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A syndromic neurodevelopmental disorder
caused by rare variants in PPFIA3
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Summary

PPFIA3 encodes the protein-tyrosine phosphatase, receptor-type, F-polypeptide-interacting-protein-alpha-3 (PPFIA3), which is a mem-
ber of the LAR-protein-tyrosine phosphatase-interacting-protein (liprin) family involved in synapse formation and function, synaptic
vesicle transport, and presynaptic active zone assembly. The protein structure and function are evolutionarily well conserved, but hu-
man diseases related to PPFIA3 dysfunction are not yet reported in OMIM. Here, we report 20 individuals with rare PPFIA3 variants
(19 heterozygous and 1 compound heterozygous) presenting with developmental delay, intellectual disability, hypotonia, dysmor-
phisms, microcephaly or macrocephaly, autistic features, and epilepsy with reduced penetrance. Seventeen unique PPFIA3 variants
were detected in 18 families. To determine the pathogenicity of PPFIA3 variants in vivo, we generated transgenic fruit flies producing
either human wild-type (WT) PPFIA3 or five missense variants using GAL4-UAS targeted gene expression systems. In the fly overexpres-
sion assays, we found that the PPFIA3 variants in the region encoding the N-terminal coiled-coil domain exhibited stronger phenotypes
compared to those affecting the C-terminal region. In the loss-of-function fly assay, we show that the homozygous loss of fly Liprin-«
leads to embryonic lethality. This lethality is partially rescued by the expression of human PPFIA3 WT, suggesting human PPFIA3 func-
tion is partially conserved in the fly. However, two of the tested variants failed to rescue the lethality at the larval stage and one variant
failed to rescue lethality at the adult stage. Altogether, the human and fruit fly data reveal that the rare PPFIA3 variants are dominant-
negative loss-of-function alleles that perturb multiple developmental processes and synapse formation.

Introduction disruption of synapse structure or function leading to

variable defects in neurotransmitter release contributes

Synapses are highly specialized communication junctions
between neurons and their target cells where neurotrans-
mitter release occurs in an intricately coordinated manner.
In the presynaptic neuron, a key site for neurotransmitter
release is the active zone, which is composed of a complex
protein matrix.'* RIM, ELKS, Munc13, RIM-BP, Piccolo/
Bassoon, and Liprin-a are the six major protein families
comprising the active zone.” These active zone proteins,
along with other cytoskeletal proteins, Ca*" channels,
and soluble N-ethylmaleimide-sensitive fusion attachment
protein receptors (SNAREs), form a tightly orchestrated
unit to mediate synaptic vesicle docking, priming, fusion,

to neurodevelopmental and neuropsychiatric disorders
including epilepsy, intellectual disability (ID), autism
spectrum disorder (ASD), schizophrenia, and bipolar
disorder.” "’

The network of multidomain proteins comprising the
active zone falls into different categories such as cytoskel-
etal and scaffolding proteins, adhesion molecules, calcium
channels, and synaptic vesicle release machinery. Liprins
are scaffolding proteins found in the presynaptic active
zone that are also known as protein tyrosine phosphatase
receptor type F polypeptide (PTPRF)-interacting protein o
(PPFIA) or B (PPFIB). Liprin family members interact with

and neurotransmitter release.” Prior studies revealed that the adhesion molecule leukocyte antigen receptor-protein
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tyrosine phosphatases (LAR-PTPs) and are subdivided into
liprin-o. and liprin- proteins.'""'* In conjunction with
LAR-PTPs, liprins play a key role in the active zone organi-
zation and structure. Structural studies show that liprins,
including PPFIA3, are comprised of an N-terminal coiled-
coil domain and C-terminal sterile-o-motif (SAM)
domain.""'? The N-terminal coiled-coil domain mediates
homodimerization and heterodimerization with other li-
prin-o. members and interactions with other active zone
proteins such as RIM and ELKS.'*™'® The SAM domains
are known for mediating protein-protein interactions
and binding with RNA."” The liprin-o. SAM domain inter-
acts with the LAR intracellular domain.'® Apart from these
functional domains, liprins also contain intrinsically disor-
dered regions that lack an ordered three-dimensional struc-
ture but were previously shown to be important for pro-
tein’s function.'”? Additionally, liprins interact with
kinesin motor proteins®'** and are involved in the hedge-
hog signaling-dependent trafficking of Kif7 and Gli to the
cilia in the context of embryonic development and cortical
microtubule organization.?"**

Vertebrates have four Ppfia (1-4) proteins and two Ppfib
(1-2) proteins that are encoded by Ppfial-4 or Ppfib1-2,
respectively.'” Expression studies in mice show that all
four mouse Ppfial-4 orthologs are expressed in the brain
with differences in distribution and expression levels.?*
Ppfial is found in the brain, lung, heart, liver, muscle,
spleen, and testes.'””>® In the brain, Ppfial is predomi-

nantly localized to the cerebellum and olfactory
bulb.”*° In contrast, Ppfia2, Ppfia3, and Ppfia4 are pre-
dominantly found in the brain,'*?*?® including structures
such as the olfactory bulb, striatum, cortex, hippocampus,
thalamus, midbrain, cerebellum, and brainstem.?*2° A
subcellular localization study showed that Ppfia2 and
Ppfia3 are located in both the pre-synaptic and post-synap-
tic compartments.”® However, only Ppfia3 specifically co-
localizes in the presynaptic compartment and mediates
protein-protein interactions with the active zone proteins
Bassoon, RIM, Munc-13, RIM-BP, and ELKS in hippocam-
pal neurons.”” In humans, transcriptomic studies revealed
that PPFIA3 (MIM: 603144) is similarly expressed in
different brain regions like the neocortex, striatum, hippo-
campus, amygdala, mediodorsal nucleus of the thalamus,
and cerebellar cortex from the early embryonic stage to
late adulthood.”®

Ppfia proteins are well conserved in both vertebrates and
invertebrates. In C. elegans, the sole Ppfia ortholog, syd-2,
plays a key role in presynaptic active zone organiza-
tion.??*° Studies showed that syd-2 recruits synaptic com-
ponents to presynaptic sites and contributes to the forma-
tion of neuromuscular junctions (NMJs), along with active
zone assembly and stabilization.’**' Mutant syd-2 worms
show presynaptic active zone defects due to disruption of
syd-2 oligomerization."**%*! A similar role was found for
the fruit fly ortholog Liprin-o where it is required for syn-
apse formation, synaptic vesicular transport, active zone
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assembly, and axonal target selection from the retina to the
medulla in the central nervous system.**** Consistent
with the invertebrate models, synaptic ultrastructure and
electrophysiological studies in Ppfia3 knockout mice found
impaired presynaptic active zone assembly, synaptic
vesicle docking, tethering, and exocytosis.>” Altogether,
these studies reveal that Ppfia family members are integral
scaffolding proteins for the assembly of intricate protein
complexes involved in synapse formation, synaptic trans-
mission, and protein trafficking.

Here, we report a cohort of 20 individuals from 18 fam-
ilies with rare variants in PPFIA3 associated with develop-
mental delay (DD), ID, dysmorphisms, microcephaly, mac-
rocephaly, hypotonia, ASD or autistic features, abnormal
electroencephalogram (EEG), and epilepsy. The pheno-
typic consequences of rare variants in PPFIA3 have not
been previously reported in Online Mendelian Inheritance
in Man (OMIM).*’ In a statistical model of de novo variants
for ASDs/IDs, PPFIA3 was identified as one of ~1,000 genes
significantly lacking functional variation in non-ASD/
ID individuals but enriched with de novo variants in
individuals with ASD/ID.* Furthermore, Genome Aggre-
gation Database (gnomAD) version 2.1.1 analysis showed
that PPFIA3 has a high probability of loss-of-function
(LOF) intolerance (LOEUF = 0.12, pLI = 1.0), as 64.1 LOF
variants were expected given the gene size and guanine-
cytosine (GC) content, but only three LOF variants were
observed.?” PPFIA3 is also a highly constrained gene with
a missense Z score of 5.49, suggesting intolerance to
missense variation, as 727.5 missense variants were ex-
pected but only 311 were observed.’” Together, these find-
ings support that rare PPFIA3 variants may cause a neuro-
developmental phenotype.

The pathogenicity of the five PPFIA3 missense variants
were tested using overexpression fly assays, revealing
that the PPFIA3 variants are associated with behavioral,
developmental, and NM] defects. LOF assays with fly
Liprin-o. show that the human PPFIA3 wild type (WT)
partially rescued the Liprin- LOF embryonic lethality
whereas three of the five tested variants exhibited
impaired rescue of the LOF phenotype. Altogether, we
show that rare PPFIA3 variants are deleterious to protein
function with in vivo fruit fly assays and lead to a syn-
dromic neurodevelopmental disorder characterized by
DD, ID, hypotonia, ASD or autistic features, dysmor-
phisms, microcephaly or macrocephaly, abnormal EEG,
and epilepsy in humans.

Material and methods

Study approval for identification of study participants
and clinical phenotyping

Clinical data were acquired after written informed consent was
obtained in accordance with the ethical standards of the partici-
pating institutional review boards (IRBs) on human research at
each respective institution. GeneMatcher was used to form an
international collaboration, allowing for comparison of individ-

uals and their variants.***° Collection and analysis of the de-
identified clinical cohort was approved by Baylor College of
Medicine’s IRB. PPFIA3 heterozygous variants were identified
by exome sequencing (ES) through each individual’s respective
institution. DNA was extracted from peripheral blood mononu-
clear cells, buccal sample, or fetal skin for ES. ES or Sanger
sequencing of the parental samples were performed when
feasible to confirm de novo or inherited segregation. Paternity
was confirmed by the inheritance of rare single-nucleotide poly-
morphisms from the parents. Sample swap was excluded. Partic-
ipant identities are not known to anyone outside of the research
group. Clinical phenotypes are ascertained by expert review of
medical records and the most recent clinical assessment per
each individual.

Molecular modeling

Molecular visualization of the PPFIA3 structure was completed
with PyMol (the PyMOL Molecular Graphics System, v.2.5.2
Schrodinger, LLC). The crystal structure of PPFIA3 (GenBank:
NP_003651.1, Uniprot ID: 0O75145) was used to build
the PPFIA3 structure model in PyMol. Affected residues
were altered to the corresponding human variants, and the mu-
tation effects were modeled alongside the native protein. The
changes in the PPFIA3 structure were assessed by displaying
local polar contacts and residue interactions before and after
mutagenesis.

Drosophila melanogaster stocks and maintenance

All the fruit fly stocks used in this study were reared in standard
cornmeal- and molasses-based fly food at room temperature (RT,
20°C-21°C) unless otherwise noted. The fruit fly stocks used in
the study were either obtained from Bloomington Drosophila
Stock Center (BDSC) or generated at the Jan and Dan Duncan
Neurological Research Institute. We generated transgenic fly al-
leles as previously described*’ by utilizing the pUASg-HA-attB vec-
tor*? to express the human PPFIA3 WT and variant cDNAs with a
region encoding a C-terminal hemagglutinin (HA) tag under the
control of upstream activating sequence (UAS) elements by
Gateway LR Cloning (LR Clonase II, Thermo Fisher Scientific,
Cat #11791020). To generate the PPFIA3 variants, we utilized the
human full-length cDNA of PPFIA3 (GenBank: NM_003660.4).
PPFIA3 c.115C>T (p.Arg39Cys), PPFIA3 c.943G>T (p.Ala315Ser),
PPFIA3 ¢.1243C>T (p.Arg415Trp), PPFIA3 ¢.1638G>T (p.Trp546-
Cys), and PPFIA3 ¢.2350C>T (p.Arg784Trp) were generated
by QS5 site-directed mutagenesis (New England Biolabs,
Cat #M04919) in the pDONR221 Gateway compatible donor vec-
tor. The constructs were confirmed by Sanger sequencing. Primer
sequences for the site-directed mutagenesis and Sanger
sequencing are listed in Table S1. Human PPFIA3 WT and
variant cDNAs were inserted into the chromosome-3 VK33 (PBac
{y[+]-attP}VK00033) docking site by ¢C31-mediated recombina-
tion for fruit fly transgenesis.”” Transgenic UAS fly alleles gener-
ated in this study include UAS-PPFIA3-WT-HA, UAS-PPFIA3-
p-Arg39Cys-HA, UAS-PPFIA3-p.Ala315Ser-HA, UAS-PPFIA3-p.Arg
415Trp-HA, UAS-PPFIA3-p.Trp546Cys-HA, and UAS-PPFIA3-p.Arg
784Trp-HA. Fly alleles from the stock centers include Liprin-
o33 In2LR)Gla (BDSC#8563), w[1118]: Df(2L)Exel7027/CyO
(BDSC#7801), y[1] w[118]; PBac{y[+]-aatP-3B}-VK00033 (BDSC#
9750), and elav-GAL4/CyO (BDSC#8765). UAS-empty-VK33,
Actin-GAL4, and da-GAL4 lines were obtained from Dr. Hugo ]J.
Bellen.
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Larval brain and NMJ immunostaining and confocal
microscopy

Fruit fly larval brains or whole-body wall muscles including the
central nervous system were dissected from wandering third-instar
larvae reared at 25°C in ice-cold 1X-PBS and fixed in 4% parafor-
maldehyde for 20 min at RT. The tissues were washed four times
in Tri-PBS (1X-PBS +0.2% Triton X-100) with 1% bovine serum al-
bumin (BSA) for 15 min each followed by incubation in blocking
solution (Tri-PBS with 0.1% BSA and 8% normal donkey serum)
for 30 min. Primary antibodies, rat anti-HA (1:50, clone 3F10,
Millipore Sigma, Cat#11867423001), mouse anti-elav (1:100,
Developmental Studies Hybridoma Bank, Cat#9F8A9), mouse
anti-Bruchpilot (Brp) (1:50, Developmental Studies Hybridoma
Bank, Cat#nc82), and goat anti-horseradish peroxidase (HRP)
(1:1000, Jackson ImmunoResearch, Cat#123-005-021) were
diluted in blocking solution, added to the tissues, and incubated
overnight at 4°C. The tissues were rinsed three to four times
in Tri-PBS with 1% BSA for 15 min each followed by incu-
bation in blocking solution for 30 min at RT. The secondary anti-
bodies, donkey anti-rat IgG antibody (Cy3) (1:300, Jackson
ImmunoResearch, Cat#712-165-153), Alexa Fluor 488 Affinipure
donkey anti-goat IgG (H + L) (1:300, Jackson ImmunoResearch,
Cat#705-545-147), and Alexa Fluor 488 Affinipure donkey anti-
mouse I1gG (H + L) (1:300, Jackson ImmunoResearch, Cat#715-
545-151) were diluted in blocking solution and added to the tis-
sues for a 90-min incubation at RT on a rocker. For NM]J staining,
phalloidin (Phalloidin-iFluor 405 Reagent, Abcam, Cat#ab176752)
was added along with the secondary antibodies to visualize the
muscles. After removing the secondary antibody, tissues were
washed three times in Tri-PBS with 1% BSA for 15 min each and
then rinsed in 1X-PBS at RT. For larval brains, this was followed
by incubation in 406-diamidino-2-phenylindole dihydrochloride
(DAPI, 1 mg/mL, Cayman Chemical, Cat#14285) for 30 min at
RT. After removing DAP]I, a final wash was completed with 1X-
PBS for 15 min at RT. The tissues were mounted in Prolong Glass
anti-fade mountant (Thermo Scientific, Cat#36984). Images were
acquired on a Leica Sp8 laser-scanning confocal microscope. The
same settings for laser power and detector gain were used for all ge-
notypes. Third-instar larval brain images were acquired as a z stack
with a z step of 1 pum and line average of four at 400 Hz with a 20x
objective at 1024 x 1024 pixel resolution. NMJ images were ac-
quired with a 40X objective. Maximum intensity projections
were created from the z stack in Image]J. All images were processed
and assembled using ImageJ and Adobe Illustrator.

Western blotting

Adult fly heads were homogenized using cell lysis buffer (50 mM
Tris-HCI, 150 mM NaCl, 0.25% SDS, 0.25% sodium deoxycholate,
1 mM EDTA, and 1X liquid protease inhibitor [Gen DEPOT
Cat#P3100-001]). The homogenized fly heads in cell lysis
buffer were centrifuged at 13,000 revolutions per minute (rpm)
for 10 min at 4°C. The supernatant was collected and mixed
with Laemmli buffer containing B-mercaptoethanol and heat-
ed at 95°C for 10 min. The samples were loaded in 4%-20%
gradient polyacrylamide gels (Bio-Rad MiniPROTEAN TGXTM
Cat#4561086) followed by a transfer onto polyvinylidene difluor-
ide membrane (Bio-Rad TransBlot Turbo mini-size LF PVDF mem-
brane). The membrane was blocked using skim milk and treated
overnight with the primary antibody (rat anti-HA 1:2000, clone
3F10, Millipore Sigma, Cat#11867423001). Anti-actin hFAB
rhodamine antibody (Bio-Rad Cat#12004163, 1:5000) and goat

anti-rat IgG polyclonal antibody (IRDye 800CW) (LI-COR Biosci-
ences, Cat#926-32219) were used as the secondary antibodies. Im-
ages were acquired on the BioRad Chemidoc Imaging System
(Cat#17001401). Quantification was done using ImageJ in which
background-subtracted band intensity is acquired for both the
actin and HA bands. The average intensity value is normalized
and analyzed in GraphPad Prism8. Crosses for the western blot
analysis were set up and maintained at 25°C.

Third-instar larval NMJ quantifications

The total number of boutons from abdominal segment 3 (A3) mus-
cle 6/7 were counted semi-manually using Imaris. The spot func-
tion was used with point style sphere and radius scale 1.0 to count
the number of boutons. The NM]J length was quantified using the
HRP staining and measured in Image].

Fruit fly behavioral assays

For the climbing assay, 5-day-old flies of both sexes were anesthe-
tized with CO, 48 h prior to being tested, and two to three flies
were housed in food-containing vials at 25°C. At the time of assay,
these flies were transferred without anesthesia to a clear graduated
cylinder with a 15-cm mark. The flies were tapped three times to
the bottom of the cylinder to examine the climbing ability. The
cutoff time to reach the 15-cm mark was 30 s. A total of 55-75 flies
of both sexes were tested for each genotype. Crosses for the climb-
ing assay were set up at 25°C and the assay was performed at 20°C-
21°C. The climbing assay for 15-day-old flies was done with the
flies anesthetized with CO, 24 h prior to being tested and kept
at RT until the behavioral test was done. The cutoff time for the
15-day-old flies to reach the 20-cm mark was 40 s. A total of 40-
55 flies of both sexes were tested for each genotype for the
15-day-old flies.

For the bang-sensitivity assay, 5-day-old flies of both sexes were
anesthetized with CO, 48 h prior to being tested, and two to three
flies were housed in food-containing vials at 25°C. At the time of
assay, these flies were transferred without anesthesia to an empty
food vial and vortexed for 10 s. Flies were observed for time to
recover from the vortexing. The cutoff time to recover was 30 s. Re-
covery was defined as being upright and mobile. Flies were consid-
ered bang sensitive if they remained upside down, immobile, or
showed rhythmic involuntary movements suggestive of electro-
physiological abnormalities in the nervous system. A total of 55-
75 flies of both sexes were tested for each genotype. Crosses for
the bang-sensitivity assay were set up at 25°C, and the assay was
performed at 20°C-21°C. The bang-sensitivity assay for 15-day-
old flies was done with the flies anesthetized with CO; 24 h prior
to being tested and kept at RT until the behavioral test was done.
The vortexing time for the 15-day-old flies was 15 s. A total of 40—
55 flies of both sexes were tested for each genotype for the 15-day-
old flies.

Liprin-a LOF lethality rescue with human PPFIA3 WT and
variants

Df(Liprin-o)/CyO act-GFP; UAS-cDNA/TM6B flies were crossed with
Liprin-a *13/Cy0 act-GFP; da-GAL4/TM6B flies. The UAS-cDNA
lines used were UAS-empty, UAS-PPFIA3 WT, UAS-PPFIA3
p-Arg39Cys, UAS-PPFIA3 p.Arg415Trp, UAS-PPFIA3 p.Trp546Cys,
and UAS-PPFIA3 p.Arg784Trp. Rescue larvae with the genotype
DfLiprin-a)/Liprin-a %1%, UAS-cDNA/da-GAL4 were selected
(GFP negative and Tubby [Tb] negative) and kept in a new vial
to assess the development. The experiment was done in three
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biological replicates. The crosses were set and maintained at 20°C
as the higher temperatures (25°C and above) were embryonic le-
thal with all cDNAs.

Pupal lethality and eclosion defect assessment

Actin-GAL4/Cyo,Tbh females were crossed with the homozygous
UAS-PPFIA3S WT and UAS-PPFIA3 p.Arg39Cys, p.Ala315Ser,
p-Arg415Trp, p.TrpS46Cys, and p.Arg784Trp males at 25°C. The
overexpression progenies were identified based on the absence
of the markers, CyO (visible in adults) and Tb (visible in larvae, pu-
pae, and adults). Sample sizes are shown in Table S2.

Adult fruit fly leg mounting

Adult flies were fixed overnight in ethanol at RT, and the legs were
dissected and mounted using CMCP-10 Macroinvertebrate High
Viscosity Mountant (D/S259) (Electron Microscopy Sciences,
Cat#18004-02). Leg images were taken using the Leica MZ16 ste-
reomicroscope. Images were processed and assembled using Adobe
Photoshop CS5.1 and Adobe Illustrator. Crosses were set up at
25°C. Sample sizes are shown in Table S2.

Genomic DNA isolation and qPCR

Genomic DNA was extracted by homogenizing four whole flies in
50 mM sodium hydroxide and heating the samples at 95°C for
30 min followed by the addition of 1 M Tris-HCI (pH 7.5) to
stop the lysis. Equal amounts (50 ng) of DNA for each genotype
were used for amplification. qPCR was performed with
the BioRad SsoAdvanced Universal SYBR-Green Supermix
(Cat#1725274) and the BioRad CFX96 Touch Real-Time PCR
Detection System (Cat#1845096). The relative change in gene
expression was determined by the Livak method, and fold changes
were calculated using the 27*2“T formula. The experiment was
repeated in three independent biological replicates. HA and
PPFIA3 band intensity were quantified by normalizing to the
band intensity of the endogenous reference rps17 and plotted as
fold change relative to the control. Flies were maintained at
20°C-21°C. Primer sequences are listed in Table S1.

Statistics

Data was collected and analyzed blinded to genotypes. Statistical
analysis between the control and experimental groups was con-
ducted with one-way ANOVA and Tukey’s post-hoc analysis in
GraphPad Prism 8. Statistical summary is in Table S3.

Results

Identification of rare PPFIA3 variants in individuals with
neurodevelopmental phenotypes

An international collaboration through the Undiagnosed
Diseases Network (UDN)** and GeneMatcher*®*~*° led to
the identification of 20 individuals from 18 families with
neurodevelopmental phenotypes and 17 rare missense,
frameshift deletion, exonic deletion, or consensus splice
site variants in PPFIA3 (Table 1; Figures 1A and 1B, see sup-
plemental information). The cases were ascertained in in-
dividuals with phenotypes including DD, ID, ASD or
autistic features, epilepsy, abnormal EEG, hypotonia, dys-
morphisms, microcephaly, and macrocephaly. Heterozy-
gous PPFIA3 variants were identified in nineteen individ-

uals (1-19). One individual (20) was found to harbor
compound heterozygous variants with concordant pheno-
types. The variants from all affected individuals were iden-
tified through ES or Sanger sequencing.

Eleven of the individuals harbored de novo (1-2, 7-8, 10—
15, and 17) missense variants. The de novo p.Arg429Trp
variant was seen in individual 10 in a mosaic state (present
in 26% of the ES reads, suggesting heterozygosity in ~52%
of cells) from DNA analysis of fetal skin. Individuals 14 and
15 are monozygotic twins from family 13, and one individ-
ual (5) inherited a consensus splice variant from a similarly
affected parent (6) (both from family 5). Individual 19 in-
herited a deletion of exons 22-30 from an affected parent,
individual 20 inherited compound heterozygous variants
from unaffected parents, and the inheritance pattern
for six affected individuals is unknown (3, 4, 6, 9, 16,
and 18) (Table 1, see supplemental information). The indi-
viduals with unknown inheritance pattern have either a
missense variant (3, 4, and 9), a consensus splice variant
(6), or a frameshift deletion (16 and 18).

To determine the potential pathogenicity of the PPFIA3
variants, we examined the combined annotation-deple-
tion (CADD) score where scores above 20 are considered
to be deleterious.”* The CADD scores for the PPFIA3
variants ranged from 22.6 to 54, suggesting they are poten-
tially deleterious (Table 2). Fourteen out of 17 variants were
absent from the gnomAD (v.2.1.1).?” The p.Arg784Trp
variant had a frequency of 3.19 x 107> (1/31,386) in gno-
mAD v.2.1.1 and was identified as a de novo finding in indi-
vidual 13 with mild ID and Landau-Kleffner epilepsy syn-
drome. The p.Pro793Thr variant had a frequency of
7.61 x 10~* (215/282,366) in gnomAD v.2.1.1 and was
identified as a maternally inherited variant in trans with a
paternally inherited p.Lys759Arg variant in individual 20
with DD, ID, hypotonia, epilepsy, microcephaly, and
autistic features. The p.Lys759Arg variant has a frequency
of 4.77 x 10~° (13/282,880) in gnomAD v.2.1.1. Differ-
ences in variant frequencies were documented in gnomAD
v.4.0.0, encompassing variants reported in this study that
were either submitted to ClinVar or identified from the
UK Biobank (Tables S4 and S5).

Eighteen individuals in the cohort had DD and ID (1-6,
8-9, 11-20) (Tables S4 and S5, see supplemental informa-
tion), while two individuals (7 and 10) could not be as-
sessed for this feature due to premature mortality. Individ-
ual 7 had renal failure, severe anorectal malformation with
complete anal atresia, absent bladder, dysmorphisms, and
passed away at 5 months of age. Individual 10 had a prena-
tal diagnosis of abnormal gyration and ventriculomegaly,
which led to elective pregnancy termination. Abnormal
EEG (seen in 9/20; 1-3, 8, 9, 13, 17, 18, 20) and epilepsy
(seen in 6/20; 1-3, 8, 13, 20) were found in a total of
nine individuals (Table 1, see supplemental information).
The affected individuals had multiple seizure semiologies
including focal clonic seizures, atonic seizures, absence sei-
zures, and focal tonic-clonic seizures with secondary gener-
alization (Tables S4 and S5, see supplemental information).
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Table 1. Genetic and neurologic findings in individuals with rare PPFIA3 variants and neurodevelopmental disorders

Individual 1 2 3 4 5 6 7 8 9 10
Family F1 F2 F3 F4 ES FS F6 F7 F8 F9
c¢DNA (GenBank: c.115C>T c.115C>T c.118G>A c.239A>C c.240+1G>A c.240+1G>A c.943G>T c.1243C>T c.1243C>T c.1285C>T
NM_003660.4)
Protein (GenBank: p.Arg39Cys p.Arg39Cys p.Glu40Lys p-GIn80Pro N/A N/A p-Ala315Ser p-Arg415Trp p.Arg415Trp p.Arg429Trp
NP_003651.1)
Human reference GRCh37 GRCh37 GRCh37 GRCh37 (hg19) GRCh37 (hg19) GRCh37 (hg19) GRCh37 (hg19) GRCh37 (hg19) GRCh37 (hg19) GRCh37 (hg19)
genome (hg19) (hg19) (hg19)
Variant inheritance de novo de novo not from mother; unknown inherited from unknown de novo de novo unknown de novo
father unavailable affected
for testing mother

(individual 6)

gnomAD (v.2.1.1) not present not present not present not present not present not present not present not present not present not present
Mosaicism no no no no no no no no no yes
Sex male male female female female female female female female female
Age at most recent 16 years 13 years 22 years 1 year and S years 35 years neonatal 8 years 10 years and 9 months N/A
assessment 10 months
Racial and ethnic White family declined White White White White Latino mixed European Asian White
categories (NIH) to answer and Asian
Status alive alive alive alive alive alive deceased alive alive elective pregnancy
termination
Abnormal EEG yes yes yes N/A N/A N/A N/A yes yes N/A
Epilepsy yes yes yes no no no N/A yes N/A N/A
Autism or autistic no no no suspected no N/A N/A autistic features autistic features N/A
features
Dysmorphisms yes yes yes yes yes yes yes yes yes N/A
Individual 1 12 13 14 15 16 17 18 19 20
Family F10 F11 F12 F13 F13 F14 F15 Fl6 F17 F18
cDNA (GenBank: c.1492C>T c.1638G>T €.2350C>T C.2609T>A €.2609T>A ¢.2706dup c.2717C>T c.3307del deletion exons 22-30 c.[2377C>A]; [c.2276A>G]
NM_003660.4)
Protein (GenBank: p-Arg498Trp p.Trp546Cys p.Arg784Trp p.1le870Asn p-1le870Asn p-Ser903Leu fs*86 p-Ser906Leu p-Glu1103Asnfs*8 N/A p.[Pro793Thr]; p.[Lys759Arg]
NP_003651.1)
Human reference GRCh37 (hg19) GRCh37 GRCh37 GRCh37 (hg19) GRCh37 (hg19) GRCh37 (hg19) GRCh37 (hg19) GRCh37 (hg19) GRCh38 (hg38) GRCh37 (hg19)
genome (hg19) (hg19)
Variant inheritance de novo de novo de novo de novo de novo unknown de novo unknown inherited, affected inherited from
(monozygotic monozygotic mother unaffected
twin of twin of mother and
individual 15) individual 14) father

(Continued on next page)
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Table 1. Continued

Individual 1 12 13 14 15 16 17 18 19 20
gnomAD (v.2.1.1) not present not present frequency of not present not present not present not present not present N/A p.Pro793Thr
3.19 x 10°° frequency
(1/31,386) of 7.61 x 1074

(215/282,366);
p-Lys759Arg
frequency
of 477 x 107°
(13/282,880)

Mosaicism no no no no no N/A no no N/A none

Sex male male female female female male female female male male

Age at most 6 years and 11 years 16 years 5 years 5 years 23 years 13 years and 9 years and 7 years and 9 years

recent 11 months 11 months 9 months 8 months

assessment

Racial and Asian White White White White White White White White White

ethnic

categories

(NIH)

Status alive alive alive alive alive alive alive alive alive alive

Abnormal EEG N/A no yes N/A N/A N/A yes yes no yes

Epilepsy no no yes no no N/A no no no yes

Autism or yes, autistic yes no yes no autistic features yes no N/A autistic features

autistic features improved

features over last few years

Dysmorphisms Yes no no no no N/A yes yes yes yes

Abbreviations: electroencephalogram (EEG), no information available (N/A).




A Rare variants located in exon-intron structure of PPFIA3 (GenBank: NM_003660.4)
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C Representative images of individuals with heterozygous or compound heterozygous variants

Individual 3, PPFIA3 Individual 8, PPFIA3 Individual 20, PPFIA3
p.Glu40Lys p.Arg415Trp p.Pro793Thr, p.Lys759Arg
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Figure 1. Variant location and images of individuals with PPFIA3 variants

(A) Location of PPFIA3 variants in the genomic locus corresponding to the exon-intron structure. Number of individuals with the rare
PPFIA3 variant shown in the y axis.

(B) Location of PPFIA3 variants in the corresponding protein domains. Number of individuals with the variant shown in the y axis. The
fruit fly ortholog Liprin-a shows 48% identity and 62% similarity with the human PPFIA3. Sterile alpha motif, SAM.

(C) Images of individuals with heterozygous or compound heterozygous PPFIA3 variants. The three individuals shown have dysmorphic
features such as wide mouth, widely spaced teeth, prominent forehead, and hypotonic facies.

Six individuals had neuroanatomical changes detected by level of optic nerve insertion, abnormal gyration with ven-
magnetic resonance imaging (MRI) (2, 3, 8, 10, 15, 20), triculomegaly, and mild periventricular leukomalacia with
which included flattening of the posterior globes at the mild white matter volume loss (Tables S4 and S5). Delayed
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Table 2. In silico predictions for PPFIA3 variants
Individuals 1and 2 3 4 5and 6 7 8and 9 10 11
Human reference genome GRCh37 (hg19) GRCh37 (hg19) GRCh37 GRCh37 (hg19) GRCh37 GRCh37 GRCh37 GRCh37
(hg19) (hg19) (hg19) (hg19) (hg19)
PPFIA3 variant cDNA (GenBank: c.115C>T c.118G>A c.239A>C c.240+1G>A c.943G>T c.1243C>T c.1285C>T c.1492C>T
NM_003660.4)
PPFIA3 variant protein (GenBank: p-Arg39Cys p-Glu40Lys p-GIn80Pro N/A p-Ala315Ser p-Arg415Trp p-Arg429Trp p-Arg498Trp
NP_003651.1)
REVEL (v.1) 0.316 0.271 0.338 N/A 0.218 0.21 0.295 0.273
CADD (v.1.6) 31 30 26.8 34 24 33 29.2 25.9
GERP 4.19 4.19 4.34 4.34 4.29 2.12 2.95 1.41
M-CAP (v.1.4) possibly possibly possibly N/A possibly likely benign possibly possibly
pathogenic pathogenic pathogenic pathogenic pathogenic pathogenic
PolyPhen2 HumDiv probably probably benign N/A benign probably probably probably
damaging damaging damaging damaging damaging
PolyPhen2 HumVar probably probably benign N/A benign probably probably probably
damaging damaging damaging damaging damaging
Phylop Vertebrate 0.945 9.447 9.02 N/A 9.4308 0.0498 2.25 2.58
SIFT damaging damaging damaging N/A damaging damaging damaging damaging
Individuals 12 13 14 and 15 16 17 18 19 20 20
Human reference genome GRCh37 GRCh37 GRCh37 GRCh37 GRCh37 GRCh37 (hg19) GRCh38 (hg38) GRCh37 GRCh37
(hg19) (hg19) (hg19) (hg19) (hg19) (hg19) (hg19)
PPFIA3 variant cDNA (GenBank: c.1638G>T c.2350C>T c.2609T>A €.2706dup c.2717C>T c.3307del deletion c.2377C>A c.2276A>G
NM_003660.4) exons 22-30°
PPFIA3 variant protein (GenBank: p-Trp546Cys p.Arg784Trp p.Ile870Asn p-Ser903Leu p-Ser906Leu p.Glu1103Asnfs*8 N/A p-Pro793Thr p.Lys759Arg
NP_003651.1) fs*86
REVEL (v.1) 0.186 0.158 0.41 N/A 0.207 N/A N/A 0.092 0.183
CADD (v.1.6) 25.6 26.5 31 N/A 29.3 54 49 22.6 26.8
GERP 3.87 3.63 4.45 4.45 3.31 4.29 N/A 491 4.17
M-CAP (v.1.4) possibly possibly possibly N/A likely benign N/A N/A possibly possibly
pathogenic pathogenic pathogenic pathogenic pathogenic
PolyPhen2 HumDiv probably probably probably N/A tolerated N/A N/A probably probably
damaging damaging damaging damaging damaging
PolyPhen2 HumVar probably benign probably N/A probably N/A N/A probably probably
damaging damaging damaging damaging damaging
Phylop Vertebrate 4 1.609 7.855 N/A 5.756 N/A N/A 3.7 9.17
SIFT tolerated damaging damaging N/A damaging N/A N/A damaging damaging

Abbreviations: combined annotation-dependent depletion (CADD); genomic evolutionary rate profiling (GERP); Mendelian clinically applicable pathogenicity (M-CAP); polymorphism phenotyping v2 (PolyPhen2); sorting
intolerant from tolerant (SIFT); not applicable (N/A)*no further information is available for the breakpoints for deletion in Individual 19.




speech development was present in 16 individuals (1-5, 8,
9, 11, 13-20) with absent speech in two individuals (8 and
20) (Tables S4-S6, see supplemental information). Hypoto-
nia was present in eight individuals (1, 4, 8, 15, 17-20)
(Tables S4 and S5, see supplemental information). Co-
morbid ASD diagnosis was reported in four individuals
(11, 12, 14, 17) (Table 1, see supplemental information).
Five of the individuals had autistic features, but no formal
diagnosis of autism was made (4, 8, 9, 16, 20) (Table 1, see
supplemental information). Gastrointestinal dysmotility
characterized by constipation, difficulty feeding, and
dysphagia was present in ten individuals (1, 3, 4, 7-9,
13-15, 20) (Tables S4 and S5, see supplemental informa-
tion). Dysmorphic facial features were described in 13 indi-
viduals, which included prominent forehead, plagioce-
phaly, triangular face, clinodactyly, strabismus, wide
mouth, widely spaced teeth, and bilateral epicanthal folds
(1-5, 7-9, 11, 17-20) (Tables 1, S4 and S5; Figure 1C, see
supplemental information). Macrocephaly or micro-
cephaly were present in nine individuals (5-8, 14, 15, 17,
19, 20) (Tables S4 and S5, see supplemental information).

Conservation analysis and molecular modeling of PPFIA3
variants
The predicted pathogenicity of PPFIA3 variants was vali-
dated in vivo using D. melanogaster (fruit fly). The fly ortho-
log of PPFIA3 is Liprin-«, and the fly protein shows an over-
all 48% identity and 62% similarity with the human
protein (Figure 1B). Like the human PPFIA3, the fruit fly Li-
prin-a contains N-terminal coiled-coil domains and three
C-terminal SAM domains (Figure 1B). Seven of the vari-
ants, p.Arg39Cys, p.Glu40Lys, p.GIn80Pro, p.Ala315Ser,
p-Arg415Trp, p.Arg429Trp, and p.Arg498Trp, are located
in the N-terminal coiled-coil domain (Figure 1B). The var-
iants p.lle870Asn and p.Ser903Leufs*86 are located in
the SAM1 domain (Figure 1B). The variants p.Trp546Cys,
p-Lys759Arg, p.Arg784Trp, p.Pro793Thr, and p.Ser906Leu
are in the intrinsically disordered region of the protein;
however, p.Ser906Leu is located near the SAM1 domain
(Figure 1B). Conservation analysis of p.Arg39, p.GIn80,
p-Ala315, p.Arg415, and p.Arg429 reveals these coiled-
coil domain residues are well conserved in invertebrates
and vertebrates. However, p.Glu40 is only conserved in
mice and p.Arg498 is only conserved in mice and worms
(Figure S1). The affected residues in the SAM1 domain,
p-11e870 and p.Ser903, and the residue near the SAM1
domain, p.Ser906, are also conserved across species. In
the intrinsically disordered region, p.Trp546 is conserved
in mice but not in fruit flies and worms; p.Lys759 is
conserved in mice and fruit flies; p.Arg784 is conserved
only in mice; and p.Pro793 is conserved only in mice
(Figure S1). The affected variant in the SAM3 domain,
p-Glul103, is conserved in mice and fruit flies but not in
worms (Figure S1).

Molecular modeling was completed for the missense var-
iants using PyMol to determine whether the amino acid
changes affect protein function in silico (Figures 2A

and 2B). Regarding the coiled-coil variants, the variant
p-Arg415Trp introduces a bulky side chain predicted to
disrupt the interaction with p.Gln411 (Figure 2Ai). Simi-
larly, the variant p.Arg429Trp introduces a bulky side
chain that may disrupt the interaction with p.Asp424
(Figure 2Aii). The variant p.Arg784Trp introduces a bulky
side chain predicted to disrupt the polar interaction with
p-Asp785 (Figure 2Bi). The variant p.Ser906Leu is near
the SAM1 domain and disrupts the interaction with the
neighboring residue p.Ser908 (Figure 2Bii). Together, the
molecular modeling suggests that these rare variants may
hinder PPFIA3 function by disrupting the polar interac-
tions with neighboring residues.

In vivo functional analysis of PPFIA3 missense variants in
fruit flies
To study the functional consequences of PPFIA3 variants
in vivo, we selected five of the missense variants to generate
transgenic fruit flies using human cDNAs. We generated
UAS-PPFIA3-WT-HA, UAS-PPFIA3-p.Arg39Cys-HA, UAS-PPF
IA3-p.Ala315Ser-HA, UAS-PPFIA3-p.Arg415Trp-HA, UAS-
PPFIA3-p. Ttp546Cys-HA, and UAS-PPFIA3-p.Arg784Trp-
HA fly alleles with C-terminal HA epitope tags (Table S7).
The GAL4-UAS expression system was used to express
PPFIA3 WT and variant cDNAs under the spatiotemporal
regulation of the transactivator protein GAL4 (Figure S2A).
A pan-neuronal driver on the second chromosome, elav-
GAL4, was used to express PPFIA3 cDNAs in neurons, and
a ubiquitous driver on the second chromosome, Actin-
GAL4, was used to express PPFIA3 cDNAs in the whole fly
(Figure S2A). We found that elav-GAL4 and Actin-GAL4 pro-
duced the HA-tagged PPFIA3 WT and variants in third-
instar larval brains (Figure S2B) and adult fly heads
(Figure 2C). Interestingly, we observed elevated protein
levels for PPFIA3 p.Arg39Cys compared to PPFIA3 WT and
the other missense variants (Figures 2Ci, 2Cii, and S3). To
confirm the cDNA copy-number insertions are consistent
between the PPFIA3 WT and variant fly lines, genomic
DNA gPCR using SYBR Green was performed in UAS-
PPFIA3-WT-HA, UAS-PPFIA3-p.Arg39Cys-HA, UAS-PPF
IA3-p.Ala315Ser-HA, UAS-PPFIA3-p.Arg415Trp-HA, UAS-
PPFIA3-p.Trp546Cys-HA, and UAS-PPFIA3-p.Arg784Trp-
HA. Genomic DNA regions for HA epitope tag, PPFIA3,
andrps17 were amplified, and the expression levels of either
HA or PPFIA3 were quantified using rps17 as the internal
control (Figures S2Ci-S2Cii). We also performed semi-quan-
titative genomic DNA PCR using Taq polymerase, and the
PCR product band intensity was quantified using rps17 as
the internal control (Figures S4 and S5). No significant dif-
ference in the relative expression of HA and PPFIA3 was
observed by both genomic DNA qPCR and PCR analyses,
indicating the cDNA copy number is similar across all the
UAS-PPFIA3 WTand variant fly lines. Hence, the higher pro-
tein levels observed for p.Arg39Cys may be due to increased
protein stability from the missense variant.

To determine whether expression of PPFIA3 WT and
missense variants are deleterious to developmental
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A Molecular modeling of PPFIA3 p.Arg415Trp and p.Arg429Trp (GenBank: NP_003651.1)

B Molecular modeling of PPFIA3 p.Arg784Trp and p.Ser906Leu (GenBank: NP_003651.1)
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C PPFIA3 p.Arg39Cys variant shows increased protein levels in Western blot at 25°C
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Figure 2. Molecular modeling of PPFIA3 missense variants and protein levels associated with PPFIA3 variants

(A and B) PPFIA3 missense variants are modeled in PyMol (version 2.5.2) with GenBank: NP_003651.1. Human PPFIA3 WT residues are
modeled in gray with coiled coils displayed in black and affected residues highlighted in orange. Local polar contacts (orange dashed
lines) and residue interactions (highlighted in pink) are displayed before and after mutagenesis for (Bi) p.Arg415Trp, (Bii) p.Arg429Trp,

(Ci) p.Arg784Trp, and (Cii) p.Ser906Leu.

(C) (i) Western blot from PPFIA3 WT and variants show higher levels of HA in PPFIA3 p.Arg39Cys compared to WT.
(ii) Quantification of relative HA in 4-6 sets of biological replicates show higher level of HA in PPFIA3 p.Arg39Cys flies. Statistical analysis
conducted with one-way ANOVA and Tukey’s post-hoc analysis. Data shown as mean + SEM. Significance shown as ***p < 0.001. Non-

significance shown as ns.

processes, we ubiquitously expressed PPFIA3 cDNAs using
Actin-GAL4 at 25°C and analyzed the fly development
from pupal stage. PPFIA3 cDNAs were expressed in the
presence of endogenous fly Liprin-«. We found that
PPFIA3 p.Arg39Cys causes pupal lethality and eclosion de-
fects, whereas p.Ala315Ser and p.Arg415Trp cause only
eclosion defect (Figures 3Ai and 3Aii). However, these phe-
notypes were not observed for the PPFIA3 p.Trp546Cys
and p.Arg784Trp variants that are located in the intrinsi-
cally disordered region (Figures 3Ai-3Aii). In the eclosed

adult flies, we observed a reduced penetrance of leg dys-
morphology. The typical WT morphology is comprised of
three pairs of legs with each leg containing three segments:
femur, tibia, and tarsus (Figure 3Bi). We found morpholog-
ical defects in these segments in either the first, second,
third, or all leg pairs with expression of the PPFIA3
missense variants (Figure 3Bi). Leg dysmorphology was
observed in 80% of PPFIA3 p.Arg39Cys flies, 50% of
PPFIA3 p.Ala315Ser flies, and 40% of PPFIA3 p.Arg415Trp
flies (Figures 3Bi-3Bii). In PPFIA3 p.Arg784Trp flies, 10%
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A Ubiquitous expression of PPFIA3 variants cause eclosion defect and pupal lethality
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Figure 3. Actin-GAL4-mediated ubiquitous expression of PPFIA3 variants cause developmental and anatomical defects in fruit flies
(A) Pupal lethality and eclosion defect associated with Actin-GAL4-mediated overexpression of PPFIA3 variants.

(i) Images showing overexpression of PPFIA3 p.Arg39Cys cause pupal lethality and eclosion defect, and p.Ala315Ser and p.Arg415Trp
cause eclosion defect compared to the PPFIA3 WT and UAS-empty control. Uneclosed flies from p.Arg39Cys, p.Ala315Ser, and
p-Arg415Trp remain in the pupal case. PPFIA3 p.Trp546Cys and p.Arg784Trp overexpression does not cause a difference in pupal
lethality and eclosion defect compared to PPFIA3 WT and UAS-empty control flies. Scale bar = 100 pm.

(ii) Bar graphs showing the percentage of eclosed pupae (overexpression), eclosion defect, and pupal lethal. Statistical analysis conducted
with one-way ANOVA and Tukey’s post-hoc analysis. Data shown as mean + SEM with the sample size of total number of pupae in three
sets. Significance shown as **p < 0.01 and ***p < 0.001. Non-significance shown as ns.

(B) Images of leg morphology associated with Actin-GAL4-mediated overexpression of PPFIA3 variants.

(legend continued on next page)
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had leg defects but the phenotype was not significant
compared to that of PPFIA3 WT flies (Figures 3Bi-3Bii).
In contrast, the leg dysmorphology phenotype was absent
in the PPFIA3 p.Trp546Cys flies (Figures 3Bi-3Bii).

Next, to determine whether the neuronal expression of
PPFIA3 variants by elav-GAL4 at 25°C impaired nervous
system development and function, we conducted climb-
ing behavior, bang-sensitivity behavior, and NM]J-
morphology assays. First, we performed a climbing assay
in 5-day-old flies to assess for motor defects. The standard
behavior of the flies is to climb upward, and any increase
in time to climb represents a potential defect in either mo-
tor coordination or negative geotaxis. Therefore, we used
the climbing assay primarily as a screening tool to assess
motor function. We found that elav-GAL4>UAS-PPFIA3
WT flies had motor function like control flies that do
not produce human PPFIA3 (elav-GAL4>UAS-empty)
(Figure 4A). However, climbing behavior was impaired
in PPFIA3 p.Arg39Cys-, p.Ala315Ser-, p.Arg415Trp-, and
p-Arg784Trp-expressing S-day-old flies (Figure 4A). Sec-
ond, to determine whether the PPFIA3 variants have elec-
trophysiological abnormalities in the nervous system, we
used bang sensitivity as a screening tool in the 5-day-old
flies with 10-s vortexing. We found that elav-GAL4>UAS-
PPFIA3 WT flies were not bang sensitive and recovered
similarly to the elav-GAL4>UAS-empty control. However,
p-Arg39Cys, p.Ala315Ser, and p.Arg415Trp flies exhibited
bang sensitivity with an increased recovery time
(Figure 4B). When we examined the recovery time by
sex, we found that p.Arg39Cys shows increased recovery
time in males (Figure S6A), p.Ala315Ser shows increased
recovery time both in males and females (Figure S6A),
and p.Arg415Trp shows increased recovery time in fe-
males (Figure S6A). To determine whether there is an
age-dependent effect, the climbing and bang assays were
also performed in 15-day-old flies. We found that both
p-Arg39Cys and p.Arg415Trp flies had climbing defects
(Figure S6B). The bang-sensitivity assay for 15-day-old flies
with 15-s vortexing showed recovery times similar to the
bang-sensitivity assay in the 5-day-old flies (Figure S6B).
Third, to explore the consequence of PPFIA3 variants at
the synapse, we examined the fruit fly third-instar larval
NMJ morphology in muscle 6/7 of A3 (Figures 4Ci-
4Cii). The fly NM] is a glutamatergic synapse and a well-
established model for excitatory glutamatergic synapse
development and function.*>*® We found a reduced num-
ber of boutons (presynaptic contacts) with elav-GAL4-
mediated production of the PPFIA3 p.Arg39Cys and
p-Arg415Trp variants (Figure 4Ciii), indicating that these
variants perturb synapse formation. Total NM]J length

associated with the PPFIA3 variants were like the PPFIA3
WT and UAS-empty controls (Figure 4Civ).

To determine the functional nature of the human
PPFIA3 variants in the absence of WT fly Liprin-«, we per-
formed in vivo rescue experiments at 20°C-21°C with a pre-
viously established Liprin-a LOF allele,*” Liprin-o/***1%, and
a Liprin-a deficiency allele, Df{2L)Exel7027/CyO (Fig-
ure 5Ai). To express PPFIA3 cDNAs in the background of Li-
prin-a LOF, we used the ubiquitously expressing daughter-
less-GAL4 (da-GAL4). First, we observed that complete
loss of Liprin-a. function (Liprin-o3*!3|Df(2L)Exel7027) is
embryonic lethal in control da-GAL4>UAS-empty flies,
with a few escapers reaching larval stage (Figure SAii). We
expressed the human PPFIA3 WT or variant cDNAs in the
background of Liprin-o. LOF using a ubiquitously expressed
da-GAL4 at 20°C and assessed whether human PPFIA3 WT
or variants rescued the embryonic lethality. We found a
~25% larval rescue of embryonic lethality with PPFIA3
WT, indicating functional conservation in fruit flies
(Figure 5Aii). PPFIA3 p.Arg39Cys and p.Arg415Trp resulted
in significantly reduced larval rescue compared to WT (8%
and 13%, respectively) (Figure SAii). However, the PPFIA3
p-Trp546Cys and p.Arg784Trp variants resulted in ~17%
rescue efficiency of the embryonic lethality, which was
similar to the PPFIA3 WT rescue efficiency. Second, we as-
sessed the survival of the rescued larvae to the adult stage
(Figure 5Bi). We found that ~35% of PPFIA3 WT larvae
reached the adult stage; however, none of the PPFIA3
p-Arg39Cys larvae reached the adult stage (Figure 5Bii).
In contrast, we found that 23% of PPFIA3 p.Arg415Trp
larvae reached the adult stage, which is significantly
reduced compared to PPFIA3 WT (Figure 5Bii). However,
the frequency of PPFIA3 p.Trp546Cys and PPFIA3
p-Arg784Trp larvae reaching the adult stage was similar
to PPFIA3 WT (33% and 30%, respectively) (Figure 5Bii).
Third, we assessed the survival of these rescue adult flies
in the 48-h post-eclosion. We found that 75% of PPFIA3
WT rescue flies were alive 48 h post-eclosion, indicating
PPFIA3 WT in the Liprin- LOF background is capable
of restoring viability and survival. In contrast, only 35%
of the PPFIA3 p.Arg415Trp and 30% of the PPFIA3
p-Arg784Trp rescue flies were alive 48 h post-eclosion
(Figure 5Biii). However, PPFIA3 p.Trp546Cys rescue flies
had a survival rate similar to PPFIA3 WT rescue flies
(Figure 5Biii).

Finally, we analyzed the number of NMJ boutons and
NM] length with da-GAL4-mediated production of
PPFIA3 WT and variants in the Liprin-a LOF background
at 20°C (Figure S7A). Although the total number of bou-
tons is significantly reduced compared to da-GAL4>UAS

(i) Empty control and PPFIA3 WT flies have typical legs with three segments. PPFIA3 p.Arg39Cys, p.Ala315Ser, and p.Arg415Trp result in
pronounced leg segment developmental defects compared to PPFIA3 WT. Mild leg segmental developmental defects found with PPFIA3
p-Arg784Trp but not significant compared to PPFIA3 WT. No leg defects were found in PPFIA3 p.Trp546Cys flies. Scale bar = 100 pm.
(ii) Bar graph showing the percentage of flies with abnormal leg morphology. Statistical analysis conducted with one-way ANOVA and
Tukey’s post-hoc analysis. Data shown as mean + SEM with the sample size of total number of adult flies in three sets. Significance

shown as ***p < 0.001. Non-significance shown as ns.
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Figure 4. elav-GAL4-mediated neuronal overexpression of PPFIA3 variants result in climbing defect, bang sensitivity, and neuromus-
cular junction (NMJ) bouton loss

(A) elav-GAL4 mediated neuronal expression of PPFIA3 p.Arg39Cys, PPFIA3 p.Ala315Ser, PPFIA3 p.Arg415Trp, and PPFIA3 p.Arg784Trp
result in impaired motor coordination on the climbing assay compared to PPFIA3 WT and empty control flies. Crosses were set and main-
tained at 25°C. Behavioral testing was conducted at 20°C-21°C with both sexes.

(legend continued on next page)
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empty controls, there is no significant difference in the
number of boutons between PPFIA3 WT and variants
(Figure S7Bi). We quantified the total length of the NMJ
and found no significant difference between genotypes
(Figure S7Bii). Interestingly, we observed a significantly
reduced ratio of bouton numbers per muscle 6/7 NM]J
(segment A3) length in both PPFIA3 WT and variants
compared to the da-GAL4>UAS empty control (Fig-
ure S7Bii). However, the bouton-to-NM]J-length ratio re-
mained unchanged between PPFIA3 WT and variants
(Figure S7Bii). This indicates that there is a significant
loss of bouton density in the background of complete Li-
prin-a LOF compared to the da-GAL4>UAS empty control.
However, neither PPFIA3 WT nor variants were able to
rescue the loss of NMJ boutons in the Liprin-a LOF back-
ground (Figure S7Bi, iii). It is possible that due to the
severity of the complete Liprin-o LOF, the PPFIA3 WT or
variants expressing larvae examined for NMJ morphology
represent a healthier subset of larvae capable of developing
to the third-instar stage. Therefore, we may not be
capturing PPFIA3 WT or variants expressing larvae with
more severe NMJ phenotypes. This would limit our ability
to identify a morphological difference between PPFIA3 WT
and variants in the background of complete Liprin-o LOF.
Together, the in vivo fly functional experiments demon-
strate that rare PPFIA3 variants p.Arg39Cys, p.Arg415Trp,
and p.Arg784Trp result in loss of PPFIA3 function and are
deleterious to multiple developmental processes. The clin-
ical findings and fruit fly functional assays show that the
PPFIA3 variants have a variable spectrum of severity. The
variants in the coiled-coil domains are associated with
multiple neurodevelopment phenotypes in the affected in-
dividuals, and these variants cause severe phenotypes in
the fruit flies as well (Table 3). These findings show that
rare autosomal-dominant or autosomal-recessive PPFIA3
variants in Kkey functional domains may lead to a syn-
dromic neurodevelopmental disorder.

Discussion

We describe 20 individuals from 18 families with 17 rare
variants in PPFIA3 who have neurodevelopmental pheno-

types including DD, ID, hypotonia, ASD or autistic fea-
tures, dysmorphisms, microcephaly or macrocephaly,
abnormal EEG, and epilepsy (see supplemental informa-
tion). The results of our clinical analysis, in silico molecular
modeling, and in vivo functional studies in fruit flies show
that rare PPFIA3 variants lead to a syndromic neurodeve-
lopmental disorder. PPFIA3 domain analysis and molecular
modeling revealed that seven of the PPFIA3 missense vari-
ants, p.Arg39Cys, p.Glu40Lys, p.GIn80Pro, p.Ala315Ser,
p-Arg415Trp, p.Arg429Trp, and p.Arg498Trp, are located
in the N-terminal coiled-coil domain. The coiled-coil
domain is critical for PPFIA3’s homodimerization and
interaction with active zone proteins, such as RIM and
ELKS, to regulate active zone organization and synaptic
vesicle release.'>”'® Five PPFIA3 missense variants,
p-Trp546Cys, p.Lys759Arg, p.Arg784Trp, p.Pro793Thr,
and p.Ser906Leu, are located in the intrinsically disordered
region of the protein. The p.Pro793Thr and p.Lys759Arg
variants were inherited in trans from unaffected parents.
One PPFIA3 missense variant, p.Ile870Asn, is located in
the SAM1 domain. The SAM domains are known to bind
to RNA, lipid membranes, and the adhesion molecule
LAR-RPTP.'®*7#% Finally, the PPFIA3 frameshift deletion
variants (p.Ser903Leufs*86 and p.Glul1103Asnfs*8) and
the exonic deletion variant (Aexons 22-30) may result in
nonsense-mediated decay followed by reduced protein
levels.

Phenotypic assessment of available clinical information
revealed seven commonly reported neurodevelopmental
features in the 20 individuals. These seven features
include DD, ID, hypotonia, dysmorphisms, microcephaly
or macrocephaly, ASD or autistic features, abnormal EEG,
and epilepsy (Tables 1, S4, and S5, see supplemental infor-
mation). We found that out of the nine individuals with
missense variants in the coiled-coil domain (1 and 2,
p-Arg39Cys; 3, p.Glu40Lys; 4, p.GIn80Pro; 7, p.Ala315Ser;
8 and 9, p.Arg415Trp; 10, p.Arg429Trp; and 11,
p-Arg498Trp), two individuals had premature mortality
(7 and 11). Individuals 1 and 2 have the same variant
(p-Arg39Cys) and share similar clinical features such as
abnormal EEG, epilepsy, DD, and ID. Individual 3 had
DD, severe ID, hypertonia, dysmorphisms, and epilepsy.

(B) elav-GAL4-mediated neuronal expression of PPFIA3 p.Arg39Cys, PPFIA3 p.Ala315Ser, and PPFIA3 p.Arg415Trp have bang sensitivity
with delayed recovery from vortexing compared to PPFIA3 WT and UAS-empty control flies. Crosses were set and maintained at 25°C.
Behavioral test was conducted at 20°C-21°C with both sexes.

(C) elav-GAL4-mediated neuronal overexpression of PPFIA3 variants result in NMJ bouton loss without a significant change in NMJ
length.

(i) Model depicting the method for visualizing the NMJ in fruit fly third-instar larva.

(ii) Representative images of third-instar larval NM]Js of each genotype including elav GAL4>UAS empty, elav GAL4>PPFIA3 WT,
p-Arg39Cys, p.Arg415Trp, p.Trp546Cys, and p.Arg784Trp are shown. Horseradish peroxidase (HRP) is a pan-neuronal marker (green)
and Brp (Bruchpilot) is an active zone marker (magenta). Scale bar is 24 pm.

(iii) Quantification of total number of boutons in the muscle 6/7 (abdominal segment 3) NM]J show that PPFIA3 p.Arg39Cys and
p-Arg415Trp result in bouton loss compared to PPFIA3 WT and empty control. In contrast, PPFIA3 p.Trp546Cys and p.Arg784Trp
show no alteration in bouton numbers.

(iv) Quantification of total NM] length in each genotype is shown, and there is no significant difference between PPFIA3 WT, variants,
and UAS-empty control. Crosses were set and maintained at 25°C. Statistical analysis conducted with one-way ANOVA and Tukey’s post-
hoc analysis. Data shown as mean = SEM with the sample size of total number of quantified NMJs shown above the bars. Significance
shown as **p < 0.01, ***p < 0.001. Non-significance shown as ns.
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Figure 5. PPFIA3 WT partially rescues the fly Liprin-a. LOF lethality

(A) Human PPFIA3 WT in the background of fly Liprin-o. LOF results in a partial rescue of embryonic lethality.

(i) Crossing scheme to delete fly Liprin-a and express human PPFIA3 WT and variants. The scheme describes the rescue larvae selection
strategy. Crosses were set and maintained at 20°C.

(ii) Quantification of n = 3 sets per genotype showing % GFP-negative larvae (rescue larvae) that survive to the larval stage. PPFIA3 WT
expression can partially rescue larval viability compared to empty control. PPFIA3 p.Arg39Cys and p.Arg415Trp show impaired ability to
rescue larval viability.

(B) Human PPFIA3 WT expression partially rescues the lethality in adult stage.

(i) Representative illustration of the different stages of fruit fly development.

(ii) Quantification of 3 sets of rescued larvae per genotype that survive to the adult stage. PPFIA3 WT expression can partially rescue adult
viability compared to empty control. PPFIA3 p.Arg39Cys and p.Arg415Trp show impaired ability to rescue adult viability.

(iii) Quantification of 1-3 sets of rescued larvae per genotype that survived after 48 h post-eclosion. For the empty control larvae, only
one escaper rescue larvae survived to adult stage but died within 2 days post-eclosion. None of the PPFIA3 p.Arg39Cys rescue larvae sur-
vived to adult stage. Due to the lack of any PPFIA3 p.Arg39Cys rescue larvae surviving to the adult stage, this variant was not quantifiable

(legend continued on next page)
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Individual 4 had autistic features, DD, ID, hypotonia, and
dysmorphisms. Individuals 8 and 9 have the same variant
(p.-Arg415Trp), in which individual 8 had abnormal EEG,
epilepsy, autistic features, DD, ID, hypotonia, dysmor-
phisms, and macrocephaly. Individual 9 had bilateral
epileptiform discharges on EEG, autistic features, DD,
and ID. Individual 11 had autism, DD, and ID. Our amino
acid conservation analysis showed that affected residues
in the PPFIA3 coiled-coil domain are highly conserved,
except for the residues p.Glu40 and p.Arg498, across
mice, fruit flies, and C. elegans (Figures S1A and S1B).
These findings suggest the affected residues are critical
for the protein’s function across different species.
Furthermore, molecular modeling of p.Arg415Trp and
p-Arg429Trp variants suggested that the missense variants
would hinder PPFIA3 function.

Three individuals have de novo PPFIA3 missense vari-
ants (12, p.Trp546Cys; 13, p.Arg784Trp; and 17,
p.Ser906Leu) in the intrinsically disordered region of
the protein. The amino acid conservation analysis sug-
gests that the affected residues are not well conserved
across species except for p.Ser906 that is near the SAM1
domain. Individual 12 had autism, DD, and ID,
whereas individual 13 had epilepsy, DD, and ID. Individ-
ual 17 (p.Ser906Leu) had abnormal EEG, autism, DD, ID,
hypotonia, dysmorphisms, and micro/macrocephaly.
Together, these findings suggest that variants in the
intrinsically disordered regions are associated with vari-
able disease severity, which may be due to the lack of as-
sociation in this region with functional domains for
PPFIA3. Two monozygotic twins had PPFIA3 missense
variants in the SAM1 domain (14 and 15, p.Ille870Asn).
Individual 14 had autism, DD, ID, and microcephaly,
and individual 15 had DD, ID, hypotonia, and micro-
cephaly. Individual 18 has a PPFIA3 frameshift variant
in the SAM3 domain, p.Glu1103Asnfs*8, with abnormal
EEG, DD, ID, hypotonia, and dysmorphisms. There
were two related individuals (5 and 6) with a PPFIA3 in-
tronic splice variant (c.240+1G>A) and DD, ID, dysmor-
phisms, and microcephaly. Individual 5 inherited the
PPFIA3 variant from the affected parent, individual 6.
The inheritance of the PPFIA3 variant in individual 6 is
unknown. One individual (20) was identified with com-
pound heterozygous variants, p.Pro793Thr and p.Ly-
s759Arg, which were inherited from asymptomatic par-
ents. This individual has DD, ID, epilepsy, autistic
features, hypotonia, dysmorphism, and microcephaly.
As this is the only individual with biallelic variants in
PPFIA3 described to date in GeneMatcher,***° the signif-
icance of these variants is uncertain until additional indi-
viduals with similar features and biallelic PPFIA3 variants
are identified. However, there are striking similarities in

facial features and clinical phenotypes between individ-
ual 20 and other individuals in the cohort. Finally, we
also identified a rare missense PPFIA3 p.Arg559Trp
(c.1675C>T [GenBank: NM_003660.4]) variant of un-
known inheritance in an individual with a discordant se-
vere neurodegeneration phenotype and family history of
consanguinity (data not shown). This variant is not pre-
sent in gnomAD v.2.1.1 and has a CADD (v.1.6) score
of 24.6, suggesting this variant could be potentially
damaging. However, the severe neurodegeneration
phenotype was not observed in the 20 individuals in
our cohort. This suggests that PPFIA3 p.ArgS59Trp is
either a more severe deleterious variant or there are other
genetic alterations, including alterations that may be
related to the family history of consanguinity, contrib-
uting to this individual’s clinical findings.

Our conservation analysis revealed that the PPFIA3 do-
mains are well conserved in the fruit fly ortholog Liprin-
o, which is primarily found in the fruit fly embryonic
and larval nervous system. We utilized the evolutionary
conservation to assess the impact of PPFIA3 variants on
development and behavior in the fruit fly. We found
that ubiquitous expression of PPFIA3 missense variants
in the coiled-coil domain (p.Arg39Cys, p.Ala315Ser,
and p.Arg415Trp) resulted in pupal lethality and/or eclo-
sion defects. Interestingly, p.Arg39Cys caused severe
pupal lethality, whereas p.Ala315Ser and p.Arg415Trp
had milder effects on pupal lethality. All three tested var-
iants in the coiled-coil domain showed abnormal leg
morphology. Neuron-specific expression of PPFIA3
p-Arg39Cys and p.Arg415Trp variants showed bang
sensitivity and climbing defects. Furthermore, as Liprin-
a is known to regulate NMJ development in fruit flies,
we examined the effect of human PPFIA3 WT and variant
cDNA expression in the larval NMJ. We found that
PPFIA3 pArg39Cys and p.Arg415Trp caused a reduction
in bouton number compared to PPFIA3 WT, which
would potentially impair neurotransmission. Our fly
overexpression findings reveal the PPFIA3 missense vari-
ants in the coiled-coil domain cause lethality, suggesting
these variants are dominant-negative alleles. Interest-
ingly, ubiquitous or neuronal overexpression of the
PPFIA3 variants in the intrinsically disordered region
(p-Arg784Trp and p.Trp546Cys) had either mild or no
phenotypes in the fruit flies, which may be due to the
variants not being conserved in the flies, causing mild
protein dysfunction that is tolerated in the fly model,
or these variants are benign and the phenotypes are
due to other genetic etiologies. However, knowledge
regarding the presence of Liprin-a outside the nervous
system during Drosophila postembryonic develop-
ment is limited.’” Therefore, the genetic mechanism

for the adult survival phenotype. PPFIA3 p.Arg415Trp and PPFIA3 p.Arg784Trp show impaired ability to rescue adult viability compared
to the PPFIA3 WT. Sample size is shown in Table S2. Statistical analysis with one-way ANOVA and Tukey’s post-hoc analysis. Data shown
as mean + SEM with the sample size of flies scored shown in (Table S2). Significance shown as *p < 0.05, **p < 0.01, ***p < 0.001. Non-

significance shown as ns.
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Table 3. Comparison of clinical phenotypes and findings in fruit flies expressing PPFIA3 missense variants

PPFIA3 variants (GRCh37, hg19)

c.115C>T (p.Arg39Cys)

€.943G>T (p.Ala315Ser)

c.1243C>T (p.Arg415Trp)

c.1638G>T (p.Trp546Cys)

c.2350C>T (p.Arg784Trp)

Individual 1 2 7 8 9 12 13

Key clinical phenotypes location coiled-coil coiled-coil coiled-coil disordered region disordered region

in individuals with PPFIA3

variants abnormal EEG + + N/A + + — +
epilepsy + - N/A + - - +
autism/autistic features - - N/A + + + -
DD/ID + + N/A + + + +
hypotonia + N/A N/A + — — _
dysmorphisms + + + + N/A — _
micro- or macrocephaly - - + + N/A - _
clinical features (# present/total 5/7 3/6 2/2 717 3/5 2/7 3/7
reported)

Findings in fruit flies eclosion defect + + + — — +

expressing PPFIA3 variants
abnormal leg morphology + + + - - - +
climbing defect + + + — + — +
bang sensitivity + + + - - - +
NMJ defect + N/A + — - - +
liprin-a. LOF rescue defect + N/A + - + - +
fly phenotypes (# present/total assays) 6/6 4/4 6/6 0/6 2/6 0/6 6/6
variant severity according to severe at least moderate severe no effect mild no effect severe

the number of phenotypes in fly
assays (0: no effect in fly assays;

1-2: mild; 3-4: moderate; 5-6: severe)

Abbreviations: electroencephalogram (EEG), delayed development (DD), intellectual disability (ID), no information available (n/a), loss of function (LOF), neuromuscular junction (NM]).




underlying the PPFIA3 variant-associated phenotypes in
the fruit flies may be more complex.

To further determine whether the variants are LOF or
gain of function (GOF) in nature and the functional con-
servation between human PPFIA3 and fly Liprin-«, we per-
formed an LOF lethality rescue assay using Liprin-« mu-
tants and PPFIA3 WT and variants. Our LOF rescue assay
showed that human PPFIA3 WT partially rescued the
Liprin-a. LOF embryonic lethality and development to
the adult stage, suggesting that human PPFIA3 WT func-
tion is partially conserved in fruit flies. Interestingly, the
coiled-coil variants, PPFIA3 p.Arg39Cys and p.Arg415Trp,
showed reduced rescue efficiency of the Liprin-o. LOF em-
bryonic lethality, indicating these variants are strong LOF
variants. In contrast, the intrinsically disordered region
variants, PPFIA3 p.Trp546Cys and p.Arg784Trp, showed a
similar rescue efficiency of the embryonic lethality as
compared to PPFIA3 WT. However, we found in the adult
stage that PPFIA3 p.Arg784Trp significantly reduced the
lifespan of rescue flies compared to PPFIA3 WT, suggesting
that p.Arg784Trp is a hypomorphic LOF variant. These
findings are consistent with the clinical findings in indi-
viduals 11 (p.Trp546Cys) and 12 (p.Arg784Trp). Both indi-
viduals had fewer clinical features reported. In contrast,
individuals 1 and 2 (p.Arg39Cys) and individuals 8 and
9 (p.Arg415Trp) had more clinical features reported.
Together, our overexpression and LOF rescue assays in fruit
flies reveal that rare PPFIA3 variants cause a neurodevelop-
mental disorder through an LOF mechanism and suggest
that disease severity correlates with the degree of LOF.

Together, the clinical phenotypes and functional assays
in fruit flies point toward a possible domain-specific dis-
ease-severity mechanism where the variants in the
coiled-coil domains might lead to relatively more severe
phenotypes in both affected individuals and fruit flies.
Notably, ten individuals in the cohort have a family his-
tory of neurologic findings, which include ID, autism,
NDD, dyslexia, muscular dystrophy, and psychiatric ill-
nesses (Tables S4 and S5, see supplemental information).
These familial findings raise the possibility that genetic
background effects may also contribute to the severity
and penetrance of PPFIA3-related phenotypes. However,
the current number of participants and tested variants
limits the prediction of genotype-phenotype correlations.
Further studies in a larger sample size of affected individ-
uals will be required to elucidate potential genotype-
phenotype correlations.

Finally, to determine whether PPFIA3 copy-number
variants (CNVs) may potentially be contributory to
neurodevelopmental phenotypes, we examined CNVs
involving the PPFIA3 locus in DECIPHER v.11.21, gno-
mAD structural variants (SVs) v.2.1, and ClinVar.3”*5°
Across all three databases, seven individuals were re-
ported with PPFIA3 CNV deletions, but phenotypic infor-
mation is limited to one individual reported with autistic
behavior and mild microcephaly and one individual re-
ported with a progressive familial heart block type IB

(Figure S8A; Table S8). There are 82 individuals reported
with chromosomal duplications in these databases
(Figure S8A; Table S8). However, in gnomAD SV v.2.1,
there were three individuals found to be homozygous
and 38 individuals found to be heterozygous for a 42.9-
kb duplication involving both the PPFIA3 and TRPM4
loci (Table $8), suggesting that PPFIA3 duplication may
be tolerated. Altogether, the phenotypes associated with
the reported CNV deletions and duplications involving
the PPFIA3 locus include DD, ID, seizures, dysmor-
phisms, autistic behavior, microcephaly, and behavioral
abnormalities (Figure S8; Table S8). Together, these find-
ings suggest that PPFIA3 deletions may contribute to
the pathogenesis of neurodevelopmental disorders, but
further studies will be needed to determine the signifi-
cance of PPFIA3 haploinsufficiency in human disease.

In summary, our study provides clinical and functional
evidence that rare PPFIA3 variants cause a syndromic
neurodevelopmental disorder characterized by DD, ID,
hypotonia, ASD or autistic features, dysmorphisms, and
epilepsy. The reduced penetrance of features in affected
family members suggests a complex relationship between
PPFIA3 germline variants and developmental features.
Together, our in vivo functional modeling in fruit flies re-
veals that PPFIA3 variants may contribute to disease
pathogenesis through LOF mechanisms related to the
location of the affected residues in the PPFIA3 functional
domains. These findings and our clinical characteriza-
tions show that rare PPFIA3 variants lead to a syndromic
neurodevelopmental disorder. Future approaches to
further elucidate the mechanistic underpinnings of
PPFIA3 variants in disease pathogenesis may include syn-
aptic ultrastructural analysis with transmission electron
microscopy, electrophysiology to analyze the synaptic re-
cycling system, and genotype-to-phenotype correlations
with fruit fly functional assays for the 17 identified
PPFIA3 variants. Longitudinal assessments in a larger
sample size of affected individuals and mechanistic
studies in model organisms will advance our understand-
ing of disease pathogenesis, improve prognostication
based on variant type and location, and identify poten-
tial therapeutic avenues.
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Data and code availability

The de-identified data supporting the current study are
available from the corresponding author on request.
The submission and accession numbers for the variants
reported to ClinVar are (1) individuals 1 and 2, Clin
Var: SCV003804191.1; GenBank: NM_003660.4 (PPFIA3);
c.115C>T (p.Arg39Cys); (2) individual 4, ClinVar:
SCV003804194.1; c.239A>C (p.GIn80Pro); (3) individuals
8 and 9, ClinVar: SCV003804192.1; c.1243C>T (p.Arg
415Trp); (4) individual 10, ClinVar: SCV003801340;
c.1285C>T (p.Arg429Trp); (5) individual 11, ClinVar:
SCV003840201; c.1492C>T (p.Arg498Trp); (6) individual
12, ClinVar: SCV003804193.1; c.1638G>T (p.Trp546Cys);
(7) individual 13, ClinVar: SCV003801341; ¢.2350C>T
(p-Arg784Trp); (8) individuals 14 and 15, ClinVar:
SCV004042691.1; c.2609T>A (p.Ile§70Asn); (9) individual
17, ClinVar: SCV003035511; c.2717C>T (p.Ser906Leu);

and (10) individual 18, ClinVar: SCV003035512;
c.3307del (p.Glul103Asnfs*8).
The following variants have been submitted to

the ClinVar and the data are scheduled to be released
publicly by April 29, 2024: (1) individual 3, ClinVar:
SCV004041597; c.118G>A (p.Glu40Lys); (2) individuals
5 and 6, ClinVar: SCV004041598; ¢.240+1G>A; (3) indi-
vidual 7, ClinVar: SCV004041599; c.943G>T; (p.Ala
315S8er); (4) individual 16, ClinVar: SCV004171207; c.27
06dup (p.Ser903Leufs*86); (5) individual 19, ClinVar:
SCV004041600; deletion exons 22-30; (6) individual 20,
ClinVar: SCV004041615; c.2377C>A; (p.Lys759Arg); and
(7) individual 20, ClinVar: SCV004041614; c.2276A>G;
(p.Pro793Thr).

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.ajhg.2023.12.004.
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