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cause a syndromic form of intellectual disability

Ariane Kroll-Hermi, 263 Corinne Stoetzel,!.63 Christelle Etard,263 Levon Halabelian,3:4.5.63

Elise Schaefer,1.¢ Sophie Scheidecker,!.” Kimia Kahrizi,® Jamali Payman,® Véronique Geoffroy,!>°
Megana Prasad,! Cathy Obringer,! Laurie Ruch,! Amandine Girard,! Hong Zeng,3 Fengling Li,3
Damien Plassard,”'0 Céline Keime,”10 Francesca Mattioli,” Claire Feger,” Amélie Piton,”.°

Atsushi Fujita,!! Naomichi Matsumoto,!! Matheus Augusto Araujo Castro,'2 Kim Chong Ae,!12
Lyse Ruaud,!3 Jonathan Levy,!4 Blandine Doziéres,!> Anne-Claude Tabet,!5.1¢ Ingrid M. Wentzensen,!”
Teresa Santiago-Sim,!7.61,62 Roman Yusupov,!'® Kristian Tveten,!® Marie Falkenberg Smeland,!9.60
Ebba Alkhunaizi,2° Gina Cowing,2! Chumei Li,2' Saskia B. Wortmann,2223 René G. Feichtinger,22
Johannes A. Mayr,2?2 Herman Gonorazky,?* Gan Jing,?> Xiaodong Wang,2¢ Jia Wang,2¢

Tatjana Bierhals,?” Lev Grinstein, 28 Theresia Herget,?” Anna Ruiz,2° Elisabeth Gabau,3°

Antje Kampmeier,3! Olivier Kassel,2 Alma Kuechler,3! Konrad Platzer,32 Rami Abou Jamra,32
Audrey Woerner,?3 Michaela Idleburg,33 Susanne Gerit Kircher,3#

(Author list continued on next page)

Summary

Protein arginine methyltransferase 9 (PRMT9) is part of the PRMT family, and it is suspected to function in pathways relevant to neuro-
development. It is thought to participate in alternative splicing through interactions with the splicing factor SF3B2 (SAP145). In this
study, we report 26 families (35 individuals) with bi-allelic loss-of-function variants in PRMT9, implicating PRMT9 in an autosomal-
recessive human disease. Individuals primarily present with a neurodevelopmental disorder characterized by global developmental
delay, learning disabilities, mild to severe intellectual disability, autism spectrum disorder, epilepsy, and hypotonia. The mutation
spectrum includes 26 different variants such as frameshifting indels, nonsense variants, missense variants, and two copy-number var-
iants. Mapping of the disease-causing missense variants onto the crystal structure of PRMT9 revealed that several of the variants reside
within the catalytically active module of PRMT9, likely impairing its methyltransferase activity and resulting in a loss of function. In
skin fibroblasts derived from affected individuals, we observed reduced expression at the RNA and/or protein level and subsequent
aberrant methylation activity. Moreover, transcriptomic analysis of fibroblasts from affected individuals indicated differential expres-
sion of genes related to intellectual disability, autism, and cilia, suggesting a role of PRMT9 during ciliogenesis. Under ciliogenesis con-
ditions, the skin-derived fibroblasts exhibited anomalies in the length of primary cilia but normal amounts of cilia. In addition, a prmt9
knockout zebrafish model displayed abnormal social preference in adult animals. Altogether, our findings implicate bi-allelic PRMT9
loss-of-function variants as causal for neurodevelopmental disorders.

Introduction as a substantive limitation in intellectual functioning and

adaptive behavior with an age of onset before 18 years, it
Affecting at least 1% of the population worldwide, intel- is clinically and genetically highly heterogeneous.’
lectual disability is a major healthcare problem."” Defined ~ Sequencing efforts such as trio whole-exome sequencing
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(WES) or whole-genome analysis®* have revealed patho-
genic variants in many genes (>1,000 genes) with highly
variable conditions and inheritance modes (X-linked,
autosomal-dominant, or autosomal-recessive).” Auto-
somal-recessive intellectual-disability-associated genes ac-
count for a small fraction of affected individuals in
outbred populations.® However, it is estimated that the
number of known genes will continue to rise in the com-
ing years.”’

In silico analysis of intellectual-disability-related genes
revealed that among the most enriched biological func-
tions were cellular metabolism and transport, nervous
system development, RNA metabolism, and transcrip-
tion, including specifically the hedgehog pathway and
cilia/centrosome functions.’ Of interest, more than 50
genes have been described with various forms of intellec-
tual disability as related to ciliopathies, defined as
dysfunction of the primary cilium or impaired primary
cilium biogenesis. The primary cilium is an organelle
that extends from the surface of almost all vertebrate
cells and plays a critical role in developmental and ho-

meostatic signaling pathways such as the Sonic Hedge-
hog (Shh) pathway.® Individuals with intellectual
disability and pathogenic variants in ciliary genes can
have additional symptoms including renal dysfunction,
retinal degeneration, limb abnormalities such as poly-
dactyly, and many others.’

Here, we report a series of 35 individuals (26 families)
with bi-allelic variants in PRMT9 (MIM: 616125) and
delineate associated phenotypic features, which include
global developmental delay with intellectual disability,
autism, epilepsy, hypotonia, and several variable features
such as facial dysmorphism, polydactyly, urogenital
anomalies, and endocrine disorders. PRMT9 belongs to
the family of protein arginine methyltransferases
(PRMTs), a family of currently nine proteins whose main
function is thought to be the methylation of arginine res-
idues on histones or other proteins.' Functionally, it is
thought to participate in alternative splicing through its
interaction with the splicing factor SAP145 and by modu-
lating small nuclear ribonucleoprotein maturation.'’ We
provide molecular and cellular data implicating PRMT9
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loss of function (LoF) in an autosomal-recessive form of
intellectual disability. Furthermore, we provide insight
into the pathophysiological mechanisms linking cilia
dysfunction to a neurodevelopmental condition.

Subjects and methods

Subjects

Following written consent from each participant and/or their
parents, whole blood, DNA, or skin fibroblasts were obtained
from each research participant. Study protocols used in
our cohort have been approved by the corresponding Institu-
tional Review Board or equivalent local committees (see
supplemental information). Our research was conducted
in concordance with the Declaration of Helsinki. Written
informed consent of all examined individuals or their legal rep-
resentatives for genetic testing and the publication of findings
was obtained after advice and information about the risks and
benefits of the study.

Pathogenic variant identification

This study involves 25 unrelated families from different institu-
tions worldwide. All research participants except family B
(already reported in Najmabadi et al.”) were contacted by way
of DECIPHER''! or GeneMatcher.'” They were all investigated us-
ing whole-exome sequencing, and variants were confirmed
using either CGH/SNP array and/or Sanger sequencing (see
supplemental methods).

Cell culture

Primary skin fibroblasts of the affected individuals (A.II-1, C.II-1,
and C.II-2) and healthy control individuals of the same age and
sex were obtained from skin biopsies as previously described.'® Fi-
broblasts were cultivated at 37°C and 5% CO, in DMEM +
GlutaMAX (ref. 21885-025, Thermo Fisher Scientific, USA) sup-
plemented with 10% fetal calf serum (FCS) and 1% penicillin-
streptomycin-glutamine (PSG). To induce primary cilium forma-
tion, the cells were deprived of serum by growth for 48 h in
DMEM with 1% PSG.

Real-time quantitative PCR

Total RNA from fibroblasts derived from affected individuals was
extracted with the RNeasy kit (#74104, Qiagen, Germany). RNA
integrity was evaluated by agarose gel electrophoresis, and RNA
concentration was determined with the Qubit RNA assay kit
(ref. Q32852, Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Reverse transcription of 1 pg total RNA to
complementary DNA (cDNA) was performed using the Bio-Rad
iScript cDNA Synthesis Kit (#170-8891, Bio-Rad, USA), which
uses a blend of oligo(dT) and random hexamer primers, according
to the manufacturer’s instructions. Real-time quantitative PCR
(qPCR) amplification was performed in a Bio-Rad CFX96 Real-
Time System using the iQTM SYBR Green SuperMix (#170-
8886, Bio-Rad) and primer sets (Table S3) with optimized condi-
tions (efficacy and melt curves). Reactions were set up in triplicate
and, depending on the experiment, either one or three controls
were used. Gene-expression levels were quantified relative to
the reference genes GAPDH and ACTB (B-actin) using the effi-
ciency-corrected comparative cycle threshold (Cr) method and
the CFX Manager Software v.1.5 (Bio-Rad).

Immunofluorescence

Primary cells were grown in Nunc Lab-Tek Chamber Slides
(Thermo Fisher Scientific), and ciliogenesis was done as described
in the cell culture section. Primary cilia were labeled with an anti-
body directed against acetylated a-tubulin (red), and nuclei were
stained with 1:2,000 Hoechst 33258 pentahydrate (Life Technol-
ogies, blue). The slides were mounted with Vectashield (Vector
Laboratories). Cells were imaged by a fluorescence microscope
(Zeiss Axio Observer D1). The length of primary cilia was
measured on the pictures using ImageJ. Primary and secondary
antibodies used in this study, as well as their dilution, are pre-
sented in Table S4.

Western blotting

Total protein from three controls and affected individuals’ fibro-
blasts (A.II-1 and C.II-2) were extracted with non-denaturing lysis
buffer (20 mM Tris-HCI [pH 8], 137 mM NacCl, 10% glycerol, 1%
Nonidet P-40 [NP-40], 2 mM EDTA, and 1x Cocktail Roche
[protease inhibitor cocktail]) and separated in SDS-Laemmli gels
(10%). Separated proteins were transferred onto a polyvinylidene
difluoride (PVDF) membrane blocked for 2 h in 5% milk in Tris-
buffered saline and Tween 20 (Sigma-Aldrich, #P1379-500ML)
(TBST), then incubated overnight under agitation at 4°C with
the relevant primary antibody (PRMT9, SAP145, SDMA, and
B-tubulin). After incubation, membranes were washed six times
with TBST and incubated with an appropriate secondary anti-
body conjugated to horseradish peroxidase. Finally, proteins
were detected with the SuperSignal West Femto Maximum Sensi-
tivity Substrate (Thermo Fisher Scientific, #34095) or the Pierce
ECL Western Blotting Substrate (Thermo Fisher Scientific,
#32209) according to the instructions in the kit’s manuals using
the Molecular Imager Gel Doc XR System (Bio-Rad). The molecu-
lar weight of the bands was estimated using the Precision Plus
Protein WesternC Standard (Bio-Rad, #161-0376). A list of anti-
bodies used in this study is available in Table S4.

PRMT9 production, purification, crystallization, and
structural determination

Human PRMT9 (127-845 amino acids [aa]) was subcloned into a
vector encoding an N-terminal Hise tag, followed by a tobacco
etch virus (TEV) cleavage site, and expressed in sf9 cells.* The re-
combinant PRMT9 protein was first affinity purified with Talon
beads, followed by size-exclusion chromatography using an
S200 column pre-equilibrated with 20 mM Tris-HCI (pH 8.0)
and 150 mM NaCl. The N-terminal Hiss tag was then cleaved
by incubating the protein with TEV protease at 4°C overnight.
The protein was further purified to homogeneity using an ion-ex-
change Source Q column pre-equilibrated with 20 mM Tris-HCl
(pH 7.5) (buffer A) and eluted with 20 mM Tris-HCl (pH 7.5)
and concentration gradient of 1 M NaCl (buffer B). The measured
mass after TEV cleavage was 80,406.19 Da, as determined by mass
spectrometry. Apo-PRMT9 diffraction-quality crystals were ob-
tained in vapor-diffusion sitting drops by mixing equal volumes
of PRMT9 at 8.8 mg/mL and precipitant solution containing
20% (w/v) polyethylene glycol 3350 and 0.2 M ammonium ni-
trate. Crystals were then cryo-protected using reservoir solution
supplemented with 10% (v/v) ethylene glycol and cryo-cooled
in liquid nitrogen. X-ray diffraction data for Apo-PRMT9 were
collected at the 24ID-E beamline at the Advanced Photon Source.
Data were processed with XDS.'* Initial phases were obtained by
MR-Rosetta.'® Model building was performed in COOT'” and
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refined with Buster.'® MolProbity'’ was used for structural valida-
tion. Images were prepared in PyMOL.? Data collection and
refinement statistics for Apo-PRMT9 are summarized in Table S5.

The six truncated PRMT9 missense variants (127-845 aa)—
PRMT9-E7 (c.773A>T [p.Asp258Val]), PRMT9-E8 (c.1772T>C
[p.Phe591Ser]), PRMT9-E9 (c.1144C>A [p.GIn382Lys]), PRMT9-
E10 (c.2405C>T  [p.Thr802lle]), PRMT9-E11 (c.554G>A
[p.Gly185Glu]), and PRMT9-E12 (c.565G>A [p.Gly189Arg])—
were subcloned into the pFBOH-MHL vector (Addgene #62304).
The resulting constructs were expressed and purified similar to
the wild-type PRMT9 described above.

Differential scanning fluorimetry

Wild-type PRMT9 and its missense variants were each diluted to
0.1 mg/mL in a buffer containing 100 mM HEPES (pH 7.5),
150 mM NacCl, and 5x SYPRO Orange dye (Life Technologies,
$-6650). A volume of 20 pL was dispensed per well into a white
polypropylene 384-well plate (Axygen, #UCS500). Differential
scanning fluorimetry (DSF) was performed using a LightCycler
480 II system (Roche Applied Science, Penzberg, Germany) with
a temperature ramp of 4°C/min from 20°C to 95°C. Fluorescence
readings were collected at 0.5°C intervals. Melting temperatures
(T1m) were determined by fitting the fluorescence data to a Boltz-
mann sigmoid curve.

Transcriptome analysis: RNA sequencing

RNA samples were extracted from fibroblasts of individual A.II-1,
C.II-1, C.II-2, and three controls in two conditions using ciliary
and non-ciliary conditions for cell culture®' (see cell culture sec-
tion) using TRI reagent (Molecular Research Center) or the
RNeasy Mini Kit (Qiagen). Both protocols included an additional
step of recombinant DNase I treatment (Sigma-Aldrich). The
integrity and quality of the RNA were evaluated on a 1% bleach
agarose gel by electrophoresis®> on an RNA 6000 Nano Chip on
the bioanalyzer (Agilent Technologies). Library preparation was
performed at the GenomEast platform at the Institute of Genetics
and Molecular and Cellular Biology (Strasbourg, France) using the
TruSeq RNA sample preparation v.2 protocol (Illumina) starting
from 1 pg of extracted total RNA. Libraries were then 2 x 100-
bp paired-end sequenced on an Illumina Hiseq4000 sequencer
generating between 92 and 162 million paired reads per sample.
The corresponding bioinformatics pipeline is described in detail
in the supplemental information.

Generation of MZprmt9~/~ zebrafish models

The wild-type zebrafish AB,O, strain was obtained from the Euro-
pean Zebrafish Resource Center (EZRC, Karlsruhe). prmt9*®7%°
mutant alleles were generated using the CRISPR-Cas9 system.
The CRISPR guide RNA was designed with ChopChop software
(binding sequence: CCTTCACCGGAAATCTCTGGACA) and syn-
thesized with the MEGAshortscript T7 Transcription Kit (Am-
bion) according to the manufacturer’s instructions. prmt9 guide
RNA and Cas9 protein (GeneArt Platinum Cas9 Nuclease, Invitro-
gen) were co-injected into one-cell-stage embryos (300 ng/pL
each), and animals were raised until adulthood. FO mosaic foun-
ders were outcrossed with wild-type fish. The resulting F1 adults
were fin clipped as previously described.”> Genomic DNA was
HotSHOT extracted with 100 pL of 50 mM NaOH and 10 pL
Tris-HCI (pH 7.5) and then neutralized. A PCR covering the guide
RNA binding sequence was performed followed by Sanger
sequencing (Microsynth). Primers are listed in Table S3. F1 het-

erozygous fish with a 4-bp insertion were identified and incrossed
to obtain homozygous zygotic prmt9 mutants (Zprmt9**’%%). To
obtain maternal zygotic mutants (MZprmt9%*’%%), Zprmt9**’%
mutant adults were incrossed. For real-time qPCR, total RNA
from 50 embryos was extracted using TRIzol reagent (Invitrogen)
following the manufacturer’s protocol, reverse transcribed with
the Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Sci-
entific), and amplified with GoTaq 1-Step-RT-qPCR System
(Promega) using the StepOnePlus Real-Time PCR System (Thermo
Fisher Scientific). Wild-type zebrafish and prmt9¥*7%’ mutants
were raised as described previously,”* and experimental proced-
ures were performed in accordance with German animal protec-
tion regulations (Regierungsprasidium Karlsruhe, Germany,
AZ35-9185.81/G-184-17). Embryos were raised in 1x Instant
Ocean salt solution at 28.5°C (Aquarium Systems) and staged ac-
cording to Kimmel et al.>*

Whole-mount in situ hybridization: Zebrafish
embryos

To suppress melanogenesis, embryos were raised in water supple-
mented with 0.003% phenylthiourea (PTU). In situ hybridization
was performed as previously described.?® Probes targeting krox20
and msxc have been described.?” To examine the expression of
prmt9 in embryos, a probe binding 552 bp of the prmt9 transcript
was designed and amplified from 3-day post-fertilization wild-
type embryo cDNA. The amplicon was cloned into the pGEMT-
easy vector (Promega).”® We used Apal to linearize the plasmid
and SP6 to transcribe DIG-labeled antisense RNA probes.

Social preference test of adult zebrafish

For the social preference test, we used adult males as described by
Liu et al.>” Standard 1-L breeding tanks divided into two compart-
ments with a clear barrier were used to separate a single fish
(mutant or wild type) from a conspecific group of five fish. The
behavior of each test individual was assessed only once to avoid
repeated stress as well as any possible habituation and repeated
six times (biological replicates). After an acclimation period of
5 min, the fish movements were recorded for 10 min and the
swimming behavior analyzed with the ToxTrac tool.***!

Statistics

For in vitro and in vivo experiments, sample sizes were chosen
according to the standard practice in the field for each known ge-
notype. For humans, sample size was limited by the samples
available. In all zebrafish experiments, samples (1) represent a
random selection of a bigger cohort for each genotype consid-
ered. The status of the zebrafish (wild type or mutant) was always
known to the experimenters. Results are reported as mean =+ stan-
dard deviation (SD) or standard error of the mean (SEM) for the
number of experiments indicated in the legends of each figure
or table. Statistical analyses were performed using either Excel
(Microsoft, USA) or the Prism software (GraphPad, USA). In
most of the instances, we used a Student’s t test to compare two
groups of normally distributed data. Statistical significance was
set according to the levels at p = 0.05, and was indicated by
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Non-nor-
mally distributed data were compared using a Wilcoxon (Mann-
Whitney) non-parametric test for unpaired data. Significance
levels and number of samples/replicates are indicated in each
figure legend. All p values for main figures and supplemental fig-
ures can be found in Table S14.
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Individuals and variants identified in PRMT9

Figure 1.
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15
8

(A) Schematic of the PRMT9 locus, mRNA, and protein with the different protein domains. Variation positions are given according to

the RefSeq identifiers GenBank: NM_138364.3 and NP_612373.2.

(B) Face (upper) and profile (lower) photographs for individuals with bi-allelic pathogenic variant in PRMT9 for families C, F, G, J, K, W,

and X.

Results

Identification of bi-allelic LoF variants in PRMT9

The proband (A.II-1) is the first-born child of three sibs
from a consanguineous union in a family of Algerian
origin (Figure S1). Due to the presence of bilateral post-
axial polydactyly, developmental delay, and a suspected
and subsequently ruled out retinal dystrophy, a ciliopathy
and, more specifically, a Bardet-Biedl syndrome (BBS
[MIM: 209900]) was first suspected (Table S1). Other clin-
ical manifestations included poor muscle tone, bilateral
cryptorchidism, spontaneously resolving vesicoureteral
reflux, and a mildly dysmorphic facial gestalt. His birth
size and weight were within the normal range. With
time, he demonstrated autistic behavior connected to ma-
jor anxiety. At the age of 7 years old, he had his first
seizure, which has since been pharmacologically
controlled. Cerebral magnetic resonance imaging (MRI)
revealed the presence of bilateral periventricular nodular
heterotopia. At the last clinical examination at age 9, the

proband had severe intellectual disability with a near
complete lack of language. He had normal weight, height,
and head circumference. Ophthalmological examination
did not reveal any abnormalities. After screening of
known BBS-associated genes and related phenotypes
without identifying causal variants (see supplemental
information), WES and homozygosity mapping were per-
formed. Following classical filtering strategy including
functional criteria, sequence quality, frequency in popula-
tion-based databases, and overlapping homozygous re-
gions (Figure S2), only a small subset of variants remained
(see supplemental methods; Figures S3 and S4). We
focused on an inherited homozygous single-nucleotide
deletion in exon 3 (c.545delT [GenBank: NM_138364.3
[PRMTI]]) (p.Leul82Trpfs*10) of PRMT9 (Figures S2 and
S5A). PRMT9 is located on chromosome 4 (49q31.23) en-
compassing 46.4 kb and 12 exons. The only coding
mRNA transcript is ~3.5 kb long and encodes a protein
of 845 aa (94.5 kDa) (Figure 1A) with low tissue
specificity.*”
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Table 1. Distribution of clinical characteristics within the PRMT9
cohort (n = 35 individuals maximum)

No. of affected individuals

Neurological
Intellectual disability, 29/30
mild to severe
Cerebral MRI anomalies 12/26
Epilepsy 14 (15)/35
Autistic behavior 8 (10)%/29
Hypotonia 17/28
Development
Global developmental delay 33/34
Delayed speech and language 30/34
development
Facial dysmorphism 28/32
Digit anomalies 13/19
Postaxial polydactyly 5/19
Heart defects 6/16
Kidney defects 3/24
Genital anomalies 8/17
Cryptorchidism 5/17
Endocrine anomalies 9/15

The number of individuals exhibiting a given clinical characteristic is compared
to the number of individuals for whom this characteristic could be assessed.
Including suspected affected individuals.

Using DECIPHER'' and GeneMatcher,'* we were able to
recruit 25 additional families (total n = 26, families A to Z),
of which more than half (n = 14) were characterized
by consanguinity (Figure S1 and Table S1). Array or
sequencing techniques were used to investigate 35 affected
family members (from one to three per family) carrying po-
tential LoF variations in PRMT9 (supplemental methods)
and confirm bi-allelic status in 24 families (Figure S2). In to-
tal, 35 individuals from 26 families harbored 26 different
potential pathogenic variations in PRMT9 (Figure S1 and
Table S7), including one large deletion of exons 6-8, frame-
shifting indels (n = 10), nonsense variants (1 = 7), missense
variants (n = 6), and canonical splice site variants (n = 2)
(Figure 1A). In one family (family Z), a gain of a single
copy of at least exons 9-12 PRMT9 (variant of uncertain sig-
nificance) was detected, but no second pathogenic allele in
the gene could be identified by WES. The list of variants
and their occurrence in the cohort together with their path-
ogenicity evaluation is described in Tables S7 and S8.

Clinical features of individuals with PRMT9 variants

Comparing the phenotypic characteristics of the 35
affected individuals including 21 males and 14 females
(Tables 1 and S1), we noticed a wide spectrum of neurode-
velopmental phenotype in all individuals. Most of the in-
dividuals present global developmental delay and mild to

severe intellectual disability (33 and 29 individuals,
respectively). Hypotonia was noticed in 17 individuals.
Autism spectrum disorder (ASD) was suspected or diag-
nosed in ~30% (10/29) of the affected individuals and
was suspected in two others. Developmental language
delay was present in 30 individuals, with no language in
two of them. Moreover, clinical examinations revealed
that 14 individuals developed epilepsy, which was sus-
pected in one other individual. Brain MRI was conducted
in 26 affected individuals and showed different nonspe-
cific abnormalities in 12 of them (periventricular hetero-
topia, white matter abnormalities, megacisterna magna,
and wide pericerebral spaces). Growth delay and short
stature were observed in nine individuals with height
ranging between —2.0 and —4.7 SD. Moreover, many indi-
viduals presented other features including ophthalmolog-
ical involvement (strabismus, esotropia, and microphthal-
mia) in seven individuals, urogenital anomalies in eight
individuals including five with cryptorchidism (5 of 17
males), and heart defects in five individuals. Endocrine
disorders such as diabetes, obesity, hypothyroidism, and
puberty delay were diagnosed in nine individuals. In 28
individuals, nonspecific facial features were observed,
including flat facial profile, prominent forehead and fron-
tal bossing, thick eyebrows, hypertelorism, and thin lips
(Figure 1B). Skin lesions, such as supernumerary nipple,
hypertrichosis, and café-au-lait spots, were observed in
seven individuals. Digit anomalies were noticed in 13 in-
dividuals including five with postaxial polydactyly.

Effect of the homozygous c.545del frameshift
variant on PRMT9 expression

To investigate the effect of the identified PRMT9 variation
in family A (c.545delT [p.Leul82Trpfs*]), we analyzed
the mRNA and protein levels in the proband’s skin
fibroblasts. In three independent experiments, the expres-
sion of PRMT9 mRNA was significantly decreased in
the proband’s cells by ~60% as compared to control cells
(Figure S5B), suggesting an involvement of the nonsense-
mediated mRNA decay (NMD) pathway. Moreover, we
examined the effect of the premature stop codon at the
protein level of PRMT9. Proteins from the proband’s fibro-
blasts and control cells were extracted and analyzed by
western blot using an antibody specific to the N-terminal
part of PRMT9. However, we observed neither the full-
length protein (Figure S5C) nor a truncated form (data
not shown) of PRMT9 in the proband’s cells, suggesting
that the shortened protein is unstable.

Structural insights into Apo-PRMT9 and evaluation
of missense variants

PRMT9 belongs to the family of PRMTs, a family of
currently nine proteins whose main function is thought
to be the methylation of arginine residues on histones
or other proteins.'” As a type II methyltransferase,
PRMT9 is able to generate monomethylarginines
(MMAs) and symmetric dimethylarginines (SDMAs).
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PRMT9 contains three N-terminal tetratricopeptide re-
peats (TPRs), which is unique among the human PRMTs,
followed by two tandem methyltransferase (MTase)
modules—a catalytically active MTase module (called
module N) and an inactive MTase module (called module
C)—as a result of ancestral gene-duplication events®’
(Figure S6). Interestingly, the two missense variants
(p-Gly185Glu and p.Gly189Arg) identified in families B,
C, and I are located within two of the three highly
conserved glycines in the core motif (motif I) defining
the AdoMet binding pocket, one of the critical catalytic
sites of PRMTs** (Figure S7A). To better understand the
functional consequences of PRMT9 pathogenic variants,
we determined the crystal structure of the double MTase
modules of human PRMT9 in Apo form (referred to here
as Apo-PRMT9) (Table S5), which represents the last re-
maining experimental structure among the nine mamma-
lian PRMT proteins.** In the Apo-PRMT9 structure, the
two MTase modules are arranged in a head-to-tail pattern
forming a bowl-shaped pseudodimer (Figure 2A), similar
to the previously observed PRMT7 structure (PDB:
4C4A)*® (Figure 2C). Fach MTase module in PRMT9 con-
tains an N-terminal AdoMet-binding domain (residues
150-297 for module N and 515-692 for module C) and a
C-terminal p-barrel domain (residues 298-473 for module
N and 694-845 for module C). Additionally, each module
contains a dimerization arm (residues 310-338 for
module N and 705-734 for module C) inserted within
the N-terminal region of each B-barrel domain, which
mediates the dimerization interaction between the two

p.GIn382Lys/z s

w

Figure 2. Structural characterization
of PRMT9, highlighting the identified
missense sites

(A) Crystal structure of the Apo-PRMT9
shown in cartoon representation and co-
lor coded according to its domain archi-
tecture as labeled. The unresolved linker
joining the two modules is displayed as a
black dashed line.

(B) Electrostatic surface potential repre-
sentation of the Apo-PRMT9 shown in
the same orientation as in (A). Surface
color indicates electrostatic potential
ranging from —10 kT/e (red) to +10 kT/e
(blue). FElectrostatic surface potentials
were calculated using APBS.*°

(C) Overlay of the Apo-PRMT9 monomer,
color coded the same as in (A), on
MmPRMT7 (gray) (PDB: 4C4A).

g P » (D) Overview of all six missense variants,
/ @, s .
o) p*Giy‘yfsg o shown as sticks and colored magenta,
: (’y\ Wy & & . distributed among Apo-PRMT9 monomer
baspasaval [ = ij doArg and color coded the same as in (A).
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tains a well-defined negatively
) charged surface at the core region of
the bowl for substrate recognition
and binding (Figure 2B). Compared
to other human PRMTs, PRMT9 is
structurally most similar to PRMT7 (Figure 2C). The cata-
lytically active N module of PRMT9 superposes well with
the N module of PRMT7 in complex with S-adenosyl-ho-
mocysteine (AdoHcy, SAH) (PDB: 4C4A), with root-
mean-square deviation of 1.42 A over 244 aligned Ca
atoms. However, the zinc-binding motif that is located be-
tween the N and C modules of PRMT?7 is not conserved in
PRMT9>°; the linker between MTase modules in PRMT9
(residues 474-514) is not resolved in our structure and is
likely disordered. Comparison of the catalytically active
module N of PRMT9 with the other human PRMTs can
be found in Table S6.

Previous analyses by Yang et al. showed that mutating
the motif I region in module N of PRMT?9 is sufficient to
inhibit its methyltransferase activity,** suggesting that
module C of PRMT?9 is catalytically inactive. Our structure
of Apo-PRMT9 provides insight into why the MTase mod-
ule Cis inactive and the likely consequence of individuals’
variations (Figure 2D). The AdoMet-binding C of PRMT9 is
unable to bind AdoMet: substitution of conserved glycines
(highlighted in bold) in motif I (VLD/VGxGxG) into
Ser588 and Ser592, distorts the motif I loop conformation
such that it occludes cofactor binding (Figure S7B). Simi-
larly, two of the missense variants described in our study
(p-Gly185Glu and p.Gly189Arg) substitute the conserved
glycines (highlighted in bold) in motif I (VLD/VGxGxG)
of the AdoMet-binding N of PRMT9 into Glul85 and
Arg189 that may distort motif I loop conformation and
prevent AdoMet from binding into module N of PRMT9
and, thereby, inhibit its MTase activity (Figure S6C).
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Other missense variants have prediction scores that are
in accordance with a possible pathogenic effect
(Table S8). Among these, Asp258 is highly conserved
within the PRMT9 and PRMT7 subfamilies and absent
from the others (Figure S7A). Given its localization in the
substrate-binding pocket of the catalytically active module
N of PRMT9 (Figure S7E), the p.Asp258Val variant might
interfere with the substrate arginine side-chain recognition
and binding. The p.Phe591Ser is inserted inside
a hydrophobic pocket located on the catalytically
inactive AdoMet-binding domain (module C) of PRMT9
(Figure S7B), which is less conserved compared to the
AdoMet-binding domain (module C) of MmPRMT7,
assuming it contributes to the protein’s overall folding
and stability. The position is relatively well conserved but
appears specific to the PRMT9 subfamily (Figure S7A).
GIn382 is not so well conserved within PRMTs, and is
located at the surface region of p-barrel N of PRMT9 with
less possible effect on the protein function (Figure S7E).
However, looking at the position of the variant relative
to the exon boundaries (—3 bases in 5’ from the donor
splice site) and according to bioinformatics predictions,
the variant might have an effect on splicing rather than
as a missense (Table $8). Thr802 is highly conserved within
the PRMT9 and PRMT?7 subfamilies and absent from the
others (Figure S7A). The variation, located in p-barrel C of
catalytically inactive module C within a hydrophobic
pocket, may disrupt the proper folding of this domain, as
Ile side chain is bigger than Thr and may not be properly
accommodated inside this pocket (Figure S7D).

Upon expressing the six PRMT9 missense variants in Sf9
insect cells, we were unable to detect the p.Phe591Ser and
p-Thr802Ile variants, suggesting a major folding defect
consistent with our structural analysis (Figure S8A). To
assess the impact of disease-causing variants on PRMT9
protein stability, we performed DSF. Compared to wild-
type PRMTY, the p.Gly189Arg variant showed significant
destabilization, with a AT, decrease of 7.2°C. In contrast,
the p.Asp258Val variant resulted in a mild destabilization
(ATy, decrease of 1.3°C). The remaining variants exhibited
no significant differences in thermal stability compared to
wild-type PRMT9 (Figure S8B).

Nonfunctional PRMT9 does not impair ciliogenesis
but affects both ciliary length and function
Given the initial suspicion of a ciliopathy phenotype in
the proband (A.II-1), we examined whether cilia could
be affected in individuals’ cells. We compared skin fibro-
blasts from individuals A.II-1, C.II-1, and C.II-2 vs. con-
trols under two conditions: normal condition (+FCS)
and ciliary condition (—FCS). Counting the number of
ciliated cells did not show any difference (Figures 3A
and 3B). Nevertheless, the primary cilia length showed
significantly longer cilia in the individuals’ cells compared
to controls (Figure 3C).

To further evaluate a possible impact of PRMT9 variant
on primary cilium function, we measured the Shh pathway

activity by measuring GLI1 and PTCH1 essential compo-
nents (as well as target genes) in patients and control cells.
Activation of the signaling is achieved using the smooth-
ened agonist (SAG) under two conditions: normal (+FCS)
and ciliary (—FCS). Control samples demonstrated, as ex-
pected, a robust induction of these target genes under cilio-
genesis conditions (Figure 3D, condition +FCS — SAG vs.
—FCS + SAG). In contrast, the individual’s cells showed a
significantly higher response to SMO ligand stimulation,
as confirmed by an increased expression of the pathway
target genes under the same condition (Figure 3D, condi-
tion —FCS + SAG). These results point to a possible effect
of the PRMT9 variants on the ciliary biogenesis or function.

PRMT9 fails to methylate the splicing factor SAP145
in affected skin fibroblasts

PRMT9 interacts with and methylates the splicing factor
SAP145." This in turn stimulates the SAP145 interaction
with Survival of Motor Neuron (SMN), a protein required
for the assembly of small nuclear ribonucleoprotein parti-
cles that are essential for pre-mRNA splicing (Figure 4A)."°
To examine the effect of the PRMT9 LoF variants
(c.545delT, ¢.554G>A [p.Gly185Glu], and c.1318C>T
[p-GIn440*]) from families A and C, a western blot was
performed to determine whether SAP145, the target of
PRMTY, could still be methylated or not. For this we
used an antibody specific for symmetrically dimethylated
Arg508 of SAP145 (SDMA).'® While SAP145 was detected
in control and individual cells (A.II-1 and C.II-2), SDMA
was only detected in the control (at a low level), showing
that the PRMT9 variants identified in family A (absence of
PRMT9) and C (nonfunctional PRMT9) prevent the
methylation of the splice factor (Figure 4B). In control
cells, no significant difference in PRMT9, SAP145, or
SDMA expression could be observed in normal and cili-
ated conditions (Figure S9).

Bi-allelic PRMT9 variants affect the expression of
genes associated with intellectual disability, ASD,
and cilia

PRMT?Y activity in alternative splicing, through its interac-
tion with the splice factor SAP145,'” is especially important
in neuron development.’” We examined the RNA differen-
tial expression in probands’ cells with a specific focus on
genes associated with intellectual disability,*** ASD,*” and
cilia function/biogenesis*’ (Tables 2 and S2). RNA
sequencing was performed on the same three samples
(A.II-1, C.II-1, and C.II-2) under either rich medium condi-
tions (+FCS) or under ciliated conditions (—FCS) (see
supplemental methods and Table S9). To detect the effect
of PRMT?9 variations, we focused on shared differentially ex-
pressed genes (DEGs) of all three affected individuals (see
supplemental methods and Table S9). In total, 62 DEGs
were found in cells cultured with FCS, of which 26 were up-
regulated and 36 downregulated (Figure 5A and Table S10).
Considering the cells under ciliary conditions (—FCS), 241
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Figure 3. Pathogenic variants in PRMT9 affect the cilia length of skin fibroblasts from affected individuals

(A) Fibroblasts from control and individuals’ cells in ciliary conditions were stained with an antibody against acetylated a-tubulin
(cilia, red). Nuclei were stained with DAPI (blue).

(B) Based on 20 fields in three independent experiments (100-150 cells per experiment), mean percentages of ciliated cells of unaltered
individual cells compared to control cells are shown in a histogram. The control is the mean of three independent controls, and error
bars represent standard deviation.

(C) Individual cells present longer cilia. Data are presented as a scatterplot with a line indicating the mean value and error bars indi-
cating the standard deviation. The control is the mean of three independent controls. Statistical significance was determined using the
unpaired non-parametric Mann-Whitney test (n = 300; ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

(D) Assessment of Hh-signal transduction by quantification of the expression levels of two Hh target genes (PTCHI and GLII) on Hh-
stimulated cells (+SAG) from controls and the individual with (—FCS) and without (+FCS) inducing ciliogenesis. All the results are

representative of three different experiments. Data are presented as relative expression levels + SEM. p values were calculated using
a two-way ANOVA test (Tukey’s multiple comparison test). ns, not significant; **p < 0.01, ***p < 0.001, ****p < 0.0001.

DEGs could be identified, of which 75 were upregulated and
166 downregulated (Figure 5A and Table S12).

Among the significant DEGs identified in rich condi-
tions (+FCS), two genes, SHROOM4 and SATB2, are known
to be associated with intellectual disability and eight
genes, PCDH10, HCLS1, PLXDC2, RTN1, TIPARP, CD44,
DLX1, and RAB38, with ASD (Tables 2 and S11). Through
real-time qPCR, we confirmed the significant upregulation
of PCDH10, PLXDC2, and SHROOM4 and the downregula-
tion of RAB38 (Figures 5B and 5C), but not uniformly in all
affected samples. Analysis of the enriched Gene Ontology
(GO) for biological processes (BPs) revealed interesting
categories such as neuron differentiation (GO:0030182),
cell adhesion (GO:0007155), or the positive/negative
regulation of transcription from RNA polymerase II pro-
moter (GO:0051897/G0:0000122) (Table S11).

Under ciliated conditions (—FCS), the number of DEGs
increased in affected skin fibroblasts, with a significant
enrichment of DEGs involved in intellectual disability
(p < 0.038) and/or ASD (p < 1.2E—06) (Tables 2 and S12).
Under this condition, the data also revealed differential
expression of GLI2, GLI3, FLNA, and RPGRIP1L, four genes
listed in the SYSCILIA gold standard (SCGSv1),*” a data-

base of known ciliary components, strengthening the hy-
pothesis that PRMT9 might have an impact on ciliogene-
sis or cilia function (Table 2). To validate those results,
real-time qPCR was performed on a selection of upregu-
lated (PCDH10, HCLS1, RPGRIPIL, SHROOM4, and
FLNA) or downregulated (NEUI1, BST2, PDK4, and
ANGPTL4) genes. Significance was not uniformly ob-
tained in all affected samples. Unlike the RNA-sequencing
results, GLI3 is downregulated in the individuals of family
C but not in individual A.II-1 (Figures 5B-5D). Enriched
GO BPs are, e.g., actin cytoskeleton organization
(GO:0030036), negative regulation of transcription,
DNA-templated (GO:0045892), regulation of synaptic
plasticity (G0O:0048167), axon guidance (GO:0007411),
cell adhesion (GO:0007155), small GTPase-mediated
signal transduction (GO:0007264), and positive regula-
tion of transcription from RNA polymerase II promoter
(GO:0045944) (Table S13)

Zebrafish MZprmt9~/~ mutants display abnormal
social preferences

Zebrafish is an attractive model organism for studying
human Mendelian diseases, such as ciliopathies®' and
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Figure 4. PRMT9 fails to methylate
the splicing factor SAP145 in cells
from affected individuals

(A) PRMT9 is known to symmetrically di-
methylate Arg508 of SAP145 (SDMA). Due
to the interaction with the splicing factor
SAP145, PRMT9 was suggested to regulate
alternative splicing.'’

(B) Western blot analysis of PRMT9,
SAP145, and SDMA (SAP145 dimethy-
lated) in control and individuals’ fibro-
blasts (A.II-1 and C.II-2) cultured under
normal conditions (+FCS) (n = 2).
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B-Tubulin serves as a loading control. SAP145 signal is present in all samples but weak in control. Western blot highlights the dime-
thylation of SAP145 (SDMA) in control cells, while no dimethylation of SAP145 is possible in defective PRMT9 cells (i.e., no protein in

A.II-1 or likely presence of a defective PRMT9 protein in C.II-2).

neurodevelopmental disorders (e.g., ASD or epilepsy).*”
PRMT9 has a single ortholog (ENSDARG00000036755)
in the zebrafish genome, located on the reverse strand of
chromosome 1 with three predicted isoforms (859 aa,
876 aa, and 5 aa).** In this study, we considered the two
longer isoforms sharing, respectively, 55% and 61% iden-
tity to the human ortholog.

We first investigated the expression of prmt9 mRNA in
zebrafish embryos by in situ hybridization. At 4 h post
fertilization (hpf), embryos showed that prmt9 mRNA is
maternally deposited. At 24 hpf, strong prmt9 expression
was detected in the brain (cerebellum and rhombenceph-
alon), the otic capsule, and the blood island. At 48 hpf,
expression was additionally observed in the heart, epiph-
ysis, and telencephalon (Figure 6A).

To investigate the effect of PRMT9 LoF on the embry-
onic development and adult behavior of zebrafish, a

CRISPR-Cas9-directed gene knockout was performed
(Figure S10). We selected a guide RNA that binds a
sequence within exon 4 of prmt9 and led to an insertion
of four base pairs, thus generating a frameshift and a pre-
mature stop codon (Figure S10A). This results in a putative
Prmt9 protein truncated at residue 269, thus lacking func-
tional MTase modules (Figure S10B). To exclude maternal
contributions, MZprmt9~'~ mutants that lack both mater-
nally supplied and zygotically expressed prmt9 were
analyzed. Real-time qPCR analysis of prmt9 expression in
wild type and MZprmt9~/~ **7%° mutants revealed a drastic
drop of prmt9 mRNA expression (Figure S10C), which is
indicative of NMD, as was the case in cells from individual
AII-1.

Drawing from the effect on primary cilia in individuals’
fibroblasts, we examined 72-hpf embryos for typical fea-
tures observed in previously described zebrafish models

Table 2.
in normal and ciliary conditions

Enrichment in genes involved or potentially involved in intellectual disability, ASD, or cilia function/biogenesis among the DEGs

Enrichment (no. of

DEGs (n) overlapping genes) p value Genes

DEGs (+FCS/normal)

Intellectual disability (n = 719) 62 0.8 (2) <0.467 SHROOM4, SATB2

ASD from AutismKb (n = 1,660) 62 1.6 (8) <0.140 PCDHI10, HCLS1, PLXDC2, RTN1,
TIPARP, CD44, DLX1, RAB38

Cilia from SysCilia (n = 303) 62 0.0 (0) <0.340

DEGs (—FCS/ciliary condition)

Intellectual disability (n = 719) 240 1.6 (16) <0.038 SHANKZ2, RAB39B, GLI2, PYCR1, PRPS1,
SHROOM4, SLC1A4, FLNA, RPGRIP1L,
GLI3, SYNGAP1, SPATA13, NEU1,
GRM1, NEDD4L, SCN1A

ASD from AutismKb (n = 1,660) 240 2.2 (43) <1.201E-06 SLC16A9, HCLS1, PCDHI10, RTN1, PCDH7,
RAB39B, MYOM2, BCAT1, ANXA2, C70rf50,
PPIC, CD44, NBPF10, AHRR, SH2B2, ZNF385A,
RALGPS2, GYPC, LIFR, STOM, SPATA13, HIFO,
ETS2, ANKRD9Y, ANGPTL4, CLEC2B, ADORAZ2B,
ITPKA, IFITM1, RHBDL3, ABCA1, PLIN2, SOD2,
ATP8B4, RAB38, PDK4, NEDD4L, CMPK2, VGF,
SCN1A, RSAD2, PPARGCI1A, BST2

Cilia from SysCilia (n = 303) 240 1.0 (4) <0.397 GLI2, FLNA, RPGRIPIL, GLI3

ASD, autism spectrum disorder; DEGs, differentially expressed genes; FCS, fetal calf serum.
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Figure 5. Multiple genes associated
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of ciliopathies.*' However, neither a curved body axis, hy-
drocephalus, nor kidney cysts were observed in prmt9 mu-
tants (Figures 6B and 6C). Furthermore, we did not
observe any difference in the length of primary cilia in
adult MZprmt9~/~ tissue as compared to age-matched
wild-type controls (Figure S11).

Since brain malformations and ASD, a feature often
accompanied by brain abnormalities in both fish and hu-
mans,** have been described in our probands, we next
examined possible morphological brain changes in
MZprmt9 mutants. In situ hybridization targeting the brain
markers krox20 and msxc was performed on 24-hpf
MZprmt9-deficient embryos and wild-type embryos, but
no obvious malformations of the brain structures were
observed (Figure S12A). Since RNA sequencing in affected
human fibroblasts revealed an abnormally high expression
of PCDH10, a gene that participates in axon outgrowth in
the forebrain of mice, we next examined the axon tracts

tubulin. However, both wild-type

and mutant MZprmt9~/~ embryos ex-

hibited intact axonal bundles, repre-
senting the main white matter tracts, in the forebrain
(Figure S12B).

To test the social preference of adult animals, the swarm
behavior of zebrafish can be observed. The spatial segrega-
tion of a single fish from its group, in a tank that is divided
by a transparent disk, leads in general to the fact that the
single fish stays most of the time close to its conspecific
group.*® In ASD models, however, zebrafish do not show
this strong social behavior and swim evenly throughout
their whole compartment.”’ To test the behavior of
MZprmt9~'~ mutants, we divided a breeding tank into
two compartments with a transparent wall and placed a
group of five conspecific fish on one side and a single
mutant or wild-type fish on the other side (Figure 6E).
While we did not observe any difference in the time spent
in the conspecific sector between wild-type and
MZprmt9~/~ mutants, the distance traveled in the conspe-
cific sector of the two groups differed significantly
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Figure 6. MZprmt9ke70%/ka70% mytants

do not display a typical ciliopathy
phenotype but show abnormal social
preferences

(A) Whole-mount in situ hybridization
analysis with prmt9 antisense probe re-
vealed a maternal contribution of prmt9
mRNA (4 h post fertilization [hpf]). At 24
hpf, high expression levels of prmt9 were
detected in the hindbrain (black arrow-
head), the otic capsule (black arrow), and
the blood island (black asterisk). At 48
hpf, additional staining was observed in
the forebrain (red arrowhead) and the
heart (red arrow). Scale bars, 250 pm.

(B) Representative images of a 72-hpf
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(C)  Number of wild-type and
MZprmt9ka709/ka709  embryos presenting
the indicated phenotype. Results are pre-
sented as percentage of the total number
of analyzed animals, i.e., 122 and 178
for wild-type and mutant embryos,
respectively.

conspecifit
sector |

F G H
* 1
Q)
kel £
E g E
©
© 8 3
E & a
[ ® $
[s] =)
’ o
0 2
wt  MZprmt9” wt  Mzprmto <
(H) The average speed of MZprmt94709/ka709

50

o
o

(4.
o

o

(D) Representative images of adult
(12 months post fertilization) wild-type
and MZprmt9ke70%/%a709 mytant zebrafish.
Scale bar, 500 pm.

(E) Schematic representation of the social
behavior test.

(F) Ratio of the time spent in the conspe-
cific sector.

(G) Ratio of the distance traveled in the
conspecific sector is significantly reduced
in MZprmt9*e709%a7%9 mutants compared
to wild-type fish.
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mutants was significantly decreased in all three compartments. n = 6/group.

In (F)—(H), a Student’s t test was performed to determine the significance. ns, not significant; *p < 0.05, **p < 0.01.

(Figures 6F and 6G). Mutants moved slower in all three
sectors (Figure 6H) and moved less hectically in the imme-
diate vicinity of the conspecific group (Video S1).

Discussion

PRMT?9 encodes one of nine PRMTs, a protein family that
can be classified into three different groups according to
their methylation products. The majority of PRMTs
(PRMT1, PRMT2, PRMT3, PRMT4, PRMT6, and PRMTS)
can generate MMAs and asymmetric dimethylarginines
(ADMAs) on their targets. Unlike type I PRMTs, PRMT9
and PRMTS5 are the only members of type II PRMTs of
forming MMAs and SDMAs. The sole type III member,
PRMT7, only creates an MMA mark.'® Since PRMTs have
a wide spectrum of different targets, such as transcription
factors, ion channels, splicing factors, scaffolding pro-
teins, or transport proteins, it is not surprising that they
have been shown to take part in many different cellular
processes. For example, they have an influence on RNA
splicing, tumor suppression, DNA repair, and hormone re-
ceptor signaling.*® PRMT9 was identified 12 years ago by
homology to PRMT7.*” As previously noted,'” PRMT9 is

the official gene name for this gene located on chromo-
some 4 (4931.23). It was previously referred to as
PRMT10” and wrongly used for naming another intellec-
tual-disability-associated gene, FBXO11, on chromosome
2 (2p16.3).*®

In this study, we report 26 families with 35 affected in-
dividuals presenting a syndromic form of intellectual
disability associated with epilepsy, autism, global develop-
mental delay, impaired speech development, various skel-
etal anomalies (including polydactyly), and hypotonia. As
a proven strategy for gene identification for such a hetero-
geneous condition,**? WES has been applied worldwide
to several families and, thanks to data sharing via
GeneMatcher'? or DECIPHER,'! we were able to assemble
this cohort. In 25 families, all affected individuals carry bi-
allelic inherited variations in PRMT9. Of the 25 different
variants, 22 were considered either likely pathogenic
(class 4) or pathogenic (class 5) according to the ACMG/
ClinGen classification. Given the distribution and type
of identified variations (mostly truncating variant or
missense in the catalytic site unable to methylate their
target), we assume that LoF variations are causal of the
phenotype. Interestingly, in 2011, Najmabadi and col-
leagues already proposed PRMT9 (aka PRMTI0 at that
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time) as a candidate isolated intellectual disability gene’
without any other confirming report until now. The re-
ported missense variant (p.Glyl89Arg) could not be
further studied. Reinvestigation of the same family (fam-
ily B) shed light on additional clinical manifestations
and proved the effect of the missense. A recent study ob-
tained similar results for the same variant using in vitro as-
says (HeLa cells and plasmid constructions).’” A second
variant in the same motif (p.Gly185Glu) further high-
lights its functional importance. Interestingly, two other
variants remain still of uncertain significance (class 3) in
families K and U. The variant c.1144C>A (p.GIn382Lys)
(family K) is suspected to have a splicing effect and re-
quires RNA testing. The variant c.2405C>T (p.Thr802Ile)
(family U) is strongly predicted to affect the folding of
the protein. We also noticed the occurrence of the dele-
tion of exons 6-8 in two families from Syria, suggesting
a possible founder effect. In one additional family
(Z-11.1), a single gain of copy of the region involving
both the last exons of PRMT9 and TMEM184C could be de-
tected, while Sanger sequencing of the PRMT9 coding
sequence or WES did not reveal any other pathogenic
variant in trans (supplemental information). Whole-
genome sequencing in this individual might reveal vari-
ants in regions not covered or badly covered by WES,
such as structural variations or deep intronic variations,
either in PRMT9 or in another gene.”*' The individual
presents clinical manifestations overlapping those of
other PRMT9 individuals (global developmental delay, hy-
potonia, moderate intellectual disability, epilepsy with
enlargement of the lateral ventricles, and bilateral
fronto-parietal cortical furrows).

Regarding the clinical presentation, the 35 affected indi-
viduals described in this cohort present with a wide spec-
trum of neurodevelopmental phenotypes including
global developmental delay with predominant language
impairment and mild to severe intellectual disability,
except for one individual with specific learning disability
and ASD without intellectual disability. About 30% of
the affected individuals have ASD. Half of them developed
epilepsy. Abnormalities on brain MRI were observed in six
of them and were nonspecific. Interestingly, bi-allelic var-
iants in PRMT7 were identified recently in more than ten
individuals with mild intellectual disability, obesity, and
shortening of the digits (SBIDDS [MIM: 617157]).°%°*
Our cohort has several overlapping clinical features with
this condition besides obvious intellectual disability
such as the skeletal phenotype with short stature, digit
anomalies (short, brachydactyly), strabismus, and urogen-
ital anomalies, albeit in a limited number of families.
Although dysmorphic facial features were noted for
most of the individuals, this seems not very specific but in-
cludes shared features with flat facial profile, prominent
forehead and frontal bossing, thick eyebrows, hypertelor-
ism, and thin lips. Considering the presence of postaxial
polydactyly, cryptorchidism as well as unconfirmed
retinal degeneration in the index family pointed us to a

possible role of PRMT9 in the biogenesis or function of
the cilia. Interestingly, two independent proteomic ana-
lyses revealed PRMTS as a primary cilia candidate where
kidney mice cells or swine choroid plexus epithelial cells
were isolated using a calcium-shock method.>*>* Simi-
larly, orthologs of the human PRMT1, PRMT3, and
PRMTS were detected in a punctate pattern along the
length and on the tip of flagella or were enriched at the
base of the flagella in Chlamydomonas reinhardtii, suggest-
ing that these PRMTs are cargo of the intraflagellar trans-
port.>® PRMT1 was shown to methylate GLI1 in the cyto-
plasm of pancreatic ductal adenocarcinoma but does not
interfere with the Shh pathway.>” Moreover, PRMTS5 asso-
ciated with MEP50 was shown to stabilize GLI1 through
methylation of different arginine residues and promote
GLI1 activation via the Shh pathway.’® More recently,
PRMT?7 was shown to interact with and methylate GLI2,
facilitating the release of GLI2 from SUFU its negative
regulator in the Shh pathway.”” PRMT9 contains three
TPR domains well known to be involved in protein-pro-
tein interactions in large complexes and which are found
in many ciliary-related proteins, especially in the intrafla-
gellar transport machinery.®*°! However, no cilia localiza-
tion of PRMT9 could be shown either in our hands (data
not shown) or in the literature. This result does not
exclude the possibility that PRMT9 is involved in the
biogenesis/functioning of the cilia, since other ciliop-
athy-associated genes, for example LZTFL1, are also not
localized in the cilia.°* Moreover, in this study we were
able to show that primary cilia are significantly longer in
individuals’ cells with PRMT9 LoF variations compared
to controls and demonstrated Shh pathway dysregulation
with two of the main component and target genes signif-
icantly overexpressed. Interestingly, these observations
were identical whether using either a fully depleted
PRMTO cell (absence of protein for A.II-1) or a half reduced
amount of PRMT9 and a defective PRMT9 protein (C.II-1
and C.II-2). Transcriptomic analysis and subsequent RT-
gPCR experiments revealed a significant upregulation of
GLI2 and RPGRIPIL in affected fibroblasts under serum-
starved conditions. Variations in RPGRIPIL are known to
cause ciliopathies associated with strong brain anomalies,
such as Joubert syndrome (JBTS7 [MIM: 611560]) and
Meckel-Gruber syndrome (MKSS [MIM: 611561]).
RPGRIP1L localizes to the ciliary transition zone at the
base of the basal body and is responsible for the organized
entrance and exit of proteins. Primary cilia have been
shown to play an important role in forebrain patterning
via the regulation of the Shh pathway, in which GLI2
plays a key role.”® The regulated expression of both
RPGRIP1L and GLI2 is essential for the function of primary
cilia and the development of the forebrain.®® It might be
too soon to categorize PRMT9 within the ciliopathy range;
further explorations of the protein function and localiza-
tion are required to see whether it can be considered as a
first- or second-order ciliopathy-related gene.®* Interest-
ingly, many intellectual-disability-associated genes are
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known to be implicated in either cilia or centrosome
functions.”

Furthermore, due to the strong interaction of PRMT9
with the splice factor SAP145, PRMT9 was suggested to
regulate alternative splicing. A protein complex consisting
of PRMTY, SAP145, and SAP49 is most likely formed in the
cytoplasm and followed by the dimethylation of SAP145
through PRMTY, its primary substrate.’” SAP145 as well
as SAP49 are core components of the nuclear U2 small nu-
clear ribonucleoprotein that is involved in splicing and 3’
processing of pre-mRNAs.'® To find targets of PRMT9-
regulated splicing, Yang and colleagues compared RNA-
sequencing data of control knockdown and small inter-
fering RNA-mediated PRMT9 knockdown HeLa cells and
identified splice variants in several intellectual-disability-
associated genes such as NDUFS2, WAC, BCOR, and
EEF1B2 by RNA sequencing.>'® We were unable to repli-
cate these findings, suggesting that PRMT9-associated
alternative splicing might vary between tissues and cell
types. Several splicing events could be identified in our da-
taset but with a high rate of false positives after careful ex-
amination of the sequencing data; thus, no significant
event could be reported.

In addition, the investigation of DEGs in both serum
rich (+FCS) and ciliated (—FCS) conditions gave hints
as to which pathways linked to intellectual disability
and autism PRMT9 might be involved. We observed an
increase of DEGs in individuals’ fibroblasts cultured in
serum-starved conditions (—FCS) compared to serum-
rich conditions (+FCS), highlighting a potential role of
PRMT9 during ciliogenesis. Overall, we observed a large
number of DEGs associated with intellectual disability
and autism, such as SHROOM4, SATB2, RB38, or
SHANK2,>2?:%> in both cell-culture conditions. Among
others, the most highly overexpressed gene is PCDH10
that encodes a cadherin superfamily protein normally
expressed in the basolateral amygdala, a brain region
implicated in autistically relevant behavior.°>®” The
pcdh10~'~ in mouse has been shown to be crucial for
axon outgrowth in the forebrain,® and homozygous de-
letions of the human PCDHI10 have been identified in
autistic children.®’

We also observed an enrichment of DEGs in individuals’
cells (in both serum-rich and ciliated conditions) impli-
cated in biological processes linked to autism and intellec-
tual disability. In +FCS conditions, for example, six DEGs
(AMBP, CD44, PCDH10, COL28A1, CDH4, and THBS4)
associated with cell adhesion were identified. Synaptic
cell adhesion molecules are involved in cell-cell recogni-
tion during synapse formation and are strongly associated
with intellectual disability and autism. Another enriched
GO term was the negative regulation of transcription
from RNA polymerase II promoter (DEGs: MDFI, MSX2,
HHEX, DLX1, SATB2, DACTI1, and HCLSI). In the past
many genes implicated in transcriptional regulation,
such as transcription factors and chromatin modifiers,
have been associated with intellectual disability and

autism.”” The transcription factor SATB2, for example, is
strongly associated with intellectual disability and
autism.”>’! In addition to the enriched GO terms
in +FCS conditions, in ciliary conditions the enrichment
of genes involved in the actin cytoskeleton organization
(DEGs GAS2L3, RND3, SHROOM4, TESK2, SH2B2, ITPKA,
and FGD4), the regulation of synaptic plasticity (DEGs
LZTS1, SYNGAP1, VGF, and ITPKA) and small GTPase-
mediated signal transduction (DEGs RND3, RAB32,
RALGPS2, PLCE1l, RAB39B, RAB38, DOCKI11, and
DOCK4) was observed. The cytoskeleton gives neurons
its shape and stabilizes the entire cell. Moreover, the cyto-
skeletal organization is important during axon outgrowth
and synapse formation and is thus important for remodel-
ing of synaptic connections.”” Also, genes involved in the
GTPase signaling pathway have been implicated in the or-
ganization of the actin cytoskeleton and hence have an
impact on the structure and function of dendrites and
synapses.”* Moreover, they are implicated in the intracel-
lular vesicle trafficking in neurons, such as RAB39B.”*7*
Brain study of MZprmt9~/~ mutant zebrafish larvae did
not reveal any obvious difference compared to wild type,
and they reached adulthood normally. However, this
does not exclude that subtle modifications occur at later
stages. More investigation would be required in order to
map the different brain areas of the adult to detect anom-
alies. Differently from individuals’ skin fibroblasts, the
size of the primary cilia was not affected in MZprmt9 /=
zebrafish. The mutation within prmt9 leads to NMD,
which was shown to frequently trigger genetic compensa-
tion.”> One cannot exclude that another gene takes over
the role of prmt9 to minimize the effect of the deletion.
To this end, transcriptomic analysis could reveal the over-
expression of compensatory genes, thereby providing in-
sights into the molecular pathways involved in the dis-
ease. In addition, differences between wild-type and
mutant behavioral activities indicate a link between
PRMT9 and ASD. Although the time spent in the conspe-
cific sector did not differ from wild-type fish, MZprmt9~/~
mutants showed a dramatic decrease in velocity, a
behavior previously observed in zebrafish models of
autism, such as shank3b~/~ mutants or syngaplb mor-
phants.?””’® This phenotype is most likely not due to a
general motility defect. Indeed, we did not observe any
difference in brain development and in axon tracts, in
particular for motoneurons between MZprmt9~/~ larvae
and wild-type siblings, and muscle integrity was not
affected in the mutant (Figure S13). Furthermore, hetero-
zygous crosses gave rise to a normal Mendelian ratio of
homozygous mutants that were able to reach adulthood
(not shown). This shows that mutant larvae raised in a
tank were able to compete for food with wild-type sib-
lings, which is strongly indicative of the absence of a
motility defect. Finally, the general swimming behavior
of adult mutant fish (escape from capture net and food
catching) was not different from that of wild-type fish
(not shown). Developing a prmt9 zebrafish model for
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one of the identified missense variants would be very
interesting, as this is described to be less prone to genetic
compensation’® and thus could result in a more drastic
phenotype.

In conclusion, we have identified bi-allelic pathogenic
variants in PRMT9 in a large cohort of individuals (n = 35),
confirming PRMT9 as a syndromic autosomal-recessive in-
tellectual-disability-associated gene. The variations affect
PRMT9 function in dimethylating its partner and suggest a
role for PRMT9 in cilia biogenesis and function.

Data and code availability

Data generated or analyzed during this study are included in
the published article and the corresponding supplemental
information. The raw sequencing data generated in the course
of this study are not publicly available due to the protocol and
the corresponding consents used that did not include such infor-
mation. All variants have been submitted to ClinVar using the
range of accessions numbers SCV002569976 to SCV002569999
(https://www.ncbi.nlm.nih.gov/clinvar/). Coordinates and struc-
ture factors for Apo-PRMT9 have been deposited in the Protein
Data Bank under the accession code PDB: 6PDM. The prmt9 zebra-
fish mutant is available in the European Zebrafish Resources
Centre (https://www.ezrc.kit.edu) and in the Zebrafish Informa-
tion Network (ZFIN, https://zfin.org/ZDB-ALT-251002-3) under
the laboratory designation ka735.
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