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ARTICLE

HNRNPC haploinsufficiency affects alternative
splicing of intellectual disability-associated genes
and causes a neurodevelopmental disorder
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Summary

Heterogeneous nuclear ribonucleoprotein C (HNRNPC) is an essential, ubiquitously abundant protein involved in mRNA processing.
Genetic variants in other members of the HNRNP family have been associated with neurodevelopmental disorders. Here, we describe
13 individuals with global developmental delay, intellectual disability, behavioral abnormalities, and subtle facial dysmorphology
with heterozygous HNRNPC germline variants. Five of them bear an identical in-frame deletion of nine amino acids in the extreme C
terminus. To study the effect of this recurrent variant as well as HNRNPC haploinsufficiency, we used induced pluripotent stem cells
(iPSCs) and fibroblasts obtained from affected individuals. While protein localization and oligomerization were unaffected by the recur-
rent C-terminal deletion variant, total HNRNPC levels were decreased. Previously, reduced HNRNPC levels have been associated with
changes in alternative splicing. Therefore, we performed a meta-analysis on published RNA-seq datasets of three different cell lines to
identify a ubiquitous HNRNPC-dependent signature of alternative spliced exons. The identified signature was not only confirmed in
fibroblasts obtained from an affected individual but also showed a significant enrichment for genes associated with intellectual
disability. Hence, we assessed the effect of decreased and increased levels of HNRNPC on neuronal arborization and neuronal migration
and found that either condition affects neuronal function. Taken together, our data indicate that HNRNPC haploinsufficiency affects
alternative splicing of multiple intellectual disability-associated genes and that the developing brain is sensitive to aberrant levels of
HNRNPC. Hence, our data strongly support the inclusion of HNRNPC to the family of HNRNP-related neurodevelopmental disorders.

Introduction of mRNA processing, making them key regulators of

gene expression.”” Six members of the HNRNP family
Heterogeneous nuclear ribonucleoprotein C (HNRNPC have previously been associated with neurodevelop-
[MIM: 164020]) encodes a member of the ubiquitous mental disorders (NDDs) (HNRNPHI [MIM: 601035],*
HNRNP family, consisting of 33 distinct RNA-binding pro- HNRNPH2 [MIM: 300610],° HNRNPK [MIM: 600712],°
teins.’ These proteins play diverse roles in various aspects HNRNPR [MIM: 607201],” HNRNPU [MIM: 602869],%"
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SYNCRIP/HNRNPQ [MIM: 616686]'°). Through an exten-
sive meta-analysis, an additional seven members of the
HNRNP family have recently been identified as candidate
genes for NDDs." All 13 HNRNP members are associated
with neurobehavioral phenotypes, encompassing intellec-
tual disability, developmental delay, behavioral issues, hy-
potonia, seizures, and structural brain abnormalities. In
most cases, variants in HNRNP with high pLI scores, indi-
cating low tolerability of loss-of-function variants, were
correlated with an NDD phenotype. This suggests a partic-
ularly crucial role for these HNRNP family proteins in neu-
rodevelopment.' Notably, two individuals with heterozy-
gous de novo HNRNPC variants (Ind9 and Ind13 in our
study) were previously identified in a meta-analysis of ge-
netic variants in developmental disorders'' and HNRNP-
associated developmental disorders." However, HNRNPC
did not meet the criteria to be included as an NDD-associ-
ated HNRNP gene at the time of publication, likely due to
the minimum requirement of three probands per candi-
date gene in this study.'

The HNRNP family members all contain one or more
RNA-binding domains, such as an RNA-recognition motif
(RRM) or a basic-leucine zipper (bZIP) motif,'*'* and all
are involved in various aspects of RNA processing.” Several
studies have shown that HNRNPC specifically plays an
important role in RNA splicing by facilitating alternative
exon usage.'*!'*'® Furthermore, HNRNPC functions as a
molecular ruler, aiding in the export of mRNA transcripts
longer than 700 nucleotides from the nucleus to the cyto-
plasm. Consequently, the loss of HNRNPC leads to the
accumulation of mRNA in the nucleus through the U
snRNA pathway.'” HNRNPC has also been implicated in
IRES-related translation, where its binding to poly U
stretches facilitates the assembly of the translational ma-
chinery. Notably, the translation of target proteins such
as MYC (alias c-myc),'® NR1H2 (alias Unr),'’ PDGFB (alias
c-sis),?’ and XIAP?! correlates with HNRNPC levels. Lastly,
the regulatory post-transcriptional process known as N6-
methyladenine (m6A) modification has been associated
with HNRNPC function,””** reporting HNRNPC as a
“reader” of m6A modification.

In this study, we describe a cohort of 13 individuals with
heterozygous germline variants in HNRNPC, including a
recurrent de novo in-frame deletion in five individuals
(GenBank: NC_000014.9:2.21211238_21211264del, equiv-
alent to c.850_876del [p.Arg284_Asp292del] for HNRNPC-
isol and ¢.889_915del [p.Arg297_Asp305del] for HNRNPC-
iso2), further referred to as HNRNPCP''. This report
delineates the molecular and phenotypic spectrum of a
HNRNPC-related neurodevelopmental disorder, character-
ized by global developmental delay, intellectual disability,
behavioral abnormalities, and subtle facial dysmorphic fea-
tures in most individuals. The molecular function of
HNRNPC was assessed in vitro, utilizing induced pluripotent
stem cells (iPSCs) and fibroblasts derived from affected indi-
viduals. The study focused on investigating RNA processing-
related functions such as alternative splicing. In addition,

the effect of altered HNRNPC levels on (murine) neuronal
function is assessed in vivo and in vitro. Taken together,
our data provide evidence that HNRNPC variants underlie
the neurodevelopmental phenotype in these individuals,
supporting the inclusion of HNRNPC in the family of
HNRNP-related neurodevelopmental disorders.

Material and methods

Ethics approval

The generation of iPSCs of Ind1 and control has been approved by
the Erasmus MC ethics commision (METC, NL60886.078.17). Ind8
was identified through participation in the Undiagnosed Diseases
Network Study, which was approved by the National Institutes of
Health Intramural Institutional Review Board. The remaining indi-
viduals with HNRNPC variants from this cohort were identified in a
diagnostic setting, except for Ind9 and Ind13 who had been previ-
ously reported in literature. Therefore, no additional ethics approval
was required for this retrospective study.''’

Consent

Consent was obtained regarding clinical information and details
of the HNRNPC variant for all individuals from this retrospective
cohort study. In addition, for Ind1 from this study additional con-
sent was obtained regarding the construction of iPSC lines. Con-
sent to participate and to publish pictures/clinical details was ob-
tained for all included individuals by their treating clinician.

Identification of Ind1 with HNRNPC variant via
whole-exome sequencing

Whole-exome sequencing (WES) was performed with Agilent
Sureselect Capture (Clinical Research Exome V2) and run on HiSeq
(101 bp paired-end, Illumina). Data were demultiplexed by the
Ilumina Software CASAVA.?* Reads were mapped to hg19 using
the program BWA.?® Variants were detected with the Genome
Analysis Toolkit (GATK).?® Variants were filtered with the Cartage-
nia software package (Agilent technologies) on quality (read
depth >10), minor allele frequency (>0.1% in 200 alleles in
dbSNP, ESP6500, the 1000 Genome project, GoNLor the ExAC
database), and location (within an exon or first/last 10 bp of in-
trons). Variants were further selected based on three inheritance
models (de novo autosomal dominant, autosomal recessive, and
X-linked recessive), and classified with Alamut Visual.

Cloning and lentiviral generation

shRNA constructs for knockdown

The shRNA expression plasmids targeting either human HNRNPC
or mouse Hnrnpc are cloned into the pLKO.1 backbone (Addgene,
8453). Ready-made plasmids were purchased from the shRNA
Mission Library (Sigma) via the Erasmus MC Biomics facility. Tar-
geting sequences of the shRNA can be found in Table S1.

Cloning HNRNPC-iso1, HNRNPC-iso2, and deletion constructs

As part of our routine pipeline for rapid screening of variants
of unknown significance in candidate ID genes (PRiSM, www.
functionalgenomics.nl/), we generated expression constructs for
HNRNPC-isol and HNRNPC-iso2.

HNRNPC-isol was amplified from human cDNA using Phusion
polymerase (New England Biolabs) with primer P3608 introducing
an Ascl site and Kozak sequence at the 5’ end of the gene and
primer P3600 introducing a Notl and a Pacl site at the 3’ end
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of the gene. The recurrent variant (c.889_915del [p.Arg297_
Asp305del]) was cloned using primers P3608 and P3601 intro-
ducing the 27 bp (9 aa) deletion at the 3’ end of HNRNPC-iso1l as
well as a Notl and a Pacl site. Both PCR fragments were cloned
into a TOPO backbone and their sequence verified (Macrogen). Us-
ing Ascl and Pacl restriction sites, HNRNPC-isol and HNRNPC-
iso1P"" were cloned into a dual expression vector’” which ex-
presses the gene of interest under the CAG promoter and tdTomato
under the PGK promoter. This vector lacking the gene of interest
was used as a negative control (empty vector).

HNRNPC-iso2 was generated by amplification of HNRNPC-iso1 or
HNRNPC-iso1°™ using Phusion polymerase with two sets of
primers, to enable insertion of the C2 domain. The 5’ end was
amplified using primer P1971 which hybridizes with the CAG pro-
moter of the HNRNPC-iso1 construct and primer P5549 introducing
the C2 domain and a silent mutation resulting in a BamHI site. The
3’ end of HNRNPC-isol or HNRNPC-iso1°®" was amplified using
primer P5550 introducing a silent mutation resulting in a BamHI
site and primer p5551 introducing a Notl and Pacl site. PCR-frag-
ments were digested with Ascl-BamHI and BamHI-Notl respectively
and cloned into the expression vector using Ascl and Not] restriction
sites. All purified plasmids (Midi plasmid kit, QIAGEN) were verified
by sequencing the gene of interest (Macrogen).

To obtain constructs without tdTomato, the HNRNPC variants
were cloned into a backbone with a CAG promoter but without
the PGK promoter and tdTomato using Ascl and Notl restriction
sites. A list of all primers can be found in Table S2 and a list of plas-
mids in Table S3.

Tagged HNRNPC constructs

N-terminal tags were cloned into the HNRNPC-isol and HNRNPC-
iso1PF constructs using the EcoRI and Ascl sites preceding the
HNRNPC start codon sequence. For the FLAG tag at the 5’ end of
HNRNPC, a start codon sequence followed by a 3xFLAG-tag
sequence and a Gly-Ala-Pro sequence were introduced. This was
achieved using dimerized primers P5288 and P5289, which had
EcoRI and Ascl sticky ends at the 5’ and 3’ end of the dimer, respec-
tively. For the HA-tag at the 5’ end of HNRNPC, a start codon fol-
lowed by the 3xHA-tag sequence with a Ser-Gly-Ala-Pro linker
sequence were generated using two dimerized primer sets, P5436
and P5437, which had a 5’ EcoRI overhang and a 3’ BsiWI restric-
tion site (BsiWI digested after dimerization), and P5438 and
P5439, which had a 5’ BsiWI overhang and 3’ Ascl overhang. For
the V5-tag at the 5’ end of HNRNPC, a start codon followed by a
V5-tag sequence and Ser-Gly-Ala-Pro sequence were accomplished
using dimerized primers P5440 and P5441, with EcoRI and Ascl
overhangs at the 5’ and 3’ ends of the dimer, respectively.

The eGFP fragment was amplified from a plasmid containing the
eGFP sequence using primer P5442, which introduced a EcoRI site
at the 3’ end, and primer P5443, which removed the original stop
codon sequence and introduced a Ser-Gly-Ala-Pro linker sequence
followed by an Ascl restriction site at the 5’ end. To generate the
HNRNPC-iso2 and HNRNPC-iso2”®" constructs, HNRNPC-isol
was replaced by HNRNPC-iso2 or HNRNPC-iso2P™ using the Ascl
and Notl restriction sites. All purified plasmids (Midi plasmid kit,
QIAGEN) were verified by sequencing of the gene of interest (Mac-
rogen). A list of all primers can be found in Table S2, and a list of
plasmids is provided in Table S3.

Lentivirus generation

Plasmids pMD2.G (Addgene, 12259) and psPAX2 (Addgene, 12260)
(both gifted by Didier Trono) were used to manufacture the sShRNA
containing lentiviruses. Lentiviruses were produced in HEK293-T
cells as previously described by Addgene (https://www.addgene.

org/protocols/lentivirus-production/). In brief, HEK293-T cells
were co-transfected with envelope plasmid (Addgene #12259), len-
tiviral packaging plasmid (Addgene #12260), and shRNA con-
structs. 72 h post-transfection the virus was harvested from the
cell culture medium, spun down in filter tubes (4,000 X g,
20 min; Millipore, #UFC910024), snap frozen, and stored at —80°C.

PRiSM screen

Mice

Female FvB/NHsD (Envigo) mice were crossed either with FvB/
NHsD males to perform primary neuronal culture experiments
or with C57BL6/] males (Charles River) for in utero electroporation
experiments. All animals were group housed in IVC cages
(Sealsafe 1145T, Tecniplast) and fed ad libitum with food pellets
(801727CRM(P) from Special Dietary Service) with ad libitum wa-
ter supply. Cages contained bedding material (Lignocel BK 8/15
from Rettenmayer) and were kept on a 12/12 h light/dark cycle
at 21°C (* 1°C) with humidity between 40% and 70%. All animal
experiments were approved by the Local Animal Experimentation
Ethical Committee, in accordance with Institutional Animal Care
and Use Committee guidelines.

In utero electroporation

IUE (in utero electroporation) was performed as previously
described.”® In brief, pyramidal layer 2/3 progenitor cells from
mouse embryos were electroporated at gestational age E14.5. The
construct of interest was co-electroporated with a tdTomato or
eGFP reporter plasmid to fluorescently label targeted cells. The
DNA constructs were diluted in fast green (0.05%) to a final concen-
tration of 2 png/pL and were subsequently injected into the lateral
ventricle with a glass pipette. Tweezer-type electrodes conducted
a 50 ms pulse/150 ms interpulse electrical square pulses of 45 V,
generated by a pulse generator (ECM 830, BTX Harvard Apparatus).
The positive pole targeted the developing somatosensory cortex
(SScx). Female and male pups were used for histological processing.
Primary hippocampal cultures

Primary hippocampal cultures were prepared from FvB/NHsD
wild-type mice as previously described.?’ In brief, murine hippo-
campi were isolated from E16.5 embryos and incubated in
pre-warmed trypsin/EDTA solution (Invitrogen) for tissue dissoci-
ation at 37°C for 20 min. Next, cells were resuspended in Neuro-
basal medium (Gibco, #21103-049) supplemented with 2% B27
(Gibco, #17504044), 1% penicillin/streptomycin (Gibco), and
1% GlutaMAX (Invitrogen). Finally, dissociated cells were plated
on poly-d-lysine (25 mg/mL, Sigma)-coated 15 mm glass cover-
slips at a density of 1 x 10° cells per coverslip. Primary cultures
were cultured at 37°C in 5% COs,.

Immunohistochemistry

Mice (P1 pups) were euthanized with an overdose of pentobarbital
and perfused transcardially with 4% paraformaldehyde (PFA).
Brain tissue was dehydrated in 10% sucrose overnight and
embedded in 12% gelatin and 30% sucrose (P1 pups) or 10% su-
crose (P7 pups) in 0.1 M Phosphate buffer (PB). Coronal sections
of 40 pm were cut with a freezing microtome (SM2000R; Leica Mi-
crosystems). DNA was stained by 4/,6-diamidino-2-phenylindole
solution (DAPI, 1:10,000, Invitrogen) for 10 min. Tissue slices
were mounted on 24 X 40 mm coverslips with Mowiol (Sigma-
Aldrich). Images were taken on a LSM700 Zeiss Confocal Laser
Scanning Microscope and analyzed using Fiji.

Transfection of primary hippocampal neurons

Primary murine neurons were transfected with a total of 1.8 pg
DNA per 12-well with Lipofectamine 2000 (Invitrogen, #11668-
019) according to manufacturer’s instructions.
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Neuronal morphology

For morphological analysis, primary murine neurons were trans-
fected at 1 or 7 days in vitro (DIV1, DIV7) and fixed in 4% PFA/
sucrose (10 min at room temperature [RT]) 3- or 5-day post-
transfection. Confocal images (LSM700xZeiss Confocal Laser
Scanning, 20X objective, 0.5 zoom, 1,024 x 1,024 pixels) of trans-
fected neurons were exported for further analysis in SynD, a pub-
lished MATLAB script.* Total neurite length and arborization
were measured and a Sholl analysis was performed.

Cell culture: iPSC

iPSC generation

Peripheral mononuclear blood cells (PMBCs) were extracted and
enriched from EDTA blood of Ind1 who bears the HNRNPCPE:
variant (GenBank: NC_000014.9:g.21211238_21211264del), as
well as an age- and gender-matched control subject. Consecu-
tively, the PBMCs were enriched for erythroid progenitors and
reprogrammed toward human induced pluripotent stem cells
(iPSCs) by the Erasmus MC IPS facility. In brief, the Yamanaka
transcription factors MYC (alias c-myc), KLF4, POUSF1 (alias
OCT4), and SOX2*' were transduced via the CytoTune-iP$ 2.0 Sen-
dai Reprogramming Kit according to manufacturer’s instructions
(Invitrogen A16517). Subsequently, single colonies were selected,
expanded, and cultured in complete StemFlex medium (Thermo
Fisher, A3349401) according to manufacturer’s instructions. iPSC
quality and pluripotency were assessed by karyotyping, qPCR of
pluripotency markers, immunocytochemistry, and differentiation
toward meso-, endo-, and ectoderm lineages with STEMdiff triline-
age differentiation kit (STEMCELL Technologies, 05230).
Confluent cultures were dissociated in 0.5 mM EDTA and passaged
to Geltrex (Thermo Fisher, A1413201)-coated culture plates.
Transfection

iPSCs were transfected in a suspension of DNA (1.6 ug DNA/1
million cells), Lipofectamine 2000 (2.5 uL; Invitrogen, #11668-
019) in Opti-MEM (Thermo Fisher, #31985062), as described
previously.*

Lentiviral transduction

iPSCs were transduced with shRNA constructs for 80 h to achieve
sufficient HNRNPC knockdown. Approximately 2.5 pL/mL viral
constructs were complemented with 10 pg/mL Polybrene (Milli-
pore, # TR-1003-G) for efficient transduction. Medium was re-
freshed 6 h post-transduction and every other day thereafter.

Cell culture: HEK293-T, U-2 OS

General culture

The HEK293-T (human embryonic kidney) and U-2 OS (osteoblas-
toma) cells were cultured at 37°C under 5% CO, in DMEM (Gibco,
#11965084) with GlutaMAX (Invitrogen, #31331093), supple-
mented with 10% fetal bovine serum (Capricorn scientific,
#CP18-2112) and 1% penicillin/streptomycin (Sigma, #P0781).
Medium was refreshed every 2-3 days and cells were passaged
at =90% confluence using Trypsin/EDTA (3 min). HEK293-T cells
were purchased from ATCC, U-2 OS cells were kindly gifted by
Mario van der Stelt (Molecular Physiology, Leiden University, orig-
inal source ATCC). Cells were regularly tested for mycoplasma
contamination. Cultures were discarded after 2-3 months of use.
Transfection

One day prior to transfection, cells were seeded at appropriate
density (£60% confluence). A 3:1 (m/m) mixture of polyethyle-
neimine (PEL; Polyscience Inc., #24765-1) and plasmid DNA
(1-1.5 pg/well in 12-well, 3 pg/well in 6-well, 10 pg/plate in

10 cm plates) was prepared in serum free DMEM (Gibco,
#11965084) and incubated for 15 min at room temperature. Trans-
fection was performed by dropwise addition of the PEI/DNA
mixture to the cells. Culture medium was refreshed 6 h post-trans-
fection and cells were fixed or harvested at 24-48 h post-transfec-
tion (as indicated in figure legends).

Immunocytochemistry
Cells were fixed on the glass coverslips with either PFA/sucrose
(4% PFA; 0.4% NaOH; 1.6% NaH,PO, Monobasic; 4% sucrose)
or 4% PFA. For mRNA localization studies, cells were subsequently
permeabilized with ice-cold methanol (10 min) and rehydrated in
70% ethanol (minimum 10 min). To detect poly(A)+ RNA, the
cells were incubated with 1 ng/uL 5'-Cy3-poly(dT)30 probe (IDT,
Integrated DNA Technologies) in hybridization buffer (25% form-
amide, 2x saline sodium citrate [SSC] buffer [0.3 M sodium chlo-
ride; 30 mM trisodium citrate; pH 7]; 1 mg/mL yeast tRNA, 10%
dextran sulfate, in DEPC H,0) (1 h, 37°C).

Primary antibody staining was performed O/N at 4°C or
2 h at room temperature (RT). The following primary anti-
bodies were used: rabbit-anti-HNRNPC antibody (1:1,000, Pro-
teintech, #11760-1-AP), rabbit-anti-HNRNPC antibody (for endo-
genous murine HNRNPC, 1:500, Thermo scientific, #PA5-22280),
guinea pig-anti-MAP2 antibody (1:750, OSynaptic Systems,
#188004), rat-anti-Tubulin (1:200, Thermo scientific, #MAI-
80017), and mouse-anti-KI-67 antibody (1:500, Millipore,
#MAB4190). Fluorescent secondary antibodies were used for detec-
tion (1:200, 1 h at RT): donkey-anti-mouse-Alexa488 (Jackson
ImmunoResearch, #715545150), donkey-anti-rabbit-Cy3 (Jackson
ImmunoResearch, #711-165-152, 1:200), donkey-anti-rabbit-488
(Jackson ImmunoResearch, #711-545-152, 1:200), donkey-anti-rab-
bit-Alexa647 (Jackson ImmunoResearch, #711-605-152, 1:200),
donkey-anti-guinea pig-647 (Jackson ImmunoResearch, #706-605-
148, 1:200), donkey-anti-rat-647 (Jackson ImmunoResearch, #712-
605-153, 1:200). DNA was stained by 4',6-diamidino-2-phenylin-
dole solution (DAPI, 1:10,000, 10 min) (Invitrogen). Coverslips
were mounted on glass slides with Mowiol (Sigma-Aldrich). Images
were taken on a LSM700 Zeiss Confocal Laser Scanning Microscope
and analyzed using Fiji.

Western blot

For protein analysis, cells were detached according to culture pro-
tocol and pelleted (1,000 X g, 3 min). Cell pellets were lysed by
sonication (30 s, probe sonicator) or in lysis buffer (50 mM Tris-
HCI [pH 7.6], 100 mM NaCl, 50 mM NaF, 1% Triton X-100).
Protein concentration was determined with a BCA assay (Thermo
Fisher Scientific, 23225). Samples were denatured in 0.1 M
DDT (Sigma, #D9779-5G) and 1x XT Sample buffer (Bio-Rad,
#1610791) (5 min, 95°C). Proteins (20 pg/sample) were resolved
by SDS-PAGE on precast 4%-12% Criterion XT Bis-Tris (Bio-Rad)
or 4%-16% Tris-Glycin (Bio-Rad) gels along with PageRuler Plus
Protein Marker (Thermo Scientific, 26620). Proteins were trans-
ferred to 0.2 pm nitrocellulose membranes by Trans-Blot Turbo
Transfer system (BioRad). Membranes were blocked in 5% milk
in TBS-T (50 mM Tris, 150 mM NacCl, 0.05% Tween 20) (30 min
at RT) and incubated with the following antibodies: rabbit-anti-
HNRNPC (1:1,000 in 2% milk TBS-T, O/N, 4°C; Proteintech,
#11760-1-AP) and mouse-anti-actin (1:20,000 in 2% milk TBS-T,
O/N, 4°C; Chemicon, MAB1501R), secondary goat-anti-rabbit
(1:15,000 in 2% milk TBS-T, 1 h at RT; LI-COR Biosciences, IRDye
800CW,926-32211) and secondary goat-anti-mouse (1:15,000 in
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2% Milk TBS-T, 1 h at RT; LI-COR Biosciences, IRDye 800CW, 926-
32210).The membranes were scanned on the Odyssey CLx (LI-
COR Biosciences) and quantified using the Image studio light
(LI-COR Biosciences) software.

Co-immunoprecipitation

Transfection

Transfections were performed according to standard protocol (see
section transfection). Sequences encoding the bait protein (FLAG-
HNRNPC-isol or FLAG-HNRNPC-iso1P™) and the prey protein
(HA-HNRNPC-iso1 or HA-HNRNPC-iso1P** or HA-HNRNPC-iso2
or HA-HNRNPC-iso2P*") were co-transfected (5 pg each per
10 cm plate). Cells were harvested 24 h post-transfection by
scraping in PBS, pelleted (5 min, 1,000 X g; 90% of sample for
co-IP, 10% for regular western blot) and stored at —80°C.

Co-IP and sample preparation

Cell pellets were lysed in 500 uL cold co-IP buffer (20 mM Tris-HCl
[pH 8.0], 0.5% NP-40, 150 mM NacCl, 1x PhosStop [Roche], 1x
Complete protease inhibitor [Roche]) by sonication (2 cycles, 3 s
at S-micron amplitude). Protein concentration was determined
by BCA assay (Thermo Fisher Scientific, 23225) and samples
were diluted to 1 mg/mL in co-IP buffer.

Co-immunoprecipitation procedure was adapted from manu-
facturer’s protocol. In brief, anti-FLAG M2 Magnetic Beads
(25 pL of 50% slurry per sample; Sigma-Aldrich) were diluted in
wash buffer (75 uL per sample; 20 mM Tris-HCI [pH 8.0], 0.5%
NP-40, 150 mM NaCl) in 1.5 mL Eppendorf tubes in a magnetic
rack. Beads were washed twice in 250 pL of wash buffer.

Cell lysate (500 puL at 1 mg/mL protein) was added to the mag-
netic beads and 20 pL of sample was taken apart (INPUT sample).
Lysates were incubated with beads with end-over-end rotation
(O/N, 4°C). Subsequently, 20 pL supernatant was collected
(UNBOUND sample) and the beads were washed three times
with 500 pL of wash buffer. Protein was eluted from beads by
boiling in 25 pL of 2x XT sample buffer (Bio-Rad, #1610791)
(10 min, 95°C) (BOUND sample) and supplemented with DTT
(100 mM). INPUT and UNBOUND samples were supplemented
with XT sample buffer (1x final concentration) and DTT
(100 mM). Proteins were denatured (5 min, 95°C) and resolved
by SDS-PAGE (15 pg protein for INPUT and UNBOUND = 3% of
total input; all for BOUND = 100% of total input).

SDS-PAGE and western blot

Samples were resolved on a 4%-20% Criterion TGX gel by SDS-
PAGE (15 min at 100 V, 70 min at 150 V in XT-MOPS) along
with PageRuler Plus Protein Marker (Thermo Scientific). Proteins
were transferred to 0.2 pm nitrocellulose membranes by Trans-
Blot Turbo Transfer system (Bio-Rad). Membranes were blocked
with 5% milk in TBS-T (50 mM Tris, 150 mM NacCl, 0.05% Tween
20) (45 min at RT). Membranes were subsequently incubated with
HRP-coupled antibody rat-anti-HA-HRP (1:1,000 in 2% milk TBS-T,
1 h at RT, Roche, AB_390917) for the co-IP or primary antibodies
mouse-anti-FLAG (1:1,000 in 2% milk TBS-T; Sigma-Aldrich,
F1804), mouse-anti-actin (1:20,000 in 2% milk TBS-T, 1 h at RT;
Chemicon, MAB1501R), rabbit-anti-HA (1:1,000 in 2% milk
TBS-T, 1 h at RT; CST3742; Cell Signaling Technologies). Mem-
branes were subsequently rinsed with TBS-T and incubated with
fluorescent secondary antibodies goat-anti-mouse (LI-COR Biosci-
ences, IRDye 800CW, 926-32210) and goat-anti-rabbit (LI-COR
Biosciences, IRDye 800CW,926-32211) (both 1:15,000 in 2%
milk TBS-T, 45 min at RT). After rinsing the membrane with
TBS-Tand TBS, chemiluminescence was detected with ECL reagent

(Thermo-Fisher Scientific) or by fluorescence scanning on the
Odyssey CLx.

RNA sequencing of iPSCs

RNA isolation

RNA was extracted from iPSCs of one 70% confluent well of a
6-well plate (approximately 1 x 10° cells), pr cell line. The cells
were washed with PBS twice and collected in Trizol (Invitrogen,
#15596-026). Total RNA was isolated using the PureLink RNA
Mini Kit (ThermoScientific, #12183018A), according to manufac-
turer’s instructions. Library preparation and sequencing were
completed at Biomics at the Erasmus MC.

RNA-seq library preparation

RNA-seq libraries were prepared according to the Illumina TruSeq
stranded mRNA protocol (www.illumina.com). In brief, 200 ng of
total RNA was purified using poly-T oligo-attached magnetic beads
to end up with poly(A)-containing mRNA. The poly(A)-tailed
mRNA was fragmented, and cDNA was synthesized using
SuperScript Il and random primers in the presence of Actinomycin
D. cDNA fragments were end repaired, purified with AMPure XP
beads, and A-tailed using Klenow exo-enzyme in the presence of
dATP. Paired end adapters with dual index (Illumina) were ligated
to the A-tailed cDNA fragments and purified using AMPure XP
beads. The resulting adapter-modified cDNA fragments were en-
riched by PCR using Phusion polymerase as follow: 30 s at 98°C,
followed by 15 cycles of 10 s at 98°C, 30 s at 60°C, 30 s at 72°C,
followed by 5 min at 72°C. PCR products were purified using
AMPure XP beads and eluted in 30 pL of resuspension buffer.
One microliter was loaded on an Agilent Technologies 2100 Bio-
analyzer using a DNA 1000 assay to determine the library concen-
tration and for quality check.

RNA sequencing

Sequencing has been performed on Illumina HiSeq2500
sequencer, in Rapid run mode, for paired-end reads 50 bp in
length, at least 40M clusters per sample.

For RNA-seq analysis, the raw sequencing data (.fastq) of a pub-
lished HeLa dataset,'® HEK dataset,?> and THP-1 dataset,'® as well
as the iPSCs dataset generated by the Biomics facility at the Eras-
mus MC and the dataset of fibroblasts were imported into the Gal-
axy platform.** CutAdapt (Galaxy v.1.16.5) was used to trim reads
of low sequencing quality (threshold of 20), filtering out reads
with a read length <50 nucleotides. After read quality was ensured
(FastQC; Galaxy v.0.72+galaxyl; http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/), reads were mapped to the
human reference genome GRCh38 utilizing default settings of
the STAR algorithm (Galaxy v.2.7.2b).** Transcript assembly was
guided by the reference annotation file Gencode version V36.%°
To assess counts per gene, we analyzed the mapped datasets with
the feature Counts tool (Galaxy v.1.6.4-+galaxy1).’® For the
principal component analysis (PCA), normalized gene expres-
sion counts were analyzed with the DESeq2 tool (Galaxy
v.2.11.40.6+galaxy1).*” Differentially expressed (DE) genes were
defined by an adjusted p value < 0.05 and a fold change abs
(log2 (FC)) >0.5. Ultimately, the alternative exons reported in
the discovery dataset'®'* were confirmed in the HEK and THP-1
dataset and accessed in the iPSCs and Fibroblast dataset by manual
calculation of the spanning reads from.bam files. Moreover, we
performed an unbiased splicing analysis using the Modeling Alter-
native Junction Inclusion Quantification (MAJIQ) tool.*®

Shared DE genes and AS were visualized in a Venn diagram.
A pathway analysis was performed via QIAGEN IPA analysis.*
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Functional annotation of AS events was performed with
DAVID.***! Heatmaps were blotted with the heatmap2 tool (Gal-
axy v.3.1.3+galaxyO0).

Statistical analysis

Statistical analyses are performed using GraphPad Prism following
the statistical methods as mentioned in the results section and
figure legends.

Results

Identification of 13 individuals with heterozygous
variants in HNRNPC
Description of primary case subject
A 12-year-old boy (individual 1, Ind1) was referred to our
outpatient clinic for genetic evaluation because of unex-
plained developmental delay and mild intellectual
disability. He is the second child of healthy, non-consan-
guineous parents of European descent. Pregnancy and
birth were uneventful. His developmental milestones
were all slightly delayed. He walked his first steps at
18 months of age and spoke his first words at 2 years of
age and his first sentences at 2.5 years of age. Fine motor
skills were below average. He was clumsy from time to
time but could participate in sports. He had articulation
problems for which he received speech therapy. His total
intelligence quotient (IQ) was determined at 54 (verbal
IQ 65 and performance IQ 55). He is a friendly and sociable
child, showing happy behavior. Concentration was poor
for which methylphenidate was prescribed. Falling asleep
was difficult and he often woke up very early. Physical ex-
amination demonstrated some subtle facial dysmor-
phisms: brachycephaly, high frontal hairline, slight hypo-
telorism, flaring of the eyebrows (lateral side), thin upper
lip, and slightly smooth philtrum (Figure 1B). There was
a remarkable stiffness of the joints, and a lordosis was
observed. A skin examination demonstrated two café-
au-lait spots, multiple small nevi, and cutis marmorata
(chest). Growth parameters were all normal (Tables 1
and S4).
Identification of a de novo heterozygous HNRNPC variant
Trio whole-exome sequencing (WES) identified a de novo
heterozygous variant in HNRNPC (GenBank: NC_000014.9:
g.21211238_21211264del). HNRNPC is located on chromo-
some 14 (14ql11.2) and encodes two major isoforms:
HNRNPC-iso2 (GenBank: NM_031314.3, 306 aa) and the
smaller but more abundant HNRNPC-isol (GenBank:
NM_004500.4, 293 aa), which lacks the C2 domain. The
recurrent HNRNPC variant in HNRNPC-isol (GenBank:
NM_004500.4:c.850_876del, GenBank: NP_004491.2:
p-Arg284_Asp292del) and HNRNPC-iso2 (GenBank:
NM_031314.3:¢.889_915del, GenBank: NP_112604.2:
p-Arg297_Asp305del) are further referred to as
HNRNPCP*".

The HNRNPCP™ variant has been reported in ClinVar
(accession: RCV001249428.1). The individual reported
on ClinVar was included in our cohort as Ind2. The same

variant was also reported in the gnomAD population data-
base.** To the best of our knowledge, the individual in our
cohort does not correspond to the individual in gnomAD.
Possibly, the individual in gnomAD was mosaic or only
mildly affected, resulting in incorrect assignment to the
non-neuro classification in the database.

Majority of LoF variants reported on gnomAD do not affect
canonical HNRNPC transcript

The pLI scores indicate the probability of a gene being
intolerant to loss-of-function (LoF) variants, with scores
of 0.9-1.0 indicating extreme intolerance toward LoF.**
The pLI score of 0.98 for HNRNPC thus indicated signifi-
cant constraint against LoF for this gene.

In total, 18 HNRNPC variants were listed as potential loss
of function in gnomAD (15 on gnomAD v.2.1.1 and 10
on gnomAD v.3.1.2, including 7 overlapping variants).
However, as is detailed in Table S5, only a minority of
these variants were predicted to result in LoF in the two iso-
forms that are primarily expressed in the human brain:
HNRNPC-isol (ENST00000553300) and HNRNPC-iso2
(ENST00000554455). Specifically, three of them were
confidently predicted to result in loss of function in the
HNRNPC-iso2 isoform but not in the HNRNPC-isol
isoform.

Other individuals bearing HNRNPC variants

We identified 10 other individuals with heterozygous vari-
ants in HNRNPC through Genematcher.*® Their variant
was identified either via WES trio (Ind1-IndS5, Ind11, and
Ind12), WES (Ind6, Ind7, Ind9, and Ind13), or WGS (Ind8,
Ind10, and Ind13), as indicated in Table S4. Of note, two in-
dividuals (Ind9 and Ind13) were previously identified in the
Deciphering Developmental Disorders cohort (n = 31,058
parent-offspring trios of individuals with developmental
disorders)'! and described in recent literature! (Table S4).
All variants were annotated to the MANE transcript
HNRNPC-isol (GenBank: NM_004500.4). In addition,
genomic, protein, and HNRNPC-iso2 annotations are stated
in Table 2.

Interestingly, four individuals (Ind2-Ind5) harbored the
exact same de novo HNRNPC variant as Ind1 (GenBank:
NM_004500.4:¢c.850_876del). The high frequency of this
recurrent variant could indicate a dominant-acting effect
on protein function or might be the result of a recurrent
mutational event arising from a modest repeat sequence
in the 3’ end of HNRPNC (Figure 1A).

Four individuals of our cohort had frameshift variants:
Ind6 (GenBank: NM_004500.4:c.54_55del), Ind7 (Gen-
Bank: NM_004500.4:c.825dup), Ind8 (GenBank: NM_
004500.4:c.754del), and Ind9 (GenBank: NM_004500.4:
c.724_730del).?” These four frameshift variants were pre-
dicted to result in a premature termination codon resulting
in a truncation of HNRNPC, as indicated in Table S4. Since
these variants were in regions with limited susceptibility to
nonsense-mediated decay (NMD) (within the 5" most 150
nucleotides or within the last exon or the last 50 nucleo-
tides of the penultimate exon), we predicted that none of
these frameshift variants were affected by NMD.** All
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Figure 1. Identified HNRNPC variants
mapped to HNRNPC functional domains
and dysmorphic facial features of individ-
uals bearing HNRNPC variants

(A) Schematic representation of HNRNPC-
isol and HNRNPC-iso2 and their func-
tional domains: RRM (RNA-recognition
motif), C2 (isoform C2-specific domain),
bZLM (basic region zipper-like motif),

P CLZ (leucine-zipper like oligomerization

domain), and CTD (C-terminal domain).
Variant annotation is based on HNRNPC-
isol. The recurrent (red), frameshift (yel-
low), N-terminal deletion (blue), and
missense (black) variants are indicated

FECECEETEEEEE TR EEEE T Err el
A gggctecgactecttectgaggatgac

tgactctTAA 3’

I
tctTAA

at the affected amino acid location. The

nucleotide sequence of the recurrent

Individual 1
| 13 years

|15 years

variant (HNRNPCPEY) is indicated with
the repeat sequence highlighted in red.

(B) Photos of seven individuals with
HNRNPC variants, illustrating shared dys-
morphic features including thin upper
lip, smooth philtrum, and mildly deep-
set eyes (in some). The facial appearance
of Ind10 (132 kb deletion including
three coding exons at the N terminus of
HNRNPC) did not clearly overlap with

LN

Individual 2 Individual 4
| 2 years | 3 years

the other individuals from this cohort.

7

tates chromatin remodeling subunit
(SUPT16H [MIM: 605012]).

The remaining three individuals
had heterozygous HNRNPC missense
variants: Ind11 (GenBank: NM_

|4 years

Individual 10
| 15 years

Individual 11
| 4 years

004500.4:¢.296G>A, GenBank: NP_
004491.2:p.Arg99GIn), Ind12 (Gen-
Bank: NM_004500.4:c.317+5G>A),
and Ind13 (GenBank: NM_004500.4:
¢.190C>T, GenBank: NP_004491.2:
p-Arg64Trp). Notably, the HNRNPC
variant of Indl2 was predicted
to abolish a splice donor site

Individual 12
| 4 years

Individual 13

| 4.5 years |12.5 years

in HNRNPC-isol, but encodes a
missense variant in the less abundant
HNRNPC-iso2 isoform (GenBank:
NM_031314.3:¢.322G>A, GenBank:
NP_112604.2:p.Val108Ile).**>°
Phenotypic features of individuals with
HNRNPC variants

variants were assessed according to their likelihood of
pathogenicity using ACMG variant classification*>*® or
MetaDome predictor.*” Where applicable, potential NMD
escape was assessed via NMDEscPredictor (Table $4).48
One individual (Ind10) was diagnosed with a large
(+132 kb) deletion (GenBank: NM_004500.4:c.—82945_
366_7272del) spanning the first three coding exons of
the HNRNPC as well as RPGR ineracting protein 1 (RPGRIP1
[MIM: 605446]) and the 3’ UTR of SPT16 homolog, facili-

All 13 individuals in our HNRNPC
cohort were assessed by their local clin-
ical geneticists and presented with
overlapping clinical phenotypes (Tables 1 and S4), including
a global developmental delay in all individuals, as well as a
mild to severe intellectual disability (observed in those old
enough to be assessed). Of note, limited clinical data were
available for Ind9, which might lead to an underrepresenta-
tion in all clinical aspects. This individual was previously re-
ported in a large developmental disorder cohort.'*

Delays in fine and gross motor skills were observed
in most individuals of our cohort (12/12 and 11/12,
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Table 1.

Summary of clinical features of individuals with HNRNPC variants

Recurrent-variant Frameshift

¢.889-915del (n = 5)

variants (n = 4)

Missense
variants (n = 3)

N-terminal

deletion (n =1) Total

Development

Intellectual disability 2/2 (100%) 3/3 (100%)

Speech delay/problems 5/5 (100%) 3/3 (100%)

Gross motor delay 5/5 (100%) 3/3 (100%)

Fine motor delay 5/5 (100%) 3/3 (100%)

1/1 (100%) 3/3 (100%) 9/9 (100%)

1/1 (100%) 3/3 (100%) 12/12 (100%)

0/1 (0%) 3/3 (100%) 11/12 (92%)

1/1 (100%) 3/3 (100%) 12/12 (100%)

Growth/feeding

Short stature 0/5 (0%) 2/3 (67%)
Low weight 0/5 (0%) 1/3 (33%)
Microcephaly 3/5 (60%) 1/4 (25%)

Feeding/GI problems 4/5 (80%) 3/3 (100%)

0/1 (0%) 0/3 (0%) 3/12 (25%)
0/1 (0%) 0/3 (0%) 1/12 (8%)
0/1 (0%) 0/3 (0%) 4/13 (31%)

1/1 (100%) 1/3 (33%) 9/12 (75%)

Neurological

Seizures 0/5 (0%) 2/4 (50%) 0/1 (0%) 1/3 (50%) 3/13 (23%)
Hypotonia 3/5 (60%) 3/3 (100%) 0/1 (0%) 1/3 (50%) 7/12 (58%)
Movement disorder 2/5 (40%) 1/4 (25%) 0/1 (0%) 0/2 (0%) 3/12 (25%)
Brain abnormalities 3/4 (75%) 3/3 (100%) 1/1 (100%) 3/3 (100%) 10/11 (91%)
Behavior

Happy demeanor 3/5 (60%) 2/3 (67%) 0/1 (0%) 2/3 (67%) 7/12 (58%)
Sleeping problems 4/5 (80%) 3/3 (100%) 1/1 (100%) 1/3 (33%) 9/12 (75%)
Poor concentration 4/5 (80%) 1/3 (33%) 1/1 (100%) 1/3 (33%) 7/12 (58%)
Dysmorphic features

Deep-set eyes 3/5 (60%) 2/3 (67%) 0/1 (0%) 2/3 (100%) 7/12 (58%)
Thin upper lip 4/5 (80%) 2/3 (67%) 1/1 (100%) 3/3 (100%) 10/12 (83%)
Smooth philtrum 3/5 (60%) 2/3 (67%) 0/1 (0%) 1/3 (33%) 6/12 (50%)
Other

Recurrent ear infections 1/5 (20%) 1/3 (33%) 0/1 (0%) 1/3 (33%) 3/12 (25%)

respectively). Speech and language development were
delayed in all individuals. Most of them were able to speak
and communicate, but some spoke very few words or were
non-verbal.

Articulation problems and dysarthria were described
as well. Hypotonia was reported in 7/12 individuals
with HNRNPC variants, epilepsy was present in 3/13
individuals, and movement disorders (gait ataxia,
tremors, tics) were reported in 3/12 individuals.
Microcephaly was observed in 4/12 individuals, with 3
of them bearing the HNRNPC recurrent variant (Tables 1
and S$4).

Several individuals displayed subtle overlapping dys-
morphic features, including deep-set eyes (7/12), thin up-
per lip (10/12), and a smooth philtrum (6/12), but a clearly
recognizable facial gestalt was not apparent in this small
cohort (Figure 1B). A few individuals in this cohort had
more significant facial dysmorphisms and congenital mal-
formations (Tables 1 and S4). Notably, individual 8 had a

more dysmorphic phenotype than the other individuals
(no photo available).

Behavioral abnormalities were reported for most individ-
uals and included poor concentration/ADHD (7/12)
and anxiety problems in one individual (IndS). Notably,
7/12 individuals were reported to have a (very) happy
demeanor. Sleeping problems, including sleep apnea,
were observed in most individuals (9/12), as were feeding
problems (9/12). Growth problems did not seem to be a
core component of the phenotype of this HNRNPC cohort.
Growth parameters were calculated as standard deviation
(SD) according to each clinician’s growth reference charts
(for Ind8 the US reference was used’'). However, two out
of three individuals in the frameshift variant subgroup
had a short stature. Two individuals had exotropia/esotro-
pia (Ind7, Ind8) and another individual had bilateral colo-
bomatous microphthalmia (Ind11), but most affected indi-
viduals did not exhibit ophthalmologic concerns. Hearing
loss was reported in two individuals (Ind8, Ind11).

The American Journal of Human Genetics 170, 1414-1435, August 3, 2023

1421



Table 2. Variant annotations for HNRNPC following HGVS standards

HNRNPC HNRNPC-iso1 HNRNPC-iso2
Individual NC_000014.9 NM_004500.4 NP_004491.2 NM_031314.3 NP_112604.2
C-term deletion
1-5 g.21211238_21211264del ¢.850_876del p.Arg284_Asp292del €.889_915del p-Arg297_Asp305del
Frameshift
6 g.21234140_21234141del c.54_55del p-Phel19Hisfs*13 c.54_55del p-Phel19Hisfs*13
7 g.21211284dup ¢.825dup p-Glu276Argfs*3 c.864dup p-Glu289Argfs*3
8 g.21211454del c.754del p-Asp252Thrfs*18 c.793del p-Asp265Thrfs*18
9 g.21211475_21211481del €.724_730del p.Gly242GInfs*26 €.763_769del p-Gly255GInfs*26
N-term deletion
10 g.21220392_21352183del c.—82945_366-7272del - €.-82945_405-7272del -
Missense
11 g.21231018C>T c.296G>A p-Arg99Gin c.296G>A p-Arg99GIn
12 8.21230992C>T c.317+5G>A - c.322G>A p-Val108lle
13 g.21234004G>A ¢.190C>T p-Arg64Trp c.190C>T p.Arg64Trp

Functional characterization of iPSCs and fibroblasts of
affected individuals

HNRNPCPE abundance is reduced in HNRNPCPE iPSCs with
retained isomerization capacity

We set out to analyze the molecular consequences of
the recurrent HNRNPCP®" variant by assessing the effect
of this variant on previously described functions of
HNRNPC.'*'%** To that end, we generated iPSCs from
peripheral blood mononuclear cells (PBMCs) obtained
from individual 1 (HNRNPCP" iPSC) (EMCi225: hpscreg.
eu/cell-line/EMCi225-A, hpscreg.eu/cell-line/EMCi225-B,
hpscreg.eu/cell-line/EMCi225-C, hpscreg.eu/cell-line/
EMCi225-D) and compared those to a sex- and age-
matched control iPSC line (EMCi169: hpscreg.eu/cell-line/
EMCi169-A, hpscreg.eu/cell-line/EMCil69-B, hpscreg.eu/
cell-line/EMCi169-C). As indicated on the registry, all
iPSC lines were characterized according to a state-of-the-
art protocol and expressed common pluripotency
markers. No apparent growth or morphological differ-
ences were observed between HNRNPCP®" and control
iPSCs.

Western blot analysis of these iPSCs indicated the abun-
dance of a faster migrating HNRNPC band in HNRNPCP®"
cells (Figure 2A), likely representing the truncated
HNRNPCPE, This was confirmed by the absence of the
faster migrating band in control samples and its correspon-
dence in size with recombinantly expressed HNRNPC-
iso1P* in HEK293T cells (Figure 2A). Notably, the trun-
cated protein (HNRNPC-iso1”*") was less abundant than
the full-length HNRNPC isoform, resulting in significantly
reduced levels of total HNRNPC to 45.15% (Figure 2B;
t(9) = 3.571, p = 0.006). Reduced abundance (16% reduc-
tion) was observed on normalized counts of total HNRNPC
mRNA level via RNA sequencing (RNA-seq), but this differ-

ence was not statistically significant (Table S6, DESeq2
analysis, log 2(FC) = —0.23, adjusted p value = 0.81).

We next investigated whether the 9 amino acid deletion
affected the nuclear targeting of HNRNPC. Identical local-
ization of HNRNPC was observed in HNRNPCP*" and
control iPSCs (Figures S1A and S1B), showing distinct
nuclear localization with exclusion from the nucleoli as
shown by KI-67 counterstaining®® during interphase.
During mitosis, HNRNPC localizes in the cytoplasm with
exclusion from the chromatids, as shown by DAPI chro-
matid staining. A similar HNRNPC localization pattern
was observed for recombinant GFP-tagged HNRNPC-
isol and HNRNPC-iso2 and the HNRNPC-iso1”*" and
HNRNPC-iso2”"" variants in U-2 OS and HEK293T cells
(Figures S2A and S2B).

HNRNPC has been shown to function as a heterote-
tramer with a (C1)3(C2); stoichiometry.”” Its C-terminal
domain (CTD), located within the in frame-deletion of
amino acids 284-292 and 297-305 for HRNRNPC-isol
and HNRNPC-iso2, respectively (Figure 1A), is thought to
affect tetramer stability, as HNRNPC variants lacking parts
of the CTD region (amino acid 241-290 of HNRNPC-iso1)
show impaired tetramerization.'*'* We therefore assessed
whether the association of the HNRNPCP*" variant was
affected using a co-immunoprecipitation approach on re-
combinant tagged HNRNPC and HNRNPCP* in U-2 OS
cells. Interaction of either HNRNPC isoform was main-
tained for both HNRNPCPE isoforms (Figure S3), indi-
cating that HNRNPCP®" has not lost its ability to form
HNRNPC oligomers.

Excessive HNRNPC abundance traps poly(A)-RNA in the
nucleus

Previously, loss of functional HNRNPC was associated
with mRNA accumulation in the nucleus.'” We therefore
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Figure 2. The HNRNPCP®" variant results in reduced levels of HNRNPC but does not affect HNRNPC or mRNA localization

(A) Western blot of recombinant HNRNPC-iso1 and the recurrent HNRNPC-iso1”*" variant in HEK293-T cells as well as endogenous
HNRNPC levels in iPSCs from Ind1 (HNRNPCPY) or a control subject. ACTIN served as a housekeeping protein for normalization of
the HNRNPC levels.

(B) Quantification of total HNRNPC levels as determined by Western blot, normalized to ACTIN for protein loading. Data are calculated
relative to control iPSCs levels mean = SEM, t test: ***p < 0.001.

(C) Representative z stack maximum projections of HNRNPCP® and control iPSCs and control iPSCs transduced with HNRNPC-target-
ing shRNAs. Cells were stained for endogenous HNRNPC (red), mRNA (oligoDT-Cy3, grayscale, false-colored), and DNA (DAPI, blue).
Arrowheads indicate cells with HNRNPC knockdown, based on HNRNPC staining. Scale bars represent 50 pm.

(D and E) Quantification of HNRNPC knockdown in control iPSCs from maximum projections of Z-stacks in (C) show a significant
HNRNPC knockdown by HNRNPC-targeting shRNAs (D) and slightly reduced oligoDT signal in HNRNPC knockdown cells (E)
(mean = SEM, one-way ANOVA: ns, not significant, *p < 0.05, ****p < 0.0001).

(F) Recombinant over-expression of HNRNPC-isol, HNRNPC-iso2, HNRNPC-iso1P*, or HNRNPC-iso2P* in control iPSCs, stained for
HNRNPC (red, false colored from Alexa 647 signal) and mRNA (OligoDT-Cy3, grayscale, false colored) reveals altered mRNA localization
upon elevated HNRNPC levels. Scale bars represent 50 pm.

(G) Quantification of oligoDT signal in iPSCs overexpressing HNRNPC (from F) shows significantly increased oligoDT signal in targeted
cells (mean + SEM, t test, ****p < 0.0001). All experiments were performed on at least 2 independent cell lines (N = 2) and at least 2
independent transfections or transductions (n = 2).
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Figure 3. Meta-analysis of RNA-seq data examining the effect of HNRNPC loss on alternative exon usage or ALU splicing

(A) HNRNPC RNA expression in investigated datasets show significantly reduced levels in HEK,** HeLa,'* and THP-1"° cells upon knock-
down. Normalized to control (%), mean = SEM.

(B) Visual assessment of abundance of alternative exons or ALU sequences identified by Zarnack et al.”* revealed an overlap of 62 target
exons/ALUs between the three cancer datasets. Unbiased alternative splicing analysis via MAJIQ of AS targets with a probability of
change >0.95 in at least two datasets was analyzed with MAJIQ (C-E, G-H).

(C) AS targets with a probability of change >0.95 in all three datasets shows an overlap of 555 targets.

1.14

(legend continued on next page)
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compared mRNA localization between control and
HNRNPCPE: iPSCs by fluorescence in situ hybridization
(FISH) with an oligoDT-Cy3 probe. Surprisingly, mRNA
localization was not altered in the HNRNPCP®" iPSCs
(Figure 2C). Moreover, in contrast to literature, sShRNA-
mediated knockdown of HNRNPC (Table S1) did not
alter mRNA localization in iPSCs (Figure 2C, arrow-
heads), despite a significant reduction in HNRNPC
levels in iPSCs by lentiviral transduction with shRNA
(73.33%, F(3,58) = 138.8; p < 0.0001) (Figure 2D). Quan-
tification of the oligoDT signal as z-scores per analyzed
image did not reveal differences between shRNA-targeted
(t(28) = 0.2928, p = 0.7718) or non-targeted cells
(t(28) = 0.2317, p = 0.8184) in iPSCs derived from
affected individuals or control subjects (Figure 2E).
Similarly, mRNA localization was not affected by
shRNA-mediated knockdown of HNRNPC in U-2 OS
cells (Figure S4), based on oligoDT staining. This lack
of mRNA accumulation observed in iPSCs derived
from affected individuals strongly suggests that the
HNRNPCP® variant does not encode a hyperactive
gain-of-function protein.

In contrast, recombinant expression of either of the two
HNRNPC isoforms or the recurrent HNRNPCP®" variants
induced a significant mRNA accumulation in the nucleus
in iPSCs (t(98) = 18.51, p < 0.0001) (Figures 2F and 2G).
Of note, the effect of HNRNPC-isol, HNRNPC-iso2,
HNRNPC-iso1P*, or HNRNPC-iso2P"" was not signifi-
cantly different between the overexpressed isoforms or var-
iants (F(3,46) = 0.1147; p = 0.9511). To exclude bleed-
through effects of nuclear HNRNPC signal to the Cy3
channel (OligoDT), we confirmed our findings with
Alexa 647 and Alexa 488 secondary antibodies against
the primary anti-HNRNPC, for which similar effects
were observed (Figure S1C). Since overexpression of the
HNRNPCP® variant was indistinguishable from overex-
pression of wild-type HNRNPC, these results indicate that
the HNRNPCP®" variant is unlikely to result in a loss-of-
function protein for this biological process.

Taken together, these iPSC-based experiments did
not reveal a specific effect of the recurrent HNRNPC "
variant on localization or oligomerization. Furthermore,
we demonstrated that mRNA localization was highly
sensitive to increased levels of HNRNPC, independently
of the isoform or variant. These data thus suggest that
the HNRNPCP®" variant does not act as a dominant-
negative or gain-of-function protein, but rather that
the HNRNPCP®.associated pathogenicity results from
reduced HNRNPC levels.

Meta-analysis of HNRNPC knockdown RNA-seq datasets re-
veals an HNRNPC-dependent signature of alternative exon
and ALU inclusion and exclusion

To investigate whether HNRNPC haploinsufficiency could
be responsible for HNRNPC pathogenicity, we investigated
the HNRNPC function as a regulator of alternative exon
and ALU inclusion or exclusion.'**° To this end, we
compared three published datasets of knockdown of
HNRNPC in HeLa cells,"* HEK cells,”” and THP-1 cells'®
(Figure SSA). All three published datasets show substantial
knockdown of HNRNPC: 96% in HelLa (DESeq2 analysis,
log 2(FC) = —4.62, adjusted p value = 9,32E—-58), 98% in
HEK (DESeq2 analysis, log 2(FC) = —5.56, adjusted p
value = 0), and 53% in THP-1 (DESeq2 analysis, log
2(FC) = —1.08, adjusted p value = 1.28E—65) (Figure 3A).
A principal component (PCA) analysis of these datasets
shows that control samples cluster distinctly from
HNRNPC knockdown, but in some cases with large vari-
ance between samples. This suggests that the changes in
differential gene expression are in fact small (Figure
S5B). Differential gene expression (DESeq2, adjusted p
value < 0.05, Table S6) revealed an overlap of 682 differen-
tially expressed genes between the three knockdown data-
sets (Figure S5C). Although an ingenuity pathway analysis
(IPA) revealed an overlap in a number of canonical path-
ways for the HEK and HeLa dataset, only a very limited
overlap was identified among all three knockdown datasets
(Figure S5D). Thus, despite a distinct clustering in the PCA
blot of control cells and cells with reduced levels of
HNRNPC, no evident HNRNPC-dependent signature of
differentially expressed genes could be identified.

Using an elegant individual-nucleotide resolution UV
cross-linking and immunoprecipitation (iCLIP) method,
Konig and colleagues'® identified multiple alternative
exons or ALU sequences as HNRNPC splicing targets,
including targets in CDS55 molecule (Cromer blood group)
(CD55 [MIM: 25240]), helicase lymphoid species (HELLS
[MIM: 603946]), RIC1 homolog, RAB6A GEF complex part-
ner 1 (RIC1 [MIM: 610354]), methyl CpG-binding domain
protein 3 (MBD3 [MIM: 602573]), mitochondrial tRNA
translation optimization 1 (MTO1 [MIM: 614667]), perox-
isome biogenesis factor 14 (PEX14 [MIM: 601792]), WRN
RecQ like helicase (WRN [MIM: 604611]), and zinc-finger
protein X-linked (ZFX [MIM: 314980]). These targets
were experimentally confirmed by RNA-seq and RT-PCR
in a follow-up study using HelLa cells with a HNRNPC
knockdown.'* Using their published RNA-seq dataset as
well as the two aforementioned published RNA-seq data-
sets of HNRNPC knockdown in HEK cells** and THP-1"°

(D) These targets consist of cassette exons (42.16%), multi exon spanning (28.83%), alternative introns (8.83%), alternative first (4.86%)/

last (4.50%) exons, tandem cassettes (3.96%), and others (6.85%).

(E) Independent clustering on PSI score shows separation of control and HNRNPC-KD samples independent of cell type.
(F) Visual assessment of abundance of alternative exons or ALU sequences identified by Zarnack et al.'* revealed an overlap of 28 target

exons/ALUs between the three cancer datasets and fibroblasts.

(G) Probability of change of AS targets plotted for all 5 datasets on 2,070 targets identified in (D, targets overlapping in at least 2 datasets).
(H) PSI scores of AS targets with a probability of change >0.95 in at least two cancer datasets and >0.5 in fibroblasts. Fibroblasts of Ind8

cluster with HNRNPC-KD samples.
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cells, we performed a meta-analysis to investigate whether
there was a shared signature of alternative splicing across
multiple studies and cell lines. To that end, we calculated
the AS target abundance (Fisher’s exact test, Table S7) for
the previously reported list of 63 alternative exon or ALU
sequences (Supplemental Table S2 in Zarnack et al.'*
which we manually curated to 73 targets, as per visual in-
spection of the mapped reads where multiple alternative
exons were detected, Table S7) and found a significant
overlap of 85% (62 of 73 targets) between the published da-
tasets (Figure 3B).

In addition, we performed an unbiased approach to
investigate alternative splicing in the aforementioned data-
sets with the MAJIQ tool.*® The results of the analysis were
collected in a junction file (Table S8) which lists the proba-
bility of change and the percent selected index, We [0,1]
(PSI) score per AS target and dataset. This PSI score captures
the marginal fraction of isoforms that utilize the investi-
gated splicing junction. In addition, all AS targets were sum-
marized in Table S9, generated by MAJIQ.

Even though Zarnack and colleagues mentioned approx-
imately 1,141 deregulated AS targets in their DEXSeq anal-
ysis, they provide details on only 63 targets,'* which we
investigated in detail here. The overlapping genes between
this dataset of 63 targets and our MAJIQ analysis
(threshold: probability of change > 0.95) of the HeLa data-
set were 33% (21 out of 63), while the overlap with the AS
target genes described in the summary file was 57% (36 out
of 63) (Figure S6A). This comparison indicates that the
MAJIQ tool reproduces a substantial number of AS targets
reported previously. The extent of overlap between the
identified targets for AS between the two methods depends
on the strictness of filters. For the subsequent analysis, we
continued using the MAJIQ, since it identifies the AS type
and can include multiple datasets.

Therefore, we next examined the common splicing
targets between all published datasets (probability of
change > 0.95 in at least two out of three datasets,
HEK,”” HeLA,'* and THP-1'"°) and found 555 AS targets
overlapping in all three datasets and 2,070 AS targets de-
regulated in at least two datasets (Figure 3C). Of these
555 AS targets, the majority (71%) represents either
Cassette exons (42%) or multi exon spanning (29%)
splicing events (Figure 3D). The PSI score per AS event of
the 2,070 targets significantly (>0.95) affected in at least
two datasets were plotted in a heatmap (Figure 3E). An
automatically generated summary file of the MAJIQ anal-
ysis reported 1,189 modules (1,106 genes) affected by AS
as a result of loss of HRNNPC.

Of note, despite using non-neuronal cells, an analysis
using the DAVID tool*”*! on the set of 1,106 genes
(out of which 1,059 were recognized by DAVID) revealed
a significant association (p = 0.036) of intellectual
disability within the list of AS-targeted genes, primarily
attributed to the loss of HNRNPC. The 60 AS-targeted
genes associated with intellectual disability were re-
ported in Table S7.

Fibroblasts derived from affected individuals show the pres-
ence of the HNRNPC-dependent fingerprint of alternative
spliced exons

Having identified a signature of alternative splice events as
a functional readout of HNRNPC activity, we investigated
whether this signature could also be observed in the
HNRNPCPE! iPSC line derived from Ind1. Unfortunately,
in iPSCs most of the identified alternative exons or ALU
sequences were either not expressed or unchanged
(Figures 3F and 3G, Table S8), indicating that iPSCs likely
have a very different exon or ALU sequence abundance
profile.

Since alternative exon inclusion and exclusion analysis
relies on relative values of exon abundance compared to
other exons within a given transcript rather than absolute
expression of the transcript itself, it can be used as a func-
tional readout of HNRNPC function in just a single RNA-
seq sample. We therefore included RNA-seq data from
fibroblasts from Ind8 (GenBank: NM_004500.4:c.754del,
GenBank: NP_04491.2; p.Asp252Thrfs*18) and a sex-
matched control subject.

Based on our manual analysis of the targets reported by
Zarnack et al.,'* we calculated (Fisher’s exact test) the rela-
tive abundance of alternative exons or ALU sequences for
the 73 aforementioned selected targets in the fibroblast da-
taset (Figure 3F, Table S7). Of these, 12 targets could not be
assessed in the fibroblasts since the gene, exon, or ALU was
not expressed, hence reducing the total to 61 targets. Of all
identified alternative exons or ALU sequences, 28 out of 61
(46%) showed the same alternative splicing pattern as the
HNRNPC signature identified in the meta-analysis
(Figure 3F). For the remaining alternative exons or ALU se-
quences, 29 (48%) showed no change and only 3 (5%)
showed an opposite effect (Figure 3F, Table S7).

The relative abundance of alternative exons or ALU se-
quences was visualized for the previously reported most
extensively characterized differentially spliced exons in
CDS5S5, HELLS, RIC1, MBD3, MTO1, PEX14, WRN, and
ZFX;'®'* Figure S6B). Subsequently, we used the 2,070
identified AS targets in the unbiased MAJIQ meta-analysis
(targets in at least two datasets) and plotted their probabil-
ity of AS scores in the fibroblast and iPSC datasets via unsu-
pervised clustering (Figure 3G). Interestingly, we could
confirm that most targets (2,038; 99%) were not changed
in the iPSCs dataset while 331 (16%) targets showed a
probability of change of 0.5 or higher in fibroblasts. Of
note, we set the threshold for probability of change at
0.5, since the expected protein abundance in these cells
is above 50% (due to NMD escape). Hence, to detect a
change in AS we lowered this threshold. Lastly, with unsu-
pervised clustering, we plotted the PSI scores of these 331
targets in all but the iPSC datasets and show that fibro-
blasts from the affected individual (Ind8) cluster together
with the KD samples while all control samples cluster
distinctly (Figure 3H).

Some examples of alternatively spliced genes that show a
strong AS signal in fibroblasts—CDS55, GINS Complex

1426

The American Journal of Human Genetics 170, 1414-1435, August 3, 2023



Subunit 3 (GINS3 [MIM: 610610]), DNA polymerase delta 3,
accessory subunit (POLD3 [MIM: 611415]), RNA Binding
Motif 26 (RBM26 [MIM: 620081]), SGT1 homolog, MIS12
kinetochore complex assembly cochaperone (SUGTI
[MIM: 604098])—were visualized with voila®® in Figure S6C.

Taken together, this unbiased approach confirms the
overlap of alternative splicing in fibroblasts from Ind8
and the identified HNRNPC-dependent signature of alter-
natively spliced exons in our meta-analysis of HNNRPC-
knockdown cell lines and provides further evidence that
HNRNPC haploinsufficiency leads to aberrant splicing,
in particular affecting genes involved in intellectual
disability.

Aberrant HNRNPC levels affect neuronal morphology,
migration, and cell survival

HNRNPC is crucial for neuronal morphology and cell survival
Considering that the recurrent HNRNPCPE" variant leads
to reduced protein levels, along with our observation of
HNRNPC-dependent change of exon inclusion in the fi-
broblasts from Ind8, and the fact that 50% of these affected
genes are expressed in the brain, it is plausible that
HNRNPC haploinsufficiency is underlying the neurodeve-
lopmental phenotype in these individuals. In line with
this hypothesis, the pLI score of 0.98*” for HNRNPC indi-
cates low tolerance for loss-of function mutations. The pLI
score is a measure of tolerance for loss of function calcu-
lated based on the number of protein-truncating variants
in a database of 141,456 individuals of diverse ancestries*?
and provides an important indicator of potential pathoge-
nicity. Notably, homozygous loss of HNRNPC is non-viable
in mice.”* We therefore sought to assess the effects of
reduced HNRNPC expression and recombinant expression
of the HNRNPCP*" variant on neuronal function.

To this end, we selected two mouse-specific ShRNAs that
specifically target HNRNPC for degradation. The ability of
the selected shRNAs to reduce murine HNRNPC levels
was tested in primary neuronal cultures, derived from the
embryonic (E16.5) mouse brains. HNRNPC levels were
quantified by immunocytochemistry analysis of targeted
(tdTomato™) cells (maximum projections of z stack im-
ages). Cells were transfected with the shRNA constructs
20 h after setup (days in vitro 1 [DIV1]) and assessed for
HNRNPC levels in targeted cells 144 h after knockdown
(DIV7), as the reported half-life of HNRNPC is 47 h in
cultured primary neurons® (Figures 4A and S7A).
HNRNPC levels were significantly reduced by shRNA_1
(to 55%) and shRNA_2 (to 67%) and by using a combina-
tion of both shRNAs (to 52%) as compared to a scrambled
control shRNA (F(4,168) = 70.68, p < 0.0001) (Figure 4C).

The soma size of the neurons was unaffected by the
knockdown of HNRNPC (CTRL shRNA_1 [F(3,116) = 2;
p = 0.3837], shRNA_2 [F(3,116) = 2; p = 0.4124], and
the combination 1 + 2 [F(3,116) = 2; p = 0.7681])
(Figure S7B). However, total neurite length was sub-
stantially reduced in cells with HNRNPC knockdown
via sShRNA_2 (F(3,116) = 3.88; p = 0.0062) and a combina-

tion of 1 + 2 (F(3,116) = 3.88; p = 0.0223) (Figure 4D).
For shRNA_1 the total neurite length shows a strong
trend toward reduction (F(3,116) = 3.88; p = 0.0719).
Moreover, neuronal arborization was significantly altered
when HNRNPC levels were decreased by shRNA_1
(F(1,58) = 5.371; p = 0.024), shRNA_2 (F(1,58) = 12.85;
p = 0.0007), and a combination of both (F(1,58) = 8.846;
p = 0.0043) (Figure 4E).

Since we observed a strong effect of HNRNPC and
HNRNPCP overexpression on nuclear mRNA accumula-
tion in our cellular studies (Figures 2F and S2C), we set
out to further investigate the functional impact of elevated
HNRNPC-isol and HNRNPC-iso1*" levels in mice by
in vitro neuronal morphological assessment. Although
the recombinant expression results in non-physiological
levels of HNRNPC, the assay enables assessment of poten-
tial gain of function for HNRNPC-iso1°*" in developing
neurons. Similar to our observations in iPSCs, recombi-
nant HNRNPC-isol and HNRNPC-iso1”*" in primary mu-
rine neurons showed a predominantly nuclear localization
(Figure 4B). Morphological characterization of neurons ex-
pressing either HNRNPC-isol or HNRNPC-iso1P* (DIV10
at 72 h post-transfection) revealed substantially reduced
soma area (F(2,57) = 18.81; p < 0.0001) (Figure 4F), total
neurite length (F(2,57) = 13.94; p (HNRNPC) < 0.0001
and p (HNRNPCP®') = 0.001) (Figure 4G), and dendrite
arborization (F(1,38) = 59.21; p < 0.0001 for HNRNPC-
isol and F(1,38) = 47.16; p < 0.0001 for HNRNPC-iso1"F")
(Figure 4H). Importantly, no differences were observed
between overexpression of HNRNPC-isol and HNRNPC-
iso1”* in the morphological characterization. Strikingly,
5 days post-transfection (DIV7), the dendrites of cells over-
expressing HNRNPC-isol or HNRNPC-iso1P*" deteriorated
dramatically and could no longer be detected, while cells
transfected with the control construct (empty vector,
tdTomato) developed normally (Figure S7D).

Taken together, these results strongly support the notion
that HNRNPC levels need to be tightly controlled for
normal neuronal function.

Altered levels of HNRNPC in vivo affect neuronal migration
in the IUE assay

Given that neuronal migration of the developing cortex is
very sensitive to improper neuronal functioning, we made
use of in utero electroporation of E14.5 mouse embryos
to express HNRNPC shRNAs as well as HNRNPC-isol and
HNRNPC-iso1”™ in immature neurons of the subventricu-
lar zone. These cells migrate within the cortical plate and
are destined to ultimately form layer 2/3 of the cortex.
Neuronal migration of targeted cells in the somatosensory
cortex (SScx) (identified by tdTomato abundance) was as-
sessed at postnatal day 1 (P1), a timepoint at which almost
all targeted cells should have migrated out toward the
cortical plate’®>” (Figure 5A). The migration pattern was
analyzed as the cumulative distribution of targeted cells
over the entire cortex, which is spatially divided into 10
bins of equal size between the pia (bin 1) and the ventricle
(bin 10). The cumulative distribution patterns of cells
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Figure 4. Changes in HRNPC level affect neuronal morphology

(A) Representative maximum projections of z stack confocal images of murine neurons targeted with shRNA constructs (tdTomato™*,
red), stained for HNRNPC (green, white arrows indicate targeted neurons). Scale bars: 50 pm.

(B) Representative maximum projections of z stack confocal images of murine neurons targeted with HNRNPC-isol, HNRNPC-iso
(tdTomato™), stained for HNRNPC (green) and MAP2 (gray). Scale bars represents 50 pm.

(C) Quantification of HNRNPC knockdown efficiency (% of CTRL shRNA) in primary murine neurons targeted with HNRNPC shRNA or a
scramble control (CTRL) shRNA 7 days after transfection (one-way ANOVA).

(D and E) Total neurite length (um) (D) and neurite arborization measured by Sholl analysis (E) of primary murine neurons targeted with
shRNAs (1, 2, 1 + 2) for HNRNPC knockdown and scramble control (CTRL).

(F-H) Soma size (um) (F), total neurite length (um) (G), and neurite arborization measured by Sholl analysis (H) were significantly
reduced in HNRNPC-overexpressing neurons (one-way ANOVA, mixed-effects analysis).

(C-H) All measurements were performed on at least 2 individual plugs (n = 2), 2 individual transfections per construct (n = 2), and 10
images per condition (n = 10). Error bars indicate mean = SEM. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

1 DEL

1428 The American Journal of Human Genetics 170, 1414-1435, August 3, 2023



A E14.5 In utero electroporation Postnatal
SSCx SSCx
i MZICP MZ'/CP‘,‘ g
pesa b d 4 U
W : 'n~
iz 1z
Control Migration deficit
B C Cumulative neuronal migration
CTRL 1007
shRNA
80
MZ/CP "
e ®
° 8 60
e 5 :
° X 404 — CTRL shRNA
e
E 204
a
0 T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10
Bins
D E Cumulative neuronal migration
100 A >
Empty vector HNRNPC-iso1P&- ’!
80 - [ 4
o
o P i
g 2 %7
S ] ek
2 o
g 5 40 — Empty vector
= R
< 20 A == HNRNPC-iso1°E!
0 T T 1

Bins

Figure 5. Altered HNRNPC expression delays neuronal migration of targeted cells in the IUE assay

(A) Schematic representation of the in utero electroporation (IUE) procedure. Cells that will form the somatosensory cortex (SScx) are
targeted with the expression constructs at embryonic day 14.5 (E14.5) via in utero electroporation (IUE). These cells migrate from the
intermediate zone (IZ) toward more superficial layers of the cortex such as the cortical plate (CP) and marginal zone (MZ).

(B and D) Representative confocal images of the somatosensory cortex (SSCx) of histological slices at P1 of cells targeted with CTRL or
HNRNPC targeting shRNAs (B) or with HNRNPC-iso1, HNRNPC-iso1P™, or tdTomato (D). Targeted cells (tdTomato™) are shown in red,
cortical layers are indicated with dotted lines based on nuclear staining (DAPI, blue). 1Z, intermediate zone; scale bars: 150 pm.

(C and E) Localization of tdTomato™ cells across the SSCx layers calculated as the percentage of cells per bin and displayed in cumulative
neuronal migrations blots. Two-sample Komolov-Smirnov p values are indicated.

(B-E) IUE: All measurements were performed on at least 3 individual animals (n = 3) and 3 images per animal (n = 3). Error bars indicate

mean *+ SEM. ****p < 0.0001.

targeted with HNRNPC-degrading shRNA were significantly
different compared to those targeted with a scramble con-
trol shRNA (D(2) = 0.3349, p < 0.0001) (Figures 5B and
5C). Reduced HNRNPC levels thus affect the ability of tar-
geted neurons to compete with non-targeted neurons to
migrate to the outer cortical layers (layer 2/3).

At postnatal day 1 (P1), neuronal migration in the
developing somatosensory cortex (SSCx) was significantly
reduced (D(2) = 0.5701, p < 0.0001) in cells targeted for

overexpression of HNRNPC-isol (Figures 5D and SE). In
line with our finding that the HNRNPC-isol1P*" variant
does not appear to affect HNRNPC function, we found the
same phenotype upon overexpression of the HNRNPC-
iso1P™ variant (D(2) = 0.5611, p < 0.0001) (Figures 5D
and SE). In contrast, most cells targeted with the control
protein (tdTomato™*) migrated out to the cortical layers 2/3
(L2/3) (Figure 5D). Interestingly, this delay is not detectable
at postnatal day 7 (P7) (Figure S7C).
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(B-D) Detailed illustrations of the missense variants: c.190C>T (p.Arg64Trp) in the RRM (B), c.296G>A (p.Arg99Gln) near the RRM and

C2 domain (C), and ¢.332G>A (p.Val108lle) in the C2 domain (D).

Combined, these data illustrate that both enhanced and
decreased levels of HNRNPC affect neuronal function, re-
sulting in delayed neuronal migration of targeted cells dur-
ing early murine cortical development. Moreover, these ex-
periments provide further support that the HNRNPCP®:
variant behaves like the wild-type protein and suggest
that the pathogenicity of this variant arises from decreased
abundance.

Discussion

A wide variety of heterozygous variants in HNRNPC
result in a NDD phenotype
Here, we present a cohort of 13 individuals with heterozy-
gous HNRNPC variants with shared features of neurodeve-
lopmental delay and minor facial dysmorphic features,
partially overlapping with those of other previously
published HNRNP syndromes." Behavioral problems
including poor concentration and attention span were
also noted. Interestingly, 54% of our cohort had a very
happy demeanor. Sleeping problems were reported in
most of individuals (83%). We divided the cohort into
four separate groups: (1) recurrent variant c.889_915del;
(2) frameshift variants predicted to escape NMD; (3) large
N-terminal deletion variant; and (4) missense variants.
No clear genotype-phenotype correlations were observed
between these sub-cohorts (Tables 1 and S4). However, sei-
zures occurred more often in the group with frameshift
and missense variants, and microcephaly was present in
the group with the HNRNPC-recurrent variant (3/5) and
for one of the frameshift variants.

Nine different HNRNPC variants affecting various
HNRNPC domains were identified, including frameshift
(c.54_55delAT, ¢.793delG, c¢.864dupA, c.763_769del),

missense (c.190C>T, ¢.296G>A, ¢.322G>A), and in-
frame deletion (c.889_915del) variants and a large dele-
tion affecting HNRNPC as well as two other genes (Gen-
Bank: NC_000014.9:21220392_21352183del; SUPT16H,
RPGRIPI). Generally, frameshift variants cause amino
acid changes followed by a premature termination codon
(PTC), which typically results in NMD of the RNA.>® How-
ever, NMD efficiency is decreased in the 5’-most 150 nucle-
otides of the coding region as well as in the last exon.**
This escape from NMD is supported by RNA-sequencing
data of Ind8 (Figure S8), but is not experimentally assessed
for Ind6, Ind7, and Ind9.

We expect the large deletion (Ind10) to result in hap-
loinsufficiency for HNRNPC. The identified missense vari-
ants may affect HNRNPC folding and/or function due to
their location in or proximity to the RNA recognition
motif (RRM) and the C2 domain (Ind12 and Ind13,
p.-Vall08lle and p.Arg64Trp, respectively). Mutations
that affect the RRM and C2 domains have been shown
to affect RNA-binding specificity.”” We anticipate that
the Ind13 variant p.Arg64Trp is likely to affect HNRNPC
folding (Figures 6A and 6B) as the positively charged argi-
nine is exchanged for a bulky, hydrophobic tryptophan,
thus likely disrupting the predicted alpha helix in this
highly structured RRM region (entry: O77768; alphafol-
d.ebi.ac.uk). No accurate structure predictions were avail-
able for the Ind11 and Ind12 variants (p.Arg99GIn and
p-Vall08lle, respectively) (Figures 6A, 6C, and 6D). For
the latter, we expect limited disruption of the protein
structure, due to high molecular similarity between
the valine and isoleucine residues. Of note, the Ind12
variant is predicted to weaken the splice donor site of
HNRNPC-isol, which suggests that the expression of
HNRNPC-iso2 is relatively enhanced, thus disrupting the
(C1)3(C2), stoichiometry.
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HNRNPCPE iPSCs did not reveal functional effects of the
recurrent HNRNPCP®" variant

The recurrent HNRNPCPE! variant, as seen in Ind1, was de-
tected in five unrelated individuals. Hence, we initially
favored a model in which the deletion of the C-terminal
nine amino acids affected the activity of HNRNPC. The
deletion of these nine amino acids is the result of an in-
frame microdeletion, ¢.889_915del (based on the longer
C2 isoform), near the C-terminal domain (CTD; aa 240-
290). The CTD is thought to affect HNRNPC tetramer
stability, and HNRNPC variants lacking parts of the CTD re-
gion have been shown deficient in tetramer forma-
tion.'>'* However, we did not observe a change in associ-
ation of HNRNPC isoforms with the deletion variant in a
co-immunoprecipitation setup.

iPSCs derived from Indl as well as control subjects
enabled us to further study the effect of HNRNPCP® in
an endogenous setting. Although we were able to verify
the abundance of the HNRNPCP®" variant in cells from
an affected individual, we did not find alterations in sub-
cellular localization or other reported cellular functions
of HNRNPC, including mRNA transport and alternative
splicing.

Downregulation of HNRNPC has been shown to cause
nuclear accumulation of mRNA in HeLa cells via impair-
ment of an HNRNPC-dependent nuclear mRNA export
mechanism.'” Although we observed a significant effect
on nuclear accumulation of mRNA upon HNRNPC overex-
pression, efficient HNRNPC knockdown (approximately
70% in iPSCs) did not affect mRNA localization. This
finding indicates that these cells were not suitable for uti-
lizing mRNA localization as a readout to detect impaired
HNRNPC function. HeLa cells may potentially demon-
strate increased levels of HNRNPC, as has been noted
in several cancer types,'>°”°" and any functional role
described might be cell type dependent or cancer spe-
cific.* However, we were not able to replicate the reported
change in mRNA localization upon HNRNPC knockdown
in U-2 OS (osteosarcoma) cells, either. One could speculate
that excess levels of HNRNPC may retain an extensive
amount of RNA by binding and stabilizing it in the nu-
cleus. This is in line with our overexpression studies in
which we observed a nuclear mRNA staining pattern
upon overexpression of all assessed HNRNPC isoforms
and variants in iPSCs (Figure 2F).

Previous studies have shown that HNRNPC is involved
in cell-cycle-dependent translation via internal ribosome
entry sites (IRES) during the G2/M phase, when cap-depen-
dent translation is partly inhibited.'®' This cell-cycle-spe-
cific function of HNRNPC in IRES translation may cause
altered protein abundance, specifically of proteins depen-
dent on IRES translation during neurodevelopment.®’ In
line with these findings, we clearly observed altered subcel-
lular localization of HNRNPC in mitotic cells.

The absence of a phenotype in iPSCs derived from an
affected individual (Ind1) as well as control iPSCs in which
we induced a strong HNRNPC knockdown might be due to

the use of undifferentiated iPSCs. Recently, RNA structural
changes have been reported in neurogenesis, which corre-
lates with the openness of RNA structure for HNRNPC
binding.°* Hence, the exten of neuronal differentiation
may affect the target binding capacity of HNRNPC in
either neural progenitor cells (NPCs) or neurons and might
thus be affected differently than in iPSCs. Therefore, func-
tional assessment of HNRNPC and HNRNPCP* in NPCs or
iPSC-derived neurons may lead to the discovery of disease-
relevant phenotypes and provide a potential pathogenic
molecular mechanism. Of note, samples suitable for iPSC
generation were available only for individual 1, although
similar results are expected for iPSCs from the other indi-
viduals with the same recurrent variant.

Loss of HNRNPC daffects differential splicing

Analysis of differentially expressed genes showed an effect
of loss of HNRNPC but did not reveal any remarkable dys-
regulated pathway (Figure S5D). In mammalian cells, the
levels of RNA-binding proteins (RBPs) such as HNRNPC is
regulated by other RBPs. Recently, a reciprocal expression
regulation of HNRNPC and CELF2 has been reported in
T cells.®® In the meta-analysis, CELF2 expression remained
unaffected across all analyzed datasets (DESeq2 result,
Table S6), leading us to assume that the role of HNRNPC
in gene expression is cell type specific.

Previous RNA-seq analysis has identified RNA-binding
sites of HNRNPC and suggests a regulatory role for
HNRNPC in alternative exon or ALU sequence inclusion
and exclusion.'®'* We combined this dataset with datasets
of two additional cancer cell lines (HEK*? and THP-1'®) in a
meta-analysis and identified a strong effect of loss of
HNRNPC function on alternative splicing, regardless of
the cell line. Interestingly, this meta-analysis showed that
both a full knockdown in HEK and HeLa cells as well as a
50% knockdown in THP-1 cells show the same pattern.
This suggests the effect of homo- and heterozygous loss
of HNRNPC to be highly similar and supports HNRNPC
haploinsufficiency as a potential cause of pathogenicity
in our cohort.

Interestingly, the DAVID analysis of genes affected by
alternative splicing (AS) due to the loss of HNRNPC in
the MAJIQ meta-analysis revealed an enrichment for genes
associated with intellectual disability (ID). This indicates
the vast potential and value of in silico analysis of pub-
lished datasets and their relevance for hypothesis testing.

RNA-seq data of fibroblasts obtained from Ind8 (bearing
the p.Asp265Thifs*18 variant) and a sex-matched control
subject enabled us to establish the presence of the fingerprint
of HNRNPC-dependent alternative splicing as identified in
our meta-analysis. Via the manual analysis, we report about
52% of the alternative exon or ALU sequences identified in
the HNRNPC knockdown meta-analysis to be similarly
altered in the fibroblasts from affected individual IndS,
which strongly supports the notion that HNRNPC haploin-
sufficiency underlies the observed pathogenicity. This result
is further confirmed with the unbiased MAJIQ analysis. In
contrast, the iPSCs from Ind1, which showed a reduction
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to 45% of the total HNRNPC levels, did not show alterations
in any of the alternative exons identified upon HNRNPC
downregulation as reported in literature'>'* and our meta-
analysis. This discrepancy is potentially explained by
the difference in RNA structure and openness in pluri-
and/or multipotent cells as compared to differentiated
cells.”*

Dysregulation of HNRNPC levels affect neuronal function
Based on the neurodevelopmental delay observed in our
cohort and the conserved dysregulation of splicing upon
loss of HNRNPC, as suggested by the meta-analysis,
we assessed the functional role of HNRNPC in our murine
in vivo and in vitro screen for gene variants asso-
ciated with neurodevelopmental disorders (PRiSM, www.
functionalgenomics.nl). Our in vivo approach revealed
aberrant neuronal migration in the somatosensory cortex
(SSCx) in the mouse brain upon shRNA-mediated knock-
down of HNRNPC. Also, neuronal morphology was altered
upon reduced HNRNPC abundance. The observed reduced
neuronal migration of shRNA-targeted cells in our IUE
assay indicates an important role for HNRNPC in (early)
neurodevelopment and strongly supports the notion that
pathogenic variants leading to HNRNPC haploinsuffi-
ciency cause NDD. Impaired cell migration has also been
reported with knockdown of HNRNPC in neural crest
cells.® However, the migration deficits observed in the
IUE assay are not necessarily predictive for the presence
of cortical migration deficits in affected individuals, as
the knockdown of HNRNPC likely results in HNRNPC
levels that are lower as compared to haploinsufficiency.
In addition, the targeted cells have to compete with the
surrounding non-targeted cells, which may amplify the
migration deficit. Yet, it is notable that structural brain
changes were observed in several MRIs of Ind2, Ind8, and
Ind12.” Possibly, such migrations deficits arise from loss
of heterozygosity in a subset of cells. Notably, overexpres-
sion of HNRNPC-isol in the developing mouse brain had
similar effects on neuronal migration and additionally re-
sulted in aberrant neuronal morphology and neuronal
toxicity, suggesting correct HNRNPC dosage is crucial for
brain development.

The similarity between neuronal migration deficits upon
overexpression of HNRNPC-isol versus HNRNPC-iso1P"t
suggests that the HNRNPCP®" variant does not abolish
HNRNPC function. This is in line with our finding that
overexpression of either HNRNPC-iso1 or HNRNPC-iso1P*"
in iPSCs causes nuclear mRNA accumulation. Hence, we
believe that the pathogenic effect of the HNRNPCP:
variant is caused by its reduction in HNRNPC levels. We
expect the relatively high prevalence of the c.889_915del
variant to be a result of a nucleic acid sequence repeat
(c.906 _915 is homologous to ¢.879_888; GenBank:
NM_031314.3), which are typically more prone to muta-
tion due to general instability of repetitive DNA
sequences.®®

In conclusion, although the exact molecular mechanism
underlying the pathogenic effect of the HNRNPC missense

variants described remains to be identified, our study indi-
cates that the developing brain is sensitive to aberrant levels
of HNRNPC and that haploinsufficiency of HNRNPC results
in aberrant splicing, in particular enriched for ID genes, ul-
timately leading to a neurodevelopmental disorder. This
demonstrates that the HNRNPC should be added to the
list of HNRNP-related neurodevelopmental disorders.
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