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Abstract: PPFIA3 encodes the Protein-Tyrosine-Phosphatase, Receptor-Type, F-Polypeptide-
Interacting-Protein-Alpha-3 (PPFIA3), which is a member 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 human 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, dysmorphisms,
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 PPFIA3 wildtype (WT) or five missense variants using
GAL4-UAS targeted gene expression systems. In the fly overexpression assays, we
found that the PPFIA3 variants in the N-terminal coiled-coil domain exhibited stronger
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phenotypes compared to those in the C-terminal region. In the loss-of-function fly
assay, we show that the homozygous loss of fly Liprin-α leads to embryonic lethality.
This lethality is partially rescued by the expression of human PPFIA3 WT, suggesting
human PPFIA3 function 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.
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ABSTRACT 83 
PPFIA3 encodes the Protein-Tyrosine-Phosphatase, Receptor-Type, F-Polypeptide-Interacting-84 
Protein-Alpha-3 (PPFIA3), which is a member of the LAR-protein-tyrosine phosphatase-85 
interacting-protein (liprin) family involved in synapse formation and function, synaptic vesicle 86 
transport, and presynaptic active zone assembly. The protein structure and function are 87 
evolutionarily well-conserved, but human diseases related to PPFIA3 dysfunction are not yet 88 
reported in OMIM. Here, we report 20 individuals with rare PPFIA3 variants (19 heterozygous 89 
and 1 compound heterozygous) presenting with developmental delay, intellectual disability, 90 
hypotonia, dysmorphisms, microcephaly or macrocephaly, autistic features, and epilepsy with 91 
reduced penetrance. Seventeen unique PPFIA3 variants were detected in 18 families. To 92 
determine the pathogenicity of PPFIA3 variants in vivo, we generated transgenic fruit flies 93 
producing either human PPFIA3 wildtype (WT) or five missense variants using GAL4-UAS 94 
targeted gene expression systems. In the fly overexpression assays, we found that the PPFIA3 95 
variants in the N-terminal coiled-coil domain exhibited stronger phenotypes compared to those 96 
in the C-terminal region. In the loss-of-function fly assay, we show that the homozygous loss of 97 
fly Liprin-α leads to embryonic lethality. This lethality is partially rescued by the expression of 98 
human PPFIA3 WT, suggesting human PPFIA3 function is partially conserved in the fly. 99 
However, two of the tested variants failed to rescue the lethality at the larval stage and one 100 
variant failed to rescue lethality at the adult stage. Altogether, the human and fruit fly data reveal 101 
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that the rare PPFIA3 variants are dominant negative loss-of-function alleles that perturb multiple 102 
developmental processes and synapse formation. 103 
 104 
INTRODUCTION 105 
Synapses are highly specialized communication junctions between neurons and their target 106 
cells where, neurotransmitter release occurs in an intricately coordinated manner. In the 107 
presynaptic neuron, a key site for neurotransmitter release is the active zone, which is 108 
composed of a complex protein matrix.1–4 RIM, ELKS, Munc13, RIM-BP, Piccolo/Bassoon, and 109 
Liprin-α are the six major protein families comprising the active zone.5 These active zone 110 
proteins along with other cytoskeletal proteins, Ca2+ channels, and SNAREs (soluble N-111 
ethylmaleimide-sensitive fusion protein attachment protein receptors) form a tightly orchestrated 112 
unit to mediate synaptic vesicle docking, priming, fusion, and neurotransmitter release.5 Prior 113 
studies revealed that disruption of synapse structure or function leading to variable defects in 114 
neurotransmitter release contributes to neurodevelopmental and neuropsychiatric disorders 115 
including epilepsy, intellectual disability (ID), autism spectrum disorder (ASD), schizophrenia, 116 
and bipolar disorder.6–10 117 

The network of multidomain proteins comprising the active zone falls into different categories 118 
such as cytoskeletal and scaffolding proteins, adhesion molecules, calcium channels, and 119 
synaptic vesicle release machinery. Liprins are scaffolding proteins found in the presynaptic 120 
active zone that are also known as protein-tyrosine phosphatase, receptor-type, f polypeptide 121 
(PTPRF)-interacting protein α (PPFIA) or β (PPFIB). Liprin family members interact with the 122 
adhesion molecule LAR-PTPs (Leukocyte Antigen Receptor-Protein Tyrosine Phosphatases) 123 
and are subdivided into liprin-α and liprin-β proteins.11,12 In conjunction with LAR-PTPs, liprins 124 
play a key role in the active zone organization and structure. Structural studies show that liprins, 125 
including PPFIA3, are comprised of an N-terminal coiled-coil domain and C-terminal sterile-α-126 
motif (SAM) domain.11,12 The N-terminal coiled-coil domain mediates homodimerization and 127 
heterodimerization with other liprin-α members and interactions with other active zone proteins 128 
such as RIM and ELKS.13–16 The SAM domains are known for mediating protein-protein 129 
interactions and binding with RNA.17 The liprin-α SAM domain interacts with the LAR 130 
intracellular domain.18 Apart from these functional domains, liprins also contain intrinsically 131 
disordered regions that lack an ordered three-dimensional structure but were previously shown 132 
to be important for protein’s function.19,20 Additionally, liprins interact with kinesin motor 133 
proteins21–23 and are involved in the hedgehog signaling-dependent trafficking of Kif7 and Gli to 134 
the cilia in the context of embryonic development and cortical microtubule organization.21,22  135 



5 
 

Vertebrates have four Ppfia (1-4) and two Ppfib (1-2) that are encoded by Ppfia1-4 or Ppfib1-2 136 
respectively.12 Expression studies in mice show that all four mouse Ppfia1-4 homologs are 137 
expressed in the brain, with differences in distribution and expression levels.24 Ppfia1 is found in 138 
the brain, lung, heart, liver, muscle, spleen, and testes.12,25,26 In the brain, Ppfia1 is 139 
predominantly localized to the cerebellum and olfactory bulb.24–26 In contrast, Ppfia2, Ppfia3, 140 
and Ppfia4 are predominantly found in the brain,12,25,26 including structures such as the olfactory 141 
bulb, striatum, cortex, hippocampus, thalamus, midbrain, cerebellum, and brainstem.24–26 A 142 
subcellular localization study showed that Ppfia2 and Ppfia3 are located in both the pre-synaptic 143 
and post-synaptic compartments.26 However, only Ppfia3 specifically colocalizes in the 144 
presynaptic compartment and mediates protein-protein interactions with the active zone proteins 145 
Bassoon, RIM, Munc-13, RIM-BP, and ELKS in hippocampal neurons.27 In humans, 146 
transcriptomic studies revealed that PPFIA3 (MIM*603144) is similarly expressed in different 147 
brain regions like the neocortex, striatum, hippocampus, amygdala, mediodorsal nucleus of the 148 
thalamus, and cerebellar cortex from the early embryonic stage to late adulthood.28  149 

Ppfia proteins are well conserved in both vertebrates and invertebrates. In C. elegans, the sole 150 
Ppfia homolog, syd-2, plays a key role in presynaptic active zone organization.29,30 Studies 151 
showed that syd-2 recruits synaptic components to presynaptic sites and contributes to the 152 
formation of neuromuscular junctions (NMJs), along with active zone assembly and 153 
stabilization.30,31 Mutant syd-2 worms show presynaptic active zone defects due to disruption of 154 
syd-2 oligomerization.13,30,31 A similar role was found for the fruit fly homolog, Liprin-α, where it is 155 
required for synapse formation, synaptic vesicular transport, active zone assembly, and axonal 156 
target selection from the retina to the medulla in the central nervous system.32–34 Consistent with 157 
the invertebrate models, synaptic ultrastructure and electrophysiological studies in Ppfia3 158 
knock-out mice found impaired presynaptic active zone assembly, synaptic vesicle docking, 159 
tethering, and exocytosis.27 Altogether, these studies reveal that Ppfia family members are 160 
integral scaffolding proteins for the assembly of intricate protein complexes involved in synapse 161 
formation, synaptic transmission, and protein trafficking. 162 

Here, we report a cohort of 20 individuals from 18 families with rare variants in PPFIA3 163 
associated with developmental delay (DD), intellectual disability (ID), dysmorphisms, 164 
microcephaly, macrocephaly, hypotonia, autism spectrum disorder (ASD) or autistic features, 165 
abnormal electroencephalogram (EEG), and epilepsy. The phenotypic consequences of rare 166 
variants in PPFIA3 have not been previously reported in OMIM (Online Mendelian Inheritance in 167 
Man).35 In a statistical model of de novo variants for autism spectrum and intellectual disability 168 
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disorders (ASD/ID), PPFIA3 was identified as one of ~1,000 genes significantly lacking 169 
functional variation in non-ASD/ID individuals but are enriched with de novo variants in ASD/ID 170 
individuals.36 Furthermore, gnomAD v2.1.1 analysis showed that PPFIA3 has a high probability 171 
of loss-of-function (LOF) intolerance (LOEUF = 0.12, pLI = 1.0), as 64.1 LOF variants were 172 
expected given the gene size and GC content but only three LOF variants were observed.37 173 
PPFIA3 is also a highly constrained gene with a missense z-score of 5.49, suggesting 174 
intolerance to missense variation, as 727.5 missense variants were expected but only 311 were 175 
observed.37 Together, these findings support that rare PPFIA3 variants may cause a 176 
neurodevelopmental phenotype.  177 

The pathogenicity of the five PPFIA3 missense variants were tested using overexpression fly 178 
assays, revealing that the PPFIA3 variants are associated with behavioral, developmental, and 179 
NMJ defects. Loss-of-function (LOF) assays with fly Liprin-α show that the human PPFIA3 180 
wildtype (WT) partially rescued the Liprin-α LOF embryonic lethality whereas three of the five 181 
tested variants exhibited impaired rescue of the LOF phenotype. Altogether, we show that rare 182 
PPFIA3 variants are deleterious to protein function with in vivo fruit fly assays and lead to a 183 
syndromic neurodevelopmental disorder characterized by DD, ID, hypotonia, ASD or autistic 184 
features, dysmorphisms, microcephaly or macrocephaly, abnormal EEG, and epilepsy in 185 
humans. 186 

 187 
MATERIAL AND METHODS 188 
Study approval for Identification of study participants and clinical phenotyping  189 
Clinical data were acquired after written informed consent was obtained in accordance with the 190 
ethical standards of the participating institutional review boards (IRB) on human research at 191 
each respective institution. GeneMatcher was used to form an international collaboration, 192 
allowing for comparison of individuals and their variants.38–40 Collection and analysis of the de-193 
identified clinical cohort was approved by Baylor College of Medicine’s IRB. PPFIA3 194 
heterozygous variants were identified by ES through each individual’s respective institution. 195 
DNA was extracted from peripheral blood mononuclear cells, buccal sample, or fetal skin for 196 
ES. Exome or Sanger sequencing of the parental samples were performed when feasible to 197 
confirm de novo or inherited segregation. Paternity was confirmed by the inheritance of rare 198 
single nucleotide polymorphisms from the parents. Sample swap was excluded. Participant ID’s 199 
are not known to anyone outside of the research group. Clinical phenotypes are ascertained by 200 
expert review of medical records and the most recent clinical assessment per each individual.  201 
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 202 
Molecular modeling  203 
Molecular visualization of the PPFIA3 structure was completed with PyMol (The PyMOL 204 
Molecular Graphics System, Version 2.5.2 Schrödinger, LLC.). The crystal structure of PPFIA3 205 
(GenBank NP_003651.1, Uniprot ID: O75145) was used to build the PPFIA3 structure model in 206 
PyMol. Affected residues were altered to the corresponding human variants and the mutation 207 
effects were modeled alongside the native protein. The changes in the PPFIA3 structure was 208 
assessed by displaying local polar contacts and residue interactions before and after 209 
mutagenesis.  210 
 211 
Drosophila melanogaster stocks and maintenance 212 
All the fruit fly stocks used in this study were reared in standard cornmeal and molasses-based 213 
fly food at room temperature (RT, 20-21°C) unless otherwise noted. The fruit fly stocks used in 214 
the study were either obtained from Bloomington Drosophila Stock Center (BDSC) or generated 215 
at the Jan and Dan Duncan Neurological Research Institute. We generated transgenic fly alleles 216 
as previously described41 by utilizing the pUASg-HA-attB vector42 to express the human PPFIA3 217 
WT and variant cDNAs with a C-terminal hemagglutinin (HA) tag under the control of Upstream 218 
Activating Sequence (UAS) elements by Gateway LR Cloning (LR Clonase II, Thermo Fisher 219 
Scientific, Cat #11791020). To generate the PPFIA3 variants, we utilized the human full-length 220 
cDNA of PPFIA3 (GenBank: NM_003660.4). PPFIA3 c.115 C>T [p.(Arg39Cys)], PPFIA3 221 
c.943G>T [p.(Ala315Ser)], PPFIA3 c.1243C>T [p.(Arg415Trp)], PPFIA3 c.1638G>T 222 
[p.(Trp546Cys)], and PPFIA3 c.2350C>T [p.(Arg784Trp)] were generated by Q5 site-directed 223 
mutagenesis (New England Biolabs, Cat #M0491S) in the pDONR221 Gateway compatible 224 
donor vector. The constructs were confirmed by Sanger sequencing. Primer sequences for the 225 
site-directed mutagenesis and Sanger sequencing are listed in Table S1. Human PPFIA3 WT 226 
and variant cDNAs were inserted into the chromosome-3 VK33 (PBac{y[+]-attP}VK00033) 227 
docking site by φC31-mediated recombination for fruit fly transgenesis.42 Transgenic UAS fly 228 
alleles generated in this study include UAS-PPFIA3-WT-HA, UAS-PPFIA3-p.(Arg39Cys)-HA, 229 
UAS-PPFIA3-p.(Ala315Ser)-HA, UAS-PPFIA3-p.(Arg415Trp)-HA, UAS-PPFIA3-p.(Trp546Cys)-230 
HA, and UAS-PPFIA3-p.(Arg784Trp)-HA. Fly alleles from the stock centers include: Liprin-231 
αF3ex15/In(2LR)Gla (BDSC#8563), w[1118]; Df(2L)Exel7027/CyO (BDSC#7801), y[1] w[118]; 232 
PBac{y[+]-aatP-3B}-VK00033 (BDSC#9750), and elav-GAL4/CyO (BDSC#8765). UAS-empty-233 
VK33, Actin-GAL4, and da-GAL4 lines were obtained from Dr. Hugo J. Bellen. 234 
 235 
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 236 
Larval brain and NMJ immunostaining and confocal microscopy 237 
Fruit fly larval brains or whole-body wall muscles including the central nervous system were 238 
dissected from wandering third instar larvae reared at 25oC in ice-cold 1X-PBS and fixed in 4%-239 
paraformaldehyde for 20 minutes at RT. The tissues were washed four times in Tri-PBS (1X-240 
PBS + 0.2% Triton-X-100) with 1%-Bovine Serum Albumin (BSA) for 15-minutes each followed 241 
by incubation in blocking solution (Tri-PBS with 0.1% BSA and 8% normal donkey serum) for 30 242 
minutes. Primary antibodies, rat anti-HA (1:50, clone 3F10, Millipore Sigma, Cat#11867423001), 243 
mouse anti-elav (1:100, Developmental Studies Hybridoma Bank, Cat#9F8A9), mouse anti-244 
Bruchpilot (Brp) (1:50, Developmental Studies Hybridoma Bank, Cat#nc82), and goat anti-245 
Horseradish Peroxidase (HRP) (1:1000, Jackson ImmunoResearch, Cat#123-005-021) were 246 
diluted in blocking solution, added to the tissues, and incubated overnight at 4°C. The tissues 247 
were rinsed three to four times in Tri-PBS with 1%-BSA for 15-minutes each followed by 248 
incubation in blocking solution for 30 minutes at RT. The secondary antibodies, donkey anti-rat 249 
IgG antibody (Cy3) (1:300, Jackson ImmunoResearch, Cat#712-165-153), Alexa Fluor 488 250 
Affinipure donkey anti-goat IgG (H+L) (1:300, Jackson ImmunoResearch, Cat#705-545-147) 251 
and Alexa Fluor 488 Affinipure donkey anti-mouse IgG (H+L) (1:300, Jackson 252 
ImmunoResearch, Cat#715-545-151) were diluted in blocking solution and added to the tissues 253 
for a 90-minute incubation at RT on a rocker. For NMJ staining, phalloidin (Phalloidin-iFluor 405 254 
Reagent, Abcam, Cat#ab176752) was added along with the secondary antibodies to visualize 255 
the muscles. After removing the secondary antibody, tissues were washed three times in Tri-256 
PBS with 1% BSA for 15-minutes each, and then rinsed in 1X-PBS at RT. For larval brains, this 257 
was followed by incubation in 406-diamidino-2-phenylindole dihydrochloride (DAPI, 1 mg/mL, 258 
Cayman Chemical, Cat#14285) for 30-minutes at RT. After removing DAPI, a final wash was 259 
completed with 1X-PBS for 15-minutes at RT. The tissues were mounted in Prolong Glass anti-260 
fade mountant (Thermo Scientific, Cat#36984). Images were acquired on a Leica Sp8 laser-261 
scanning confocal microscope. The same settings for laser power and detector gain were used 262 
for all genotypes. Third instar larval brain images were acquired as a z-stack with a z-step of 263 
1µm and line average of four at 400 Hz with a 20X objective at 1024 x 1024-pixel resolution. 264 
NMJ images were acquired with a 40X objective. Maximum intensity projections were created 265 
from the z-stack in ImageJ. All images were processed and assembled using ImageJ and 266 
Adobe Illustrator. 267 
 268 
 269 
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Western blotting 270 
Adult fly heads were homogenized using cell lysis buffer (50mM Tris-HCl, 150mM NaCl, 0.25% 271 
SDS, 0.25% sodium deoxycholate, 1mM EDTA, and 1X liquid protease inhibitor (Gen DEPOT 272 
Cat#P3100-001). The homogenized fly heads in cell lysis buffer were centrifuged at 13,000 rpm 273 
for 10-minutes at 4°C. The supernatant was collected and mixed with Laemmli buffer containing 274 
β-mercaptoethanol and heated at 95°C for 10-minutes. The samples were loaded in 4–20% 275 
gradient polyacrylamide gels (Bio-Rad MiniPROTEAN® TGXTM Cat# 4561086) followed by a 276 
transfer onto polyvinylidene difluoride membrane (Bio-Rad TransBlot Turbo mini-size LF PVDF 277 
membrane). The membrane was blocked using skim milk and treated overnight with the primary 278 
antibody (rat anti-HA 1:2000, clone 3F10, Millipore Sigma, Cat#11867423001). Anti-actin hFAB™ 279 
rhodamine antibody (Bio-Rad Cat#12004163, 1:5000) and goat anti-rat IgG polyclonal antibody 280 
(IRDye® 800CW) (LI-COR Biosciences, Cat#926-32219) were used as the secondary antibodies. 281 
Images were acquired on the BioRad Chemidoc Imaging System (Cat#17001401). Quantification 282 
was done using ImageJ in which background subtracted band intensity is acquired for both the 283 
actin and HA bands. The average intensity value is normalized and analyzed in GraphPad Prism8. 284 
Crosses for the Western blot analysis were set up and maintained at 25°C. 285 
 286 
Third instar larval NMJ quantifications 287 
The total number of boutons from abdominal segment A3, muscle 6/7 were counted semi-288 
manually using Imaris. The spot function was used with point style sphere and radius scale 1.0 289 
to count the number of boutons. The NMJ length was quantified using the HRP staining and 290 
measured in ImageJ.  291 
 292 
Fruit fly behavioral assays 293 
For the climbing assay, 5-day-old flies of both sexes were anesthetized with CO2 48-hours prior 294 
to being tested and two to three flies were housed in food-containing vials at 25°C. At the time 295 
of assay, these flies were transferred without anesthesia to a clear graduated cylinder with a 15-296 
cm mark. The flies were tapped three times to the bottom of the cylinder to examine the 297 
climbing ability. The cutoff time to reach the 15-cm mark was 30-seconds. A total of 55-75 flies 298 
of both sexes were tested for each genotype. Crosses for the climbing assay were set up at 299 
25°C and the assay was performed at 20-21°C. The climbing assay for 15-day old flies was 300 
done with the flies anesthetized with CO2 24-hours prior to being tested and kept at room 301 
temperature until the behavioral test was done. The cutoff time for the 15-day old flies to reach 302 
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the 20-cm mark was 40-seconds. A total of 40-55 flies of both sexes were tested for each 303 
genotype for the 15-day old flies. 304 
 305 
For the bang sensitivity assay, 5-day-old flies of both sexes were anesthetized with CO2 48-306 
hours prior to being tested and two to three flies were housed in food-containing vials at 25°C. 307 
At the time of assay, these flies were transferred without anesthesia to an empty food vial and 308 
vortexed for 10-seconds. Flies were observed for time to recover from the vortexing. The cutoff 309 
time to recover was 30-seconds. Recovery was defined as being upright and mobile. Flies were 310 
considered bang sensitive if they remained upside down, immobile, or showing rhythmic 311 
involuntary movements suggestive of electrophysiological abnormalities in the nervous system. 312 
A total of 55-75 flies of both sexes were tested for each genotype. Crosses for the bang 313 
sensitivity assay were set up at 25°C and the assay was performed at 20-21°C. The bang 314 
sensitivity assay for 15-day old flies was done with the flies anesthetized with CO2 24-hours 315 
prior to being tested and kept at room temperature until the behavioral test was done. The 316 
vortexing time for the 15-day old flies was 15-seconds. A total of 40-55 flies of both sexes were 317 
tested for each genotype for the 15-day old flies. 318 
 319 
Liprin-α loss-of-function lethality rescue with human PPFIA3 WT and variants 320 
Df(Liprin-α)/CyO act-GFP; UAS-cDNA/TM6B flies were crossed with Liprin-α F3ex15/CyO act-321 
GFP; da-GAL4/TM6B flies. The UAS-cDNA lines used were UAS-empty, UAS-PPFIA3 WT, 322 
UAS-PPFIA3 p.Arg39Cys, UAS-PPFIA3 p.Arg415Trp, UAS-PPFIA3 p.Trp546Cys, and UAS-323 
PPFIA3 p.Arg784Trp. Rescue larvae with the genotype, Df(Liprin-α)/Liprin-α F3ex15; UAS-324 
cDNA/da-GAL4 were selected (GFP -ve and non Tb) and kept in a new vial to assess the 325 
development. The experiment was done in three biological replicates. The crosses were set and 326 
maintained at 20°C as the higher temperature (25°C and above) were embryonic lethal with all 327 
cDNAs.    328 
 329 
Pupal lethality and eclosion defect assessment 330 
Actin-GAL4/Cyo,Tb females were crossed with the homozygous UAS-PPFIA3 WT and UAS-331 
PPFIA3 p.(Arg39Cys), p.(Ala315Ser), p.(Arg415Trp), p.(Trp546Cys), and p.(Arg784Trp) males 332 
at 25°C. The overexpression progenies were identified based on the absence of the markers, 333 
CyO (visible in adults) and Tb (visible in larvae, pupae, and adults). Sample sizes are shown in 334 
Table S2. 335 
        336 
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Adult fruit fly leg mounting 337 
Adult flies were fixed overnight in ethanol at room temperature and the legs were dissected and 338 
mounted using CMCP-10 Macroinvertebrate High Viscosity Mountant (D/S259) (Electron 339 
Microscopy Sciences, Cat#18004-02). Leg images were taken using the Leica MZ16 340 
stereomicroscope. Images were processed and assembled using Adobe Photoshop CS5.1 and 341 
Adobe illustrator. Crosses were set up at 25°C. Sample sizes are shown in Table S2. 342 
 343 
Genomic DNA isolation and qPCR 344 

Genomic DNA was extracted by homogenizing four whole flies in 50mM sodium hydroxide and 345 

heating the samples at 95°C for 30 minutes followed by the addition of 1M Tris-HCl (pH 7.5) to 346 

stop the lysis. Equal amount (50ng) of DNA for each genotype was used for amplification. q-347 

PCR was performed with the BioRad SsoAdvanced Universal SYBR-Green Supermix 348 

(Cat#1725274) and the BioRad CFX96 Touch Real-Time PCR detection system 349 

(Cat#1845096). The relative change in gene expression was determined by the Livak method 350 

and fold changes were calculated using the 2−ΔΔCT formula. The experiment was repeated in 351 

three independent biological replicates. HA and PPFIA3 band intensity were quantified by 352 

normalizing to the band intensity of the endogenous reference rps17 and plotted as fold-change 353 

relative to the control. Flies were maintained at 20-21°C. Primer sequences are listed in Table 354 

S1. 355 
 356 
Statistics 357 
Data was collected and analyzed blinded to genotypes. Statistical analysis between the control 358 
and experimental groups was conducted with one-way ANOVA and Tukey’s post-hoc analysis 359 
in GraphPad Prism 8. Statistical summary is in Table S3. 360 

 361 
RESULTS 362 
Identification of rare PPFIA3 variants in individuals with neurodevelopmental phenotypes 363 
An international collaboration through the Undiagnosed Diseases Network (UDN)43 and 364 
GeneMatcher38–40 led to the identification of 20 individuals from 18 families with 365 
neurodevelopmental phenotypes and 17 rare missense, frameshift deletion, exonic deletion, or 366 
consensus splice site variants in PPFIA3 (Table 1, Figure 1A, B, see Supplemental Note). 367 
The cases were ascertained in individuals with phenotypes including DD, ID, ASD or autistic 368 
features, epilepsy, abnormal EEG, hypotonia, dysmorphisms, microcephaly, and macrocephaly. 369 
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Heterozygous PPFIA3 variants were identified in nineteen individuals (1-19). One individual (20) 370 
was found to carry compound heterozygous variants with concordant phenotypes. The variants 371 
from all affected individuals were identified through exome sequencing (ES) or Sanger 372 
sequencing.  373 
 374 
Eleven of the individuals harbored de novo (1-2, 7-8, 10-15, and 17) missense variants. The de 375 
novo p.(Arg429Trp) variant was seen in individual 10 in a mosaic state (present in 26% of the 376 
ES reads, suggesting heterozygosity in ~52% of cells) from DNA analysis of fetal skin. 377 
Individuals 14 and 15 are monozygotic twins from family 13 and one individual (5) inherited a 378 
consensus splice variant from a similarly affected parent (6) (both from family 5). Individual 19 379 
inherited a deletion of exons 22-30 from an affected parent, individual 20 inherited compound 380 
heterozygous variants from unaffected parents, and the inheritance pattern for six affected 381 
individuals is unknown (3, 4, 6, 9, 16, and 18) (Table 1, see Supplemental Note). The 382 
individuals with unknown inheritance pattern have either a missense variant (3, 4, and 9), a 383 
consensus splice variant (6), or a frameshift deletion (16 and 18).  384 
 385 
To determine the potential pathogenicity of the PPFIA3 variants, we examined the Combined 386 
Annotation Depletion (CADD) Score where scores above 20 are considered to be deleterious.44 387 
The CADD scores for the PPFIA3 variants ranged from 22.6 to 54, suggesting they are 388 
potentially deleterious (Table 2). Fourteen out of seventeen variants were absent from the 389 
Genome Aggregation Database (gnomAD v2.1.1).37 The p.(Arg784Trp) variant had a frequency 390 
of 3.19x10-5 (1/31,386) in gnomAD v2.1.1 and was identified as a de novo finding in individual 391 
13 with mild ID and Landau-Kleffner epilepsy syndrome. The p.(Pro793Thr) variant had a 392 
frequency of 7.61x10-4 (215/282,366) in gnomAD v2.1.1 and was identified as a maternally 393 
inherited variant in trans with a paternally inherited p.(Lys759Arg) variant in individual 20 with 394 
DD, ID, hypotonia, epilepsy, microcephaly, and autistic features. The p.(Lys759Arg) variant has 395 
a frequency of 4.77x10-5 (13/282,880) in gnomAD v2.1.1.  Differences in variant frequencies 396 
were documented in gnomAD v.4.0.0, encompassing variants reported in this study that were 397 
either submitted to ClinVar or identified from the UK Biobank (Table S4, S5).  398 
 399 
Eighteen individuals in the cohort had DD and ID (1-6, 8-9, 11-20) (Tables S4, S5, see 400 
Supplemental Note), while two individuals (7 and 10) could not be assessed for this feature 401 
due to premature mortality. Individual 7 had renal failure, severe anorectal malformation with 402 
complete anal atresia, absent bladder, dysmorphisms, and passed away at 5 months of age. 403 
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Individual 10 had a prenatal diagnosis of abnormal gyration and ventriculomegaly, which led to 404 
elective pregnancy termination. Abnormal EEG (seen in 9/20; 1-3, 8, 9, 13, 17, 18, 20) and 405 
epilepsy (seen in 6/20; 1-3, 8, 13, 20) were found in a total of nine individuals (Table 1, see 406 
Supplemental Note). The affected individuals had multiple seizure semiologies including focal 407 
clonic seizures, atonic seizures, absence seizures, and focal tonic-clonic seizures with 408 
secondary generalization (Tables S4, S5, see Supplemental Note). Six individuals had 409 
neuroanatomical changes detected by MRI (2, 3, 8, 10, 15, 20), which included flattening of the 410 
posterior globes at the level of optic nerve insertion, abnormal gyration with ventriculomegaly, 411 
and mild periventricular leukomalacia with mild white matter volume loss (Tables S4, S5). 412 
Delayed speech development was present in sixteen individuals (1-5, 8, 9, 11, 13-20) with 413 
absent speech in two individuals (8 and 20) (Tables S4, S5, S6, see Supplemental Note). 414 
Hypotonia was present in eight individuals (1, 4, 8, 15, 17-20) (Tables S4, S5, see 415 
Supplemental Note). Co-morbid ASD diagnosis was reported in four individuals (11, 12, 14, 416 
17) (Table 1, see Supplemental Note). Five of the individuals had autistic features but no 417 
formal diagnosis of autism was made (4, 8, 9, 16, 20) (Table 1, see Supplemental Note). 418 
Gastrointestinal dysmotility characterized by constipation, difficulty feeding, and dysphagia was 419 
present in ten individuals (1, 3, 4, 7-9, 13-15, 20) (Tables S4, S5, see Supplemental Note ). 420 
Dysmorphic facial features were described in thirteen individuals, which included prominent 421 
forehead, plagiocephaly, triangular face, clinodactyly, strabismus, wide mouth, widely spaced 422 
teeth, and bilateral epicanthal folds (1-5, 7-9, 11, 17-20) (Table 1, Table S4, S5, Figure 1C, see 423 
Supplemental Note). Macrocephaly or microcephaly were present in nine individuals (5-8, 14, 424 
15, 17, 19, 20) (Table S4, S5, see Supplemental Note). 425 
 426 
Conservation analysis and molecular modeling of PPFIA3 variants  427 
The predicted pathogenicity of PPFIA3 variants was validated in vivo using D. melanogaster 428 
(fruit fly). The fly homolog of PPFIA3 is Liprin-α, and the fly protein shows an overall 48% 429 
identity and 62% similarity with the human protein (Figure 1B). Like the human PPFIA3, the fruit 430 
fly Liprin-α contains N-terminal coiled-coil domains and three C-terminal SAM domains (Figure 431 
1B). Seven of the variants, p.(Arg39Cys), p.(Glu40Lys), p.(Gln80Pro), p.(Ala315Ser), 432 
p.(Arg415Trp), p.(Arg429Trp), and p.(Arg498Trp) are located in the N-terminal coiled-coil 433 
domain (Figure 1B). The variants p.(Ile870Asn) and p.(Ser903Leufs*86) are located in the 434 
SAM1 domain (Figure 1B). The variants p.(Trp546Cys), p.(Lys759Arg), p.(Arg784Trp), 435 
p.(Pro793Thr), and p.(Ser906Leu) are in the intrinsically disordered region of the protein, 436 
however p.(Ser906Leu) is located near the SAM1 domain (Figure 1B). Conservation analysis of 437 
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p.Arg39, p.Gln80, p.Ala315, p.Arg415, and p.Arg429 reveals these coiled-coil domain residues 438 
are well-conserved in invertebrates and vertebrates. However, p.Glu40 is only conserved in 439 
mice and p.Arg498 is only conserved in mice and worms (Figure S1). The affected residues in 440 
the SAM1 domain, p.Ile870 and p.Ser903, and the residue near the SAM1 domain, p.Ser906, 441 
are also conserved across species. In the intrinsically disordered region, p.Trp546 is conserved 442 
in mice, but not in fruit flies and worms; p.Lys759 is conserved in mice and fruit flies; p.Arg784 is 443 
conserved only in mice; and p.Pro793 is conserved only in mice (Figure S1). The affected 444 
variant in the SAM3 domain, p.Glu1103 is conserved in mice and fruit flies, but not in worms 445 
(Figure S1). 446 
 447 
Molecular modeling was completed for the missense variants using PyMol to determine if the 448 
amino acid changes affect protein function in silico (Figure 2A, B). Regarding the coiled-coil 449 
variants, the variant p.(Arg415Trp) introduces a bulky side chain predicted to disrupt the 450 
interaction with p.Gln411 (Figure 2Ai). Similarly, the variant p.(Arg429Trp) introduces a bulky 451 
side chain that may disrupt the interaction with p.Asp424 (Figure 2Aii). The variant 452 
p.(Arg784Trp) introduces a bulky side chain predicted to disrupt the polar interaction with 453 
p.Asp785 (Figure 2Bi). The variant p.(Ser906Leu) is near the SAM1 domain and disrupts the 454 
interaction with the neighboring residue p.Ser908 (Figure 2Bii). Together, the molecular 455 
modeling suggests that these rare variants may hinder PPFIA3 function by disrupting the polar 456 
interactions with neighboring residues.     457 
 458 
In vivo functional analysis of PPFIA3 missense variants in fruit flies 459 
To study the functional consequences of PPFIA3 variants in vivo, we selected five of the 460 
missense variants to generate transgenic fruit flies using human cDNAs. We generated UAS-461 
PPFIA3-WT-HA, UAS-PPFIA3-p.(Arg39Cys)-HA, UAS-PPFIA3-p.(Ala315Ser)-HA, UAS-462 
PPFIA3-p.(Arg415Trp)-HA, UAS-PPFIA3-p.(Trp546Cys)-HA, and UAS-PPFIA3-p.(Arg784Trp)-463 
HA fly alleles with C-terminal HA epitope tags (Table S7). The GAL4-UAS expression system 464 
was used to express PPFIA3 WT and variant cDNAs under the spatiotemporal regulation of the 465 
transactivator protein GAL4 (Figure S2A). A pan-neuronal driver on the second chromosome, 466 
elav-GAL4, was used to express PPFIA3 cDNAs in neurons and a ubiquitous driver on the 467 
second chromosome, Actin-GAL4, was used to express PPFIA3 cDNAs in the whole fly (Figure 468 
S2A). We found that elav-GAL4 and Actin-GAL4 produced the HA-tagged PPFIA3 WT and 469 
variants in 3rd instar larval brains (Figure S2B) and adult fly heads (Figure 2C). Interestingly, 470 
we observed elevated PPFIA3 p.(Arg39Cys) level compared to PPFIA3 WT and the other 471 
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missense variants (Figure 2Ci-ii, Figure S3). To confirm the cDNA copy number insertions are 472 
consistent between the PPFIA3 WT and variant fly lines, genomic DNA qPCR using SYBR 473 
Green was performed in UAS-PPFIA3-WT-HA, UAS-PPFIA3-p.(Arg39Cys)-HA, UAS-PPFIA3-474 
p.(Ala315Ser)-HA, UAS-PPFIA3-p.(Arg415Trp)-HA, UAS-PPFIA3-p.(Trp546Cys)-HA, and UAS-475 
PPFIA3-p.(Arg784Trp)-HA. Genomic DNA regions for HA epitope tag, PPFIA3, and rps17 were 476 
amplified, and the expression levels of either HA or PPFIA3 was quantified using rps17 as the 477 
internal control (Figures S2Ci-ii). We also performed semi-quantitative genomic DNA PCR 478 
using Taq polymerase and the PCR product band intensity was quantified using rps17 as the 479 
internal control (Figure S4, S5). No significant difference in the relative expression of HA and 480 
PPFIA3 was observed by both genomic DNA qPCR and PCR analyses, indicating the cDNA 481 
copy number is similar across all the UAS-PPFIA3 WT and variant fly lines. Hence, the higher 482 
protein levels observed for p.(Arg39Cys) may be due to increased protein stability from the 483 
missense variant.     484 
 485 
To determine if expression of PPFIA3 WT and missense variants are deleterious to 486 
developmental processes, we ubiquitously expressed PPFIA3 cDNAs using Actin-GAL4 at 25°C 487 
and analyzed the fly development from pupal stage. PPFIA3 cDNAs were expressed in the 488 
presence of endogenous fly Liprin-α. We found that PPFIA3 p.(Arg39Cys) cause pupal lethality 489 
and eclosion defects, whereas p.(Ala315Ser) and p.(Arg415Trp) cause only eclosion defect 490 
(Figure 3Ai-ii). However, these phenotypes were not observed for the PPFIA3 p.(Trp546Cys) 491 
and p.(Arg784Trp) variants that are located in the intrinsically disordered region (Figure 3Ai-ii). 492 
In the eclosed adult flies, we observed a reduced penetrance of leg dysmorphology. The typical 493 
wildtype morphology is comprised of three pairs of legs with each leg containing three 494 
segments: femur, tibia, and tarsus (Figure 3Bi). We found morphological defects in these 495 
segments in either the first, second, third, or all leg pairs with expression of the PPFIA3 496 
missense variants (Figure 3Bi). Leg dysmorphology was observed in 80% of PPFIA3 497 
p.(Arg39Cys) flies, 50% of PPFIA3 p.(Ala315Ser) flies, and 40% of PPFIA3 p.(Arg415Trp) flies 498 
(Figure 3Bi-ii). In PPFIA3 p.(Arg784Trp) flies, 10% had leg defects but the phenotype was not 499 
significant compared to that of PPFIA3 WT flies (Figure 3Bi-ii). In contrast, the leg 500 
dysmorphology phenotype was absent in the PPFIA3 p.(Trp546Cys) flies (Figure 3Bi-ii). 501 
 502 
Next, to determine if the neuronal expression of PPFIA3 variants by elav-GAL4 at 25°C 503 
impaired nervous system development and function, we conducted climbing behavior, bang 504 
sensitivity behavior, and NMJ morphology assays. First, we performed a climbing assay in 5-505 
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day old flies to assess for motor defects. The standard behavior of the flies is to climb upward, 506 
and any increase in time to climb represents a potential defect in either motor coordination or 507 
negative geotaxis. Therefore, we used the climbing assay primarily as a screening tool to 508 
assess motor function. We found that elav-GAL4>UAS-PPFIA3 WT flies had motor function like 509 
control flies that do not produce human PPFIA3 (elav-GAL4>UAS-empty) (Figure 4A). 510 
However, climbing behavior was impaired in PPFIA3 p.(Arg39Cys), p.(Ala315Ser),  511 
p.(Arg415Trp), and p.(Arg784Trp) expressing 5-day old flies (Figure 4A). Second, to determine 512 
if the PPFIA3 variants have electrophysiological abnormalities in the nervous system, we used 513 
bang sensitivity as a screening tool in the 5-day old flies with 10s vortexing. We found that elav-514 
GAL4>UAS-PPFIA3 WT flies were not bang sensitive and recovered similarly to the elav-515 
GAL4>UAS-empty control. However, p.(Arg39Cys), p.(Ala315Ser), and p.(Arg415Trp) flies 516 
exhibited bang sensitivity with an increased recovery time (Figure 4B). When we examined the 517 
recovery time by sex, we found that p.(Arg39Cys) shows increased recovery time in males 518 
(Figure S6A), p.(Ala315Ser) shows increased recovery time both in males and females (Figure 519 
S6A), and p.(Arg415Trp) shows increased recovery time in females (Figure S6A). To determine 520 
if there is an age-dependent effect, the climbing and bang assays were also performed in 15-521 
day old flies. We found that both p.(Arg39Cys) and p.(Arg415Trp) flies had climbing defects 522 
(Figure S6B). The bang sensitivity assay for 15-day old flies with 15s vortexing showed 523 
recovery times similar to the bang sensitivity assay in the 5-day old flies (Figure S6B). Third, to 524 
explore the consequence of PPFIA3 variants at the synapse, we examined the fruit fly third 525 
instar larval NMJ morphology in muscle 6/7 of abdominal segment 3 (A3) (Figure 4Ci-ii). The fly 526 
NMJ is a glutamatergic synapse and a well-established model for excitatory glutamatergic 527 
synapse development and function45,46. We found a reduced number of boutons (presynaptic 528 
contacts) with elav-GAL4 mediated production of the PPFIA3 p.(Arg39Cys) and p.(Arg415Trp) 529 
variants (Figure 4Ciii), indicating these variants perturb synapse formation. Total NMJ length 530 
associated with the PPFIA3 variants were like the PPFIA3 WT and UAS-empty controls (Figure 531 
4Civ). 532 
 533 
To determine the functional nature of the human PPFIA3 variants in the absence of wild-type fly 534 
Liprin-α, we performed in vivo rescue experiments at 20-21°C with a previously established 535 
Liprin-α LOF allele32, Liprin-αF3ex15, and a Liprin-α deficiency allele, Df(2L)Exel7027/CyO (Figure 536 
5Ai). To express PPFIA3 cDNAs in the background of Liprin-α LOF, we used the ubiquitously 537 
expressing daughterless-GAL4 (da-GAL4). First, we observed that complete loss of Liprin-α 538 
function (Liprin-αF3ex15 /Df(2L)Exel7027) is embryonic lethal in control da-GAL4>UAS-empty flies, 539 
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with a few escapers reaching larval stage (Figure 5Aii). We expressed the human PPFIA3 WT 540 
or variant cDNAs in the background of Liprin-α LOF using a ubiquitously expressed da-GAL4 at 541 
20°C and assessed if human PPFIA3 WT or variants rescued the embryonic lethality. We found 542 
a ~25% larval rescue of embryonic lethality with PPFIA3 WT, indicating functional conservation 543 
in fruit flies (Figure 5Aii). PPFIA3 p.(Arg39Cys) and p.(Arg415Trp) resulted in significantly 544 
reduced larval rescue compared to WT (8% and 13%, respectively) (Figure 5Aii). However, the 545 
PPFIA3 p.(Trp546Cys) and p.(Arg784Trp) variants resulted in ~17% rescue efficiency of the 546 
embryonic lethality, which was similar to the PPFIA3 WT rescue efficiency. Second, we 547 
assessed the survival of the rescued larvae to the adult stage (Figure 5Bi). We found that 548 
~35% of PPFIA3 WT larvae reached the adult stage, however none of the PPFIA3 p.(Arg39Cys) 549 
larvae reached the adult stage (Figure 5Bii). In contrast, we found that 23% of PPFIA3 550 
p.(Arg415Trp) larvae reached the adult stage, which is significantly reduced compared to 551 
PPFIA3 WT (Figure 5Bii). However, the frequency of PPFIA3 p.(Trp546Cys) and PPFIA3 552 
p.(Arg784Trp) larvae reaching the adult stage was similar to PPFIA3 WT (33% and 30%, 553 
respectively) (Figure 5Bii). Third, we assessed the survival of these rescue adult flies in the 48 554 
hours post-eclosion. We found that 75% of PPFIA3 WT rescue flies were alive 48 hours post-555 
eclosion, indicating PPFIA3 WT in the Liprin-α LOF background is capable of restoring viability 556 
and survival. In contrast, only 35% of the PPFIA3 p.(Arg415Trp) and 30% of the PPFIA3 557 
p.(Arg784Trp) rescue flies were alive 48 hours post-eclosion (Figure 5Biii). However, PPFIA3 558 
p.(Trp546Cys) rescue flies had a survival rate similar to PPFIA3 WT rescue flies (Figure 5Biii).  559 
 560 
Finally, we analyzed the number of NMJ boutons and NMJ length with da-GAL4 mediated 561 
production of PPFIA3 WT and variants in the Liprin-α LOF background at 20oC (Figure S7A). 562 
Although the total number of boutons are significantly reduced compared to da-GAL4>UAS 563 
empty controls, there is no significant difference in the number of boutons between PPFIA3 WT 564 
and variants (Figure S7Bi). We quantified the total length of the NMJ and found no significant 565 
difference between genotypes (Figure S7Bii). Interestingly, we observed a significantly reduced 566 
ratio of bouton numbers per muscle 6/7 NMJ (segment A3) length in both PPFIA3 WT and 567 
variants compared to the da-GAL4>UAS empty control (Figure S7Bii). However, the bouton to 568 
NMJ length ratio remained unchanged between PPFIA3 WT and variants (Figure S7Bii). This 569 
indicates that there is a significant loss of bouton density in the background of complete Liprin-α 570 
LOF compared to the da-GAL4>UAS empty control. However, neither PPFIA3 WT nor variants 571 
were able to rescue the loss of NMJ boutons in the Liprin-α LOF background (Figure S7Bi, iii). 572 
It is possible that due to the severity of the complete Liprin-α LOF, the PPFIA3 WT or variants 573 
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expressing larvae examined for NMJ morphology represent a healthier subset of larvae capable 574 
of developing to the 3rd instar stage. Therefore, we may not be capturing PPFIA3 WT or variants 575 
expressing larvae with more severe NMJ phenotypes. This would limit our ability to identify a 576 
morphological difference between PPFIA3 WT and variants in the background of complete 577 
Liprin-α LOF. Together, the in vivo fly functional experiments demonstrate that rare PPFIA3 578 
variants p.(Arg39Cys), p.(Arg415Trp), and p.(Arg784Trp) result in loss of PPFIA3 function and 579 
are deleterious to multiple developmental processes. The clinical findings and fruit fly functional 580 
assays show that the PPFIA3 variants have a variable spectrum of severity. The variants in the 581 
coiled-coil domains are associated with multiple neurodevelopment phenotypes in the affected 582 
individuals and these variants cause severe phenotypes in the fruit flies as well (Table 3). 583 
These findings show that rare autosomal dominant or autosomal recessive PPFIA3 variants in 584 
key functional domains may lead to a syndromic neurodevelopmental disorder. 585 
  586 
DISCUSSION 587 
We describe 20 individuals from 18 families with 17 rare variants in PPFIA3, who have 588 
neurodevelopmental phenotypes including DD, ID, hypotonia, ASD or autistic features, 589 
dysmorphisms, microcephaly or macrocephaly, abnormal EEG, and epilepsy (see 590 
Supplemental Note). The results of our clinical analysis, in silico molecular modeling, and in 591 
vivo functional studies in fruit flies show that rare PPFIA3 variants lead to a syndromic 592 
neurodevelopmental disorder. PPFIA3 domain analysis and molecular modeling revealed that 593 
seven of the PPFIA3 missense variants, p.(Arg39Cys), p.(Glu40Lys), p.(Gln80Pro), 594 
p.(Ala315Ser), p.(Arg415Trp), p.(Arg429Trp), and p.(Arg498Trp) are located in the N-terminal 595 
coiled-coil domain. The coiled-coil domain is critical for PPFIA3’s homodimerization and 596 
interaction with active zone proteins, such as RIM and ELKS, to regulate active zone 597 
organization and synaptic vesicle release.13–16 Five PPFIA3 missense variants, p.(Trp546Cys), 598 
p.(Lys759Arg), p.(Arg784Trp), p.(Pro793Thr), and p.(Ser906Leu), are located in the intrinsically 599 
disordered region of the protein. The p.(Pro793Thr) and p.(Lys759Arg) variants were inherited 600 
in trans from unaffected parents. One PPFIA3 missense variant, p.(Ile870Asn), is located in the 601 
SAM1 domain. The SAM domains are known to bind to RNA, lipid membranes, and the 602 
adhesion molecule LAR-RPTP18,47,48. Finally, the PPFIA3 frameshift deletion variants, 603 
p.(Ser903Leufs*86) and p.(Glu1103Asnfs*8), and the exonic deletion variant (Δexons 22-30) 604 

may result in nonsense mediated decay followed by reduced protein levels. 605 
 606 
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Phenotypic assessment of available clinical information revealed seven commonly reported 607 
neurodevelopmental features in the 20 individuals. These seven features include DD, ID, 608 
hypotonia, dysmorphisms, microcephaly or macrocephaly, ASD or autistic features, abnormal 609 
EEG, and epilepsy (Tables 1, S4, and S5, see Supplemental Note). We found that out of the 610 
nine individuals with missense variants in the coiled-coil domain (1 and 2, p.(Arg39Cys); 3, 611 
p.(Glu40Lys); 4, p.(Gln80Pro); 7, p.(Ala315Ser); 8 and 9, p.(Arg415Trp); 10, p.(Arg429Trp), and 612 
11 p.(Arg498Trp)), two individuals had premature mortality (7 and 11). Individuals 1 and 2 have 613 
the same variant, p.(Arg39Cys) and share similar clinical features such as abnormal EEG, 614 
epilepsy, DD, and ID. Individual 3 had DD, severe ID, hypertonia, dysmorphisms, and epilepsy. 615 
Individual 4 had autistic features, DD, ID, hypotonia, and dysmorphisms. Individuals 8 and 9 616 
have the same variant, p.(Arg415Trp) in which individual 8 had abnormal EEG, epilepsy, autistic 617 
features, DD, ID, hypotonia, dysmorphisms, and macrocephaly. Individual 9 had bilateral 618 
epileptiform discharges on EEG, autistic features, DD, and ID. Individual 11 had autism, DD, 619 
and ID. Our amino acid conservation analysis showed that affected residues in the PPFIA3 620 
coiled-coil domain are highly conserved, except for the residues p.Glu40 and p.Arg498, across 621 
mice, fruit flies, and C. elegans (Figure S1A, B). These findings suggest the affected residues 622 
are critical for the protein’s function across different species. Furthermore, molecular modeling 623 
of p.(Arg415Trp) and p.(Arg429Trp) variants suggested that the missense variants would hinder 624 
PPFIA3 function.    625 
 626 
Three individuals have de novo PPFIA3 missense variants (12, p.(Trp546Cys); 13, 627 
p.(Arg784Trp); and 17, p.(Ser906Leu)) in the intrinsically disordered region of the protein. The 628 
amino acid conservation analysis suggests that the affected residues are not well-conserved 629 
across species, except for p.Ser906 that is near the SAM1 domain. Individual 12 had autism, 630 
DD, and ID, whereas individual 13 had epilepsy, DD, and ID. Individual 17 (p.(Ser906Leu)) had 631 
abnormal EEG, autism, DD, ID, hypotonia, dysmorphisms, and micro/macrocephaly. Together, 632 
these findings suggest that variants in the intrinsically disordered regions are associated with 633 
variable disease severity, which may be due to the lack of association in this region with 634 
functional domains for PPFIA3. Two monozygotic twins had PPFIA3 missense variants in the 635 
SAM1 domain (14 and 15, p.(Ile870Asn)). Individual 14 had autism, DD, ID, and microcephaly 636 
and individual 15 had DD, ID, hypotonia, and microcephaly. Individual 18 has a PPFIA3 637 
frameshift variant in the SAM3 domain, p.(Glu1103Asnfs*8), with abnormal EEG, DD, ID, 638 
hypotonia, and dysmorphisms. There were two related individuals (5 and 6) with a PPFIA3 639 
intronic splice variant (c.240+1G>A) and DD, ID, dysmorphisms, and microcephaly. Individual 5 640 
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inherited the PPFIA3 variant from the affected parent, individual 6. The inheritance of the 641 
PPFIA3 variant in individual 6 is unknown. One individual (20) was identified with compound 642 
heterozygous variants, p.(Pro793Thr) and p.(Lys759Arg), which were inherited from 643 
asymptomatic parents. This individual has DD, ID, epilepsy, autistic features, hypotonia, 644 
dysmorphism, and microcephaly. As this is the only individual with biallelic variants in PPFIA3 645 
described to date in GeneMatcher38–40, the significance of these variants is uncertain until 646 
additional individuals with similar features and biallelic PPFIA3 variants are identified. However, 647 
there are striking similarities in facial features and clinical phenotypes between individual 20 and 648 
other individuals in the cohort. Finally, we also identified a rare missense PPFIA3 p.(Arg559Trp) 649 
(NM_003660.4:c.1675C>T) variant of unknown inheritance in an individual with a discordant 650 
severe neurodegeneration phenotype and family history of consanguinity (data not shown). This 651 
variant is not present in gnomAD v2.1.1 and has a CADD (v1.6) score of 24.6, suggesting this 652 
variant could be potentially damaging. However, the severe neurodegeneration phenotype was 653 
not observed in the 20 individuals in our cohort. This suggests that PPFIA3 p.(Arg559Trp) is 654 
either a more severe deleterious variant or there are other genetic alterations, including 655 
alterations that may be related to the family history of consanguinity, contributing to this 656 
individual’s clinical findings. 657 
 658 
Our conservation analysis revealed that the PPFIA3 domains are well-conserved in the fruit fly 659 
homolog, Liprin-α, which is primarily found in the fruit fly embryonic and larval nervous system. 660 
We utilized the evolutionary conservation to assess the impact of PPFIA3 variants on 661 
development and behavior in the fruit fly. We found that ubiquitous expression of PPFIA3 662 
missense variants in the coiled-coil domain (p.(Arg39Cys), p.(Ala315Ser), and p.(Arg415Trp)) 663 
resulted in pupal lethality and or eclosion defects. Interestingly, p.(Arg39Cys) caused severe 664 
pupal lethality, whereas p.(Ala315Ser) and p.(Arg415Trp) had milder effects on pupal lethality. 665 
All three tested variants in the coiled-coil domain showed abnormal leg morphology. Neuron-666 
specific expression of PPFIA3 p.(Arg39Cys) and p.(Arg415Trp) variants showed bang sensitivity 667 
and climbing defects. Furthermore, as Liprin-α is known to regulate NMJ development in fruit 668 
flies, we examined the effect of human PPFIA3 WT and variant cDNA expression in the larval 669 
NMJ. We found that PPFIA3 p.(Arg39Cys) and p.(Arg415Trp) caused a reduction in bouton 670 
number compared to PPFIA3 WT, which would potentially impair neurotransmission. Our fly 671 
overexpression findings reveal the PPFIA3 missense variants in the coiled-coil domain cause 672 
lethality, suggesting these variants are dominant negative alleles. Interestingly, ubiquitous, or 673 
neuronal overexpression of the PPFIA3 variants in the intrinsically disordered region 674 
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(p.(Arg784Trp) and p.(Trp546Cys)) had either mild or no phenotypes in the fruit flies, which may 675 
be due to the variants are either not conserved in the flies, cause mild protein dysfunction that is 676 
tolerated in the fly model, or these variants are benign and the phenotypes are due to other 677 
genetic etiologies. However, knowledge regarding the presence of Liprin-α outside the nervous 678 
system during Drosophila postembryonic development is limited.49 Therefore, the genetic 679 
mechanism underlying the PPFIA3 variants associated phenotypes in the fruit flies may be more 680 
complex. 681 
 682 
To further determine whether the variants are LOF or gain-of-function (GOF) in nature and the 683 
functional conservation between human PPFIA3 and fly Liprin-α, we performed a LOF lethality 684 
rescue assay using Liprin-α mutants and PPFIA3 WT and variants. Our LOF rescue assay 685 
showed that human PPFIA3 WT partially rescued the Liprin-α LOF embryonic lethality and 686 
development to the adult stage, suggesting that human PPFIA3 WT function is partially 687 
conserved in fruit flies. Interestingly, the coiled-coil variants, PPFIA3 p.(Arg39Cys) and 688 
p.(Arg415Trp), showed reduced rescue efficiency of the Liprin-α LOF embryonic lethality, 689 
indicating these variants are strong LOF variants. In contrast, the intrinsically disordered region 690 
variants, PPFIA3 p.(Trp546Cys) and p.(Arg784Trp), showed a similar rescue efficiency of the 691 
embryonic lethality as compared to PPFIA3 WT. However, we found in the adult stage that 692 
PPFIA3 p.(Arg784Trp) significantly reduced the lifespan of rescue flies compared to PPFIA3 693 
WT, suggesting that p.(Arg784Trp) is a hypomorphic LOF variant. These findings are consistent 694 
with the clinical findings in individuals 11, p.(Trp546Cys) and 12, p.(Arg784Trp). Both individuals 695 
had fewer clinical features reported. In contrast, individuals 1 and 2, p.(Arg39Cys) and 696 
individuals 8 and 9, p.(Arg415Trp) had more clinical features reported. Together, our 697 
overexpression and LOF rescue assays in fruit flies reveal that rare PPFIA3 variants cause a 698 
neurodevelopmental disorder through a LOF mechanism and suggest that disease severity 699 
correlates with the degree of LOF.  700 
 701 
Together, the clinical phenotypes and functional assays in fruit flies point towards a possible 702 
domain-specific disease severity mechanism where the variants in the coiled-coil domains might 703 
lead to relatively more severe phenotypes in both affected individuals and fruit flies. Notably, ten 704 
individuals in the cohort have a family history of neurologic findings, which include ID, autism, 705 
NDD, dyslexia, muscular dystrophy, and psychiatric illnesses (Tables S4 and S5, see 706 
Supplemental Note). These familial findings raise the possibility that genetic background 707 
effects may also contribute to the severity and penetrance of PPFIA3-related phenotypes. 708 
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However, the current number of participants and tested variants limits the prediction of 709 
genotype-phenotype correlations. Further studies in a larger sample size of affected individuals 710 
will be required to elucidate potential genotype-phenotype correlations.  711 
 712 
Finally, to determine if PPFIA3 copy number variants (CNVs) may potentially be contributory to 713 
neurodevelopmental phenotypes, we examined CNVs involving the PPFIA3 locus in DECIPHER 714 
v11.21, gnomAD SVs v2.1, and ClinVar.37,50,51 Across all three databases, seven individuals 715 
were reported with PPFIA3 CNV deletions, but phenotypic information is limited to one 716 
individual reported with autistic behavior and mild microcephaly and one individual reported with 717 
a progressive familial heart block type IB (Figure S8A, Table S8). There are 82 individuals 718 
reported with chromosomal duplications in these databases (Figure S8A, Table S8). However, 719 
in gnomAD SV 2.1 there were three individuals found to be homozygous and 38 individuals 720 
found to be heterozygous for a 42.9 kb duplication involving both the PPFIA3 and TRPM4 loci 721 
(Table S8), suggesting that PPFIA3 duplication may be tolerated. Altogether, the phenotypes 722 
associated with the reported CNV deletions and duplications involving the PPFIA3 locus include 723 
DD, ID, seizures, dysmorphisms, autistic behavior, microcephaly, and behavioral abnormalities 724 
(Figure S8, Table S8). Together, these findings suggest that PPFIA3 deletions may contribute 725 
to the pathogenesis of neurodevelopmental disorders, but further studies will be needed to 726 
determine the significance of PPFIA3 haploinsufficiency in human disease.  727 
 728 
In summary, our study provides clinical and functional evidence that rare PPFIA3 variants cause 729 
a syndromic neurodevelopmental disorder characterized by DD, ID, hypotonia, ASD or autistic 730 
features, dysmorphisms, and epilepsy. The reduced penetrance of features in affected family 731 
members suggests a complex relationship between PPFIA3 germline variants and 732 
developmental features. Together, our in vivo functional modeling in fruit flies reveal that 733 
PPFIA3 variants may contribute to disease pathogenesis through LOF mechanisms related to 734 
the location of the affected residues in the PPFIA3 functional domains. These findings and our 735 
clinical characterizations show that rare PPFIA3 variants lead to a syndromic 736 
neurodevelopmental disorder. Future approaches to further elucidate the mechanistic 737 
underpinnings of PPFIA3 variants in disease pathogenesis may include synaptic ultrastructural 738 
analysis with transmission electron microscopy, electrophysiology to analyze the synaptic 739 
recycling system, and genotype to phenotype correlations with fruit fly functional assays for the 740 
17 identified PPFIA3 variants. Longitudinal assessments in a larger sample size of affected 741 
individuals and mechanistic studies in model organisms will advance our understanding of 742 
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disease pathogenesis, improve prognostication based on variant type and location, and identify 743 
potential therapeutic avenues. 744 
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FIGURE LEGENDS 873 
Figure 1: Variant location and images of individuals with PPFIA3 variants (A) Location of 874 

PPFIA3 variants in the genomic locus corresponding to the exon-intron structure. Number of 875 

individuals with the rare PPFIA3 variant shown in the y-axis. (B) Location of PPFIA3 variants in 876 

the corresponding protein domains. Number of individuals with the variant shown in the y-axis. 877 

The fruit fly homolog, Liprin-α, shows 48% identity and 62% similarity with the human PPFIA3. 878 

Sterile alpha motif (SAM). (C) Images of individuals with heterozygous or compound 879 

heterozygous PPFIA3 variants. The three individuals shown have dysmorphic features such as 880 

wide mouth, widely spaced teeth, prominent forehead, and hypotonic facies. 881 

 882 

Figure 2: Molecular modeling of PPFIA3 missense variants and protein levels in PPFIA3 883 

variants. (A and B) PPFIA3 missense variants are modeled in PyMol (version 2.5.2) with 884 

GenBank NP_003651.1. Human PPFIA3 WT residues are modeled in gray with coiled coils 885 

displayed in black and affected residues are highlighted in orange. Local polar contacts (orange 886 

dashed lines) and residue interactions (highlighted in pink) are displayed before and after 887 

mutagenesis for (Bi) p.(Arg415Trp), (Bii) p.(Arg429Trp), (Ci) p.(Arg784Trp), (Cii) 888 

p.(Ser906Leu). (C) (i) Western blot from PPFIA3 WT and variants show higher levels of HA in 889 

PPFIA3 p.(Arg39Cys) compared to WT. (ii) Quantification of relative HA in 4-6 sets of biological 890 

replicates show higher level of HA in PPFIA3 p.(Arg39Cys) producing flies. Statistical analysis 891 

conducted with one-way ANOVA and Tukey’s post-hoc analysis. Data shown as mean ± SEM. 892 

Significance shown as p<0.001. Non-significance shown as ns. 893 

 894 

Figure 3: Actin-GAL4 mediated ubiquitous expression of PPFIA3 variants cause 895 

developmental and anatomical defects in fruit flies. (A) Pupal lethality and eclosion defect 896 

associated with Actin-GAL4 mediated overexpression of PPFIA3 variants. (i) Images showing 897 

overexpression of PPFIA3 p.(Arg39Cys) cause pupal lethality and eclosion defect, and 898 
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p.(Ala315Ser) and p.(Arg415Trp)  cause eclosion defect compared to the PPFIA3 WT and UAS-899 

empty control. Uneclosed flies from p.(Arg39Cys), p.(Ala315Ser), and p.(Arg415Trp) remain in 900 

the pupal case. PPFIA3 p.(Trp546Cys) and p.(Arg784Trp) overexpression does not cause a 901 

difference in pupal lethality and eclosion defect compared to PPFIA3 WT and UAS-empty 902 

control flies. Scale bar = 100 μm. (ii) Bar graphs showing the percentage of eclosed pupae 903 

(overexpression), eclosion defect, and pupal lethal. Statistical analysis conducted with one-way 904 

ANOVA and Tukey’s post-hoc analysis. Data shown as mean ± SEM with the sample size of 905 

total number of pupae in three sets. Significance shown as p<0.01 and p<0.001. Non-906 

significance shown as ns. (B) Images of leg morphology associated with Actin-GAL4-mediated 907 

overexpression of PPFIA3 variants. (i) Empty control and PPFIA3 WT expressing flies have 908 

typical legs with three segments. PPFIA3 p.(Arg39Cys), p.(Ala315Ser), and p.(Arg415Trp) result 909 

in pronounced leg segment developmental defects compared to PPFIA3 WT. Mild leg 910 

segmental developmental defects found with PPFIA3 p.(Arg784Trp) but not significant 911 

compared to PPFIA3 WT. No leg defects were found in PPFIA3 p.(Trp546Cys) flies. Scale bar = 912 

100 μm. (ii) Bar graph showing the percentage of flies with abnormal leg morphology. Statistical 913 

analysis conducted with one-way ANOVA and Tukey’s post-hoc analysis. Data shown as mean 914 

± SEM with the sample size of total number of adult flies in three sets. Significance shown as 915 

p<0.001. Non-significance shown as ns.  916 

 917 

Figure 4: elav-GAL4 mediated neuronal overexpression of PPFIA3 variants result in 918 

climbing defect, bang sensitivity, and neuromuscular junction (NMJ) bouton loss. (A) 919 

elav-GAL4 mediated neuronal expression of PPFIA3 p.(Arg39Cys), PPFIA3 p.(Ala315Ser), 920 

PPFIA3 p.(Arg415Trp), and PPFIA3 p.(Arg784Trp) result in impaired motor coordination on the 921 

climbing assay compared to PPFIA3 WT and empty control flies. Crosses were set and 922 

maintained at 25oC. Behavioral testing was conducted at 20-21oC with both sexes. (B) elav-923 
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GAL4 mediated neuronal expression of PPFIA3 p.(Arg39Cys), PPFIA3 p.(Ala315Ser), and 924 

PPFIA3 p.(Arg415Trp) have bang sensitivity with delayed recovery from vortexing compared to 925 

PPFIA3 WT and UAS-empty control flies. Crosses were set and maintained at 25oC. Behavioral 926 

test was conducted at 20-21oC with both sexes. (C) elav-GAL4 mediated neuronal 927 

overexpression of PPFIA3 variants result in NMJ bouton loss without a significant change in 928 

NMJ length. (i) Model depicting the method for visualizing the NMJ in fruit fly 3rd instar larva. (ii) 929 

Representative images of 3rd instar larval NMJs of each genotype including elav GAL4>UAS 930 

empty, elav GAL4>PPFIA3 WT, p.(Arg39Cys), p.(Arg415Trp), p.(Trp546Cys), and 931 

p.(Arg784Trp) are shown. HRP (Horseradish Peroxidase) is a pan-neuronal marker (green) and 932 

Brp (Bruchpilot) is an active zone marker (magenta). Scale bar is 24 μm. (iii) Quantification of 933 

total number of boutons in the muscle 6/7 (abdominal segment A3) NMJ show that PPFIA3 934 

p.(Arg39Cys) and p.(Arg415Trp) result in bouton loss compared to PPFIA3 WT and empty 935 

control. In contrast, PPFIA3 p.(Trp546Cys) and p.(Arg784Trp) show no alteration in bouton 936 

numbers. (iv) Quantification of total NMJ length in each genotype is shown and there is no 937 

significant difference between PPFIA3 WT, variants, and UAS-empty control. Crosses were set 938 

and maintained at 25oC. Statistical analysis conducted with one-way ANOVA and Tukey’s post-939 

hoc analysis. Data shown as mean ± SEM with the sample size of total number of quantified 940 

NMJs shown in the bars. Significance shown as p<0.01, p<0.001. Non-significance shown 941 

as ns.  942 

 943 

Figure 5: PPFIA3 WT partially rescues the fly Liprin-α LOF lethality. (A) Human PPFIA3 944 

WT in the background of fly Liprin-α LOF results in a partial rescue of embryonic lethality. (i) 945 

Crossing-scheme to delete fly Liprin-α and express human PPFIA3 WT and variants. The 946 

scheme describes the rescue larvae selection strategy. Crosses were set and maintained at 947 

20oC. (ii) Quantification of n = 3 sets per genotype showing % GFP-negative larvae (rescue 948 
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larvae) that survive to the larval stage. PPFIA3 WT expression can partially rescue larval 949 

viability compared to empty control. PPFIA3 p.(Arg39Cys) and p.(Arg415Trp) show impaired 950 

ability to rescue larval viability. (B) Human PPFIA3 WT expression partially rescues the lethality 951 

in adult stage. (i) Representative illustration of the different stages of fruit fly development. (ii) 952 

Quantification of 3 sets of rescued larvae per genotype that survive to the adult stage. PPFIA3 953 

WT expression can partially rescue adult viability compared to empty control. PPFIA3 954 

p.(Arg39Cys) and p.(Arg415Trp) show impaired ability to rescue adult viability. (iii) 955 

Quantification of 1-3 sets of rescued larvae per genotype that survived after 48 hours post-956 

eclosion. For the empty control larvae only one escaper rescue larvae survived to adult stage 957 

but died within 2 days post-eclosion. None of the PPFIA3 p.(Arg39Cys) rescue larvae survived 958 

to adult stage. Due to the lack of any PPFIA3 p.(Arg39Cys) rescue larvae surviving to the adult 959 

stage, this variant was not quantifiable for the adult survival phenotype. PPFIA3 p.(Arg415Trp) 960 

and PPFIA3 p.(Arg784Trp) show impaired ability to rescue adult viability compared to the 961 

PPFIA3 WT. Sample size is shown in Table S2. Statistical analysis with one-way ANOVA and 962 

Tukey’s post-hoc analysis. Data shown as mean ± SEM with the sample size of flies scored 963 

shown in (Table S2). Significance shown as p<0.05, p<0.01, p<0.001. Non-significance 964 

shown as ns. 965 

 966 
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Table 1: Genetic and Neurologic findings in individuals with rare PPFIA3 variants and neurodevelopmental disorders 1178 
 1179 

 1180 
Abbreviations: electroencephalogram (EEG), no information available (n/a) 1181 
 1182 

Individual 1 2 3 4 5 6 7 8 9 10 

Family F1 F2 F3 F4 F5 F5 F6 F7 F8 F9 

cDNA  
(NM_003660.4) c.115 C>T  c.115 C>T  c.118 G>A  c.239 A>C  c.240+1 G>A  c.240+1 G>A  c.943 G>T  c.1243 C>T  c.1243 C>T  c.1285 C>T  

Protein 
(NP_003651.1) p.(Arg39Cys)  p.(Arg39Cys)  p.(Glu40Lys) p.(Gln80Pro)  n/a n/a p.(Ala315Ser)  p.(Arg415Trp)  p.(Arg415Trp)  p.(Arg429Trp)  

Human reference 
genome 

GRCh37 
(hg19) 

GRCh37 
(hg19) 

GRCh37 
(hg19) 

GRCh37 
(hg19) 

GRCh37 
(hg19) 

GRCh37 
(hg19) 

GRCh37 
(hg19) 

GRCh37 
(hg19) 

GRCh37 
(hg19) 

GRCh37 
(hg19) 

Variant inheritance de novo de novo 

not from 
mother; father 
unavailable for 
testing 

unknown 

inherited from 
affected 
mother 
(individual 6) 

unknown de novo de novo unknown de novo 

gnomAD (v2.1.1) 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 
assessment 16 years 13 years 22 years 1 year and 10 

months 5 years 35 years neonatal 8 years 10 years 9 
months n/a 

Racial and Ethnic 
Categories (NIH) White 

family 
declined to 
answer 

White White White White Latino 
Mixed 
European and 
Asian 

Asian White 

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 
features no no no suspected no n/a n/a autistic 

features 
autistic 
features n/a 

Dysmorphisms yes yes yes yes yes yes yes yes yes n/a 
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 1183 

Individual 11 12 13 14 15 16 17 18 19 20 

Family F10 F11 F12 F13 F13 F14 F15 F16 F17 F18 

cDNA  
(NM_003660.4) c.1492 C>T  c.1638 G>T  c.2350 C>T  c.2609 T>A  c.2609 T>A  c.2706dup  c.2717 C>T  c.3307del  deletion exons 

22-30  
c.[2377C>A]; 
[c.2276 A>G]  

Protein 
(NP_003651.1) p.(Arg498Trp)  p.(Trp546Cys)  p.(Arg784Trp)  p.(Ile870Asn)  p.(Ile870Asn)  p.(Ser903Leu 

fs*86)  p.(Ser906Leu)  p.(Glu1103Asnfs*8)  n/a p.[Pro793Thr]; 
p.[Lys759Arg]   

Human reference 
genome 

GRCh37 
(hg19) 

GRCh37 
(hg19) 

GRCh37 
(hg19) 

GRCh37 
(hg19) 

GRCh37 
(hg19) 

GRCh37 
(hg19) 

GRCh37 
(hg19) 

GRCh37 (hg19) GRCh38 
(hg38) 

GRCh37 
(hg19) 

Variant inheritance de novo de novo de novo 

de novo  
(monozygotic 
twin of 
individual 15) 

de novo  
(monozygotic 
twin of 
individual 14) 

unknown de novo  unknown 
inherited, 
affected 
mother 

inherited from 
unaffected 
mother and 
father 

gnomAD (v2.1.1) not present not present 
frequency of 
3.19x10-5 
(1/31,386)  

not present not present not present not present not present n/a 

p.(Pro793Thr) 
frequency of 
7.61x10-4 
(215/282,366); 
p.(Lys759Arg) 
frequency of 
4.77x10-5 
(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 recent 
assessment 

6 years 11 
months 11 years 16 years 5 years 5 years 23 years 13 years 11 

months 9 years 9 months 7 years 8 
months 9 years 

Racial and Ethnic 
Categories (NIH) Asian White White White White White White White White White 

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 autistic 
features 

yes, autistic 
features 
improved 
over last few 
years 

yes no yes no autistic 
features  yes no n/a autistic 

features 

Dysmorphisms Yes no no no no n/a Yes Yes Yes Yes 
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Table 2: In silico predictions for PPFIA3 variants 1185 

 1186 

 1187 
 1188 
 1189 
 1190 
 1191 
 1192 
 1193 

Individuals 1 and 2 3 4 5 and 6 7 8 and 9 10 11 

Human 
reference 
genome 

GRCh37 (hg19) GRCh37 (hg19) GRCh37 (hg19) GRCh37 (hg19) GRCh37 (hg19) GRCh37 (hg19) GRCh37 (hg19) GRCh37 (hg19) 

PPFIA3 variant 
cDNA  
(NM_003660.4:) 

c.115 C>T c.118G>A c.239 A>C c.240+1G>A c.943 G>T c.1243 C>T c.1285 C>T c.1492 C>T 

PPFIA3 variant 
protein  
(NP_003651.1:) 

p.(Arg39Cys) p.(Glu40Lys) p.(Gln80Pro) n/a p.(Ala315Ser) p.(Arg415Trp) p.(Arg429Trp) p.(Arg498Trp) 

REVEL (v1) 0.316 0.271 0.338 n/a 0.218 0.21 0.295 0.273 

CADD (v1.6) 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 (v1.4) Possibly 
Pathogenic 

Possibly 
Pathogenic 

Possibly 
Pathogenic n/a Possibly 

Pathogenic Likely Benign Possibly Pathogenic Possibly Pathogenic 

PolyPhen2 
HumDiv  

Probably 
damaging  

Probably 
Damaging  Benign n/a Benign Probably Damaging Probably damaging  Probably damaging 

PolyPhen2 
HumVar  

Probably 
damaging 

Probably 
Damaging  Benign n/a Benign Probably Damaging Probably damaging Probably 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 
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Abbreviations: combined annotation dependent depletion (CADD); genomic evolutionary rate profiling (GERP); Mendelian clinically applicable pathogenicity (M-CAP); polymorphism phenotyping v2 1195 

(PolyPhen2); sorting intolerant from tolerant (SIFT); not applicable (n/a);  ano further information is available for the breakpoints for deletion in Individual 19. 1196 
 1197 
 1198 
 1199 
 1200 
 1201 
 1202 
 1203 
 1204 
 1205 
 1206 
 1207 
 1208 
 1209 
 1210 
 1211 

Individuals 12 13 14 and 15 16 17 18 19 20 20 

Human 
reference 
genome 

GRCh37 
(hg19) 

GRCh37 
(hg19) 

GRCh37 
(hg19) GRCh37 (hg19) GRCh37 

(hg19) GRCh37 (hg19) GRCh38 (hg38) GRCh37 (hg19) GRCh37 (hg19) 

PPFIA3 variant 
cDNA  
(NM_003660.4:) 

 
c.1638 G>T 

 
c.2350 C>T 

 
c.2609 T>A 

 
c.2706dup 

 
c.2717 C>T 

 
c.3307del 

 
deletion exons 
22-30a 

 
c.2377C>A  

 
c.2276 A>G 

PPFIA3 variant 
protein  
(NP_003651.1:) 

p.(Trp546Cys) p.(Arg784Trp) p.(Ile870Asn) p.Ser903Leu fs*86) p.(Ser906Leu) p.(Glu1103Asnfs*8) n/a  
p.(Pro793Thr) 

 
p.(Lys759Arg) 

REVEL (v1) 0.186 0.158 0.41 n/a 0.207 n/a n/a 0.092 0.183 

CADD (v1.6) 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 4.91 4.17 

M-CAP (v1.4) Possibly 
Pathogenic 

Possibly 
Pathogenic 

Possibly 
Pathogenic n/a Likely Benign n/a n/a Possibly 

pathogenic 
Possibly 
pathogenic 

PolyPhen2 
HumDiv  

Probably 
damaging 

Probably 
damaging 

Probably 
damaging n/a Tolerated n/a n/a Probably 

damaging 
Probably 
damaging 

PolyPhen2 
HumVar  

Probably 
damaging Benign Probably 

damaging n/a Probably 
damaging n/a n/a Probably 

damaging 
Probably 
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 



42 
 

 1212 
 1213 
 1214 
 1215 
 1216 
 1217 
 1218 
 1219 
 1220 
 1221 
 1222 
 1223 
 1224 
 1225 
 1226 
 1227 
 1228 
 1229 
 1230 
 1231 
 1232 
 1233 
Table 3: Comparison of clinical phenotypes and findings in fruit flies expressing PPFIA3 missense variants 1234 
 1235 
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 1236 
Abbreviations: electroencephalogram (EEG), delayed development (DD), intellectual disability (ID), no information available (n/a), loss of function (LOF), neuromuscular junction (NMJ), not available (n/a) 1237 

 1238 
 1239 

 

PPFIA3 variants (GRCh37, 
hg19) c.115 C>T (p.Arg39Cys) c.943 G>T (p.Ala315Ser) c.1243 C>T (p.Arg415Trp) c.1638 G>T (p.Trp546Cys) c.2350 C>T (p.Arg784Trp) 

Individual 1 2 7 8 9 12 13 

K
ey

 c
lin

ic
al

 p
he

no
ty

pe
s 

in
 in

di
vi

du
al

s 
w

ith
 P

P
FI

A
3 

va
ria

nt
s 

Location Coiled-coil Coiled-coil Coiled-coil Disordered region Disordered region 

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 reported) 5/7 3/6 2/2 7/7 3/5 2/7 3/7 

Fi
nd

in
gs

 in
 fr

ui
t f

lie
s 

ex
pr

es
si

ng
 P

P
FI

A
3 

va
ria

nt
s 

Eclosion defect + + + - -  - + 

Abnormal leg morphology + + + - -  - + 

Climbing defect + + + - +  - + 

Bang sensitivity + + + - -  - + 

NMJ defect + n/a + - -  - + 

Liprin-α 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 
the number of phenotypes in 
fly assays (0: no effect in fly 
assays; 1-2 mild; 3-4 
moderate; 5-6 severe) 

severe at least 
moderate severe no effect mild no effect severe 
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PPFIA3 is a scaffolding protein that mediates synaptic transmission. This study identified 20 
individuals with PPFIA3 variants associated with developmental delay, intellectual disability, 
hypotonia, dysmorphisms, micro/macrocephaly, autistic features, and epilepsy. Functional 
analysis shows that PPFIA3 variants cause a syndromic neurodevelopmental disorder through a 
potential loss of function mechanism. 
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