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Abstract

Objectives This study presents a cohort of individuals in a natural history study with de novo pathogenic missense vari-
ants in HNRNPH? causative of HNRNPH?2-related neurodevelopmental disorder (NDD) to describe individuals’ adaptive
functional abilities.

Methods We measured adaptive function using the Pediatric Evaluation of Disability Inventory Computer Adaptive Test
(PEDI-CAT) and the Vineland Adaptive Behavior Scale (VABS-III). Results were compared using inferential statistics and
regression analysis.

Results Sixty-seven individuals carried known pathogenic or likely pathogenic variants in HNRNPH?2. Thirty-five par-
ticipants (2.89-42.04 years, 83% female) and caregivers completed PEDI-CAT assessments with 25 of these participants
completing the VABS-III. Sixteen, three and two participants completed a follow-up PEDI-CAT assessment at one, two and
three years respectively. Individuals had mean normative scores less than age-matched peers across all domains on both
PEDI-CAT and VABS-III measures, with 91% participants < 5™ percentile on both the PEDI- CAT and VABS-IIIL. Verbal
and ambulatory participants had significantly higher PEDI-CAT scores across all domains, using both raw and normative
data. There was no significant change in PEDI-CAT scores over 3 years.

Conclusions Overall scores, both raw and normative, are low across all individuals with HNRNPH?2-related NDD using both the PEDI-
CAT and VABS-III. PEDI-CAT normative scores do not likely represent the clinical variability, but raw scores may be able to capture func-
tional variability. In a small sample, longitudinal data from the PEDI-CAT domain scores demonstrate stability in performance at 3 years.
Trial Registration: ClinicalTrials.gov NCT03492060.
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As sequencing technology improves and the cost of genome
sequencing decreases, rare causal genetic variants are identified
in 10-30% of individuals with neurodevelopmental disorders
(NDDs) such as autism spectrum disorder (ASD) or intellectual
disability (ID) (Hu et al., 2014; Manickam et al., 2021; Vorstman
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etal., 2017). As NDDs encompass a variety of motor and cogni-
tive deficits, they can carry with them a profound burden for both
individuals and caregivers with limited therapeutic interventions
identified for most of the rare and ultra-rare genetically identi-
fied NDDs. It is essential to deeply characterize the phenotypic
spectrum, describe the natural history of the disorder and develop
meaningful clinical outcome measures for clinical trial readiness
(Huetal., 2014; Krishnan et al., 2021). Indeed the FDA has identi-
fied that particularly in rare diseases, longitudinal natural history
studies are a way to identify subgroups and prognostic factors,
as well as identify clinical outcome assessments (Rare Diseases:
Natural History Studies for Drug Development, 2019). Further-
more, caregivers for individuals with NDDs have shown interest
in participating in clinical research registries and providing patient
reported feedback about clinically meaningful outcome measures
(Bain et al., 2021a, b, 2022; Kalb et al., 2019).
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In 2016, pathogenic variants were identified in HNRNPH?2
(GenBank: NM_019597.4) located at Xq22.1, in association
with a NDD characterized by developmental delay/intellec-
tual disability, autistic features, hypotonia, motor and gait
disturbances, and seizures (HNRNPH2-related NDD or
Intellectual Developmental Disorder, X-linked syndromic,
Bain type, OMIM 300986) (Bain et al., 2016, 2021a, b). The
initial case series identified 6 females with a cluster of pre-
dicted pathogenic missense variants within the nuclear local-
ization sequence (NLS) of the encoded heterogenous nuclear
riboprotein H2 (HNRNPH?2) (Bain et al., 2016). Since the
initial description, the cohort has expanded in number of
individuals being identified. Additionally, other pathogenic
variants have been identified, including the identification of
variants outside of the NLS and variants being diagnosed
in several males, despite an initial hypothesis that variants
were embryonic lethal in males (Bain et al., 2021a, b; Gil-
lentine et al., 2021; Harmsen et al., 2019; Jepsen et al., 2019;
Kreienkamp et al., 2022). As more individuals are identified,
the clinical spectrum of the phenotype is widening, and a
deeper characterization becomes essential in understanding
the landscape and trajectory of this disorder.

Two difficulties in studying NDDs and treatment
responses in intervention trials, are (1) difficulty identifying
clinically meaningful outcome measures and (2) monitoring
for meaningful changes in function. Adaptive function is
studied as often the measurement of intellectual function-
ing alone is insufficient to appropriately characterize the
spectrum of the disorder. For these individuals, clinical
improvement may be more effectively measured by describ-
ing their adaptive skills. Adaptive skills or behaviors are
defined as conceptual, social, and practical skills that are
performed by people as activities of daily living (ADLs)
(Tasse et al., 2012). Many performance-based outcomes
need to be developed to provide quantitative measures as an
assessment of ADLs. However, due to the clinical variability
and comorbidities in individuals with NDDs, performance-
based evaluations need to be evaluated to see if they are
appropriate for use in specific populations (Krishnan et al.,
2021). Furthermore, parent-reported measures can provide
a proxy to collect validated data representative of adaptive
and cognitive skillsets, in addition to highlighting potential
challenges. Previous work has focused on identifying salient
motor impairments in the H2 population described using the
gait analysis in combination with measures of adaptive func-
tion (Duong et al., 2020; Salazar et al., 2021), however there
is a need to more deeply characterize the adaptive function
of HNRNPH?2-related NDD using parent-reported measures
recognizing the significant motor challenges in the group.

For the pediatric population, the Vineland Adaptive
Behavior Scale III (VABS-III) and the Pediatric Evaluation
of Disability Inventory- Computer Adaptive Test (PEDI-
CAT) are two commonly used parent-report measures for
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assessment of the functional status of individuals looking
at their strengths and limitations in adaptive behavior. The
VABS-III measures three domain level scores, Communica-
tion, Daily Living Skills, and Socialization in addition to a
composite score, the Adaptive Behavior Composite (ABC).
The Daily Living Skills domain assesses the subject's per-
formance of the practical, everyday tasks of living that are
appropriate for his/her age, containing 3 subdomains: per-
sonal, domestic and community. The Socialization domain
reflects the functioning in social situations with 3 subdo-
mains: interpersonal relationships, play and leisure and cop-
ing skills. In addition to these domains, there is a Motor
Skills domain measuring Gross motor and Fine motor, but
this domain is only normed through the age of 9 years. Each
domain, and the composite ABC are given raw scores and
norm-based standard scores with a mean of 100 and standard
deviation of 15. The VABS-III is a commonly used meas-
ure of adaptive behavior that has been extensively studied
and has been used to understand ASD, Down syndrome
and many other NDDs (Farmer et al., 2020; Garrido et al.,
2017; Hamburg et al., 2019; Mouga et al., 2015). Impor-
tantly, however, it is appreciated that many individuals with
NDDs have low norm-based scores that would demonstrate a
basement effect instead of showing a more diverse stratifica-
tion within the group. In addition, the VABS-III norm-based
scores may poorly represent the longitudinal course of skill
acquisition in NDDs and using raw scores or growth score
values may be more indicative of growth in lieu of deterio-
ration noted by scaled or normative sampling (Berg et al.,
2021; Levine et al., 2022).

The PEDI-CAT assessment has previously been validated
for evaluating adaptive function in children with ASD, cer-
ebral palsy, and others who are medically complex (Coster
et al., 2016; Dumas et al., 2017; Shore et al., 2019). Salazar
and Bain have previously shown convergent validity between
the parent-reported PEDI-CAT and clinician-administered
Gross Motor Function Measure (GMFM-88) in HNRNPH?2-
related NDD (Salazar et. al, 2021). The PEDI-CAT meas-
ures four functional domains: Daily Activities, Motor Abil-
ity, Cognitive/Social, as well as a Responsibility domain,
which measures the extent a child is managing tasks of liv-
ing independently. For each of the four domains, individuals
are given scaled scores which are not based on age and can
be measured over time as well as normative standard scores
(provided as T-scores with age percentiles). For T-scores,
the mean for each age group is 50, with a standard deviation
of 10, with T-scores between 30 and 70 (i.e. mean + 2 stand-
ard deviations) are considered within the expected range for
age. Scores below 30 indicate decreased functional ability
compared to what is typically expected for that age range.
Scores above 70 indicate scores above what is typically
expected for that age range. Importantly, the PEDI-CAT
can be used through 21 years of age and can change over
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time in children, unlike a measure such as intelligence quo-
tient (Dumas et al., 2012). The PEDI-CAT is not a capacity-
based assessment but rather a measure of overall functional
activity performance and items are written to focus on the
outcome of activity performance, allowing a variety of meth-
ods to be used given their abilities and challenges. Notably,
items do not require the child to perform the activity in a
standardized manner so individuals can complete activities
using alternative methods and won’t “penalize” individuals
who use of adaptations or technology to function (e.g. aug-
mentative communication devices, switches). In addition,
the PEDI-CAT has been used to show longitudinal changes
in groups of individuals with cerebral palsy across various
functional domains (Burgess et al., 2020; Burgess et al.,
2022a, b). Salazar et al. (2021) showed a strong correlation
between caregiver-reported PEDI-CAT Mobility and clini-
cian-observed motor skills using the Gross Motor Function
Measure-88 in HNRNPH?2-related NDD.

The goal of this study is to both present the expanded
cohort with the identified genetic variants using both the
VABS-III and PEDI-CAT to understand each of their appli-
cability in the cohort of HNRNPH?2-related NDD. Prior work
showed all norm-based domain and composite VABS-III
scores were below the 5 percentiles for 33 individuals (Bain
et al., 2021a, b). For this study, we included several older
individuals, and sought to capture the motor function that
would be above the age range for VAB-III norm-based
motor measures and instead used the PEDI-CAT to assess
the motor domain in individuals up to 21 years old. We fur-
ther sought to identify whether there are specific subgroups
that may have better adaptive functioning or longitudinal
outcomes.

Methods
Participants

Participants are enrolled in a prospective observational natu-
ral history study if they were diagnosed with pathogenic
or likely pathogenic variants in HNRNPH?2. These variants
were identified using American College of Medical Genetics
and Genomics/Association of Molecular Pathology Criteria,
mainly using clinical exome sequencing. Thirty-five partici-
pants completed PEDI CAT evaluations. This population
consisted of 29 female and 6 male participants. The mean
age of participants were 14.32 years old with range of par-
ticipant age were from 2.89- 42.04 years of age.

Procedure

Caregivers for all enrolled individuals completed VABS-
III edition and PEDI-CAT tool using an online platform.

Subjects and their caregivers were asked to complete both
surveys upon enrollment and then annually.

Recognizing that the term nonverbal can be categorized
differently in the research domain, we chose to use the rec-
ommendations from Koegel et al. and the term nonverbal
in this study was based upon various sources of language
including natural interactive communication, sampled
optimally with a familiar communication partner in addi-
tion to caregiver reports (Koegel et al., 2020; Posar & Vis-
conti, 2021). We considered nonverbal as individuals over
18 months of age demonstrating no consistent verbal expres-
sive words (intelligible or approximations) during standard-
ized tests, across settings during observations, and according
to parent report. In addition, we considered minimally verbal
individuals who used some words, but significantly fewer
than expected levels relative to age. We did not differentiate
between nonverbal and minimally verbal, as the intention
was not to present a formal language and communication
evaluation for this study, and combined the likely distinct
sub-groups.

Measures

The standardized measures that we used were the Vineland
Adaptive Behavior Scale — 3" edition (VABS-III) and the
Pediatric Evaluation of Disability Inventory- Computer
Adaptive Test (PEDI-CAT). For the VABS-III, individu-
als are given raw scores and then raw scores are converted
into standard scores for five major domain composite
scores: Communication, Daily Living Skills, Socialization,
Adaptive Behavior Composite, and Motor (for individuals
under nine years old). For these domains, a standard score
(T-score) of 100 is the mean with a standard deviation of
15 points.

The PEDI-CAT provides measures in four functional domains:
Daily Activities, Motor Ability, Cognitive/Social, as well as
a Responsibility domain, which measures the extent a child is
managing tasks of living independently. For each domain, an indi-
vidual is given two scores: a normative score based upon age-
appropriate scores (presented as a T-scores) and a scaled score
which does not reflect age-based scores. For normative T-scores,
the mean for each age group is 50, with a standard deviation of 10,
with T-scores between 30 and 70 (i.e. mean+2 standard devia-
tions) considered within the expected range for age. The PEDI-
CAT’s normative standardization sample was recruited through
an online panel with a representative sample of 2,205 parents of
children less than 21 years of age in the contiguous United States.
Scaled scores provide a way to look at a child’s current functional
skills and progress in these skills over time. In contrast, the scaled
scores are not age-based and can be used to document improve-
ments in functional skills for children not expected to exhibit or
regain normative levels of functioning.
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Data Analyses

T-tests were used to compare between groups with signifi-
cance denoting p <0.05 or otherwise noted. Descriptive sta-
tistics for the VABS-III and PEDI-CAT were performed on
participants scaled scores at baseline and at one-year follow
up intervals. Follow up mean domain score differences were
analyzed using paired T-tests. We calculated correlation
coefficients between the Vineland Composite score and the
PEDI-CAT Scaled Domain within the functional domains
and assessed for differences between individual populations
based on phenotypic (verbal versus non-verbal and ambu-
latory versus non-ambulatory participants) and genotypic
(inside and outside the NLS) variation.

Results

We identified sixty-seven individuals with pathogenic or
likely pathogenic variants in HNRNPH?2 in the Natural His-
tory Study (Fig. 1).

VABS-IIl Results

Twenty-seven participants who had completed the PEDI-CAT, also
completed the Vineland Adaptive Behavior Scales with an aver-
age age at the time of the completion of the survey of 15.52 years
(Range of 1.76-42, Median of 11.34). VABS-III mean domain
scores at baseline were Communication: 43.93 (SD 21.26), Daily
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Fig. 1 Full genotype map of the participants with known pathogenic
variants in HNRNPH2. Each icon represents one individual. The
Nuclear Localization Sequence (NLS) region is expanded given the
density of pathogenic variants in this region. * denotes twin boys with
same genotype R188T.
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Living Skills: 38.89 (SD 21.0), Socialization: 50.33 (SD 18.58),
and ABC: 45.85 (SD 18.51) (Fig. 2.)

PEDI-CAT Results

Thirty-five individuals completed PEDI-CAT assessments. The
baseline results were analysed from 35 participants (Table 1) and
consisted of 29 female and six male participants. The range of
participant ages are from 2.89- 42.04 years old with a mean age
of 14.32 years and a median age of 11.34 years. Of the 35 par-
ticipants, 28.6% (n=10) were verbal and 54.3% (n=19) were
ambulatory. One genotype was unknown at the time of analysis,
leaving 34 individuals with known genotypes. In this cohort,
85.3% (n=29/34) of these individuals had predicted pathogenic
variants that fell within the previously identified NLS.

Individuals with HNRNPH2-related NDD had mean
normative scores less than age-matched peers across all
domains. 91% of participants were below the 5™ percen-
tile on the PEDI-CAT with 31 out of 36 participants falling
below the 5™ percentile in all domains.

Next, we then looked at the scaled scores for PEDI-CAT func-
tional domains. These scores are independent of norms based on
age and represent performance at that time. PEDI-CAT mean
domain scaled scores at baseline included Daily Activities: 47.03
(SD 4.44), Mobility: 55.06 (SD 7.72), social/cognitive: 55.26 (SD
5.69) and responsibility: 33.71 (SD 7.69). The Daily Activities
domain scaled score was significantly lower than either the Mobil-
ity or the Social/Cognitive domain. The Responsibility scaled
domain score significantly lower than the other three domains,
tested using a paired two tailed T-Test (Fig. 3).

VABS-IIl and PEDI-CAT Convergent Validity

We looked at the convergent validity between the domain scores
of the PEDI-CAT and the VABS-III using Pearson correlation
coefficient and paired two tailed T-test. Convergent Validity
was shown between VABS-III Communication and PEDI-
CAT Mobility (R=0.33, p=0.0042) and Social/Cognitive
(R=0.50, p=0.0028); VABS-III Daily Living Skills and PEDI-
CAT Daily activities (R=0.41, p=0.033), Mobility (R=0.28,
p=1.6x10"), and Social/Cognitive (R=0.41, p=1.0x107%);
VABS-III Socialization and PEDI-CAT Responsibility (R=0.42,
p=p=6.1x10"); and overall VABS-III ABC and Mobility
(R=0.19, p=0.0080), Social/Cognitive (R=0.37, p=0.0052),
and Responsibility (R=0.51, p=0.012) (Table 2).

Prognostic Factor Analysis of Baseline
When assessing scores based on clinical phenotype, ambu-

latory participants had statistically significantly higher
PEDI-CAT domain scaled scores when compared to their
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VABS Composite and Domain Standard Scores
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Fig.2 Vineland Adaptive Behavior Scale (VABS-III) mean scores.
The left most bar represents the composite score (ABC), with the
next four representing the individual domains. For each domain, error
bars represent the 95% confidence interval, the bottom and top of
the box are the 25th and 75th percentiles, the line inside the box is
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the 50th percentile (median). The dark blue line represents a norma-
tive mean of 100 with the 2 dotted lines representing 1 and 2 stand-
ard deviations below the mean. No significant difference was seen
between these domains

Table 1 Demographic

D hics N=35
information from Baseline CmOographics

PEDI-CAT Assessment Age, range, years

Age, mean (SD), years
Median age, years
Gender, % (n), Female, Male
Total Genotype data n=
Genotype, % (n), within NLS
- R206W
- R206Q

2.89-42.04
14.32 (10.92)
11.34
83% (29), 17% (6)

77% (27)
57% (20)
9% (3)

- R206L; R206G; P209L; Y210C;
Genotype, % (n), external to the NLS
- R188W
- R114W; R212T; P213L; D340V; A371CfsX24
Genotype, % (n), Unknown
Ambulatory Status, % (n), Ambulatory, non-ambulatory

12% (1 each)

20% (7)

6% (2)

15% (1 each)

3% (1)

54% (19), 46% (16)

Verbal Status, % (n), Verbal, non-verbal

Clinical Phenotype, % (n)
Ambulatory and verbal
Ambulatory and nonverbal
Non-ambulatory and verbal
Non-ambulatory and verbal

29% (10), 71% (25)

29%, (10)
20%, (7)
0%, (0)
46%, (16)

non-ambulatory peers. There was also a significant dif-
ference between verbal and non-verbal patients in all four
PEDI-CAT domains. In the comparison of participants with
variants inside the identified NLS versus those external to it,

there is no significant difference in Daily Activities, Social/
Cognitive or Responsibility Domains. There was, however,
a significant difference between those within and outside the
NLS in the motor domain of the PEDI-CAT (Fig. 4).
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PEDI-CAT Functional Domains: Normative (t) Scores

Mean = 50

Fig.3 PEDI- CAT Mean Domain Normative (a) and Scaled (b)
Scores. Each bar represents one of the four functional domains
assessed by the PEDI-CAT survey. For each domain, error bars rep-
resent the 95% confidence interval, the bottom and top of the box are
the 25th and 75" percentiles, the line inside the box is the 50th per-

Table2 Convergent validity between PEDI-CAT scaled scores and
VABS-III subcategories. PEDI-CAT Domains are denoted at the top
with VABS-III categories and composite score (ABC) along the left.
The boxes represent the R, the correlation coefficient with positive

PEDI-CAT Functional Domains: Scaled Scores

e
=

centile (median), and any outliers are shown as open circles. (A) For
Normative scores, the dark blue line represents a normative mean of
100 with the 2 dotted lines representing 1 and 2 standard deviations
below the mean

values representing positive correlation and negative values repre-
senting negative correlation. The closer to 1, the more strongly cor-
related these values were, and p was determined for significance. The
comparisons in bold were significantly correlated, with p <0.05

N=27 PEDI-CAT: Mobility Social/cognitive Responsibility
Daily activities

VABS-III Communication R=0.44 R=0.33 R=0.50 R=0.59
p=0.37 p=0.0042 p=0.0028 p=0.069

Daily Living Skills R=0.41 R=0.28 R=041 R=0.52
p=0.033 p=1.6x107" p=10x10"* p=0.68

Socialization R=0.17 R=0.097 R=0.22 R=0.42
p=0.41 p=0.13 p=0.12 p=61x10"

ABC R=0.33 R=0.19 R=0.37 R=0.51
p=0.66 p=0.0080 p=0.0052 p=0.012

N=10 PEDI-CAT: Mobility Social/cognitive Responsibility
Daily activities

VABS-III Mobility R=0.74 R=0.58 R=0.68 R=0.70
p=0.014 p=0.080 p=0.032 p=0.025

When divided further, a significant difference was seen
between ambulatory participants with variants inside the
NLS region vs. non-ambulatory participants in all domains,
however between for participants with variants outside of
the NLS, a significant difference was only seen in the mobil-
ity domain when compared to their non-ambulatory coun-
terparts (Fig. 5). The non-ambulatory/non-NLS participant
could not be compared due to the small size of the group.

Similarly, when verbal ability was separated by genotype,
a significant difference was seen between verbal patients
with variants inside the NLS compared to all non-verbal
patients in all four PEDI-CAT domains. However, for verbal
patients with variant outside of the NLS, no such difference
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was seen compared to non-verbal participants in any domain
(Fig. 6).

Longitudinal Analysis of PEDI-CAT Data

Of the 35 total individuals who completed the PEDI-CAT
assessment, sixteen participants performed one year follow
up evaluations, three completed an additional year follow
up and two completed a fourth follow up evaluation. There
was no significant difference seen between the PEDI-CAT
scaled domain scores over time (Fig. 7). In addition, Look-
ing at a cross-sectional sample of individual scaled scores
demonstrate stability across ages, without a suggestion of
regression using the PEDI-CAT measure (Fig. 8).
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PEDI-CAT Domain Scaled Scores as a Function of Clinical Traits and Individual Genotype.
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Fig.4 PEDI-CAT Domain Scaled Scores as a Function of Clinical
Traits and Individual Genotype. For each domain, error bars represent
the 95% confidence interval, the bottom and top of the box are the
25th and 75th percentiles, the line inside the box is the 50th percen-
tile (median), and any outliers are shown as open circles. Horizon-
tal bars represent significant difference as determined by two tailed

Social/Cognitive

O All Participants n=35

e i A

PR O Verbal n= 10

T — O Non-Verbal n=25
O Ambulatory n=19
B Non-Ambulatory n=16
ONLS n= 29

B Non-NLS n= 5
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T-Test. A significant difference was seen between verbal and ambu-
latory participants compared to their non-verbal and non-ambulatory
peers across all domains. A significant difference was seen when
comparing between genotype variant location (internal vs. external to
the NLS) only in the mobility domain

PEDI-CAT Domain Scaled Score, Ambulatory Status and Genotype
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| . by .
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Fig.5 PEDI-CAT Domain Scaled Score, Ambulatory Status and
Genotype. For each domain, error bars represent the 95% confidence
interval, the bottom and top of the box are the 25th and 75th percen-
tiles, the line inside the box is the 50th percentile (median). * denotes
p<0.05 using T-tests. A significant difference was seen between

O Ambulatory, NLS; n=15

Social/Cognitive

DO Ambulatory, Non-NLS; n=4

O Non-Amblatory, NLS; n=14
B Non-Ambulatory, Non-NLS; n=1

e
Responsibility

Ambulatory, NLS participants when compared to their non-ambu-
latory counterparts in all domains. A significant difference was seen

between Ambulatory, Non-NLS participants compared to their non-
ambulatory counterparts in only the Mobility Domain
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PEDI-CAT Domain Scaled Score, Verbal Status and Genotype
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Fig.6 PEDI-CAT Domain Scaled Score, Verbal Status and Geno-
type. For each domain, error bars represent the 95% confidence
interval, the bottom and top of the box are the 25th and 75" per-
centiles, the line inside the box is the 50th percentile (median), and
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Fig.7 Longitudinal Trajectory of PEDI-CAT Scaled Scores by
Domain. Individual participant data is linked represented by con-
nected points. A trendline has been added across the cross-sectional

Discussion
NDDs are a heterogenous group of disorders that result

in a spectrum of cognitive, social, and motor abilities and
ultimately may result in a high burden on individuals and
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any outliers are shown as open circles. * denotes p<0.05 and **
denotes p <0.01 using T-tests. There was a significant difference seen
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sample suggesting stability across ages in Daily Activities, Social/
Cognitive and Mobility, but possible regression in the Responsibility
Domain

caregivers. Identifying genetic variants that can cause these
disorders can be important both for their care and for prog-
nosis, helping caregivers understand those they care for and
giving them information to set expectations and goals. It is
therefore essential to have validated, reliable measures that
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PEDI-CAT Scaled Domain Scores vs. Age

Age of Participant

—_
o

v
Q

o .

[

=} e

9 °
7 ~ *
- * & 0

b 5

B ’ ° o
W | ceeaReceepsbessorsed Moeoesasnes Bosecgonsen Bievesesssessasassssadessasssons@eonasonse @sechoe
131 o . L) L
7] £ *

= ¢ «

= L
= ®

< °

=) @
'5 >
(@]

¢ Daily Activities Mobility
-------- Linear (Daily Activities) Linear (Mobility)

Social/Cognitive Responsibility

Linear (Social/Cognitive) Linear (Responsibility )

Fig.8 Individual Scaled Domain Score vs. Age of Participant at the Time of Survey. Each circle denotes an individual subject at a specific age.
A trendline has been added to across the cross-sectional sample showing the lack of regression seen in this population as a function of their age

can distinguish the clinical spectrum and assess the impact
of therapeutic intervention. We have previously shown
that parent-report measures are a valid-proxy for clinician-
administered standardized motor evaluations in HNRNPH?2-
related NDD (Salazar et al., 2021) and we recognize that
parent-report measures are integral to providing clinically
meaningful feedback for rare NDDs. However, finding the
appropriate measure for adaptive and cognitive skillsets may
prove difficult as individual developmental disorders may
have a broad phenotypic presentation even those with vari-
ants within the same gene.

The aim of this study was to expand the clinical pheno-
type of HNRNPH?2- related NDD using parent-report meas-
ures. Two parent-report measures were used to capture the
phenotypic spectrum of adaptive functioning in these indi-
viduals with HNRNPH?2- related NDD. We first looked at
the VABS-III and showed low overall scores across domains
(Bain et al, 2021a, b). Then, given the initial descriptions of
this disorder focused on the significant motor impairments
(Bain et al., 2016, 2021a, b), we paid particular attention
to deeply understand the motor deficits in this disorder and
added the PEDI-CAT which is validated in an expanded
age group as compared to the VABS-III. This study showed
a strong correlation between an individual’s scores on the
PEDI-CAT and VABS-III, notably seeing the composite
VABS-III (ABC) score does seem to significantly correlate

to the individual domains of the PEDI-CAT (mobility and
social/cognitive). Additional studies may be important in
future studies to focus on using the VABS-III parent-report
measure.

Overall, individuals scored far below their age matched
peers in all functional domains of the PEDI-CAT and VABS-
III with norm-based scores (percentile, age-based scores),
supporting findings from similar work using the VABS-III
adaptive functioning on a small cohort of 31 individuals
(Bain et al., 2021a, b). This raises concern about a poten-
tial floor effect wherein scores in the measured population
fall too far below normative values decreasing the ability to
interpret the results. This has been observed in other stud-
ies while using the PEDI-CAT tool (Dumas et al., 2021),
so scaled scores can provide information about participant
performance independent of the normative values to better
understand the trends in the group and for an individual.
By using the scaled scores, there is a wider distribution of
individual scores, albeit lower than age-based norms seen
in the scaled score. Additionally, individuals scored signifi-
cantly lower on the Responsibility domain than the other
three domains, Daily Activities, Mobility, and Social/Cogni-
tive. This fourth domain (Responsibility) looks to the extent
that an individual can take responsibility for tasks that are
required for living independently and contains elements that
draw from the other three domains. As such, this domain
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may not be particularly helpful to measure in this group of
individuals due to the apparent floor effect of this domain in
particular. Instead, one could look at individual tasks within
the Responsibility Domain that may be more meaningful to
this group or consider a disorder-specific survey that tailored
questions to more appropriate goals for this group.

In trying to understand factors that cause significant dif-
ferences in PEDI-CAT performance, scores were analyzed
by age, verbal skills and mobility, and genotype. Not surpris-
ing, there were significant differences seen between verbal
and non-verbal as well as ambulatory and non-ambulatory
individuals. Importantly, the clinical picture, such as being
ambulatory or verbal, seemed to align more with adaptive
functioning than by looking at the genotype. Like other
NDD studies, we suggest that the phenotypes of being ver-
bal and/or ambulatory tend to have stronger overall adaptive
function.

If we compared all individuals based upon their genetic
variant location (within or outside the NLS), there was only a
significant difference seen in the Motor Domain of the PEDI-
CAT, however there was no significant difference in the Daily
Activities, Social/Cognitive or Responsibility Domains. This
may suggest the motor domain, representing impairments in
motor functioning, may be particularly meaningful to differ-
entiate between genotypes. In addition, if we looked at just the
ambulatory individuals (or non-ambulatory), there is only a
trend without statistical significance, between individuals with
genotypes within versus outside the NLS (Fig. 5). This same
insignificant trend is similar when looking at verbal individu-
als, comparing those with genotypes within or outside the NLS
(Fig. 6). Though the sample sizes of each subgroup were very
small, this highlights a potential difference in clinical pheno-
type that could correlate to genotype. In addition, all but one
individual carried pathogenic missense variants, whereas one
individual had a frameshift variant, presumably a loss of func-
tion variant. It will be interesting to expand on the clinical
phenotype of individuals with missense versus loss of function
variants if other genetic variants are further identified with a
similar clinical phenotype. Further studies with larger cohorts
are needed to better understand the relationship between func-
tionality and specific genotypes, in addition to sex differences
which were not studied here given the small cohort. Addition-
ally, there is no additional medical co-morbidities or physical
exam findings that correlated with the differences in adaptive
skills. For example, the presence of seizures (or epilepsy) did
not statistically differ between groups. Importantly, it will be
worthwhile to investigate alternate methods of assessing adap-
tive function in those who are non-verbal and non-ambulatory
to further identify meaningful clinical changes over time or
between groups. More comprehensive language testing cer-
tainly would be important to further understand the communi-
cation complexities of this disorder as well with regards to the
holistic clinical picture.

@ Springer

Lastly, one of the most important aspects of any longi-
tudinal natural history project is understanding the baseline
functional abilities of affected individuals as they grow. A
cross-sectional age distribution does not show decline with
age in three of the four domains (Fig. 7). As noted earlier,
there may have been a basement effect using the Respon-
sibility domain, which is also dependent upon the other 3
Domains. For this cross-sectional analysis, there appears to
b a regression trend in this small group of older individuals.
This may be due to the effect of having increased demands
as an individual ages and will certainly need to be further
studied. Lastly, in a small longitudinal sample, although lim-
ited in scale, shows a slight increase in participants scaled
score without evidence of regression at three years (Fig. 8).
Further studies with more longitudinal data, and a larger
cohort may provide guidance about whether this is a statisti-
cally meaningful trend.

Limitations and Future Directions

This study was limited by its small sample size, most nota-
bly seen in those who completed a follow up evaluation as
well as the potential floor effects seen in the PEDI-CAT and
VABS-III assessments due to the challenges of those with
HNRNPH? related disorder.

As noted, assessing the raw scores, and looking at growth
values, may provide more insight to clinically significant changes
within individuals. Importantly, both the PEDI-CAT and VABS-
III are parent/caregiver report measures, and while we have pre-
viously shown validity with the PEDI-CAT mobility domain by
clinician-observation (Salazar et al., 2021), caregiver-reported
surveys are likely without any specific input from the subjects
who are nonverbal. Is remains essential to uphold the individual
affected by a disorder as key stakeholder in natural history stud-
ies, despite the challenges to collect this information. Further
evaluations of communication and language will be imperative
to better understand the landscape of this skill in the HNRNPH2-
related NDD group. As noted in the Methods, we did not differ-
entiate between non-verbal and minimally verbal as the groups
were already small and this study did not include formal cogni-
tive and language testing. It will be critically important to better
characterize this aspect of this NDD, as communication (in this
study being noted by verbal status) appears to be correlating with
overall adaptive functioning.

The future aim of this project is to continue to expand
on our understanding of the clinical spectrum of this cohort
with known pathogenic variants in HNRNPH?2. As noted ear-
lier, longitudinal data, including the use of raw data points
using both the PEDI-CAT and the VABS-III may provide
more tangible improvements in skills or losses in certain
skills across time, as compared to normative data points
which could point to losses or regression in comparison with
age-equivalent peers.
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Providing support to impacted families and caregivers is
incredibly valuable and by expanding our knowledge about
this cohort there can be a better understanding of the course
of this disorder in all its variations. Understanding the limi-
tations of using the PEDI-CAT and the VABS-III assess-
ments in this population leads us to believe that it may be
worthwhile to explore alternate measures of adaptive func-
tion. An alternate way to assess functional independence
may be helpful for individuals and their families to measure
clinically meaningful functional improvement seen after
starting novel therapies. Additionally, while this limited
survey showed no regression in this population, a longer
time course of study will be beneficial to understand how
the functional status of these individuals changes over time.
This study illustrates the benefits of describing the adaptive
functional capabilities in this population and the utility of
using the PEDI-CAT and VABS-III tools for this purpose.
In looking at the performance of this population on these
assessments, this study has identified ways to continuously
refine our measures to characterize this ultra-rare NDD.
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