word. Importantly, participants
who had not yet developed fluent speech were below the
average age of achievement in this cohort (~5y). Articu-
lation problems were reported in six of ten participants.

Using the CDC guidelines for skill development, which
are set at the developmental age of the 75th percentile
[48], two of the three motor milestones with CDC recom-
mended checkpoints were delayed on average across par-
ticipants. Specifically, 44% of participants were delayed
rolling over, 20% were delayed in sitting without support,
and 60% were delayed taking independent steps. No loss
of motor skills was reported.

Seven participants obtained bladder and bowel con-
trol. Delays were present for both. On average, bowel
control was obtained before bladder control. Skill loss
was reported in one participant. The oldest participant
lost bladder control at 24.5 years and had not regained
the skill, though bowel control remained. The caregiver
reported these and other declines during the COVID-19
pandemic and attributed them to a lack of structure and
engagement in daily activities. Daily living skills generally
improved when returning to a structured schedule.

Psychiatric & medical history
Nine participants carried a Diagnostic and Statisti-
cal Manual of Mental Disorders, Fifth Edition (DSM-
5; [58]) diagnosis of ASD. Deficits in social/emotional
reciprocity, nonverbal communication, and stereotyped
behaviors were reported in all nine of those participants.
Seven caregivers reported symptoms of attention-defi-
cit and hyperactivity, including six with inattention and
impulsivity and five with hyperactivity. Five participants
carried a diagnosis of attention-deficit/hyperactivity
disorder (ADHD): one with inattentive type, one with
hyperactive-impulsive type, two with combined type, and
the remaining participant was uncategorized. One indi-
vidual was diagnosed with obsessive compulsive disorder
(OCD). Previous diagnoses of ID and global developmen-
tal delay were not directly ascertained.

Five participants took psychotropic medications in the
past and two were actively taking medication. Of those
on medication at the time of the evaluation, one was on
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Table 3 Early skills achievement |l
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Skill N Achieved Range (months) Mean +SD Typical Achievement [48]
Median (IQR)
Motor
Roll over 9 4-18 7.7 +4.6 months 6 months
6.0 (5.0-8.0) months
Sit without support 10 6-13 8.2+2.4 months 9 months
7.5 (7.0-8.0) months
Crawl 9 8-16 10.9+ 2.8 months n/a
10.0 (9.0-13.0) months
Take independent steps 10 12-22 16.5+3.5 months 15 months
16.3 (13.3-19.5) months
Language
Babble 9 6-36 13.0+£9.8 months 9 months
9.0 (8.0-10.0) months
Single words 9 14-42 24+1.0years 15-18 months
2.0(1.5-3.3) years
Two-word phrases 8 30-62 3.8+1.1 years 24 months
3.8 (2.9-4.8) years
Fluent speech 7 48-96 5.7+14 years 36-48 months
5.5 (4.8-6.5) years
Toileting
Bladder control 7 36-288 7.5+7.7 years ~36 months*
4.0 (3.7-7.0) years
Bowel control 7 36-120 48425 years

4.0 (3.4-5.0) years

Legend: Tables separated by skill domain indicating the number of participants who achieved each skill and when with reference to the skill's recommended
attainment age as published by Zubler et al. [48]. *Milestone range obtained separately from “Five dos and don'ts of potty training your toddler” [57]

guanfacine for ADHD and the other was on both traza-
done and clonidine for sleep. Regarding prior medica-
tions, methylphenidate for ADHD, two unnamed ADHD
stimulants, and aripiprazole were all reportedly stopped
due to side effects. Fluoxetine was prescribed for OCD
but was stopped due to ineffectiveness. Lithium was tried
for mood and discontinued in one participant due to
challenges in achieving appropriate blood levels, and one
participant lisdexamfetamine and guanfacine extended
release were both stopped due to intolerability.

Medical history is summarized in Table 4. Four partici-
pants had tympanostomy. Two participants had a history
of hearing problems reported: one due to increased fluid
and another due to multiple ear infections. Both partici-
pants’ hearing returned to normal after correcting these
issues. One participant had a single febrile seizure at age
2 reported, but no presence of subsequent seizures.

Dysmorphology

Dysmorphic features were reported by caregivers and
identified through images provided. Most dysmorphic
features were only noted in one participant each. Four
participants had a high frontotemporal hairline. Three
participants had full cheeks, two had an overbite, and
two had a long philtrum. The following features were
present in one participant each: micrognathia, bulbous
nose, full lips, hyperextensibility, sacral dimple, and fifth

finger clinodactyly. Similar facial gestalts were not seen
in the cohort.

Cognitive and adaptive functioning

DP-4 (Table 5) Physical domain standard scores ranged
from 47 (delayed) to 101 (average). Adaptive Behavior
standard scores ranged from 53 (delayed) to 88 (aver-
age). Social-Emotional Skills standard scores range from
57 (delayed) to 78 (below average). The Cognitive sub-
domain standard scores ranged from 47 (delayed) to
77 (below average). The Communication subdomain
standard scores ranged from 51 (delayed) to 79 (below
average).

Vineland-3 Adaptive Behavior Composite standard
scores ranged from 20 to 72 (Table 6). The Communi-
cation domain had the lowest average standard score
among all domains. Six participants had significantly
higher subdomain scores in the Receptive subdomain
compared to the Expressive subdomain (>1SD differ-
ence), two participants had no difference, and one par-
ticipant had a significantly higher Expressive subdomain
scores than Receptive. All participants were reported to
understand at least 50 words and eight participants said
at least 50 words and used phrases with a noun and verb.
Six participants were reported to identify all letters in
lower and upper case, five could read at least 10 words,
four could read simple sentences out loud, and two could
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Table 4 Medical history
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Table 6 Vineland-3 results

Symptom N Percentage
Hypotonia 7/10 70%
Otitis Media 6/9 67%
Gl Tract Abnormalities 5/10 50%
Constipation 5/10 50%
Gastroesophageal Reflux Disease (GERD) 1/10 10%
Tympanostomy 4/9 44%
Gait Abnormalities 4/10 40%
Toe walking 3/10 30%
Orthotics for ankle support 1/10 10%
Knee hyperextension 1/10 10%
Sleeping Problems 4/10 40%
Difficulty falling asleep 4/10 40%
Difficulty staying asleep 3/10 30%
Waking early 1/10 10%
Feeding Issues 3/10 30%
Chewing 2/10 20%
Swallowing 2/10 20%
Difficulty latching 1/10 10%
Vision Abnormalities 2/10 20%
Amblyopia 1710 10%
Hyperopia 1/10 10%
Strabismus 1/10 10%
Hearing Abnormalities, since corrected 2/10 20%
Allergies 2/10 20%
Psoriasis/Dermatitis 1/9 1%
Febrile Seizure (1x) 1/10 10%

Legend: Reported medical history from most to least frequent. *One caregiver
did not answer all questions on medical history form

Table 5 Developmental Profile-4 results

Domain Mean (SD) Qualitative Participants
Descriptor Below 70
(percentage)
Physical 78.2 (20) Below Average 44%
Adaptive Behavior 68.7 (12.1)  Delayed 56%
Social-Emotional Skills ~ 68.9 (7.8) Delayed 44%
Cognitive 654 (113)  Delayed 44%
Communication 68.7 (8.7) Delayed 44%

Legend: DP-4 results by mean, standard deviation, and qualitative descriptor of
the mean. Percentage of the 9 participants below a score of 70 represent those
two standard deviations below the normative mean, indicating significant
delays

read simple stories. Four participants could copy their
own first name, three could copy phrases or sentences,
and two write at least 20 words from memory including
simple sentences.

Regarding Daily Living Skills, Domestic Skills were a
relative strength with the highest average subdomain
score compared to average Personal and Community
subdomain scores. In terms of specific skills, eight par-
ticipants fed themselves without spilling, five could dress
themselves and correctly put on and fasten their own
shoes. Five participants brush their teeth independently.

Domain/Subdomain Range Mean (SD) Qualitative
descriptor

Adaptive Behavior 20-72 59.1(15.34) Low
Composite
Communication 20-62 47.8(12.7) Low

Receptive 1-10 6.2 (3.36) Low

Expressive 1-8 3.6(2.88) Low

Written 1-10 7.3 (2.63) Low
Daily Living Skills 20-85 65.0(18.37) Low

Personal 1-13 6.5(4.22) Low

Domestic 1-18 10.2 (4.98) Moderately Low

Community 1-10 74 (2.72) Low
Socialization 20-81 63.3(18.84) Low

Interpersonal 2-15 7.6 (3.60) Low
Relationships

Play and Leisure 1-12 8.3(3.59) Low

Coping Skills 7-14 9.6 (2.59) Moderately Low
Motor (n=6) 70-89 76.0(7.04) Moderately

Low
Gross Motor 8-14 11.0(2.37) Moderately Low
Fine Motor 8-14 9.83 (2.40) Moderately Low

Legend: Vineland results by domain (bold) and subdomain. Scores reported by
range, mean, and standard deviation include domain standard scores (M= 100,
SD=15) in bold, and subdomain v-scale scores (M=15, SD=3)

While seven had bladder and bowel control, only four
used the bathroom completely independently, and only
two shower or bathe independently. In the Socialization
domain, scores across Interpersonal Relationship, Play
and Leisure, and Coping Skills fell within the low range.
Finally, standard scores for the Motor domain were cal-
culated for the six participants within the age range to
calculate normed scores. Motor skills represent a rela-
tive strength of this cohort compared to performance on
other domains, however, both fine and gross motor skills
remain delayed relative to age expectations.

Sensory symptomatology

Sensory symptoms were evaluated using the SAND
interview and the SP. Sensory Seeking behaviors were
most common (7.8+4.6), followed by Hyperreactivity
(5.6+2.7), and Hyporeactivity (3.3+3.5). The most com-
monly reported Sensory Seeking behaviors were creat-
ing sounds outside of functional play (6/10), seeking
pressure including pushing objects to self or mouthing
(6/10), peering at or inspecting parts of toys near their
eyes (5/10), fascination with certain textures (5/10), feel-
ing textures repeatedly (5/10), and fascination with cer-
tain sounds (5/10). The most commonly reported sensory
Hyperreactivity behaviors were startling or being both-
ered by certain sounds (6/10) and putting their hands
over their ears (5/10). The most commonly reported
sensory Hyporeactivity behaviors were under-respon-
siveness to bright or flickering lights (4/10) and under-
responsiveness to temperature and/or pain (4/10).
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On the SP, Low Registration scores (51.5+7.1) indi-
cated a definite difference in sensory processing, with
nine participants scoring in the definite and one in the
probable difference range. Sensation Seeking scores
(90.7+£12.3) indicated a definite difference with six par-
ticipants falling in the definite and one in the probable
difference range. Sensory Sensitivity scores (75.6+8.8)
indicated a probable difference in sensory process-
ing, with four participants in the definite and two in the
probable difference range. Sensation Avoiding scores
(106 £9.5) indicated a probable difference, with three
participants scoring in the definite and five in the prob-
able difference range.

Behavioral symptomatology

Average T-scores from the CBCL indicated that With-
drawn Behaviors and Attention Problems fell in the clini-
cal range. Autism Spectrum, ADHD Symptoms, Activity
Participation, School Participation, Social Participation,
Thought Problems, and Critical Items all fell in the bor-
derline range. Of the ten participants, 50% were in the
clinical range for Attention Problems and ADHD Symp-
toms and of the seven assessed for thought problems,
57% were in the clinical range. Those in the clinical range
matched the prevalence of participants who met criteria
for ADHD when assessed in the psychiatric evaluation.
However, thought problems were not noted or brought
up by caregivers as a concern during the psychiatric eval-
uation and when analyzing individual items, the most
commonly endorsed items in the Thought Problems
domain were related to ritualistic and repetitive behav-
iors (RRBs) and likely reflect autism symptomology.

Average scores on the ABC domains were 9.9+ 6.8 for
Irritability (45 maximum score), 3.1 + 3.2 for Social With-
drawal (48 maximum score), 3.3+2.7 for Stereotypy (21
maximum score), 15.3+11.3 for Hyperactivity (48 maxi-
mum score), and 2.8+1.9 for Inappropriate Speech (12
maximum score). At the individual item level, nine care-
givers reported distractibility. Eight reported temper tan-
trums, inattention, disturbing others, impatience, and
impulsivity. Seven caregivers also reported stamping feet
or slamming doors, disrupting group activities, repetitive
speech, and stereotyped behaviors.

On the RBS-R, difficulty with transitions was endorsed
by all ten caregivers. Seven caregivers endorsed sensory
features and specific interests. The Average Total Score
was 20.4+ 14.3 with a range between 1 and 47 points out
of a maximum total of 129. The subscale scores were as
follows: Stereotyped Behavior (3.7 +4.2) out of 18 points,
Insistence on Sameness (6.2 £ 3.9) out of 33 points, Ritu-
alistic Behavior (3.1+3.2) out of 18 points, Restricted
Behaviors (1.9+1.7) out of 12 points, Compulsive Behav-
jor (3.1+3.9) out of 24 points, and Self-Injurious Behav-
iors (2.4+2.9) out of 24 points.
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Quality of life and caregiver concerns

Caregiver reports on the VAS identified eight catego-
ries of concern. Each caregiver reported three concerns,
totaling 30 reports (Fig. 2). The most frequently reported
concerns were cognitive and educational ability and
ADHD features totaling 6 responses each. A number of
behaviors were reported as top concerns including com-
munication, social skills, independence, RRBs, and self-
injury. Figure 2. Visual Analogue Scale Results.

Using the CFQL, quality of life was assessed in 8 cate-
gories. Scores in each subdomain ranged from 1 to 5 and
were calculated as a within-participants average for each
of 3 or 4 questions in that subdomain. Based on overall
average scores in each category, where lower score indi-
cate less strain, caregivers rated Relationship Quality of
Life highest (M =1.95) followed by Financial (M =2.40),
Caregiver (M =2.65), Social Network (M=2.65), Cop-
ing (M =2.70), Child (M =2.85), Changes to Quality of
Life (M=2.94), and Family Quality of Life (3.53). The
questions indicating the most strain, were the partici-
pant requiring reminders to complete everyday tasks
(4.1+0.99), adding stress to home life (4.1+1.29), and
limiting the family from participating in social activities
(3.6+1.17).

Comparison to SHANK3 cohort

Compared to an age-matched group of individuals with
PMS, standard scores on all Vineland-3 domains were
significantly higher in the SHANK2 cohort (Table 7). The
SHANK?2 cohort also had smaller ranges of scores on
adaptive functioning than the PMS cohort.

Discussion
Here we present the first prospective evaluation of a
cohort of individuals with SHANK2 disorder. The battery
was comprised of caregiver interviews with a psychia-
trist, psychologists, and a genetic counselor, caregiver
forms, and review of records. Given the rarity of the syn-
drome, all data was collected remotely to enable enroll-
ment across geographic regions. The comprehensive
battery measured developmental level, psychiatric his-
tory, medical history, and behavioral features, taking
guidance from the standards for phenotyping a new rare
genetic syndrome set forth in AlMail and colleagues [45].
Results revealed some delays in motor and language
milestones. Varying levels of expressive language were
reported with seven of ten participants having a mini-
mum of phrase speech by approximately 5.5 years old;
the remaining three participants were all younger than
this age and therefore their developmental trajectory
is not yet known. Importantly, and in contrast to PMS,
there was no reported loss of skills, with the exception
of toileting in one participant at the age of 24, which
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(6) Cognition and Education

"Reading skills"

"Ability to process words and instructions"

(6) ADHD Features

"Lack of impulse urge control"

"Difficulty focusing on a task or paying attention"

Communication

&

"Limited spoken language"

"Will s/he be able to communicate effectively?"

<4> Social Skills

N A e N

"Difficulty making friends or interacting socially"
"Inability to understand situations and people"

(3) Independence and Aging

)
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"Independent living skills"
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@ Restricted and Repetitive Behaviors

_/

"Ritualistic"

"Difficulty with transitions causing tantrums and emotional distress"

@ Emotional Control

Cl) Self Injury

NN

Fig. 2 Visual Analogue Scale Caregiver Concerns

Legend: The eight categories of concern accompanied by the number of caregivers citing that concern in the circles to the left and direct quotes from

caregiver report. Colors and order of the list indicate the concern frequency

Table 7 SHANK2/PMS adaptive behavior comparison

Domain SHANK2 (n=10) PMS (n=63) t-testpvalue
Mean (SD)

Composite 59.1(15.34) 441 (17.6) 0.017*

Communication  47.8(12.7) 35.1(17.6) 0.019*

Daily Living Skills  65.0 (18.37) 46.8 (19.1) 0.015*

Socialization 63.3(18.84) 46.5 (20.4) 0.02*

Motor 76.0 (7.04) 50.1 (20.5) <0.001**

*p<.05,** p<.01

was attributed to lack of structure during the COVID-19
pandemic.

Results from the DP-4 indicate relatively preserved
Physical development, similar to results from the Early
Skill interview and Vineland-3 Motor domains, how-
ever, all scores remained below age expectations. Past

literature has found that motor skills are more impaired
in individuals with single gene conditions than idio-
pathic autism [59]. While motor skills were less impaired
than other areas in this cohort, the level of delays here
are consistent with monogenic conditions associated
with neurodevelopmental disorders. The other domains
(Communication, Cognition, Social-Emotional, Adap-
tive) revealed scores approximately 2 standard deviations
below the population mean, falling in the significantly
impaired range. On the Vineland-3, Communication was
a relative weakness, with average scores a full standard
deviation lower than the other domain scores, reflecting
slightly different aspects of communication compared
to the DP-4, and mirroring results of previous SHANK2
literature [43—-44]. Within the Communication domain,
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receptive language was reported as significantly better
developed as a cohort than expressive language, suggest-
ing the participants can understand more than they can
express verbally. However, there were two participants
who did not show this discrepancy in scores, and one
who had significantly better expressive than receptive
language, indicating variability in language skills within
our sample. Overall, Vineland-3 Composite scores, on
average, fell between 2 and 3 standard deviations below
the population mean. Though cognitive abilities and
ID status were not directly assessed, it is estimated that
based on the adaptive behavior measures, most partici-
pants are likely to meet criteria for ID.

In terms of neurodevelopmental, psychiatric, and
behavioral features, 90% of participants carried a formal
diagnosis of autism, replicating the prevalence of the two
previous SHANK? studies [43—44]. Whether the rate of
autism in SHANK2 disorder is truly this high, or if this
represents a sample bias given autism is often a reason
for referral for genetic testing, is unclear. Future studies
with larger cohorts, recruited from a variety of sources,
may help clarify autism prevalence in this disorder. The
CBCL captured withdrawn behaviors well. Conversely,
Social Withdrawal behaviors were generally not endorsed
on the ABC. Restricted and repetitive behaviors were
endorsed with the RBS-R, picking up many symptoms,
most notably stereotypic behaviors. Sensory behaviors
were also commonly endorsed using the SAND interview
and the Sensory Profile. The SAND identified a pattern of
higher seeking and hyperreactivity compared to hypore-
activity, results that are opposite to those found in indi-
viduals with PMS (SHANKS3) [20]. Symptoms of ADHD
were commonly reported, and five participants carried a
formal diagnosis of ADHD. The CBCL captured attention
problems well although items on the ABC Hyperactivity
domain were endorsed at a lower rate than in the psy-
chological evaluation given the high rate of ADHD in the
cohort, again indicating the CBCL may be performing
better than the ABC in this cohort. Though most care-
giver surveys chosen for this study have been used and
validated in IDD populations, some do not always per-
form well [60—62]. The measures here seemed to perform
well, possibly due to the mild-to-moderate range in intel-
lectual delays estimated in this cohort compared to more
severe delays seen in other disorders. In addition, though
ADHD features were a commonly reported top concern,
only one participant was currently receiving medication
for ADHD symptoms; this lower-than-expected use of
medication should be explored in future studies.

In terms of medical history, commonly reported fea-
tures mirrored those of many genetic neurodevelopmen-
tal disorders such as hypotonia, recurrent ear infections,
and gastrointestinal abnormalities [18, 46, 63—66]. Over-
all, the cohort was not described as medically complex.
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Notably, unlike other genetic syndromes, including
PMS, no participants had epilepsy. There was one febrile
seizure reported and no other seizures reported. No
similar facial dysmorphic features were observed on
examination. The only relatively consistent finding was a
high frontotemporal hairline in four participants.

When comparing this cohort to an age-matched sam-
ple of PMS participants, the Vineland-3 was used as an
overall proxy of functioning. Individuals with SHANK2
disorder had significantly higher adaptive functioning
compared to those with PMS. Though these genes belong
to the same family and hold similar roles as scaffolding
proteins, results from this study suggest loss of SHANK3
may be more detrimental to human development than
SHANK?. Larger, studies are necessary to replicate this
exploratory analysis.

This study was limited by its remote nature, where par-
ticipants were not assessed directly. Cognitive testing
would be a valuable addition to future studies. As with all
studies involving genetic disorders, sample bias is at play,
where often only individuals who present with severe
developmental delays are referred for genetic testing.
Individuals with more mild features may not be referred
for genetic testing, and therefore, results may not fully
capture the full spectrum of SHANK?2 disorder. Similarly,
the prevalence of ASD reported in this cohort may be
higher because the presence of ASD resulted in obtain-
ing genetic testing. Therefore, there was likely a selection
bias based on this. The wide age range is another limita-
tion of this study and age effects are difficult to capture
in such a small cohort. All participants were white with
constrained racial and ethnic diversity, which further
limits generalizability of results. Additionally, while we
predicted a 50/50 sex ratio, there were more females than
males in this cohort. We do not believe this is due to an
underlying sex difference in SHANK2 disorder, rather an
outcome of a small study. This study also did not directly
assess autism in this sample, which would have required
an in-person visit. Therefore, the conclusions drawn
about autism symptomology are based upon parent
reporting rather than clinician observation and may be
biased. Finally, the comparison of SHANK2 to PMS was
limited in its scope, comparing only the Vineland-3. The
addition of cognitive measures in the SHANK2 cohort
would allow for more robust conclusions to be drawn
comparing these two genetically related groups. Future
research should be conducted in person to further assess
autism symptoms in SHANK2 disorder and how they dif-
fer from idiopathic autism using gold-standard diagnos-
tic assessments.
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Conclusions

Overall, SHANK?2 disorder is associated with develop-
mental and adaptive functioning impairments indicative
of a likely high rate of ID, high rates of autism, includ-
ing sensory symptoms and repetitive behaviors, and
ADHD, all of which were also top caregiver concerns.
Nonspecific medical comorbidities were reported but
individuals were not described as medically complex or
requiring high levels of medical interventions. Future
studies should examine larger cohorts, capture longitudi-
nal data, and utilize in-person assessments.

Abbreviations

ABC Aberrant Behavior Checklist

ABCL Adult Behavior Checklist

ADHD Attention-Deficit/Hyperactivity Disorder

ASD Autism Spectrum Disorder

CBCL Child Behavior Checklist

CDC Center for Disease Control

CFQL Child and Family Quiality of Life, Second Edition

DP-4 Developmental Profile, Fourth Edition

DSM-5 Diagnostic and Statistical Manual of Mental Disorders, Fifth
Edition

D Intellectual Disability

IDD Intellectual and Developmental Disability

NMDAR N-methyl-D-aspartate glutamate receptor

OoCD Obsessive Compulsive Disorder

PMS Phelan McDermid syndrome

RBS-R Repetitive Behavior Scale, Revised

RRB Ritualistic and Repetitive Behaviors

SAND Sensory Assessment for Neurodevelopmental Disorders

SP Sensory Profile Caregiver Questionnaire

VAS Visual Analogue Scale

Vineland-3  Vineland Adaptive Behavior Scales, Third Edition

Acknowledgements

We would like to thank all of the families who took part in our study for their
time and commitment to research. We would also like to thank the SHANK2
foundation for their support in SHANK2 research.We are sincerely indebted
to the generosity of the families and patients in PMS clinics across the United
States who contributed their time and effort to this study. We would also like
to thank the Phelan-McDermid Syndrome Foundation for their continued
support in PMS research.

Author contributions

Authors PMS, JDB, and TL contributed to the study conception and design.
Material preparation and analysis were performed by HS, RG, and TL. Data
collection was performed by HS, TL, RG, PMS, DG, RS, and JZ. Data for the
SHANK3/PMS cohort was collected by MS, AK, JDB, EB-K, LVS, AT, and JAB on
behalf of the DSC consortium. The first draft of the manuscript was written by
HS and TL and all authors commented on previous versions of the manuscript.
All authors read and approved the final manuscript.

Funding

This study was funded by the SHANK2 foundation and Beatrice and Samuel A.
Seaver Foundation.

The Developmental Synaptopathies Consortium (U54NS092090) is part

of the National Center For Advancing Translational Sciences (NCATS) Rare
Diseases Clinical Research Network (RDCRN) and is supported by the RDCRN
Data Management and Coordinating Center (DMCC) (U2CTR002818).
RDCRN is an initiative of the Office of Rare Diseases Research (ORDR), NCATS,
funded through a collaboration between NCATS and the National Institute
Of Neurological Disorders And Stroke of the National Institutes of Health
(NINDS), Eunice Kennedy Shriver National Institute Of Child Health & Human
Development (NICHD) and National Institute Of Mental Health (NIMH). The
content is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health (NIH). This

Page 10 of 12

research was supported (in part) by the Intramural Research Program of the
NIMH ZICMH002961.

Data availability
The datasets generated during the current study are available from the
corresponding author on reasonable request and IRB approval.

Declarations

Ethics approval and consent to participate

The Icahn School of Medicine at Mount Sinai's Institutional Review Board (IRB)
approved the study. Caregivers or legal guardians of the participants provided
informed consent, and assent was obtained when applicable.

Consent for publication
Not applicable.

Competing interests

AK. receives research support from AMO Pharma and consults for Acadia,
Alkermes, Neuren, and GW Pharma. He serves on Scientific Advisory Boards
for Ovid Therapeutics, Jaguar Therapeutics, and Ritrova Therapeutics. PM.S.
and Mount Sinai licensed the SAND developed by PM.S. to Stoelting, Co.
J.D.B. holds a patent for IGF-1 in Phelan-McDermid syndrome, holds an
honorary professorship from Aarhus University Denmark, and is a journal
editor for Springer Nature. M.S. reports grant support from Biogen, Astellas,
Neurvati Neurosciences, Bridgebio, and Aucta. He has served on scientific
advisory boards for Neurogene, Jaguar Gene Therapy and Noema. EBK

has received funding from Seaside Therapeutics, Novartis, Roche, Alcobra,
Neuren, Cydan, Fulcrum, GW, Neurotrope, Marinus, Zynerba, BioMarin, Ovid,
Retrophin, AMO, Yamo, Acadia, Avexis, lonis, Ultragenyx, Lumos, GeneTx, and
Vtesse/Sucampo/Mallinkcrodt Pharmaceuticals to consult on trial design or
development strategies and/or conduct clinical trials in FXS or other NDDs
or neurodegenerative disorders, and from Asuragen Inc to develop testing
standards for FMR1 testing. All funding to EBK is directed to Rush University
Medical Center to support rare disease programs. EBK receives no personal
funds. The remaining authors declare that they have no competing interests.

Author details

'Seaver Autism Center for Research and Treatment, Icahn School of
Medicine at Mount Sinai, New York, NY 10029, USA

“Department of Psychiatry, Icahn School of Medicine at Mount Sinai, New
York, NY 10029, USA

*The Mindich Child Health and Development Institute, Icahn School of
Medicine at Mount Sinai, New York, NY 10029, USA

“Department of Neurology, Rosamund Stone Zander Translational
Neuroscience Center, Boston Children’s Hospital, Harvard Medical School,
Boston, MA 02115, USA

°FM. Kirby Neurobiology Center, Boston Children’s Hospital, Harvard
Medical School, Boston, MA 02115, USA

Developmental Synaptopathies Consortium, Rare Disease Clinical
Research Network, Boston, USA

7Department of Pediatrics, Rush University Medical Center, Chicago,

IL 60612, USA

8Department of Neurological Sciences, Rush University Medical Center,
Chicago, IL 60612, USA

Department of Anatomy and Cell Biology, Rush University Medical
Center, Chicago, IL 60612, USA

'%Department of Psychiatry & Behavioral Sciences, Rush University
Medical Center, Chicago, IL 60612, USA

""Neurodevelopmental and Behavioral Phenotyping Service, National
Institute of Mental Health, National Institutes of Health, Bethesda,

MD 20892, USA

’Department of Pediatrics, Stanford University School of Medicine,
Stanford, CA 94304, USA

3*Department of Pediatrics, Icahn School of Medicine at Mount Sinai,
New York, NY 10029, USA

“Division of Tics, OCD and Related Disorders, Icahn School of Medicine at
Mount Sinai, New York, NY 10029, USA

>Friedman Brain Institute, Icahn School of Medicine at Mount Sinai, New
York, NY 10029, USA



Silver et al. Journal of Neurodevelopmental Disorders (2025) 17:25

1°Department of Genetics and Genomic Sciences, Icahn School of
Medicine at Mount Sinai, New York, NY 10029, USA

"Department of Neuroscience, lcahn School of Medicine at Mount Sinai,
New York, NY 10029, USA

Received: 31 October 2024 / Accepted: 3 March 2025
Published online: 30 April 2025

References

1. Savatt JM, Myers SM. Genetic testing in neurodevelopmental disorders. Front
Pediatr. 2021;19(9).

2. Manning M, Hudgins L. Array-based technology and recommendations for
utilization in medical genetics practice for detection of chromosomal abnor-
malities. Genet Med. 2010;12(11):742-5.

3. Mefford HC, Batshaw ML, Hoffman EP. Genomics, intellectual disability, and
autism. N Engl J Med. 2012,366(8):733-43.

4. Srivastava S, Love-Nichols JA, Dies KA, Ledbetter DH, Martin CL, Chung WK, et
al. Meta-analysis and multidisciplinary consensus statement: exome sequenc-
ing is a first-tier clinical diagnostic test for individuals with neurodevelop-
mental disorders. Genet Med. 2019;21(11):2413-21.

5. YangY, Muzny DM, Xia F, Niu Z, Person R, Ding Y, et al. Molecular findings
among patients referred for clinical whole-exome sequencing. JAMA.
2014,312(18):1870-9.

6. Mahjani B, De Rubeis S, Gustavsson Mahjani C, Mulhern M, Xu X, Klei L, et al.
Prevalence and phenotypic impact of rare potentially damaging variants in
autism spectrum disorder. Mol Autism. 2021;12(1):65.

7. Schaefer GB, Mendelsohn NJ. Clinical genetics evaluation in identifying the
etiology of autism spectrum disorders: 2013 guideline revisions. Genet Med.
2013;15(5):399-407.

8. FuJM, Satterstrom FK, Peng M, Brand H, Collins RL, Dong S, et al. Rare coding
variation provides insight into the genetic architecture and phenotypic
context of autism. Nat Genet. 2022;54(9):1320-31.

9. Stessman HA, Xiong B, Coe BP, Wang T, Hoekzema K, Fenckova M, et al. Tar-
geted sequencing identifies 91 neurodevelopmental-disorder risk genes with
autism and developmental-disability biases. Nat Genet. 2017;49(4):515-26.

10.  Satterstrom FK, Kosmicki JA, Wang J, Breen MS, De Rubeis S, An JY,
et al. Large-scale exome sequencing study implicates both develop-
mental and functional changes in the neurobiology of autism. Cell.
2020;180(3):568-e84523.

11, Maia N, Nabais S& MJ, Melo-Pires M, de Brouwer APM, Jorge P Intellectual dis-
ability genomics: current State, pitfalls and future challenges. BMC Genomics.
2021,22(1):909.

12. de Ligt J, Willemsen MH, van Bon BW, Kleefstra T, Yntema HG, Kroes T, et al.
Diagnostic exome sequencing in persons with severe intellectual disability. N
EnglJ Med. 2012;367(20):1921-9.

13. Bruno LP, Doddato G, Valentino F, Baldassarri M, Tita R, Fallerini C, et al. New
candidates for autism/intellectual disability identified by whole-exome
sequencing. Int J Mol Sci. 2021;22(24):13439.

14.  Kaplanis J, Samocha KE, Wiel L, Zhang Z, Arvai KJ, Eberhardt RY, et al. Evidence
for 28 genetic disorders discovered by combining healthcare and research
data. Nature. 2020;586(7831):757-62.

15. Monteiro P, Feng G. SHANK proteins: roles at the synapse and in autism
spectrum disorder. Nat Rev Neurosci. 2017;18(3):147-57.

16. Berkel S, Marshall CR, Weiss B, Howe J, Roeth R, Moog U, et al. Mutations in
the SHANK2 synaptic scaffolding gene in autism spectrum disorder and
mental retardation. Nat Genet. 2010;42(6):489-91.

17.  De Rubeis S, Siper PM, Durkin A, Weissman J, Muratet F, Halpern D, et al.
Delineation of the genetic and clinical spectrum of Phelan-McDermid syn-
drome caused by SHANK3 point mutations. Mol Autism. 2018;9:31.

18.  Soorya L, Kolevzon A, Zweifach J, Lim T, Dobry Y, Schwartz L, et al. Prospective
investigation of autism and genotype-phenotype correlations in 22q13 dele-
tion syndrome and SHANK3 deficiency. Mol Autism. 2013;4(1):18.

19.  Mieses AM, Tavassoli T, Li E, Soorya L, Lurie S, Wang AT, et al. Brief report:
sensory reactivity in children with Phelan-McDermid syndrome. J Autism Dev
Disord. 2016;46(7):2508-13.

20. Tavassoli T, Layton C, Levy T, Rowe M, George-Jones J, Zweifach J, et al.
Sensory reactivity phenotype in Phelan-McDermid syndrome is distinct from
idiopathic ASD. Genes (Basel). 2021;12(7).977.

21. LevyT, Foss-Feig JH, Betancur C, Siper PM, Trelles-Thorne MP, Halpern D, et al.
Strong evidence for genotype-phenotype correlations in Phelan-McDermid

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 11 of 12

syndrome: results from the developmental synaptopathies consortium. Hum
Mol Genet. 2022;31(4):625-37.

Yun M, Kim E, Jung MW. Enhanced fear limits behavioral flexibility in Shank2-
deficient mice. Mol Autism. 2022;13(1):40.

Choi JE, Kaang BK. Increased social interaction in Shank2-deficient mice fol-
lowing acute social isolation. Mol Brain. 2023;16(1):35.

Olde Heuvel F, Ouali Alami N, Aousji O, Pogatzki-Zahn E, Zahn PK, Wilhelm

H, et al. Shank2 identifies a subset of glycinergic neurons involved in altered
nociception in an autism model. Mol Autism. 2023;14(1):21.

Won H, Lee HR, Gee HY, Mah W, Kim JI, Lee J, et al. Autistic-like social behav-
jour in Shank2-mutant mice improved by restoring NMDA receptor function.
Nature. 2012;486(7402):261-5.

Chung C, Ha S, Kang H, Lee J, Um SM, Yan H, et al. Early Correction of
N-Methyl-D-Aspartate receptor function improves autistic-like social behav-
jors in adult Shank2”" mice. Biol Psychiatry. 2019;85(7):534-43.

Kreutzmann JC, Kahl E, Fendt M. Sex-specific modulation of safety learning
in Shank2-deficient mice. Prog Neuropsychopharmacol Biol Psychiatry.
2024;132:110973.

Eltokhi A, Rappold G, Sprengel R. Distinct phenotypes of Shank2 mouse
models reflect neuropsychiatric spectrum disorders of human patients with
SHANK2 variants. Front Mol Neurosci. 2018;11:240.

Lee YS, Yu NK, Chun J, Yang JE, Lim CS, Kim H, et al. Identification of a novel
Shank2 transcriptional variant in Shank2 knockout mouse model of autism
spectrum disorder. Mol Brain. 2020;13(1):54.

Kim R, Kim J,Chung C,Ha S, Lee S, Lee E, et al. Cell-type-specific Shank2
deletion in mice leads to differential synaptic and behavioral phenotypes. J
Neurosci. 2018;38(17):4076-92.

LeeS, Lee E, Kim R, Kim J, Lee S, Park H, et al. Shank2 deletion in parvalbumin
neurons leads to moderate hyperactivity, enhanced self-grooming and sup-
pressed seizure susceptibility in mice. Front Mol Neurosci. 2018;11:209.
Peykov S, Berkel S, Schoen M, Weiss K, Degenhardt F, Strohmaier J, et al.
Identification and functional characterization of rare SHANK2 variants in
schizophrenia. Mol Psychiatry. 2015;20(12):1489-98.

Ahmad M, Stirmlinger N, Jan |, Stifel U, Lee S, Weingandt M, et al. Downregu-
lation of the autism spectrum disorder gene Shank2 decreases bone mass in
male mice. JBMR Plus. 2022;7(2):e10711.

Marcou CA, Studinski Jones AL, Murphree M, Kirmani S, Hoppman NL. De
Novo 11q deletion including SHANK2 in a patient with global developmental
delay. Am J Med Genet A. 2017;173(3):801-5.

Leblond CS, Heinrich J, Delorme R, Proepper C, Betancur C, Huguet G, et al.
Genetic and functional analyses of SHANK2 mutations suggest a multiple hit
model of autism spectrum disorders. PLoS Genet. 2012;8(2):e1002521.
Wischmeijer A, Magini P, Giorda R, Gnoli M, Ciccone R, Cecconi L, et al. Olfac-
tory receptor-related duplicons mediate a microdeletion at 11q13.2q13.4
associated with a syndromic phenotype. Mol Syndromol. 2011;1(4):176-84.
Berkel S, Tang W, Trevifio M, Vogt M, Obenhaus HA, Gass P, et al. Inherited
and de Novo SHANK2 variants associated with autism spectrum disor-

der impair neuronal morphogenesis and physiology. Hum Mol Genet.
2012;21(2):344-57.

ZhouWZ, Zhang J, Li Z, Lin X, Li J, Wang S, et al. Targeted resequencing of 358
candidate genes for autism spectrum disorder in a Chinese cohort reveals
diagnostic potential and genotype-phenotype correlations. Hum Mutat.
2019;40(6):801-15.

Guo H,Wang T, Wu H, Long M, Coe BP, Li H, et al. Inherited and multiple de
Novo mutations in autism/developmental delay risk genes suggest a multi-
factorial model. Mol Autism. 2018,9:64.

Bowling KM, Thompson ML, Amaral MD, Finnila CR, Hiatt SM, Engel KL, et al.
Genomic diagnosis for children with intellectual disability and/or develop-
mental delay. Genome Med. 2017;9(1):43.

Leblond CS, Nava C, Polge A, Gauthier J, Huguet G, Lumbroso S, et al. Meta-
analysis of SHANK mutations in autism spectrum disorders: A gradient of
severity in cognitive impairments. PLoS Genet. 2014;10(9):e1004580.

Pinto D, Pagnamenta AT, Klei L, Anney R, Merico D, Regan R, et al. Functional
impact of global rare copy number variation in autism spectrum disorders.
Nature. 2010;466(7304):368-72.

Caumes R, Smol T, Thuillier C, Balerdi M, Lestienne-Roche C, Manouvrier-Hanu
S, Ghoumid J. Phenotypic spectrum of SHANK2-related neurodevelopmental
disorder. Eur J Med Genet. 2020;63(12):104072.

Doddato G, Fabbiani A, ScandurraV, Canitano R, Mencarelli MA, Renieri A,
Ariani F. Identification of a novel SHANK2 pathogenic variant in a patient with
a neurodevelopmental disorder. Genes. 2022;13(4):688.



Silver et al. Journal of Neurodevelopmental Disorders

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

AlMail A, Jamjoom A, Pan A, Feng MY, Chau V, D'Gama AM, et al. Consensus
reporting guidelines to address gaps in descriptions of ultra-rare genetic
conditions. NPJ Genom Med. 2024;9(1):27.

Levy T, Lerman B, Halpern D, Frank Y, Layton C, Zweifach J, et al. CHAMP1
disorder is associated with a complex neurobehavioral phenotype including
autism, ADHD, repetitive behaviors and sensory symptoms. Hum Mol Genet.
2022,31(15):2582-94.

Thurm A, Manwaring SS, Luckenbaugh DA, Lord C, Swedo SE. Patterns of

skill attainment and loss in young children with autism. Dev Psychopathol.
2014,26(1):203-14.

Zubler JM, Wiggins LD, Macias MM, Whitaker TM, Shaw JS, Squires JK, et al.
Evidence-informed milestones for developmental surveillance tools. Pediat-
rics. 2022;149(3):2021052138.

Alpern GD. Developmental profile 4. Torrance, CA: Western Psychological
Services; 2020.

Sparrow SS. Vineland adaptive behavior scales. In: Kreutzer JS, Deluca J,
Caplan B, editors. Encyclopedia of clinical neuropsychology. New York, NY:
Springer New York; 2011. pp. 2618-21.

Siper P, Tavassoli T. Sensory assessment for neurodevelopmental disorders.
Wood Dale: Stoelting Co; 2021.

Dunn W, Westman K. The sensory profile: the performance of a National
sample of children without disabilities. Am J Occup Ther. 1997,51(1):25-34.
Achenbach TM. The child behavior checklist and related instruments. The use
of psychological testing for treatment planning and outcomes assessment.
2nd ed. Mahwah, NJ, US: Lawrence Erlbaum Associates; 1999. pp. 429-66.
Aman MG. Aberrant behavior checklist. In: Volkmar FR, editor. Encyclopedia of
autism spectrum disorders. New York, NY: Springer New York; 2013. pp. 10-7.
Lam KS, Aman MG. The repetitive behavior scale-revised: independent
validation in individuals with autism spectrum disorders. J Autism Dev Disord.
2007,37(5):855-66.

Frazier TW, Hyland AC, Markowitz LA, Speer LL, Diekroger EA. Psychometric
evaluation of the revised child and family quality of life questionnaire (CFQL-
2). Res Autism Spectr Disord. 2020;70:101474.

Five do's and don'ts of potty training your toddler. https://health.ucdavis.edu/
children/patient-education/potty-training-children#:~:text=Most children co
mplete potty training,three months before boys do. Accessed 20 September
2024.

(2025) 17:25

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 12 of 12

American Psychiatric Association. Diagnostic and statistical manual of mental
disorders. 5th ed. APA; 2013.

Wickstrom J, Farmer C, Green Snyder L, Mitz AR, Sanders SJ, Bishop S, Thurm
A. Patterns of delay in early gross motor and expressive Language milestone
attainment in probands with genetic conditions versus idiopathic ASD from
SFARI registries. J Child Psychol Psychiatr. 2021;62(11):1297-307.

Gergoudis K, Weinberg A, Templin J, Farmer C, Durkin A, Weissman J, et al.
Psychometric study of the social responsiveness scale in Phelan-McDermid
syndrome. Autism Res. 2020;13(8):1383-96.

Mohr C, Gray KM. Assessment in intellectual disability. Curr Opin Psychiatry.
2005;18(5):476-83.

Soorya L, Leon J, Trelles MP, Thurm A. Framework for assessing individu-

als with rare genetic disorders associated with profound intellectual and
multiple disabilities (PIMD): the example of Phelan McDermid syndrome. Clin
Neuropsychol. 2018;32(7):1226-55.

Trelles MP, Levy T, Lerman B, Siper P, Lozano R, Halpern D, et al. Individuals
with FOXP1 syndrome present with a complex neurobehavioral profile with
high rates of ADHD, anxiety, repetitive behaviors, and sensory symptoms. Mol
Autism. 2021;12(1):61.

Levy T, Siper PM, Lerman B, Halpern D, Zweifach J, Belani P, et al. DDX3X
syndrome: summary of findings and recommendations for evaluation and
care. Pediatr Neurol. 2023;138:87-94.

Kidd SA, Lachiewicz A, Barbouth D, Blitz RK, Delahunty C, McBrien D, et al.
Fragile X syndrome: a review of associated medical problems. Pediatrics.
2014;134(5):995-1005.

Muir AM, Gardner JF, van Jaarsveld RH, de Lange IM, van der Smagt JJ, Wilson
GN, et al. Variants in GNAIT cause a syndrome associated with variable
features including developmental delay, seizures, and hypotonia. Genet Med.
2021;23(5):881-7.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://health.ucdavis.edu/children/patient-education/potty-training-children#:~:text=Most%20children%20complete%20potty%20training,three%20months%20before%20boys%20do
https://health.ucdavis.edu/children/patient-education/potty-training-children#:~:text=Most%20children%20complete%20potty%20training,three%20months%20before%20boys%20do
https://health.ucdavis.edu/children/patient-education/potty-training-children#:~:text=Most%20children%20complete%20potty%20training,three%20months%20before%20boys%20do

	﻿Protein-truncating variants and deletions of ﻿SHANK2﻿ are associated with autism spectrum disorder and other neurodevelopmental concerns
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Participants
	﻿Materials
	﻿Comparison to SHANK3 cohort

	﻿Results
	﻿Early skill development
	﻿Psychiatric & medical history
	﻿Dysmorphology
	﻿Cognitive and adaptive functioning
	﻿Sensory symptomatology
	﻿Behavioral symptomatology
	﻿Quality of life and caregiver concerns



