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Abstract

Background: With the increasing number of genomic sequencing studies, hundreds of genes have been
implicated in neurodevelopmental disorders (NDDs). The rate of gene discovery far outpaces our understanding of
genotype—phenotype correlations, with clinical characterization remaining a bottleneck for understanding NDDs.
Most disease-associated Mendelian genes are members of gene families, and we hypothesize that those with
(Continued on next page)
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related molecular function share clinical presentations.

Methods: We tested our hypothesis by considering gene families that have multiple members with an enrichment
of de novo variants among NDDs, as determined by previous meta-analyses. One of these gene families is the
heterogeneous nuclear ribonucleoproteins (hnnRNPs), which has 33 members, five of which have been recently
identified as NDD genes (HNRNPK, HNRNPU, HNRNPH 1, HNRNPHZ2, and HNRNPR) and two of which have significant
enrichment in our previous meta-analysis of probands with NDDs (HNRNPU and SYNCRIP). Utilizing protein
homology, mutation analyses, gene expression analyses, and phenotypic characterization, we provide evidence for
variation in 12 HNRNP genes as candidates for NDDs. Seven are potentially novel while the remaining genes in the
family likely do not significantly contribute to NDD risk.

Results: We report 119 new NDD cases (64 de novo variants) through sequencing and international collaborations
and combined with published clinical case reports. We consider 235 cases with gene-disruptive single-nucleotide
variants or indels and 15 cases with small copy number variants. Three hnRNP-encoding genes reach nominal or
exome-wide significance for de novo variant enrichment, while nine are candidates for pathogenic mutations.
Comparison of HNRNP gene expression shows a pattern consistent with a role in cerebral cortical development
with enriched expression among radial glial progenitors. Clinical assessment of probands (n = 188-221) expands the
phenotypes associated with HNRNP rare variants, and phenotypes associated with variation in the HNRNP genes
distinguishes them as a subgroup of NDDs.

Conclusions: Overall, our novel approach of exploiting gene families in NDDs identifies new HNRNP-related
disorders, expands the phenotypes of known HNRNP-related disorders, strongly implicates disruption of the hnRNPs
as a whole in NDDs, and supports that NDD subtypes likely have shared molecular pathogenesis. To date, this is the
first study to identify novel genetic disorders based on the presence of disorders in related genes. We also perform
the first phenotypic analyses focusing on related genes. Finally, we show that radial glial expression of these genes
is likely critical during neurodevelopment. This is important for diagnostics, as well as developing strategies to best

study these genes for the development of therapeutics.

Keywords: Neurodevelopmental disorders, hnRNPs, Cortex development, Gene families

Background

Among the hundreds of candidate genes proposed for
neurodevelopmental disorders (NDDs), genes involved
in RNA metabolic processing and regulation of gene ex-
pression have been shown to be enriched for de novo
variants (DNVs) among probands with NDDs [1]. RNA
processing (splicing, transport, localization, translation,
and degradation) is critically important for brain devel-
opment and function, as neurons are post-mitotic cells
dependent on RNA expression, as well as spatiotemporal
isoform specificity, for individual growth and functional-
ity [2]. To successfully regulate RNA processing and
protein synthesis, over 500 RNA-binding proteins (RBPs)
in humans are abundantly and ubiquitously expressed,
found primarily in the nucleus [3]. Although ubiquitous,
there are tissue-specific changes in alternative splicing
from RBPs resulting in cell-specific phenotypes [4]. As
RBPs are necessary for many steps of neuronal RNA me-
tabolism, there are multiple opportunities for dysfunc-
tion, which is highlighted by the range of neurological
phenotypes resulting from variation in RBP-encoding
genes, including neurodegenerative diseases, muscular
atrophies, and various cancers. RBPs have also been

implicated in NDDs, most notably FMRI in fragile X
syndrome.

Here, we hypothesize that variation in gene families
with related structure and function in the brain will re-
sult in subtypes of NDDs with related pathology. With
over 80% of Mendelian disease-associated genes being
part of gene families and/or having functionally redun-
dant paralogs, this provides an opportunity to divide
many NDD candidate genes into subgroups [5, 6]. In
fact, it has recently been shown that DNVs are enriched
among a subset of gene families in probands with NDDs
[7]. This approach aids in understanding the biological
impacts of variation in groups of genes, provides an op-
portunity for gene discovery, and allows for development
of gene/protein family-specific therapeutics impacting a
larger number of individuals than when targeting a
single gene.

Focusing on RNA processing, we applied this gene
family approach to identify gene families implicated
in NDDs. Of the four gene families identified from
previous meta-analyses of NDD exomes, the heteroge-
neous nuclear ribonucleoproteins (hnRNPs for pro-
teins, HNRNPs for genes) stand out as strong NDD
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candidate genes that have yet to be fully investigated,
as the fewest members of the family are associated
with known disorders (Table 1). The hnRNPs are a
large family of RBPs consisting of 33 core and minor
members implicated in many steps of RNA process-
ing. Several, primarily through changes in expression
or localization, have been associated with neurodegen-
erative disorders, and, more recently, five (HNRNPHI,
HNRNPH?2, HNRNPK, HNRNPR, and HNRNPU) have
been described as having DNVs among probands with
NDDs (Table 2). We have also previously shown that
two HNRNPs (HNRNPU and SYNCRIP) have a signifi-
cant enrichment of DNVs among probands with
NDDs, making them very strong candidate genes [1].
Supporting their role in NDDs as a gene family, it is
known that hnRNPs function cooperatively and com-
pensatorily, suggesting that disruption among them
may result in similar phenotypic consequences. Thus,
we hypothesize that there may be additional hnRNPs
with shared structure and function that impact neuro-
development, resulting in shared phenotypes. Overall,
the hnRNPs are just one example of how multiple
members of a gene family can be involved in related
NDDs. Recent data from large-scale sequencing ef-
forts suggest that other gene families (e.g., chromodo-
main DNA-binding helicase gene family) may benefit
from similar coordinated investigations.

Here, through international collaborations, protein,
mutation and expression analyses, and an exhaustive
literature search, we identify additional HNRNPs with
pathogenic likely gene-disrupting (LGD) and severe
missense single-nucleotide variants (SNVs), indels, or
small copy number variants (CNVs) among probands
with NDDs while utilizing novel methods of grouping
genetic disorders by gene family instead of broader
gene function. We compare findings from a total of
250 probands with NDDs with de novo or likely de
novo SNVs/CNVs: 122 novel cases (118 SNVs or
small indels and four chromosomal deletions) and
128 published probands (117 SNVs or small indels
and 11 CNVs). Of these, 240 probands have variants
occurring in 12 HNRNPs where three or more pro-
bands have been identified (termed NDD HNRNPs:
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HNRNPAB, HNRNPD, HNRNPF, HNRNPHI1, HNRN
PH2, HNRNPH3, HNRNPK, HNRNPR, SYNCRIP,
HNRNPU, HNRNPUL1, and HNRNPUL?2). We estab-
lish variation in a subset of the HNRNPs as a risk
factor for NDDs and highlight the utility of a gene
family-based approach to identify NDD-related
disorders.

Methods

Identification of candidate NDD HNRNPs

Literature review to determine NDD candidate HNRNPs
First, HNRNPs with published cases were identified in
large exome or genome sequencing studies, as identified
by denovo-db v1.6 or case reports found by searching
PubMed with all known gene aliases (n=128; Fig. 1,
Additional File 1: Table S1) [11-18, 20-61]. Cohorts in
denovo-db v1.6 include ASD samples (n = 5886: includ-
ing the Simons Simplex collection [SSC, n =2508] and
MSSNG [#n =1625]), DD/ID samples (n = 1010), and epi-
lepsy samples (n = 532, including the Epi4K Consortium
[n =264]). Samples were also identified from the Autism
Sequencing Consortium (ASC, n=8157) and the Epi-
lepsy Genetics Initiative (17 =166). We also identified
samples in the Deciphering Developmental Disorders
(DDD) cohort, described below as we recalled the vari-
ants using our own analyses [39, 49, 62, 63]. In total, 51,
616 published individuals were screened. Cases had to
have a variant in an HNRNP to be included (i.e., not
solely changes in gene expression as seen in some neu-
rodegenerative phenotypes). Publications had to include
at least one of the disorders under the HPO terms “ab-
normality of the nervous system physiology” (HP:
0012638) and/or “abnormality of the nervous system
morphology” (HP:0012639). This includes, but is not
limited to, developmental delay/intellectual disability
(DD/ID), seizures, and behavioral abnormalities such as
autism spectrum disorder (ASD). Note that neurodegen-
erative phenotypes, such as ALS, were not included as
part of this analysis. Clinical information was requested
from authors when possible for larger sequencing stud-
ies. Duplicates were removed based on sample ID, shar-
ing of multiple variants, and disclosure of duplicates in
publications. When possible, samples were excluded if

Table 1 Gene families involved in RNA processing reaching FDR significance in Coe et al. [1] and their role in disease

Gene family

Genes reaching FDR significance

# of NDD candidate genes in gene family

Chromodomain DNA-binding proteins
BAF complex
Heterogeneous nuclear ribonuclear proteins

Lysine acetyltransferases

CHD2, CHD3, CHD4, CHD7, CHD8

ARID1B, BCLT1A, SMARCA2, SMARCA4, SMARCD1
HNRNPU, SYNCRIP, HNRNPD, HNRNPK 7/33
CREBBP, DLG4, EP300, TAF1

6/10
16/24

5/17

Gene families were defined by the HUGO Gene Nomenclature Consortium. At least three members of the gene family must reach FDR significance to be included.
NDD candidate genes were determined by OMIM and a literature search. Coe et al. [1] n=11,722 exomes
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Table 2 Previous disease associations for genetic variation in HNRNP genes

Gene Disorder Type of variation

HNRNPAT ALS/FTL [8] MIS
Multisystem proteinopathy [8, 9] MIS

HNRNPA2/B1 ALS/FTLD [8, 9] MIS
Multisystem proteinopathy [8, 9] MIS

HNRNPA3 ALS/FTLD [8, 9] MIS
Multisystem proteinopathy [8, 9] MIS

HNRNPD/AUF1 4921 microdeletion/duplication/triplication syndrome [10] CNVs

HNRNPH1 HNRNPH 1-related syndromic ID [11] MIS20/small CNVs

HNRNPH?2 Bain-type ID [12] MIS20

HNRNPK AKS/Okamoto syndrome [13, 14] LGD/MIS20/chromosomal deletions
Kabuki syndrome [15-17] MIS

HNRNPR HNRNPR-related disorder [18] LGD/MIS20

SYNCRIP/HNRNPQ 6q proximal deletions [19] Chromosomal deletion

HNRNPP/FUS/TLS ALS/FTLD [3] LGD/MIS

HNRNPU 1943944 microdeletion syndrome [20] Chromosomal deletion
HNRNPU-related disorder [20-23] LGD/MIS20/chromosomal duplication

MIS missense, MIS20 missense variants with CADD scores > 20, indicating they are in the top 1% of likely pathogenic variants, CNVs copy number variants, LGD
likely gene disrupting, ALS amyotrophic lateral sclerosis, FTLD frontotemporal lobar degeneration, ID intellectual disability, AKS Au-Kline syndrome

Identification of candidate NDD HNRNPs Identification of novel probands with HNRNP variants
- - - - Genes Screened/Cohort
(__Literature Search ) (__Protein Homology ) ((CNV intersection ) ASID Network: HNRNPF, HNRNPK, HNRNPR, SYNCRIP, HNRNPU, and HNRNPUL 1
3 3 3 BGL: all HNRNPs except HNRNPH2
n =117 probands with 13 hnRNP homology groups Genes included in known SPARK: all HNBNPS
SNVs/indels in 16 HNRNPs n =5 HNRNPs highly homologous to genomic disorders Databases/collaborations: all HNRNPs
n = 11 probands with known NDD genes n =6 HNRNPs Novel probands

CNVs in 4 HNRNPs n = 118 probands with mutations in 17 HNRNPs

\4

Candidate NDD HNRNPs: HNRNPAO, HNRNPA1, HNRNPA2B1, HNRNPAB,
HNRNPD, HNRNPF, HNRNPH1, HNRNPH2, HNRNPH3, HNRNPK,
HNRNPLL, PTBP2, HNRNPR, SYNCRIP, HNRNPU, HNRNPUL1, HNRNPUL2

Candidate NDD HNRNPs: HNRNPAO, HNRNPA3, HNRNPAB,
HNRNPA2B1, HNRNPC, HNRNPC, HNRNPCL1, HNRNPCL4, RALY, RALYL,
HNRNPD, HNRNPDL, HNRNPF, HNRNPH1, HNRNPH2, HNRNPH3,
HNRNPK, HNRNPLL, PTBP2, HNRNPR, SYNCRIP, HNRNPU, HNRNPUL 1, HNRNPUL2

~

HNRNPs having 2 3 probands
Final candidate NDD HNRNPs: HNRNPAB, HNRNPD, HNRNPF, HNRNPH1,

HNRNPH2, HNRNPH3, HNRNPK, HNRNPR, SYNCRIP, HNRNPU,
HNRNPUL1, HNRNPUL2

¥

Functional impacts of novel variation in HNRNPs

Mutational Analyses
n = 225 variants Phenotypic Analyses

Pathogenicity de novo enrichment Missense analyses Expression Analyses (n = 221 probands)
Predictions ’ : ® € Nowakowski et al., 2017 By mutation
gnomAD (pLI, missense 2) analyses Clustering of missense variants (Fetal tissu By gene category DY Phenotype
GeVIR (GEVIR, LOEUF, VIRLoF) Chimpanzee-Human Model (CLUMP) GTEX (Adult Tissues) (n=12genes) " 75" (n =288 phenotypes)
DenovolyzeR MetaDome C to similar disorders by HPO terms
n =81 de novo variants n =86 missense variants
L 4 L 4 L 4 L 4 L 4

HNRNPs less tolerant
to mutation

Genes with significantly Genes with shared
clustered/disrupting expression patterns
missense variants

Significantly enriched genes Disorder profiles and comparisions

Fig. 1 Study workflow. Candidate NDD HNRNPs were determined from the literature and publicly available information (such as amino acid
sequences) and from identification of probands in our novel cohorts. The candidate NDD HNRNPs were finalized by considering only genes in
which at least three probands were identified from published and/or novel sources. Functional impacts focused on these finalized NDD HNRNP
candidates and included pathogenicity predictions (gnomAD and GEVIR), de novo enrichment analyses (using the Chimpanzee-Human [CH]
model and denovolyzeR), missense analyses (using CLUMP and MetaDome), expression analyses of fetal cortex and adult tissues, and phenotypic
analyses within HNRNPs, across HNRNPs, and in comparison to other similarly presenting disorders by HPO terms. CNV: copy number variant; pLI:
loss-of-function intolerance; LGD: likely gene disrupting; NMD: nonsense mediated decay; HPO: human phenotype ontology
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they had a likely causative variant in an NDD can-
didate gene, as determined by multiple publica-
tions [1, 58].

Protein homology analysis to identify additional candidate
NDD HNRNPs

To determine if there were a subset of hnRNPs with
sequence similarity to known NDD hnRNPs, and thus
potential candidate NDD genes, we utilized protein
homology analysis (Fig. 2 and Additional File 2: Fig.
S1). Protein homology was determined using Clustal
Omega with canonical transcript sequences obtained
from UniProt and clustering was performed in R
(v.3.6.1) using the corrplot package (v.0.84) to identify
shared protein homology.
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CNV intersection

In order to determine if any HNRNPs are dosage sensi-
tive, we intersected the HNRNPs with a list of 58 gen-
omic disorders based on previous CNV morbidity maps
and the DECIPHER database (Table 3) [10, 13, 19, 20,
64—67]. From this, we identified 15 probands with CNVs
spanning only an NDD HNRNP gene or neighboring
genes not predicted to be haploinsulfficient.

Identification of novel probands with HNRNP variants
Probands were collected from multiple cohorts (n = 32,359
probands) (Additional File 1: Table S1). We also queried
ClinVar and DECIPHER databases. We identified 122 pro-
bands with SNVs, indels, or CNVs impacting 14 HNRNPs
(Fig. 3, Additional File 1: Tables S7, S10 and S11).
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Table 3 Genomic disorders spanning NDD HNRNPs
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Genomic HNRNP Gene previously considered Shared phenotypes

disorder candidate for CNVs?

535 deletions HNRN  No DDV/ID, characteristic facial features, overgrowth, microcephaly
PH1

1g43g44 HNRN ~ Yes DDV/ID, seizures, structural brain abnormalities, speech delay

deletions PU

9921.32 deletions  HNRNPK Yes

6q proximal SYNCRIP Yes
deletions

4g21 HNRN  No
microdeletion PD
syndrome

1p36 monosomy  HNRN  No
PR

DD/ID, motor delay, speech delay, structural brain abnormalities, hypotonia, skeletal
abnormalities, hand/feet abnormalities, cardiac abnormalities, genitourinary issues,
dysmorphic features

DD/ID, ASD, structural brain abnormalities, behavioral issues

DD/ID, emotional/behavioral issues, speech delay

DDV/ID, skeletal abnormalities, genitourinary issues, seizures, structural brain
abnormalities

CNV copy number variant, DD/ID developmental delay/intellectual disability, ASD autism spectrum disorder

Families where recontact was possible were invited to
participate in a remote comprehensive clinical workup
that included diagnostic evaluation, medical history, and
neuropsychological assessment. All experiments carried
out on these individuals were in accordance with the

_|

ethical standards of the responsible committee on hu-
man experimentation (institutional and national), and
proper informed consent was obtained for sequencing,
recontact for inheritance testing, and phenotypic

T workup. When physicians or families could not be con-

tacted, deidentified clinical information was used. Pro-

bands were excluded if they reportedly had (1) a

Score

causative variant in another NDD-related gene, (2) a
known inherited variant in an HNRNP (other than mo-

saic), (3) a variant observed in gnomAD, (4) a missense
variant with a CADD (v1.6, GRCh38) score < 20, (5) con-
sanguineous parents (which was based on clinical his-
tory), and/or were (6) born prematurely (prior to 37
weeks), or (7) too young to assess for DD (<1 year).
However, individuals excluded for our HNRNPs cohort

Fig. 3 Pathogenicity assessment of variation in hnRNPs. pLI and Z-
scores were obtained from gnomAD. pLI scores are significantly

suggesting severe missense variants are likely to be damaging. T-test
with Welch's correction. *p < 0.05. pLI: loss-of-function intolerance

were still considered in the total number of individuals
for statistical analyses. For probands from large sequen-
cing studies, these criteria were not always available;
therefore, a small number of those not meeting our cri-
teria may be included due to limited information.

Cohorts

ASID Network

For our Autism Spectrum/Intellectual Disability (ASID)
network (n = 16,294 individuals), six HNRNPs were pre-
viously assessed using targeted sequencing with single-

higher among NDD hnRNPs (n = 12) compared to non-NDD hnRNPs molecule molecular inversion probes: HNRNPF,
(n=20), suggesting LGD variants are more likely to be damaging. Z- HNRNPK, HNRNPR, SYNCRIP, HNRNPU, and HNRN
scores trend towards being significantly higher for NDD hnRNPs, PULI, as described by Stessman et al, identifying 14

probands (seven with DNVs) included in the current

study [34, 68]. All variants were validated using Sanger
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sequencing, although not all had parental DNA available
for inheritance testing. Information for a subset of these
probands are available in denovo-db v1.6.

BGL

From Baylor Genetics Laboratory (BGL; #n=9536, in-
cluding 1744 trios), 34 novel probands are included in
the current study (four with DNVs) and four previously
published probands with DNVs (for a total of 38 pro-
bands) [23]. These probands are all from clinical exome
sequencing samples broken down into “neurologic” phe-
notypes (n =2364, including 429 trios; developmental
delay [DD]/intellectual disability [ID], speech delay, and
autism spectrum disorder [ASD]) and “neurologic plus
other organ systems” (n=7172, including 1315 trios).
Exome sequencing was performed as described previ-
ously, and DNVs were validated by Sanger sequencing
[69]. All HNRNPs were queried in the BGL data except
HNRNPH?2. Phenotypic information was obtained from
BGL clinical indications for sequencing and/or from
reporting physicians when available.

SPARK Consortium

From the SPARK Consortium, with individuals ascer-
tained for ASD diagnoses, nine probands with DNVs are
included in the current study, as well as an additional
published proband (for a total of 10 probands) [42]. Pro-
bands identified by the SPARK Consortium were se-
quenced as previously described [42]. SPARK
Consortium probands were used in all statistical ana-
lyses, although complete phenotypic information was
not always available.

Deciphering Developmental Disorders (DDD13K)

Data for 9860 trios from the DDD cohort were obtained
and reanalyzed [62]. We applied FreeBayes (version
v1.1.0-3-g961e5f3) and GATK (version 3.7) for SNV/
indel calling independently in 9308 DDD families where
both parents were available (with 28,476 samples includ-
ing 9860 probands) [70, 71]. BCFtools (version 1.3.1)
was used for left-align and normalization post calling
[72]. For quality control, we filtered for read depth (DP >
9) for all family members and filtered allele balance (AB
>0.25) and PHRED genotype quality (GQ > 20) filters in
probands. Candidate de novo SNVs/indels were only ob-
served in probands but not in parents and were required
to be identified by both FreeBayes and GATK. Variants
were then annotated using CADD (v1.6, GRCh38).

International collaborations

GeneMatcher and GeneDx were utilized to identify 24
individuals, 21 of whom have DNVs [73]. GeneMatcher
requests were made for each HNRNP identified in an
NDD cluster (Fig. 2). Probands were sequenced at
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varying locations, including several by GeneDx, whose
protocol was described previously. Deidentified clinical
information was obtained from physicians or families
were invited for remote clinical workup. These probands
were not used in de novo statistical calculations but
were considered among phenotypic analyses.

Four probands with DNVs were obtained from the
Radboud University Medical Center (RUMC) in the
Netherlands. These probands were not used in de novo
statistical calculations but were considered among
phenotypic analyses.

Databases

Large databases were also used to identify novel pro-
bands. Each hnRNP-encoding gene was queried in
MyGene2 (https://mygene2.org/MyGene2/), a database
generated by the University of Washington Center for
Mendelian Genomics, identifying two probands (one
proband was identified via both MyGene2 and Gene-
Matcher) [74]. MyGene2 probands were not used for de
novo statistical calculations but were considered for
phenotypic analyses.

DECIPHER (# > 33,000 individuals; https://decipher.
sanger.ac.uk/) and ClinVar (n = 874,088; https://www-
ncbi-nlm-nih-gov.offcampus.lib.washington.edu/clinvar/)
were queried and only those with phenotypic informa-
tion available were included in this study, adding 12 (10
with DNVs) and 19 (seven with DNVs) new probands,
respectively. Probands were considered novel if they had
not been previously published. DECIPHER and ClinVar
probands were included in phenotypic analyses but not
de novo statistics.

Functional impacts of novel variation in HNRNP genes
Pathogenicity predictions, de novo enrichment, and
missense analyses

To further characterize the types of variation among
NDD HNRNPs, we compared the probability of patho-
genicity of LGD and missense variants using gnomAD
(loss-of-function intolerance [pLI] and missense Z-
scores; https://gnomad.broadinstitute.org/) and Gene
Variation Intolerance Ranking (GeVIR; http://www.
gevirank.org/) scores and percentiles, which include
loss-of-function observed/expected upper bound fraction
(LOEUF) metrics, of NDD HNRNPs to non-NDD
HNRNPs using a one-way f-test in GraphPad Prism
(v.8.3.0) (Fig. 3 and Additional File 2: Fig. S3, Additional
File 1: Table S2) [75].

For de novo enrichment analyses, 33,688 probands
with trio sequencing (n = 36,460 for HNRNPH2 and n =
36,814 for HNRNPU) were used (Additional File 1: Table
S6). Only studies with a clear sample size were used to
estimate de novo burden (i.e., # > 1, cohort total sizes in-
cluded in publication). Only genes determined as NDD
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HNRNPs were analyzed. In total, 78 HNRNP variants
were analyzed (Additional File 1: Table S7). Two models,
the chimpanzee—human divergence (CH) model and
denovolyzeR, were used to assess the excess of de novo
LGD and missense variants as previously described
(Fig. 4a) [1, 34, 76, 77]. Briefly, the CH model utilizes
locus-specific transition/transversion/indel rates and
chimpanzee—human coding sequence divergences to es-
timate the expected number of de novo mutations, while
the denovolyzeR utilizes trinucleotide context, exome
depth, and divergence between macaque and human
over a +1 megabase-pair window and includes known
mutational biases like CpG hotspots. Each model was
corrected for the number of genes included in the model
(n = 18,946 for the CH model and # = 19,618 for denovo-
lyzeR) as well as three mutation-type tests per gene and
two tests per mutation type (FWER for CH model: g <
4.4 x 1077, FWER for denovolyzeR g < 4.24 x 1077).
Missense variants were analyzed using two methods:
CLUMP (CLUstering by Mutation Position) analysis and
MetaDome assessment [78—80]. Only genes determined
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NDD HNRNPs were analyzed. CLUMP assesses the clus-
tering of missense mutations and was performed as pre-
viously described, but here using the gnomAD non-
neuropsychiatric group as controls (gnomAD n =114,
704; 1958 missense variants; current cohort missense
n = 80 variants) (Fig. 4b, Additional File 1:Table S6) [80].
All calculations were performed using R (v.4.0.0) or py-
thon (v.3.7.7). Missense variants were also assessed for
clustering by phenotype. Mutations were queried in
MetaDome to assess for protein domain disruptions
(Fig. 5) [78]. LGD variants were also assessed for suscep-
tibility to nonsense mediated decay (NMD) using
NMDEscPredictor (https://nmdprediction.shinyapps.io/
nmdescpredictor/) and splicing impact using MaxEntS-
can (Fig. 5, Additional File 1: Table S7) [81, 82].

GTEx and single-cell expression analyses

Transcript-level expression from adult tissues obtained
from GTEx (https://gtexportal.org/) for each gene was
compared using ¢-tests between NDD and non-NDD
HNRNPs as well as by two-way ANOVA for comparing

Only cohorts with known de novo status were included, as listed in Tables
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Fig. 4 De novo enrichment and clustering of missense variation analyses of NDD hnRNPs. a De novo variation was assessed for NDD HNRNPs
using two statistical models: the CH model and denovolyzeR. Right/above the dotted line indicates the gene achieves exome-wide significance
(g <4.24 x 10~ 7) while right/above the dashed line indicates the gene reaches nominal significance (g < 0.05). HNRNPU reaches exome-wide
significance for all protein-impacting variants (Protein) and LGD variants, with severe missense variants reaching significance by only the CH
model. SYNCRIP reaches exome-wide significance for LGD variants and all protein-impacting variants by the CH model alone. HNRNPD reaches
nominal significance by the CH model. P values are FDR corrected with the number of genes (n = 18,946 for CH model and n=19,618 for
denovolyzeR) with three tests per gene (LGD, missense, and all protein changes) and two tests (CH model and denovolyzeR) per mutation type.

missense variants. Clustering of missense variants was analyzed using CLUMP; scores are shown in Table S6 (paired t-test). Compared to the non-
neuropsychiatric subset of gnomAD (n = 114,704, 1958 missense variants), the CLUMP score for NDD hnRNPs (red) among probands is
significantly lower than controls in gnomAD (black), indicating more clustering of mutations (shown by arrow). Note that only genes with variants
in the current cohort could undergo this analysis. hnRNPH2, hnRNPK, hnRNPR, and hnRNPULT each have independent significant clumping
compared to gnomAD controls. ¢ CLUMP scores for missense variants in probands with ASD (n = 60). HNnRNPH2, hnRNPK, hnRNPR, and

hnRNPULT reach significance independently. *p < 0.05, **p < 0.01, **p < 0.001. LGD: likely gene disrupting; Missense: severe missense (CADD

S1 and S7. Statistics can be seen in Table S6. b Analysis of clustered
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indicates LGD variants and blue represents severe missense variants. RRM: RNA recognition motif; gRRM: quasi-RNA recognition motif; KH: K-
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between individual genes (Fig. 6a, Additional File 2: Figs.
S3C,D, Additional File 1: Table S3). We used previously
described single-cell RNA (scRNA) sequencing data
generated from 48 individuals to assess gene ex-
pression during fetal human cortical development,
which is available from the UCSC cell browser:
https://cells.ucsc.edu/ [84]. To determine cell en-
richment, data were tested using a Wilcoxon ranked
sum test followed by Bonferroni correction in R, as
previously described [84]. Student ¢ tests and two-
way ANOVA among all HNRNPs, between NDD
and non-NDD HNRNPs, or HNRNPs and genes

associated with similarly presenting disorders deter-
mined the difference in fold-enrichment using
GraphPad Prism (Figs. 6b,c and 8b,c, Additional
File 2: Figs. S3A,B, Additional File 1: Tables S4-5).
Correlations among scRNA sequencing data were
performed in R (v.3.6.1) using the corrplot package
(v.0.84). One-way t-tests were performed between
each NDD HNRNP group (as in Fig. 2) using
GraphPad Prism. HNRNPs were also entered into
Specific Expression Analyses (SEA) to determine
enrichment of expression across brain regions
(Fig. 6d) [85]. Expression among these tissues was
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compared using Fisher’s exact tests and followed by
Benjamini-Hochberg correction.

Phenotypic analyses

Phenotypes were defined by Human Phenotype Ontol-
ogy (HPO) terms when possible. Those that occurred in
>20% of probands in at least one HNRNP cohort were
considered characteristic for the disorder and used for
statistical analyses. Traits occurring less than that were

considered not likely to be syndromic. This resulted in a
total of 88 phenotypes. For quantitative measures (e.g.,
head circumference), qualitative terms were used if pro-
vided by a clinician (e.g., microcephalic) or determined
based on top/bottom 3rd percentile.

Phenotypic information was compared across
HNRNP cohorts using RVAideMemoire (version 0.9—
73) pairwise Fisher’s exact tests with Bonferroni cor-
rection considering number of genes (n=12 for all
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NDD HNRNPs, n=9 for LGD NDD HNRNPs, n=10 Additional File 1: Tables S8-9). All calculations were
for missense NDD HNRNPs), number of phenotypes performed using GraphPad Prism or R. Phenotypes

(n=88), and number of mutation categories (n=3: all  were

compared to other known disorders by charac-

mutations, LGD, and missense) tested, as well as teristic HPO terms using PhenPath (http://phenpath.
across mutation types (LGD vs. missense) within  biocomp.unibo.it/phenpath/), which returns disorders
HNRNP cohorts using Fisher’s exact tests (Fig. 7, and genes with shared HPO terms [86].
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Fig. 7 Phenotypic information of 189-221 hnRNP-variation probands. a Correlation matrix of phenotypes across hnRNP probands. Genes are in
order of protein similarity as determined by Clustal Omega and canonical protein sequences as in Fig. 1. Phenotypes correlate across all HNRNPs,
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Results

Twelve HNRNPs are NDD candidates based on literature
search, protein homology, CNV intersection, and
identification of new probands

In order to identify NDD candidate HNRNPs, we initially
considered cases with DNVs in the literature. This re-
sulted in 16 genes with at least one published case as po-
tential NDD candidate genes: HNRNPAO, HNRNPA3,
HNRNPAB, HNRNPA2B1, HNRNPC, HNRNPD, HNRN
PF, HNRNPH1, HNRNPH?2, PTBP2, HNRNPK, HNRN
PLL, SYNCRIP, HNRNPR, HNRNPU, and HNRNPUL1
(n =117 probands; Fig. 1, Additional File 1: Tables S1,
S7, S8, and S11).

To identify other genes in the family that may not
have published cases, we considered the extent of shared
protein homology among hnRNPs (Fig. 2 and Additional
File 2: Fig. S1). Among 23 core hnRNPs and 10 minor
hnRNPs, we distinguished 13 protein groups based on
protein homology clustering: (1) FUS (Fused in sarcoma,
also known as hnRNPP), (2) hnRNPD-related proteins,
(3) hnRNPA-related proteins, (4) hnRNPR/SYNCRIP, (5)
hnRNPM, (6) RMBX (RNA-binding motif protein X-
linked, also known as hnRNPG)-related proteins, (7)
hnRNPH/F-related proteins, (8) hnRNPU-related pro-
teins, (9) PTBP (also known as hnRNPI)-related pro-
teins, (10) hnRNPL-related proteins, (11) hnRNPC-
related proteins, (12) hnRNPK, and (13) PCBP (also
known as hnRNPE)-related proteins. From this, we iden-
tified seven additional hnRNPs that, while they do not
have published cases with NDDs, cluster with our other
candidate hnRNPs: hnRNPCL1, hnRNPCL4, RALY,
RALYL, hnRNPH3, hnRNPDL, and hnRNPUL2.

We determined if any HNRNPs are dosage sensitive by inter-
secting the HNRNPs with a list of 58 genomic disorders based
on previous CNV morbidity maps and the DECIPHER data-
base (Table 3) [10, 13, 19, 20, 64—67]. Of the 33 HNRNPs, six
are in regions of known genomic CNV disorders: HNRNPD,
HNRNPHI, HNRNPK, HNRNPR, SYNCRIP, and HNRNPL,
further supporting their likely role in NDDs. This analysis did
not identify any new candidate NDD HNRNPs but did provide
additional evidence for their roles in NDD pathogenicity.

Genes were also considered as candidate NDD
HNRNPs if we identified variants in our novel cohorts.
This resulted in 17 genes with at least one novel case as
potential NDD candidate genes: HNRNPAO, HNRNPA1I,
HNRNPA2B1, HNRNPAB, HNRNPD, HNRNPF, HNRN
PHI1, HNRNPH2, HNRNPH3, HNRNPK, HNRNPLL,
PTBP2, SYNCRIP, HNRNPR, HNRNPU, HNRNPULI,
and HNRNPUL2 (n =118 probands; Fig. 1, Additional
File 1: Tables S1, S7, S8, and S11).

Finally, NDD HNRNPs were finalizing by identification
of at least three probands in our combined literature and
novel cohorts. This resulted in the following being consid-
ered NDD HNRNPs: HNRNPAB, HNRNPD, HNRNPF,
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HNRNPH1, HNRNPH2, HNRNPH3, HNRNPK, HNRNPR,
SYNCRIP, HNRNPU, HNRNPUL1, and HNRNPUL?2.

NDD HNRNPs are more sensitive to mutation than non-
NDD HNRNPs

We considered each gene’s tolerance to mutation by
assessing gnomAD metrics pLI and missense Z-scores as
well as GeVIR scores (Fig. 3 and Additional File 2: Fig.
S2, Additional File 1: Table S2) [75, 87]. As a group, pLI
scores are significantly higher among NDD HNRNPs
compared to non-NDD HNRNPs (p = 0.03, one-way Stu-
dent’s ¢t test). Similarly, NDD HNRNPs missense Z-
scores trend higher than non-NDD HNRNPs; GeVIR
scores show the same pattern. Specifically, NDD
HNRNPs have significantly higher LOEUF autosomal
dominant scores (p = 0.03, one-way Student’s ¢ test) and
Variation Intolerant Region Loss-of-Function (VIRLoF)
scores, which takes both missense and LGD variants into
account (p = 0.04, one-way Student’s ¢ test). GeVIR auto-
somal recessive scores show a similar pattern for LOEUF
scores (p =0.04, one-way Student’s t test), but as all of
our variants are heterozygous, this information was not
utilized in our study. This suggests that LGD and severe
missense variants are more likely to be damaging among
NDD HNRNPs compared to the non-NDD HNRNP fam-
ily members.

Enrichment of de novo HNRNP variants
In total, 225 probands with SNVs or indels in NDD
HNRNPs were identified from 83,975 individuals. Inher-
itance was determined for 73.8% of NDD HNRNP SNV
and indel variants (Table 4, Fig. 3, and Additional File 1:
Table S7). Of variants with known inheritance, DNVs
account for 98.8% of variants, with one mosaic variant
inherited from the unaffected father, who also carries
the variant mosaically (Proband 124, HNRNPU proband
1) [26]. LGD variants represent 61.8% (n = 139/225 vari-
ants, inheritance known for 82.7%; 99.1% de novo) of the
NDD HNRNP cohort, while severe missense variants
(MIS20: CADD score > 20, being in the top 1% of pre-
dicted pathogenic mutations and MIS30: CADD > 30
top 0.1% of predicted pathogenic variants) account for
38.2% of variants (nz=86/225 variants, inheritance
known for 59.3%; 98% de novo; MIS20, MIS30, and
those without CADD scores available were included).
Twelve of the 16 small CNVs have known inheritance
status, and all are de novo (Additional File 1: Table S12).
In order to identify genes with a significant excess of
DNVs, we examined 41,779 parent—child trios from 13,
437 families with DD/ID, 20,542 families with ASD,
1421 families with epilepsy, and 6379 families from clin-
ical exome testing. We applied two statistical models,
denovolyzeR and the CH model, to genes that had
DNVs from cohorts with known sample size (=78
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Table 4 Inheritance of 225 SNVs and indels in NDD HNRNPs
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Variant type De novo % of variant type

Inherited % of variant type

Unknown % of variant type  Total % of all variants

(n) (n) (n) (n)
LGD 82 (114/139) 0.7 (1/139) 17.3 (24/139) 618 (139/225)
All MIS 58.1 (50/86) 12 (1/86) 40.7 (35/86) 382 (86/225)
MIS—no CADD 50 (4/8) 0 (0/8) 50 (4/8) 3.6 (8/225)
score
MIS20 575 (42/73) 14(1/73) 41.1 (30/73) 324 (73/225)
MIS30 80 (4/5) 0 (0/5) 286 (2/5) 2.7 (6/225)
All variants 73.2 (164/225) 0.9 (2/225) 253 (56/225) 100 (225/225)

LGD likely gene disruptive, MIS missense, MIS20 CADD score > 20, MIS30 CADD score > 30. NDD HNRNPs include HNRNPAB, HNRNPD, HNRNPF, HNRNPH1, HNRNPH2,
HNRNPH3, HNRNPK, SYNCRIP, HNRNPR, HNRNPU, HNRNPUL 1, and HNRNPUL2. Variants identified in non-NDD HNRNPs are in Table S7

variants, Fig. 4a, Additional File 1: Table S6) [76, 77].
We find that only HNRNPU achieves exome-wide sig-
nificance (p <4.24x10"7) for de novo LGD and all
protein-impacting variants by both models. SYNCRIP,
for all protein-impacting variants and LGD variants,
reaches exome-wide significance only by the CH model,
while all protein-impacting variants of HNRNPD reach
nominal significance (p <0.05) by the CH model. Only
HNRNPU reaches exome-wide significance for an excess
of severe de novo missense variation after multiple test-
ing correction (FWER, p <4.24 x 10”7), and only by the
CH model. Based on these DNV models, only HNRNPU,
SYNCRIP, and HNRNPD reach significance for increased
number of variants than one would expect.

Missense mutation analyses

As pathogenic missense variants are known to cluster
for some proteins, such as hnRNPH2 in the M9 nuclear
targeting signal, we assessed whether there was any add-
itional evidence of missense variant clustering across
hnRNPs [12]. We examined all MIS20 and MIS30 vari-
ants in our cohort (n=80) and compared them to the
non-neuropsychiatric subset in gnomAD using CLUMP
(n=1958) (Fig. 4b, Additional File 1: Table S6) [80]. In
order to control for platform differences, variants were
only included if exon coverage was at least 20-fold in
gnomAD (the first two exons of HNRNPULI were ex-
cluded). The CLUMP scores for NDD hnRNP missense
variants are significantly lower than those of controls
from gnomAD (p =0.03, paired t-test) suggesting clus-
tering of variants. hnRNPH2, hnRNPK, hnRNPR, and
hnRNPULI1 independently have significantly more clus-
tering of missense variants than controls (p <0.05 for
hnRNPK and hnRNPULIL, p<0.01 for hnRNPH2 and
hnRNPR). Thus, for multiple hnRNPs, clustering of mis-
sense variants likely contributes to pathogenicity, poten-
tially impacting particular protein domains. Notably, this
clustering was more significant among particular pheno-
types, including ASD (p=0.005, HNRNPR alone p =
0.007). In hnRNPH2, missense variants cluster signifi-
cantly among probands with growth delay (p=0.01),

motor delay (p =0.001), speech delay (p = 0.006), micro-
cephaly (p =0.01), hypotonia (0.003), seizures (p = 0.01),
and cardiac abnormalities (p =0.02) compared to con-
trols. Cardiac abnormalities also have a clustering of
missense variants among HNRNPK probands (p = 0.004).
Variants cluster among probands with hypospadias, joint
hypermobility, and scoliosis among HNRNPHI probands
(p =0.04 for each). In addition to ASD, variants in pro-
bands with speech delay or microcephaly and HNRNPR
variants are clustered (p =0.005 and p = 0.001, respect-
ively). We also applied MetaDome to identify such do-
mains and as another predictor of pathogenicity. There
was no significant difference between variants in known
domains and unknown domains. Other than the M9 nu-
clear localization signal, there was clustering of missense
variants in the RNA-binding domain of hnRNPH2. In
hnRNPK, 70% of missense variants (z =7/10) cluster in
the KH domains, which are important in RNA binding
and recognition. Almost half (42.9%, n = 3/7) of missense
variants in SYNCRIP cluster in its RNA recognition
motif while de novo missense mutations in hnRNPU
cluster in the SPRY domain and AAA domain (7 =3/16
each). Twenty-five percent (2/8) of missense variants in
hnRNPULL occur in the SAP domain, important for
RNA and DNA binding. Thus, RNA recognition and
binding are likely responsible for many of the missense
variants observed in the hnRNPs.

HNRNP brain expression analyses

In order to understand the pathogenesis of variation in
HNRNPs, we explored the expression of the genes in
both adult tissues and the developing human cerebral
cortex [84]. GTEx analysis of adult tissues shows that
the HNRNPs as a whole (n = 33) are expressed across all
brain regions, as well as ubiquitously across tissues, with
the exception of HNRNPCLI, RALYL (HNRNPCL3),
HNRNPCL4, and RBMXL2, which broadly show low
levels of expression (Fig. 6a and Additional File 2: Figs.
S3C,D). Significant changes in expression are seen based
on individual genes and by tissue type (p <0.0001 for
both by two-way ANOVA), with highest expression
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levels in the brain seen typically in the cerebellum. Be-
tween NDD and non-NDD HNRNDPs, no significant dif-
ferences are observed (Additional File 2: Fig. S3). The
general high expression of these genes may contribute to
phenotypes observed.

scRNA sequencing from the developing cortex con-
firms widespread expression across brain cells, especially
neuronal and neuronal progenitor cell types, suggesting
that these genes could play a role in neuronal differenti-
ation (Fig. 5b and Additional File 2: Figs. S4C,D) [84].
We find that HNRNP expression is enriched among ra-
dial glia, which act as neural stem cells, but decreased
among immature inhibitory and excitatory neurons, al-
though it does vary by HNRNP (p <0.05 to p <0.0001,
Wilcoxon ranked sum test, Bonferroni correction; Fig. 6a
and Additional File 2: S3C, Additional File 1: Table S4).
While significant differences are seen by two-way
ANOVA between individual HNRNPs, particularly for
PCBPI (HNRNPI) and HNRNPCL3/RALYL, no signifi-
cant differences are observed between all NDD and non-
NDD HNRNPs (Additional File 2: Figs. S3A,B, Add-
itional File 1: Table S5). It is plausible that there are dif-
ferences between NDD and non-NDD HNRNP
expression that contribute to the development of NDD
phenotypes when perturbed.

Specifically, NDD HNRNPs are consistently signifi-
cantly enriched among dividing radial glia in G2/M
phase (all but HNRNPHI; p<0.05 to p<0.0001, Wil-
coxon ranked sum test, Bonferroni correction), dividing
radial glial cells during S phase (HNRNPK, HNRNPULI,
HNRNPH3, HNRNPF, HNRNPH2, HNRNPR, HNRN
PAB, and HNRNPD; p<0.05 to p<0.0001, Wilcoxon
ranked sum test, Bonferroni correction), and in the med-
ial ganglionic eminences (MGE), which give rise to
major populations of inhibitory neurons of the cortex
(HNRNPUL2, HNRNPULI, HNRNPU, HNRNPHS3,
HNRNPF, HNRNPH1, HNRNPR, and HNRNPD, p < 0.05
to p<0.0001, Wilcoxon ranked sum test, Bonferroni
correction), while depleted in newborn neurons in the
MGE (HNRNPULI, HNRNPH3, HNRNPF, HNRNPH?2,
HNRNPHI, HNRNPR, SYNCRIP, and HNRNPD; p < 0.05
to p<0.0001, Wilcoxon ranked sum test, Bonferroni
correction) and newborn excitatory neurons (HNRNPK,
HNRNPULI1, HNRNPF, HNRNPHI, HNRNPR, HNRN
PAB, and HNRNPD; p<0.05 to p<0.0001, Wilcoxon
ranked sum test, Bonferroni correction). Among individ-
ual NDD HNRNPs, no significant differences are ob-
served by two-way ANOVA for the contribution of each
gene, highlighting their shared expression.

Hierarchical clustering shows that gene expression in
the developing cortex is highly correlated among specific
HNRNPs. Strong positive correlations are seen between
HNRNPD and HNRNPH3 (Pearson’s R=0.87, p=19e
-15), HNRNPU (Pearson’s R =0.86, p =3e-15), HNRN
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PR (Pearson’s R=0.83, p =1.4e-13), and HNRNPK ex-
pression patterns (Pearson’s R = 0.8, p = 6.1e-12), HNRN
PR and HNRNPK expression patterns (Pearson’s R =
0.83, p=2.7e-08), HNRNPULI and HNRNPH3 expres-
sion patterns (Pearson’s R = 0.82, p = 9.5e-13), HNRNPU
and HNRNPH3 expression patterns (Pearson’s R =0.83,
p=4e-13), and HNRNPH3 and HNRNPR (Pearson’s
R =0.83, p=4.1e-13) and SYNCRIP expression patterns
(Pearson’s R=0.83, p=1.8e-13). While there are posi-
tive correlations between almost all NDD HNRNP gene
expression patterns, the differences in expression along
with protein homology likely play a role in the pheno-
types observed.

Finally, we assessed the NDD HNRNP expression
among specific brain regions during development
(Fig. 5d). Expression is enriched in the striatum in early
fetal development (p=0.002, Fisher's exact test,
Benjamini-Hochberg correction) and the amygdala (p =
2.6e-4, Fisher’s exact test, Benjamini-Hochberg correc-
tion) during early-mid fetal development. HNRNPK,
HNRNPR, SYNCRIP, HNRNPF, and HNRNPU are
expressed in the striatum while HNRNPH1, HNRNPAB,
HNRNPUL1, HNRNPH3, and HNRNPU are expressed in
the amygdala. Expression among the striatum and amyg-
dala is likely impacted by variation in these genes, con-
tributing to probands’ phenotypes.

Phenotypic assessment of probands with HNRNP variation
The pathogenesis of variation in the HNRNPs, and most
genes in NDDs, has previously been discussed as inde-
pendent syndromes, as opposed to a spectrum of related
syndromes. While there are distinctions between the 12
HNRNPs and their related phenotypes, there is also con-
siderable overlap, which is expected due to the known
shared targets and functionality of hnRNPs [88]. Here,
we examine the phenotypic similarities and differences
among probands with variation in NDD HNRNPs (Fig. 7
and Additional File 2: Figs. S4 and S5, Additional File 1:
Table S7).

Our findings support the five reported disorders asso-
ciated with HNRNPs—Au-Kline syndrome (AKS,
HNRNPK), Bain-type ID (HNRNPH2), HNRNPHI-re-
lated syndromic ID, HNRNPR-related syndrome, and
HNRNPU-related disorder—and we propose seven new
disorders [12-18, 21-23, 25-27, 30].

Phenotypic comparisons and description

Overall, the phenotypes across the HNRNP-related disor-
ders are significantly highly correlated (p >0.05 for all
pairs of HNRNPs except for HNRNPF likely due to small
sample size; Fig. 7a). These correlations are observed
when considering mutation type as well (Additional File 2:
Fig. S4), which is more critical for missense variation as
phenotypes could be due to a variety of molecular
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changes. Furthermore, this correlation is in line with the
degree of protein homology, with those being more simi-
lar at a protein level also being more alike at the pheno-
typic level (Fig. 7b). We caution that ascertainment bias
likely contributes to some of this, as the majority of our
cohorts have DD/ID and/or ASD, and the availability of
phenotypic information varies by gene and clinical refer-
ring center.

Neurobehavioral phenotypes have the most overlap
among HNRNP genetic disorders (Fig. 7c, d, Additional
File 1: Table S7). As expected, the most common pheno-
type among probands in our cohort is DD/ID (88.9%, n =
192/216, 12/12 disorders). DD/ID varies among disorders,
with diagnoses ranging from 44.4 to 100% of probands
but occurs at similar rates among LGD and missense pro-
bands (Additional File 2: Fig. S5). Delayed speech and lan-
guage development (57.9%, n=114/197, 11/12 disorders)
is common among all HNRNP genetic disorders except
HNRNPF-related disorder, again with similar frequency
among both mutation types. Probands with Bain-type ID
(HNRNPH?2) tend to have regression more often than
other HNRNP-related disorders (34.8%, n = 8/23). Seizures
are reported in 45.6% of probands (n =98/215, 10/12 dis-
orders) with variation in HNRNPs, primarily driven by
probands with HNRNPU-related disorder (83.1%, n =69/
83), who also have a significantly higher prevalence of sei-
zures compared to other HNRNP-related disorders (p =
0.009 compared to HNRNPD probands, p =0.009 com-
pared to HNRNPH?2 probands, p = 1.89e-10 compared to
HNRNPK probands, p = 0.002 compared to SYNCRIP pro-
bands; Fig. 7d, Additional File 1: Table S8). Seizures over-
all are more common among LGD probands, but only
with the inclusion of HNRNPU and HNRNPR probands
(OR =2.7,95% CI 1.5-5.2, Fisher’s exact test).

A range of brain imaging abnormalities are observed
among 37% (1 =70/189) of probands, with abnormalities
of the corpus callosum (particularly for HNRNPR pro-
bands) and cerebellar vermis hypoplasia (particularly
among HNRNPHI, HNRNPH?2, and HNRNPR probands,
although not significantly) being most common. Behav-
joral diagnoses, including ASD (35.6%, n = 73/205, 10/12
disorders), ADHD (8.7%, n=17/195, 6/12 disorders),
among others, are shared across disorders. While not
significantly different, ASD is more common among
probands with variation in HNRNPD (46.2%, n=6/13),
HNRNPF (100%, n = 3), HNRNPR (44.4%, n = 4/9), SYNC
RIP (57.7%, n = 15/26), and HNRNPUL?2 (66.7%, n = 4/6),
while ADHD is prevalent among HNRNPR probands
(44.4%, n=4/9) and aggression is common among
HNRNPD probands (33.3%, n =4/12). HNRNPU-related
disorder probands with LGD variants also exhibit stereo-
typy (21.7%, n =15/69, mostly recurrent hand flapping),
as do HNRNPR-related disorder probands (33.3%, n =3/
9). Abnormal movements (22.2%, n=44/198) are
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reported in a subset of HNRNP genetic disorders, in-
cluding abnormal gait among probands with SYNCRIP-
related disorder (20%, n=5/25), dystonia for probands
with HNRNPD-related disorder (25%, n=3/12), and
poor gross motor coordination among probands with
HNRNPUL2-related disorder (33.3%, n = 2/6).

Physical abnormalities appear to be specific to certain
disorders. The exception to this are abnormalities of the
hands and feet (36.7%, n=73/199, 9/12 disorders), in-
cluding small hands and feet, abnormalities of palmar
creases, clinodactyly and brachydactyly (the latter two
prevalent among probands with HNRNPR-related syn-
drome, 77.8%, n="7/9 and 44.4%, n =4/9, respectively,
clinodactyly significantly more prevalent among HNRN
PR probands compared to SYNCRIP [p=0.02] and
HNRNPU probands [p =0.0004]), among others with
less consistency. A subset of probands have growth delay
(30.5%, n =61/200), particularly probands with variation
in HNRNPHI (62.5%, n=5/8), HNRNPH2 (47.8%, n =
11/23), HNRNPR (90%, n =9/10, significantly more so
than HNRNPK probands [p=0.03]), and HNRNPUL2
(50%, n=3/6). Muscular abnormalities are common
(46.1%, n=89/193), with hypotonia (44%) occurring
more often than hypertonia (6.2%). Hypertonia is rela-
tively specific to HNRNPUL1 variation (22.2%, n =2/9).
Of eye abnormalities (41.2%, n =82/199), strabismus is
the most common, observed frequently in HNRNPAB-
related disorder (66.7%, n = 2/3), HNRNPH1-related syn-
dromic ID (62.5%, n=5/8), and HNRNPR-related syn-
drome (55.6%, n =5/9). Hearing impairment is observed
primarily among probands with HNRNPH3 variation
(66.7%, n=2/3), although with only three probands its’
unclear if this is characteristic of a majority of HNRN
PH3 variants. Skeletal morphological abnormalities (29.9%,
n="59/197) are primarily observed among probands with
AKS (HNRNPK, 63%, n =17/27 and HNRNPR-related syn-
drome (70%, n=7/10). The most common among these
probands are abnormalities of curvature of the vertebral
column, including scoliosis and kyphosis (HNRNPK: 39.1%,
n=9/23; HNRNPR: 33.3%, n=3/9). Skeletal physiological
abnormalities, including joint hyper-extensibility or laxity,
only occur in 27.6% (n =43/190) of probands over all, but
are particularly common among probands with HNRNPD-
related disorder (20%, n =2/10), HNRNPH]I-related syn-
dromic ID (50%, n=4/8), Bain-type ID (39.1%, n =9/23),
AKS (27.6%, n =8/29), and SYNCRIP-related disorder
(26.1%, n = 6/23). Cardiac abnormalities are another known
AKS phenotype, occurring in half (50%, n = 15/30) of pro-
bands with AKS, but only 19.4% (n = 38/196) of all HNRNP
genetic disorder probands [13]. Genitourinary abnormal-
ities (21.5%, n=43/200) are a known AKS phenotype
(63.3%, n=19/30) and occur significantly more often
among probands with AKS (p=0.02 compared to Bain-
type ID, p=0.0001 compared to HNRNPU-related
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disorder). The most common genitourinary phenotypes ob-
served in AKS are vesicoureteral reflux (26.7%, n = 8/30)
and hydronephrosis (16.7%, n = 5/30). Enuresis is specific to
HNRNPD-related disorder (23.1%, n =3/13), while hypo-
spadias is mostly specific to HNRNPHI-related syndromic
ID (40% of missense variants, 7 = 2/5).

Dysmorphic facies (56.8%, n =113/199) tend to not be
consistent, although a few are seen among multiple dis-
orders, including ear abnormalities (AKS, HNRNPR-re-
lated syndrome, HNRNPD-related disorder, and HNRN
PlU-related disorders), small nasal alae (HNRNPHI-re-
lated syndromic ID and AKS), microcephaly (AKS,
HNRNPH -related disorder, HNRNPR-related syndrome,
and HNRNPU-related disorder), and round faces (HNRN
PD-related disorder, Bain-type ID, and HNRNPR-related
syndrome) (Additional File 1: Table S7). HNRNPD-re-
lated disorder most consistently results in a round face
(23.1%, n=3/13) and large ears (25%, n=3/12). HNRN
PH]-related syndromic ID probands tend of have hypo-
plastic alae (25%, n = 2/8). Bain-type ID probands tend to
have abnormal palpebral fissures (22.7%, n =5/22), con-
sistent with the almond-shaped eyes previously reported
for this syndrome. AKS dysmorphic features have been
previously described and also consist of cleft palate (31%,
1 =9/29), downturned corners of the mouth (20.7%, n = 6/
29), an open bite (20.7%, n=6/29), teeth abnormalities
(17.2%, n = 5/29), a wide nasal bridge (31%, n = 9/29), shal-
low orbits/prominent eyes (20%, n = 6/30 each), long pal-
pebral fissures (41.4%, n=11/26), ptosis (30%, n =9/30),
abnormal eyebrows (20.7%, n=6/29), metopic ridging
(24.1%, n=7/29), and abnormal nipples (20%, n =6/30),
all of which are more prevalent among probands with
LGD variants [13]. HNRNPR probands have a large range
of facies as well, including micro/retrognathia (50%, n = 4/
8), teeth abnormalities (50%, 7 =4/8), anteverted nares
(37.5%, n =3/8), a low hanging columella (25%, n =2/8), a
narrow forehead (37.5%, n = 3/8), up-slanted palpebral fis-
sures (37.5%, n=3/8), unusual hair (37.5%, n=23/8), a
broad and short neck (22.2%, n = 2/9), and brachycephaly
(22.2%, n=2/9).

Other HNRNP genes

In addition to HNRNPs with multiple cases of disruptive
DNVs, we identified seven with less than three cases:
HNRNPAO (n=2, missense), HNRNPAI (n=1, mis-
sense), HNRNPA3 (1 = 1, missense), HNRNPA2BI (n =2,
LGD), HNRNPC (n=2, 1 LGD and 1 missense), HNRN
PLL (n=1, missense), and PTBP2 (n=1, missense)
(Additional File 1: Table S10). Four of these seven
(HNRNPAO, HNRNPA3, HNRNPAI, and HNRNPA2BI)
are in a group closely related to an NDD hnRNP group
(group 2; Fig. 1), suggesting that they may be implicated
in NDDs, but mutations occur much less frequently.
These were not included in the de novo or phenotypic
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statistical analyses but may be of importance for future
screening of patients for candidate NDD-related genes.

Comparison to similar disorders

It is plausible that similarities observed between
HNRNP-related disorders may be due to ascertainment
and that our HNRNP-related disorders may actually have
more similarities to other known genetic disorders. To
address this, we compared each disorder’s characteristic
features to those of known NDDs (Fig. 7). HPO terms
that occur in 20% or more probands were entered into
the PhenPathTOOL and genes sharing the most HPO
terms were compared to the expression of the HNRNP
(Additional File 1: Table S12) [86]. HPO terms are
shared with SLC6A8 (cerebral creatine deficiency syn-
drome 1), CREBBP (Rubenstein-Taybi syndrome),
MECP2 (Rett syndrome, mental retardation, X-linked
syndromic, Lubs type), KANSL1 (Koolen-de Vries syn-
drome), RAI1 (Smith-Magenis syndrome), PTEN, SNRP
N, MAP 2K2, FGFR3, KMT2A, MEDI2, NDN, and
NAAI0. Notably, AKS has been suggested to be similar
to Kabuki syndrome, although they do not share the
most HPO terms. Additionally, methylation analyses
have shown that these disorders have distinct profiles,
suggesting that their shared clinical features are likely
not simply due to shared genetic causes (Au et al,
ASHG poster 3117). The number of genes with similar
phenotypes that overlap between the HNRNPs highlights
their shared phenotypic spectra. While there are similar-
ities with other NDDs, correlation of HPO terms present
for each disorder is higher among the HNRNP-related
disorders, suggesting they may have shared molecular
pathogenesis (p = 0.0013, paired ¢-test, Fig. 8a).

We assessed if shared gene expression is seen among
similarly presenting disorders in developing cortical tis-
sues (Fig. 8b, Additional File 2: Fig. S6). While there is a
positive correlation (Pearson’s R > 0.5) among almost all
genes in our analyses, correlations between genes with
shared HPO terms are lower than those among the
HNRNPs (Fig. 7c). This suggests that, while there are
some shared expression patterns that are likely involved
in neurodevelopment broadly, the HNRNP-related gen-
etic disorders are indeed a unique family based on gene
expression.

Discussion

The goal of this study was to investigate genotype—
phenotype correlations in the context of a molecularly
related gene family. We selected the HNRNPs because
they have been implicated in NDDs due to rare missense
and LGD variation, as well as neurodegenerative disease
and cancers primarily through changes in function, ex-
pression, and/or localization (Table 1) [8, 9, 12-14, 18,
20-23, 25, 27, 28, 89-103]. In addition, HNRNPs are
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Fig. 8 Relationship of HNRNP-related disorders to each other and to similarly presenting disorders. a Comparison of average number of HPO
terms shared within HNRNPs versus with other similarly presenting disorders, as determined by PhenPath. The HNRNP-related disorders present
more similarly to each other than other NDDs. HPO terms are in Table S12. b Heatmap showing fold change of expression of each NDD HNRNP
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¥ < 0.001, ***p < 0.0001. d Comparison of expression Pearson’s R values within HNRNPs and compared to similarly presenting disorders. The
expression of the HNRNPs is more similar to each other than to other NDDs

candidates for haploinsufficiency for multiple contiguous
gene deletion syndromes resulting in NDDs (HNRNPK,
SYNCRIP, and HNRNPU, and likely HNRNPD and
HNRNPR). More recently, SNVs and indels in HNRNPU,
HNRNPK, HNRNPHI1/2, and HNRNPR have been re-
ported in probands with NDDs, and HNRNPU and
SYNCRIP show an excess of DNVs in individuals with
NDDs from recent large-scale sequencing studies [11—
18, 20-23, 25-27, 35-39, 41, 58, 60, 104—106]. Thus, we
hypothesized that there are (1) similar phenotypic (clin-
ical and molecular) spectra across these disorders due to

shared structure and function and (2) additional
HNRNP-related disorders yet to be observed.

From our analyses, we identified 12 HNRNPs as par-
ticularly relevant to NDDs, which we term NDD
HNRNPs: HNRNPAB, HNRNPD, HNRNPF, HNRNPH 1,
HNRNPH?2, HNRNPH3, HNRNPK, HNRNPR, SYNCRIP,
HNRNPU, HNRNPULI, and HNRNPUL?2. Multiple lines
of evidence, including protein homology, expression ana-
lysis, and mutation intolerance, indicate that genes/pro-
teins within this group are more molecularly related and
more sensitive to variation than the other HNRNP family
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members. In addition to the five HNRNPs previously im-
plicated in NDDs, we report seven new HNRNPs as can-
didates for emerging disorders and have integrated and
compared their phenotypic features (Fig. 7, Additional
File 1: Tables S7) [19, 38, 66, 104].

From over 80,000 individuals, we identify 225 pro-
bands (115 novel) with likely pathogenic SNVs and
indels among the NDD HNRNPs—almost all of which
with known inheritance are de novo (Table 2, Fig. 5).
This study, thus, increases the sample size for de novo
analyses by almost eightfold when compared to previous
surveys, identifying a third gene family member, HNRN
PD, that achieves nominal significance for an excess of
de novo LGD or missense mutations in comparison to
chimpanzee— and macaque—human mutation models
(Fig. 4a). With a larger sample size, we predict that most
of these NDD HNRNPs will ultimately become signifi-
cantly associated with an excess of DNVs. Due to the
limitations of these models and modes of ascertainment,
many variants were not considered in de novo analyses
(n=147/225 not in analyses); therefore, we are under-
estimating the significance of variation in these genes.
Overall, in large cohorts evolutionary mutational model-
ing provides a valuable resource for gene discovery and
statistical support for NDD genes but still may miss rare
disorders that are observed in the clinic. Additionally,
we identified multiple disorders (HNRNPF-, HNRNPH3-,
HNRNPULI-, and HNRNPUL2-related disorders) that
were not identified in the clinic or by previous statistical
analyses, but by comparison to known NDDs. This high-
lights the need for intersection between statistical mod-
eling, clinical identification, and novel approaches to
identifying NDD candidate genes to uncover the rarest
of disorders.

Our results support emerging syndromes associated
with seven genes and expand upon known HNRNP-re-
lated disorders [10, 19, 38, 66, 104]. We are able to ex-
plain some of the phenotypic similarities and differences
based on protein homology, gene expression—which is
highly correlated among almost all HNRNPs—and
known shared function. At cell type resolution, NDD
HNRNP expression is most strongly enriched among
progenitor populations of the human cerebral cortex
and MGE, including mitotic radial glia, and their expres-
sion is depleted in both early-born excitatory neurons
and newborn MGE neurons (Fig. 6b, Additional File 2:
S3A,B). Radial glia, one of the earliest cells found in
brain development, act as neural stem cells of the cere-
bral cortex and are important in the differentiation and
migration of many neuronal cell types. Enriched expres-
sion of NDD HNRNPs in actively dividing radial glia
suggests a possibility that disruption of hnRNPs may
lead to aberrant neuronal development. Disruption of ra-
dial glia can happen at many steps in early development,
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including changes in proliferation leading to differing
number of neurons, changes in scaffolding leading to
impaired neuronal migration, and subtler defects in
neurite extension, synaptogenesis, and neuronal con-
nectivity [107-109]. These types of changes have been
detected in ASD, DD/ID, epilepsy, and schizophrenia.
Interestingly, some NDD hnRNPs have already been im-
plicated in cell division through cancer studies, including
hnRNPD, hnRNPK, SYNCRIP, and hnRNPU [110-114].
Thus, it is plausible that altered cell division, differenti-
ation, and neuronal migration may be playing a role in
the pathogenesis of HNRNP variation. At a brain region
level, we see enrichment in the early fetal striatum and
the early-mid fetal amygdala, both of which have been
implicated in NDDs [1, 115-117]. At the adult tissue
level, it is clear that HNRNPK has the highest and most
ubiquitous expression, which may account for some of
the more physical phenotypes observed in probands with
AKS. hnRNPR is also known to regulate HOX genes,
which likely plays a role in the physical manifestations
seen in HNRNPR-related disorder, and dysregulation of
HOX genes may be important to other HNRNP-related
disorders as well [18]. Overall, we observe that missense
variants cluster for all hnRNPs more so among probands
than controls, and especially for hnRNPH2, hnRNPK,
hnRNPR, and hnRNPULI], and that particular protein
domains appear to be impacted, including RNA- and
DNA-binding domains.

Consistent with our ascertainment, DD/ID are the
most prevalently shared features among all probands
with HNRNP-related disorders, which may be due to as-
certainment bias (Fig. 7). Over half have speech delay
and over 40% have seizures and/or hypotonia, while over
one third each have structural brain abnormalities or
ASD. Structural brain abnormalities include abnormal-
ities of the corpus callosum, cerebellar vermis hypopla-
sia, and dysmorphic ventricles, which may be explained
by the high radial glia expression of HNRNPs. Most have
some dysmorphic features, and several have a range of
physical abnormalities impacting the cardiac, skeletal,
and genitourinary systems, although generally these are
inconsistent, except for AKS and HNRNPR-related syn-
drome, which have been previously described (Add-
itional File 1: Table S7) [13, 18].

While there is subjectively a pattern of phenotypes, we
also observe a strong correlation between almost all of
the HNRNP-related disorders, as hypothesized given
they have similar molecular structure and function and
shared gene expression (Fig. 7a). Notably, we observe
that phenotypic correlations follow a similar pattern to
those of protein homology, suggesting that more similar
proteins molecularly do have more similar consequences
when disrupted (Fig. 7b). HNRNPF-related disorder has
the weakest correlations, although this is likely due to
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(1) lower sample size (n = 3) with limited phenotypic in-
formation and (2) a potential association with autism
without intellectual disability (n=1/2 with ASD and no
DD/ID) [34]. There are similar patterns in correlations
based on LGD and severe missense variation, highlight-
ing the shared impacts of the two types of variants on
each gene (Additional File 2: Fig. S4). While we have far
fewer probands with missense variation, they typically
have a less severe phenotype, and their pathogenic sig-
nificance remains to be determined given the small sam-
ple size.

Overall, our phenotypic analyses of the previously re-
ported HNRNPU-related disorder, AKS, Bain-type ID,
HNRNPH]-related syndromic ID, and HNRNPR-related
syndrome are consistent with what has been published
[12, 13, 18, 20-23, 25-27, 60]. We generally find that
the phenotypic spectrum of newly recruited patients
matches what has previously been reported for LGD
mutations, although the phenotypic consequences of
missense variation are less well established. Only a few
differences were observed. One is that our data do not
support the previous suggestion that probands with
HNRNPU-related disorder have renal and cardiac abnor-
malities, or these phenotypes have much lower pene-
trance. Another is that ASD has a higher prevalence
than previously reported for AKS, particularly for mis-
sense variants. We also provide evidence phenotypically
and based on gene expression that HNRNPHI-related
syndromic ID and Bain-type ID (HNRNPH?2) are indeed
independent disorders, which has been under debate.
Also supporting this are the variant types, which cluster
in the M9 nuclear targeting region of hnRNPH2, likely
impacting its localization and global translation based on
in vitro work, but are seen across the entirety of
hnRNPH1 [118, 119].

We report seven novel disorders: SYNCRIP-, HNRN
PD-, HNRNPUL1-, HNRNPUL2-, HNRNPAB-, HNRN
PF-, and HNRNPAB-related disorders. Both SYNCRIP
and HNRNPD have been NDD candidates due to being
in the critical region of genomic disorders (Table 3).
SYNCRIP, having high protein homology to hnRNPR,
has also been observed to have recurrent de novo LGD
variants in large NDD sequencing studies [39, 69, 74].
Indeed, we see support of this both phenotypically and
statistically, with SYNCRIP LGD variants reaching
exome-wide significance by the CH model (Fig. 5). We
propose that SYNCRIP-related disorder primarily mani-
fests as DD/ID, ASD, ADHD, hypotonia, speech delay,
and structural brain abnormalities (including abnormal/
dysmorphic ventricles, abnormalities of the corpus callo-
sum, and Chiari malformations), with some probands
having abnormal gait or ataxia, hyper-extensible joints,
and hand and feet abnormalities (Additional File 1:
Table S7). Many SYNCRIP RNA and protein interactors
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are critical in neuronal RNA and membrane trafficking,
synaptic plasticity, axonogenesis, neuronal morphology,
and dendritic translation [120-125].

Probands with HNRNPD-related syndrome show a
high prevalence of DD/ID, speech delay, and ASD and/
or other behavioral phenotypes (Additional File 1: Table
S7) [55]. These probands also have consistent facial fea-
tures of a round face, epicanthus, and large ears. Other
emotional disturbances are also noted, including aggres-
sion, intermittent explosive disorder, and depression. It
has been suggested that the gene may play a role in the
development of enkephalinergic neurons, known to be
important in neurodevelopment, particularly for emo-
tional responses and ASD, which aligns with more emo-
tional disturbances in HNRND probands [126, 127].
HNRNPD expression is also altered following NMDA re-
ceptor stimulation, which may impact the wide range of
intracellular cascades, including those involved in cell
survival, differentiation, and neuroplasticity.

hnRNPUL1 and hnRNPUL2 have high protein hom-
ology to hnRNPU, although they appear to have milder
phenotypes when disrupted. HNRNPULI-related dis-
order consists of DD/ID, although about half as often as
with HNRNPU variation, short stature, motor and
speech delay, structural brain, skeletal, and cardiac ab-
normalities, abnormal gait, ASD, failure to thrive, and
hypertonia (Additional File 1: Table S7). Previously, it
was suggested that missense variation in HNRNPULI
contributes to “high-functioning” autism, meaning an
autism diagnosis and IQ in the normal range, which our
data support [34]. Missense variants cluster significantly
among probands compared to controls, although not in
a clear protein domain, suggesting that disruption within
that part of the protein may be responsible for some
phenotypes (Fig. 4). Probands with HNRNPUL2-related
disorder exhibit DD/ID, ASD, and motor and speech
delay. HNRNPUL?2 gene expression has also been shown
to be significantly decreased in the blood of first episode
psychosis patients, suggesting a neuronal functional role
and that we may have under-ascertained individuals with
neuropsychiatric phenotypes [128]. Although understud-
ied, both HNRNPUL1 and HNRNPUL?2 are known to be
critical in the DNA damage response, which has been
associated with neurodevelopment [129-132].

Three of our novel disorders only have three probands
each: HNRNPAB-, HNRNPF-, and HNRNPH3-related
disorders, making it difficult to draw conclusions. For
probands with HNRNPAB variants, DD/ID is common,
as are delayed speech and language, ASD, hypotonia,
and strabismus. Little is known about hnRNPAB outside
of cancer, but it has been shown to regulate expression
of neurodevelopmental genes and those involved in glu-
tamate signaling, as well as neural cell motility [133,
134]. Probands with HNRNPH3-related disorder have a
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high prevalence of DD/ID, like the other HNRNPH dis-
orders, although they manifest characteristic hearing loss
as well. However, the gene expression is shared with
both other HNRNPH genes, suggesting that their shared
phenotypes may have similar molecular causes and that
additional probands may reveal a stronger phenotypic
relationship. hnRNPF is highly homologous to
hnRNPH1/2/3 (Fig. 2, group 7), and like those genes, we
identified only reports of severe missense variation. Thus,
HNRNPF-related disorder may have more molecular simi-
larities to HNRNPH-related disorders, although with only
three probands this is difficult to conclude. All probands
have ASD, and half have DD/ID, suggesting that autism
with a normal IQ may be an associated phenotype as pre-
viously suggested (Table S7) [34]. While little is known
about the specific function of hnRNPF, it is has been
shown to interact with other hnRNPH proteins and regu-
late neuronal-specific splicing, as well as myelin basic pro-
tein synthesis in oligodendrocytes [135, 136]. The lack of
LGD variants in our cohort as well as gnomAD for HNRN
PH2, HNRNPH3, and HNRNPF may suggest that loss-of-
function mutations are embryonic lethal.

As there are some shared features among NDDs over-
all, we wanted to ensure that the common phenotypes
and expression were specific among our HNRNP-related
disorders compared to similarly presenting disorders.
While several disorders share multiple HPO terms with
our HNRNP-related disorders, the HNRNP-related disor-
ders are more similar to each other than to other NDDs.
It is plausible that similarly presenting disorders share
disrupted gene regulation with the HNRNP-related dis-
orders, explaining some shared phenotypes. Based on
gene expression in the developing fetal cortex, the ex-
pression of the HNRNPs are more similar to each other
than similarly presenting disorders (Fig. 8c,d). Thus, we
conclude that, while of course there are many disorders
that may share phenotypes, the HNRNP-related disor-
ders are unique in their presentation and gene expres-
sion, as well as protein function, supporting a gene
family approach.

Our study highlights the value and challenge of inte-
grating data across multiple centers and the published
literature for a group of highly heterogeneous NDDs. A
strength is our large sample size of > 80,000 individuals,
pulling from published work, our own unpublished re-
sources, and international collaborations, but for rare
disorders this is still insufficient. As shown by our de
novo mutation analyses, the sample sizes used are not
high enough to detect evolutionary evidence that vari-
ation in many of these genes is pathogenic, but based on
clinical patterns, protein homology, and gene expression,
there is reason to conclude pathogenicity. Multiple
HNRNPs have been implicated in autism with normal
IQ and/or neuropsychiatric disorders that have little
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effect on 1Q, which are severely under-ascertained not
only in this study but across the board in NDD research.
Additionally, the average age of patients in our study is
10.5 years, suggesting that any phenotypes associated
with adults are likely missed. Thus, while much of our
data shows that there are not many significant differ-
ences among HNRNP-related disorders, this is likely not
the full story of these disorders. Much work is needed to
establish the molecular phenotypes to fully understand
the pathophysiology of these disorders, which will deter-
mine if there are shared pathways affected by these dis-
orders and inform potential treatment strategies.

Conclusions

In summary, the hnRNPs are a family of proteins that
have been shown repeatedly to impact neurological dis-
ease. Here, we establish both a statistical enrichment of
DNVs and phenotypic evidence that many of the
HNRNPs are involved in NDDs. The conservation,
shared expression, and phenotypic consequences clearly
support a subset of these as high likelihood candidates
of NDD when mutated. More work is necessary to
understand the molecular underpinnings of NDD-
related HNRNP variation, especially since compounds
utilized in diseases such as addiction and cancer are
available to target, both up- and downregulating, a sub-
set of hnRNPs [83, 137]. Future work may identify
hnRNP-targeting compounds and/or downstream-
targeting compounds that could prove to be efficacious
in modifying patient outcomes. With the shared func-
tion, localization, and binding targets of many of the
NDD hnRNPs, it is likely that one compound may bene-
fit probands with changes in related genes. Using the
hnRNPs as an example, we have provided an evidence-
based foundation supporting that, by identifying relevant
NDD gene families and distinguishing molecularly re-
lated subgroups, characterization of de novo mutated
genes among NDDs can be performed more effectively.
This facilitates improved diagnosis and prospective as-
sessment of NDDs as well as potential future develop-
ment of more impactful therapeutics, while also
providing information on neurodevelopment as a whole.
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