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Pre-mRNA splicing is a highly coordinated process. While its dysregulation has been linked to neurological deficits, our 
understanding of the underlying molecular and cellular mechanisms remains limited. We implicated pathogenic variants in 
U2AF2 and PRPF19, encoding spliceosome subunits in neurodevelopmental disorders (NDDs), by identifying 46 unrelated 
individuals with 23 de novo U2AF2 missense variants (including 7 recurrent variants in 30 individuals) and 6 individuals with 
de novo PRPF19 variants. Eight U2AF2 variants dysregulated splicing of a model substrate. Neuritogenesis was reduced in 
human neurons differentiated from human pluripotent stem cells carrying two U2AF2 hyper-recurrent variants. Neural loss 
of function (LoF) of the Drosophila orthologs U2af50 and Prp19 led to lethality, abnormal mushroom body (MB) patterning, 
and social deficits, which were differentially rescued by wild-type and mutant U2AF2 or PRPF19. Transcriptome profiling 
revealed splicing substrates or effectors (including Rbfox1, a third splicing factor), which rescued MB defects in U2af50-
deficient flies. Upon reanalysis of negative clinical exomes followed by data sharing, we further identified 6 patients with 
NDD who carried RBFOX1 missense variants which, by in vitro testing, showed LoF. Our study implicates 3 splicing factors as 
NDD-causative genes and establishes a genetic network with hierarchy underlying human brain development and function.
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validated the pathogenicity of these human variants. We first iden-
tified 46 and 6 individuals with undiagnosed disorders, who har-
bored mostly de novo heterozygous variants in U2 small nuclear 
RNA auxiliary factor 2 (U2AF2), and pre-mRNA processing factor 
19 (PRPF19), respectively, which encode spliceosomal subunits. 
We demonstrated that these pathogenic variants lead to converg-
ing neurodevelopmental phenotypes, including, but not limited 
to, developmental delay, ID, and autism. Transcriptome profiling 
of fly brains deficient in their orthologs U2af50 and Prp19, hPSCs 
with CRISPR/Cas9 knockin, and patient-derived induced plurip-
otent stem cells (iPSCs) uncovered potential splicing substrates 
and downstream effectors, including RNA-binding Fox protein 1 
(Rbfox1), which encodes an RBP that recognizes specific intronic 
sequences (UGCAUG and GCAUG) and regulates neuronal alter-
native splicing (24, 25). Overexpression of the downstream effec-
tors partially rescued the neural defects in U2af50-deficient flies, 
establishing a genetic network of NDD-associated susceptibilities 
with hierarchy. Importantly, we subsequently identified 6 individ-
uals carrying de novo missense variants in RBFOX1, who exhibit-
ed similar neurodevelopmental features. Therefore, by combining 
fly and human genetics, our work reveals a mechanistic network 
of NDD-associated genes involved in the spliceosome machinery 
and implicated in phenotypically overlapping disorders and iden-
tifies an evolutionarily conserved genetic hotspot for orchestrat-
ing neurodevelopment and function.

Results
U2AF2 variant carriers have a neurodevelopmental phenotype. Phe-
notype and genotype data from 46 unrelated individuals with 
an NDD and a heterozygous missense variant in U2AF2 (OMIM 
191318) were ascertained through GeneMatcher and Matcher-
maker Exchange (26, 27). The cohort consisted of 27 female and 
19 male probands spanning from 6 months to 24 years of age at 
the time of data collection, including 1 individual (individual 3) 
who was recruited from the Deciphering Developmental Disor-
ders (DDD) study (www.ddduk.org) and 1 (individual 27) who was 
described elsewhere (28).

The affected individuals had substantial overlapping features, 
which are summarized in Table 1 and described in more detail 
in Supplemental Table 1 (supplemental material available online 
with this article; https://doi.org/10.1172/JCI171235DS1). All indi-
viduals except 2 (individuals 27 and 33, who died before 6 months 
of age) had developmental delay ranging from mild to severe, and 
most of them had global developmental delay involving speech 
and language, cognition, motor skills, and social behavior. ID 
was present in 30 of 34 (88%) of the individuals assessed, with a 
severity ranging from mild (n = 22) to severe (n = 8) ID. Four study 
participants (individuals 7, 11, 30, and 36) had borderline ID, with 
an IQ ranging from 74 to 79. Of the 10 remaining individuals, 7 
were too young to perform formal IQ testing, and contact was lost 
with 3 individuals. Various neurological features were observed in 
the cohort. Hypotonia was identified in 25 of 37 probands (68%). 
Seizures occurred in 23 of 41 participants (56%), 15 of whom had 
febrile seizures (65%). Brain MRI was performed in 34 probands, 
and 14 (41%) had abnormal imaging findings, including delayed 
myelination, ventricle asymmetry, atrophy of the cerebral hemi-
sphere, absent olfactory bulbs and tracts, dysmorphic inferior  

Introduction
Neurodevelopmental disorders (NDDs) are a heterogeneous 
group of neurological and related neuropsychiatric conditions 
including intellectual disability (ID), autism spectrum disorder 
(ASD), and developmental and epileptic encephalopathies that 
manifest during childhood (1–3). Over the past 2 decades, there 
has been an impressive expansion with respect to gene discoveries 
for NDDs, revealing more than 1,500 genes in different signaling 
pathways (3, 4), including many transcriptional regulators such as 
DNA/histone modifiers (5–7) and chromatin-regulatory protein 
complexes (8–11). De novo variants are increasingly appreciated 
as playing a substantial causal role in the development of these 
disorders, and clinical laboratories now routinely report de novo 
variants in candidate genes not definitively associated with NDD 
(2, 12), which further facilitates the gene discovery effort. Over 
the past decade, a genetic diagnosis was obtained, on average, in 
one-third of individuals with NDD, which is a fundamental step 
forward in offering biological insights into underlying molecular 
mechanisms and providing individuals who have an undiagnosed 
disorder with a prognosis, counseling for recurrence risk, and pre-
cision medicine considerations. However, a mechanistic under-
standing of how these NDD-associated genes are networked and 
how their malfunction leads to neurodevelopmental or cognitive 
impairments are major unanswered questions.

Most protein-coding genes in humans are transcribed as 
pre-mRNAs that contain a series of exons and introns. Following 
transcription, the removal of introns during the process of pre- 
mRNA splicing is required before the nascent transcript is trans-
lated into a protein. Alternative splicing is a highly coordinated 
and precise process that involves cis-acting exonic and intronic 
elements (i.e., consensus motif sequences) and numerous trans 
pre-mRNA–binding protein factors, including heterogeneous 
nuclear ribonucleoproteins (hnRNPs), uridine-rich small nuclear 
RNPs (snRNPs), the PRP19 complex (also known as the nineteen 
complex [NTC)]), and multiple RNA-binding proteins (RBPs) 
(13–15). It is widely acknowledged that aberrant splicing of many 
NDD-related genes due to mutations or dysregulation of cis- or 
trans-acting elements/factors has profound influences on neu-
ronal differentiation, neuronal patterning, and synaptic function 
(16–18), however, germline variants in core spliceosome compo-
nents have rarely been implicated in NDDs (19–23).

Here, using integration of clinical phenotyping, exome/
genome sequencing, protein structure analysis, modeling in flies 
and human pluripotent stem cells (hPSCs), and transcriptomics, 
we mapped the genetic architecture of 3 NDD-associated genes, 
determined their roles in neurodevelopment and behavior, and 
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These data reveal a neuro-
developmental phenotype asso-
ciated with U2AF2 de novo mis-
sense variants, with core features 
of global developmental, speech, 
and motor delays, mild-to-severe 
ID, hypotonia, seizures, frequent 
brain malformations, autistic 
features, behavioral disturbanc-
es, and a shared facial gestalt.

De novo U2AF2 variants  
cluster in RNA recognition motifs. 
The U2AF2 variants (NM_ 
001012478.1) of the 46 pro-
bands were identified via exome 
or genome sequencing and con-
firmed to be de novo except in 2 
instances due to lack of parental 
DNA. We identified 23 unique 
variants, of which 22 were mis-
sense and 1 was an inframe dele-
tion (Figure 1C). Seven variants 

[c.445C>T, p.(Arg149Trp), c.446G>A, p.(Arg149Gln), c.448C>T, 
p.(Arg150Cys), c.449G>A, p.(Arg150His), c.457G>A, p.(Val-
153Met), c.556G>A, p.(Val186Met) and c.794G>A, p.(Gly265Asp)] 
were recurrent and were identified in 30 individuals (65% of par-
ticipants), representing the hotspots of the mutation spectrum 
(Figure 1C). Of note, the variants c.445C>T, p.(Arg149Trp) and 
c.448C>T, p.(Arg150Cys) were hyper-recurrent in 11 and 7 indi-
viduals (Supplemental Table 2), respectively, who all exhibited 
the consistent clinical phenotypes (Supplemental Table 1). All 
identified variants were absent in population genomics resources 
(i.e., 1000 Genomes Project, ESP6500SI, and gnomAD, version 
2.1.2) and in and in-house data set of more than 10,000 exomes. 
All variants were predicted to be deleterious by multiple bioinfor-
matics prediction algorithms (MutationTaster, Combined Annota-
tion-Dependent Depletion [CADD], Mendelian Clinically Appli-
cable Pathogenicity [M-CAP], etc.) (Supplemental Table 2). All but 
1 variant in this cohort clustered within or near 2 critical RNA rec-
ognition motifs (RRMs) (Figure 1C and Supplemental Figure 2A) 
and all variants affecting residues that were predicted to be high-
ly intolerant to variation, as calculated by the MetaDome server 
(Figure 1C and Supplemental Table 2). Together, we identified 23 
U2AF2 variants associated with an NDD, including 21 de novo and 
7 recurrent variants, in the RRMs required for RNA recognition.

U2AF2 variants impair pre-mRNA splicing. U2AF2 is an essen-
tial pre-mRNA splicing factor for the earliest stage of spliceosome 
assembly (30). The U2AF2 RRMs serve the major function of rec-
ognizing polypyrimidine (Py) tract signals marking 3′ splice sites 
(31). Considering the locations of the variants in the U2AF2 RRMs, 
we performed a broader test that included 16 identified and 2 pre-
viously described variants (DDD study, ref. 32) distributed across 
U2AF2 using a well-characterized minigene splicing reporter 
assay, which consists of 3 exons and 2 intervening Py tracts (uri-
dine-poor [py] and uridine-rich [PY]) with different splicing effi-
ciencies. We hypothesized that variants occurring physically 
in close contact with the RNA Py tract would alter the splicing 

frontal gyri, and, the most prevalent finding, a thin or poorly 
developed corpus collosum (9 of 14 individuals). A formal diag-
nosis of ASD was made in 6 individuals, with 5 additional individ-
uals having autistic features (11 of 39), and a number of different 
behavioral disturbances (i.e., anxiety, attention deficit disorder 
[ADD], attention deficit hyperactivity disorder [ADHD], aggres-
sion, obsession, stubbornness, tics, etc.) were observed in 22 of 
39 individuals (56%), with a total of 64% (25 of 39) of the partic-
ipants identified as having behavioral issues. Ten individuals had 
postnatal short stature (height ≤ –2 SD; 10 of 40), 5 individuals had 
microcephaly (head circumference [HC] ≤ –2 SD), 3 individuals 
had macrocephaly (HC ≥ +2 SD), and 4 individuals had obesity. 
Vision abnormality was a prominent feature in this cohort (20 of 
37), and hearing loss was less pervasive (7 of 38). In 11 of 42 indi-
viduals (26%), heart abnormalities were reported. In 27 of 37 indi-
viduals, additional congenital abnormalities were observed and 
involved skeletal defects affecting the spine and thorax, such as 
scoliosis, pectus excavatum, butterfly vertebrae, and limb abnor-
malities, including pes cavus, pes planus, club foot, clinodactyly, 
brachydactyly, and tapered fingers. Gastrointestinal, genitouri-
nary, metabolic, and endocrine systems were less frequently 
affected (Supplemental Table 1).

Clinical photographs of 19 participants show several shared 
craniofacial features, including a prominent/broad forehead, a 
high anterior hairline, deep-set eyes, hypertelorism, short pal-
pebral fissures, downslanting palpebral fissures, a broad nasal 
root, a narrow nasal bridge with an upturned nose, thin upper 
lips, micrognathia, a wide mouth, wide-spaced teeth, and a 
short neck (Figure 1A), as illustrated in Figure 1B (bottom pan-
el). Moreover, GestaltMatcher (29) analysis revealed that 11 of 
19 photos are within a cluster (Supplemental Figure 1A). Nota-
bly, 9 of 11 individuals within the cluster carry a variant affecting 
the residue Arg149 or Arg150, which was also confirmed with 
the t-distributed stochastic neighbor embedding (t-SNE) cluster 
analysis (Supplemental Figure 1B).

Table 1. Summary of the clinical characteristics associated with variants in 3 different genes

Clinical findings U2AF2 (n = 46) PRPF19 (n = 6) RBFOX1 (n = 6)
Number of individuals/assessed (and percentage)

Sex 27 female and 19 male 2 female and 4 male 4 female and 2 male
Developmental delay 44/44 (100%), mild to severe 5/5 (100%) 6/6 (100%), mild
Motor delay 40/42 (95%) 5/5 (100%) 6/6 (100%)
Speech delay 42/42 (100%) 5/5 (100%) 6/6 (100%)
Intellectual disability 30/34 (88%), mild to severe 3/4 (75%), mild to moderate 4/6 (67%)
Hypotonia 25/37 (68%) 3/4 (75%) 3/6 (50%)
Seizures/epilepsy 23/41 (56%) 1/4 (25%) 2/6 (33%)
Febrile seizures 15/23 (65%) – 1/2 (50%)
Behavioral problem 25/39 (64%) 4/5 (80%) 6/6 (100%)
 Autism or autistic features 11/25 (44%) 4/5 (80%) 3/6 (50%)
Brain malformation 14/34 (41%) 0/2 (0%) 1/4 (25%)
 Hypoplastic or agenesis of corpus callosum 9/14 (64%) – –
Vision abnormalities 20/37 (54%) 3/5 (60%) 3/5 (60%)
Hearing abnormalities 7/38 (18%) 0/5 (0%) 0/6 (0%)
Cardiac abnormalities 10/42 (24%) 1/5 (20%) 1/6 (17%)
Facial dysmorphisms 45/45 (100%) 5/5 (100%) 3/6 (50%)
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pattern of the pyPY transcript. Indeed, we observed that coex-
pression of 8 of 18 mutant constructs and the pyPY minigene in 
HEK293T cells significantly reduced py splicing (Figure 1D), i.e., 
Arg146Gly, Arg149Trp, Arg150Cys, Arg150His, Pro157Leu, Arg-
203Cys, Asp215Gly, and Try232His. The abundance of all mutant 
U2AF2 proteins was comparable to WT (Supplemental Figure 2B 
and Supplemental Table 2). In addition, RNA-Seq demonstrated 
that endogenous U2AF2 expression levels were unchanged in 4 
human iPSC lines reprogrammed from lymphoblastoid cells from 
individuals 1 (Arg149Trp), 4 (Arg149Trp), 6 (Arg150Cys), and 13 
(Lys329del), relative to individual 1’s unaffected father and an 
unrelated control iPSC (|logFC| = 0.19 and P = 0.24).

U2af50 knockdown leads to lethality and defects in neural mor-
phology and function. Because all of the U2AF2 patients have 
neurologic deficits and U2AF2 is highly expressed in the prenatal 
and postnatal brain (33), we used an in vivo system to study the 
physiological significance of the variants. For this, we studied 
U2af50, the Drosophila ortholog of U2AF2, by assessing the func-
tional effects of U2af50 knockdown. We first expressed U2af50 
RNAiBL27542 under the control of elav-Gal4, a pan-neural driv-
er and found that most offspring died before the end of the pupal 
stage, with very few surviving to adulthood, but all died shortly 
after eclosion (Figure 2, A and B). We confirmed the lethality in 
neural U2af50–knockdown flies by crossing elav-Gal4 with 2 oth-
er independent RNAi strains, U2af50 RNAiv24176 and U2af50 
RNAiBL55153. Compared with WT controls, neural U2af50 
knockdown using the elav-Gal4 driver led to a 49% reduction in 
U2af50 expression based on RNA-Seq data (|logFC| = 0.98 and 
Padj = 1.34 × 10–46). Although the body lengths were comparable 
between WT and neural U2af50–knockdown larvae (Supplemen-
tal Figure 3, A and B), we observed a modest decrease in the lar-
val brain area after U2af50 knockdown (Supplemental Figure 3, 
C and D). To further dissect whether cell mitosis was responsible 
for the reduced brain area, we performed immunostaining with 
the phosphorylated histone H3 (p-H3) antibody, a mitotic marker 

(34). We observed that the number of p-H3–positive cells in the 
brain lobes was significantly decreased in U2af50 RNAi–express-
ing larvae relative to controls (Supplemental Figure 3, C and E). 
Moreover, in U2af50-knockdown brains, the mushroom body 
(MB), which is the primary learning and memory center, exhibited 
severe structural defects. Compared with the WT brains, knocking 
down U2af50 led to an approximately 40% reduction in both ver-
tical and horizontal lobes of the MB (Figure 2, C–E). To determine 
if U2af50 knockdown directly affected MB development, or if the 
decrease was secondary to generalized brain malformations, we 
induced expression of U2af50 RNAi under the control of OK107-
Gal4, a MB-specific driver (35). Unlike pan-neural knockdown, 
knocking down U2af50 specifically in the MB was not lethal, and 
in the larval brain the MB showed mild morphological deficits 
(Supplemental Figure 3, F–H), suggesting that U2af50 was critical 
for MB development via mitotic and potentially postmitotic mech-
anisms. To investigate whether the MB-specific knockdown had 
an effect on fly behavior, we next subjected the mushroom-specif-
ic U2af50-knockdown virgin females to the social space assay (36) 
and found that, while WT flies were dispersed throughout the tri-
angle arena, the U2af50-knockdown flies were clustered together 
and much closer to their nearest neighbor (Supplemental Figure 3, 
I–K), suggesting disrupted social functioning of adult MB neurons 
as an impairment in learning and memory, which corroborated 
with some of the behavioral features observed in patients.

As noted above, 23 individuals had childhood febrile seizures 
and/or generalized tonic clonic seizures accompanied by motor 
delay. To test whether knocking down U2af50 in motor neurons 
is sufficient to trigger seizure in flies, we crossed the U2af50 RNAi 
fly stock with D42-Gal4, a motor neuron driver (37). The motor 
neuron U2af50-knockdown flies were viable and displayed nor-
mal motor performance in the negative geotaxis assay (a climb-
ing test), suggesting that their overall locomotor function was not 
attenuated (Supplemental Figure 3L). We next bathed the fly vials 
in hot water and recorded the heat-induced paralysis every 30 
seconds up to 6 minutes. All flies behaved normally at the onset 
of the assay but gradually fell to the bottom of the tube, lying on 
their back with legs twitching. Interestingly, U2af50-knockdown 
flies showed a substantially shorter latency and higher percentage 
of paralysis. At 6 minutes, 60% of U2af50-knockdown flies were 
immobile, whereas only 20% of the WT flies showed the heat- 
induced paralysis (Figure 2F), paralleling the frequent seizures 
seen in patients (56%). Taken together, these phenotypes observed 
suggest that U2af50 played an essential role in the Drosophila ner-
vous system, and, most important, they mimic some key brain 
malformations observed in patients carrying U2AF2 variants.

U2AF2 variants are pathogenic and exert partial LoF. To inves-
tigate the functional impact of the identified U2AF2 missense 
variants, we generated transgenic flies with inducible expression 
of 2 recurrent variants that were found in 11 (U2AF2Arg149Trp) and 7 
(U2AF2Arg150Cys) individuals, respectively. We first examined wheth-
er U2AF2WT and its variants could rescue the lethality phenotype in 
neural-specific U2af50-knockdown flies. We crossed UAS-U2AF50WT  
UAS-U2af50 RNAi/TM6B with elav-Gal4 UAS-Dcr-2 flies. In the 
adult offspring expressing U2AF2WT, 60% also expressed U2af50 
RNAi (the remaining flies express TM6B instead), and these flies 
survived beyond 7 days after eclosion, compared with the dose- 

Figure 1. Clinical photographs of affected individuals with U2AF2 
variants demonstrating a shared facial gestalt and molecular analyses 
demonstrating U2AF2 variants alter pre-mRNA splicing. (A) Individ-
ual identifiers correlated with those in Supplemental Table 1. Shared 
craniofacial features include a prominent/broad forehead, a high anterior 
hairline, deep-set eyes, short palpebral fissures, downslanting palpebral 
fissures, a broad nasal root, a narrow nasal bridge with upturned nose, 
a thin upper lip, micrognathia, a wide mouth, wide-spaced teeth, and 
a short neck. (B) Two average faces generated from controls (top) and 
all 19 available photos of U2AF2 individuals (bottom) summarizing an 
identifiable facial gestalt. (C) An intolerance landscape plot generated by 
MetaDome for U2AF2 variant (NM_001012478.1) analysis (top panel) and a 
lollipop plot (middle panel) with a schematic outline of the U2AF2 protein 
domains (lower panel) showing 7 recurrent variants [p.(Arg149Trp), p.(Arg-
149Gln), p.(Arg150Cys), p.(Val153Met), p.(Arg150His), p.(Val186Met) and 
p.(Gly265Asp)] and other conserved variants identified in individuals 1–46 
and in the DDD study [p.(Pro157Leu) and p.(Thr252Ile)]. (D) Eight U2AF2 
variants reduced expression of the longer isoform in the minigene splicing 
assay, indicative of the pathogenicity of these variants. Normalized ratios 
are illustrated by the box-and-whisker plot at the bottom (minimum to 
maximum, showing all the points). n = 3 independent experiments.  
*P < 0.05, **P < 0.01, ***P < 0.001, by ordinary 1-way ANOVA with Dun-
nett’s multiple comparisons test.
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patient variants and synonymous variants that prevent recutting 
with Cas9 (Supplemental Figure 4A). After validation of genome 
integrity by genotyping and preservation of pluripotency mark-
ers by RNA-Seq, knockin hPSCs and WT cells (with synonymous 
variants) were further differentiated using the NGN2-mediated 
neuronal induction approach (39). We started to observe neurite 
outgrowth from both WT and 2 mutant clones within 48 hours. 
Compared with WT cells, neurons differentiated from mutant 
hPSCs demonstrated decreased neurite length (Figure 2, G and 
H). We confirmed that the neurite growth deficit was most like-
ly not caused by protein mislocalization, as the variants did not 
change the localization of U2AF2 in the nucleus (Supplemental 
Figure 4B), or by a general defect in proliferation (Figure 2G). 
Together, these data suggest that U2AF2 has an important role 
in neurogenesis and neuritogenesis and a partial LoF effect for 
both variants, which would ultimately alter neuronal connectivi-
ty and network activity.

PRPF19 variants are associated with NDD and autism. The spli-
ceosomal complex has more than 200 proteins (40), but only a 
few have been associated with NDDs or neurodegenerative disor-
ders (19–22). Consequently, we considered genes involved in the 
splicing process as candidates for NDD and reanalyzed research 
or clinical sequencing data of a cohort of 245 unresolved NDD cas-
es. In 1 previously negative clinical exome, we identified a de novo 
variant, c.1210G>A, p.(Gly404Ser), in PRPF19 (P1; NM_014502.5; 
OMIM 608330). By GeneMatcher, we identified 5 more patients 
with heterozygous de novo PRPF19 variants: c.1495C>T, p.(Leu-
499Phe) (P2), a 400 kb duplication spanning PRPF19 (P3), 
c.1264C>T, p.(Arg422Cys) (P4), c.383G>A, p.(Arg128Gln) (P5), 
and c.816delT, p.(His273Thrfs*37) (P6) (Figure 3A and Supple-
mental Table 3). Individuals P1–P5 all have speech/language and 
motor delays, and individuals P1–P4 have a formal diagnosis of 
autism. Moreover, hypotonia was present in 3 individuals (P1, 
P2, and P4). Three individuals (P1, P4, and P5) had ID and 1 was 
normal (P3). One individual was too young for ID assessment 
(P2), and P6 was a fetus with multiple congenital malformations 
(Table 1 and Supplemental Table 3), substantially overlapping the 
core features of U2AF2-related NDD. All variants were confirmed 
by Sanger sequencing and were absent in population genomics 
resources. Prediction of their deleterious effects is summarized in 
Supplemental Table 2. PRPF19 is intolerant to both LoF (probabil-
ity of LoF intolerance [pLI] = 1) and missense (Z = 3.89) variants 
according to the gnomAD population database.

PRPF19 encodes pre-mRNA processing factor 19, which 
functions in splicing and more specifically in the catalytic activa-
tion and structural stabilization of the spliceosome (41–43). The 
Prp19 complex, also known as NTC, has PRPF19 as one of the 
core subunits (i.e., PRPF19, CDC5L, and BCAS2) assembling the 
other Prp19 complex–associated proteins via C-terminal WD40 
domains (44–47). Spliceosome assembly and activation is a 
dynamic process: the U1 and U2 snRNPs (including U2AF2) mark 
an intron boundary, then the pre-mRNA binds to U4/U6-U5 tri- 
snRNP, followed by the release of both U1 and U4 with the arrival 
of the Prp19 complex to activate the spliceosome (15). However, 
some reports suggested that the Prp19 complex is recruited to the 
early spliceosome independent of the tri-snRNP, and that U2AF2 
may be involved in the process (48). The 2 missense PRPF19 vari-

controlled RNAi that showed minimal survival (Figure 2, A and B). 
These data demonstrated that the expression of U2AF2WT dramati-
cally increased the survival rate of U2af50-knockdown flies. In con-
trast, expressing either U2AF2Arg149Trp or U2AF2Arg150Cys only slightly 
elevated the survival rate of both males and females (Figure 2, A and 
B). Second, we asked whether the expression of WT or U2AF2 vari-
ants could rescue the morphological defects in pan-neural U2af50–
knockdown brains. We found that the expression of U2AF2WT as 
well as U2AF2Arg149Trp or U2AF2Arg150Cys could fully rescue the prolif-
eration deficit induced by U2af50 RNAi (Supplemental Figure 3, C 
and E). Moreover, U2AF2WT or U2AF2Arg149Trp not only fully rescued 
the larval brain hemisphere area (Supplemental Figure 3D), but also 
restored the horizontal lobe area of the MB (Figure 2E). In addi-
tion, the vertical lobe area was also partially rescued (Figure 2D). 
Comparatively, expression of U2AF2Arg150Cys did not rescue the brain 
area, but modestly rescued the area of both horizontal and vertical 
lobes (Figure 2, C–E). Third, in the heat-induced seizure paradigm, 
U2AF2WT in the setting of U2af50-knockdown remarkably reduced 
the percentage of immobile flies, while the 2 variants only partially 
rescued the phenotype (Figure 2F). These results strongly suggest 
that, while WT U2AF2 could largely replace U2af50 in flies, the 2 
variants were partial LoF alleles. It is worth noting that knocking 
down U2af50 in fly larval sensory neurons using ppk-Gal4 (38) 
resulted in partially thinned/fragmented/degenerative dendrites 
that could be fully rescued by human WT U2AF2 and variants (Sup-
plemental Figure 3M), suggesting the diverse function of U2AF2/
U2af50 in neural circuit assembly and its indispensable role in  
postmitotic neurons.

Neurite growth defect in knockin isogenic hPSCs. To unveil the 
effect of patient variants in cortical neuron differentiation, we 
introduced the U2AF2Arg149Trp or U2AF2Arg150Cys hyper-recurrent 
variants into H9 hPSCs using CRISPR/Cas9-based genome edit-
ing to generate an isogenic model. The knockin was confirmed by 
Sanger sequencing and RNA-Seq with the heterozygous state of 

Figure 2. Drosophila U2af50–knockdown, hPSCs, and rescue studies 
with 2 hyper-recurrent variants. (A and B) Flies expressing CD8GFP in the 
setting of U2af50 knockdown with the elav-Gal4 driver died before or soon 
after eclosion. Expression of U2AF2WT drastically increased the survival 
rate on the first day after eclosion (DAE) (A), and almost all the flies 
were still healthy on the seventh DAE (B), whereas variants only slightly 
increased the survival rate at the first DAE. n = 3 groups, with 17–51 flies 
per group for males and 21–77 flies per group for females. Data indicate the 
mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by 2-way ANOVA 
followed by Tukey’s test. (C–E) Pan-neuronal U2af50 knockdown led to a 
decrease in the MB area in larvae, whereas U2AF2WT and variants partially 
(vertical lobe) or fully (horizontal lobe) rescued the phenotype. n = 14–17 
brains. (C) Representative images of MBs. Scale bar: 50 μm. (D) Quanti-
fication of the vertical lobe area. (E) Quantification of the horizontal lobe 
area. Data indicate the mean ± SEM. *P < 0.05 and ***P < 0.001, by 1-way 
ANOVA followed by Dunnett’s test. (F) U2af50 knockdown by the D42-Gal4 
driver resulted in increased heat-induced paralysis. Expressing U2AF2WT 
and variants in U2af50 knockdown partially attenuated the phenotype. 
n = 6–13 groups, with 7–14 flies per group. Data indicate the mean ± SEM. 
*P < 0.05 and ***P < 0.001, by 2-way ANOVA followed by Tukey’s test. (G) 
Representative immunofluorescence images of induced neurons on day 2. 
Scale bars: 100 μm. (H) Quantification of the average neurite length per cell 
normalized by the Hoechst-labeled cell number. Graphs show the mean ± 
SD of 4 biological replicates. **P < 0.01 and ***P < 0.001, by ordinary 1-way 
ANOVA with Dunnett’s multiple-comparison test.
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F19Leu499Phe) could fully or partially rescue the structural defect in 
the MB and survival rate, with no significant difference in the res-
cue efficacy of the missense variants compared with WT. How-
ever, the truncated form of human PRPF19 [p.(His273Thrfs*37)] 
failed to rescue these phenotypes (Figure 3, C–E, and Supplemen-
tal Figure 5A), corroborating the fact that the variant c.816delT, 
p.(His273Thrfs*37) is indeed a complete LoF allele. Moreover, 
compared with PRPF19WT and PPRF19Leu499Phe, which fully res-
cued the proliferation deficit, PRPF19Gly404Ser had reduced rescu-
ing of larval brain proliferation (Supplemental Figure 5B). Nev-
ertheless, PRPF19WT and both PRPF19Gly404Ser and PPRF19Leu499Phe 
variants fully rescued the lethality in Prp19 pan-neural knock-
down flies (Supplemental Figure 5A), allowing us to conduct the 
social space assay to further test the effect of these 2 de novo mis-
sense variants on social behavior related to the autism diagnosis 
in patients. We found that female flies expressing either PRPF19 
variant exhibited a reduction in social space as determined by 
the decreased interdistance when compared with flies expressing 
PRPF19WT, which were similar to WT flies (Figure 3, F–H). This 
result indicated that, although the 2 PRPF19 missense variants 
drastically extended the lifespan of Prp19-knockdown flies, they 
did not completely rescue their social behaviors. Thus, Prp19 was 
required for normal social behaviors of flies, and de novo PRPF19 
variants affected neurons regulating social functions and most 
likely caused neurophysiological defects.

Dysregulation of transcripts associated with neurodevelopmental 
processes. Since U2AF2 and PRPF19 have converging functions 
in splicing and variants of both genes cause overlapping NDDs 
with similar features, we hypothesized that there may be com-
mon downstream effectors regulated by these genes. To test this 
hypothesis, we performed transcriptome profiling of brain tis-
sues harvested at the third instar larval stage from WT controls 
and elav-Gal4 driving knockdown flies for U2af50 and Prp19. 
In U2af50 RNAi fly brains, we identified 1,219 differentially 
expressed genes (DEGs) (|logFC| ≥ 0.7 and Padj ≤ 0.01; Supplemen-
tal Figure 6, A and B), of which 70.6% were upregulated (n = 861) 
and 29.4% were downregulated (n = 358). DEGs were subsequent-
ly analyzed through the DAVID Functional Annotation Resource, 
and we found significant enrichment of downregulated DEGs in 9 
Gene Ontology (GO) terms, which included axon guidance, nega-
tive regulation of neuroblast proliferation, neuron differentiation, 
and others (Supplemental Figure 6C). Similarly, we identified 
1,498 DEGs in Prp19 RNAi, with 1,085 being upregulated and 413 
downregulated. Enrichment analysis similarly revealed 14 signif-
icant GO terms (|logFC| ≥ 1 and Padj ≤ 0.01; Supplemental Figure 
6, D and E), including neuron differentiation, regulation of neuro-
genesis, regulation of neuroblast proliferation, and axon guidance 
(Supplemental Figure 6F). These results suggest that both genes 
play essential roles in neurodevelopmental processes, which could 
be mapped to fly MB development and patient phenotypes, espe-
cially brain function and neurodevelopment.

Shared splicing alteration by U2af50 and Prp19 knockdown. To 
further probe the involvement of the 2 genes in mRNA splicing 
and prioritize potential common downstream targets, we analyzed 
differentially used exons (diffUEs) by 3 algorithms, DEXSeq (50), 
limma (51), and JunctionSeq (52), and retained candidates sup-
ported by at least 2 algorithms. Analysis of U2af50 RNAi RNA-Seq 

ants (Gly404Ser and Arg422Cys) are in the WD40 beta-propeller 
architecture 5 and 1 (Leu499Phe) in WD40 beta-propeller archi-
tecture 7 (Figure 3A). 3D structural modeling (Supplemental Fig-
ure 2A, PDB: 4LG8) showed that these substitutions, whose side 
chains are bigger or smaller than WT residues (49), are expected 
to destabilize the beta-propeller folding and in turn impair associ-
ation with NTC-associated proteins. We induced expression of the 
WT and 3 PRPF19 variants in HEK293T cells, and, as expected, 
cells transfected with PRPF19His273Thrfs*37 showed a complete loss 
of binding with CDC5L (Figure 3B), suggesting that the variant 
p.(His273Thrfs*37) is a complete LoF allele.

PRPF19 pathogenic variants lead to social behavior deficits. 
To dissect the pathophysiological mechanism of how PRPF19 
variants contribute to disease, we analyzed fly ortholog Prp19 
with 2 independent RNAi lines (Prp19 RNAiBL32865 and Prp19 
RNAiv41438). RNA-Seq analysis showed a knockdown efficien-
cy of 77% (|logFC| = 2.09 and Padj = 1.56 × 10–15). As expected, all 
pan-neural Prp19–knockdown flies died before eclosion (Supple-
mental Figure 5A) and resulted in a generalized reduction in brain 
cell proliferation (Supplemental Figure 5B). Of note, overexpres-
sion of PRPF19WT significantly increased cell proliferation (Sup-
plemental Figure 5B), consistent with the phenotype observed in 
participant P3, who has an increased HC (97%; Z = 1.95) and a 
tall stature. Since individuals carrying PRPF19 missense variants 
have motor deficits, we next examined the locomotor function in 
pan-neural Prp19 RNAi larvae in the open-field locomotion assay. 
We assessed the total crawling length, distance, and speed and 
found that RNAi larvae had overt hypoactivity (Supplemental 
Figure 5C). Pan-neural Prp19 RNAi also led to structural morphol-
ogy defects in the MB at the larval stage (Figure 3C). Similar to the 
phenotype caused by U2af50 knockdown, both the vertical and 
horizontal lobes of the MB exhibited remarkable area reduction 
in Prp19 RNAi larvae (Figure 3, D and E). The expression of PPRF-
19WT or either of the 2 missense variants (PRPF19Gly404Ser and PPR-

Figure 3. Modeling PRPF19 in in vitro cellular and in vivo fly models. (A) 
An intolerance landscape plot generated by MetaDome for PRPF19 variant 
(NM_014502.5) analysis (top panel) and a schematic outline of the PRPF19 
protein domains (lower panel). (B) Western blot and co-immunoprecipi-
tation analysis of overexpressed PPRF19WT, PRPF19Gly404Ser, PPRF19Leu499Phe, 
and PPRF19His273Thrfs*37with FLAG tag. Graph shows the mean ± SEM. n = 3 
independent experiments. ***P < 0.001, by 2-tailed, paired t test. (C–E) 
Pan-neural Prp19 knockdown led to reduced MB area. Expression of human 
PRPF19WT, PRPF19Gly404Ser, or PPRF19Leu499Phe fully or partially rescued the 
area, while PPRF19His273Thrfs*37 failed to attenuate the structural defects. n 
= 6–11 brains. (C) Representative images. Scale bar: 50 μm. (D) Quantifi-
cation of the vertical lobe area. (E) Quantification of the horizontal lobe 
area. Data indicate the mean ± SEM. *P < 0.05 and ***P < 0.001, by 1-way 
ANOVA (D and E). (F–H) In the social behavior assay, flies expressing the 
2 PRPF19 missense variants in the setting of Prp19 knockdown displayed 
disrupted social behavior as revealed by their aberrant distribution in the 
device and reduced interdistance. In comparison, expression of PRPF19WT 
in the setting of Prp19 knockdown partially restored the impaired social 
behavior. n = 3 groups, with 26–42 flies per group. (F) Representative 
images showing fly distribution in the social behavior assay. (G) Quanti-
fication of the distance between any of the 2 flies in 1 trial. *P < 0.05 and 
***P < 0.001, by 2-tailed, unpaired t test. (H) Cumulative frequency of 
fly interdistance in the device.*P < 0.05, **P < 0.01, and ***P < 0.001, by 
2-way ANOVA followed by Šidák’s test. .
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delayed myelination, and brain frontal volume loss, overlapping 
with the clinical symptoms observed in patients with U2AF2 vari-
ants. Through GeneMatcher, we recruited 5 additional patients. 
All 6 patients presented with mild neurological symptoms rang-
ing from normal intelligence and a mild DD affecting verbal and 
motor skills on the mild end of the spectrum to mild-to-moderate 
ID, autism spectrum disorder, and seizures on the severe end of the 
spectrum (Table 1 and Supplemental Table 7) . All RBFOX1 vari-
ants were confirmed to be de novo, with the p.(Arg118Gln) variant 
being recurrent in 4 unrelated individuals (Figure 5A), and other 
2 individuals having the c.460G>T, p.(Gly154Cys) and c.559G>A, 
p.(Glu187Lys) variant. RBFOX1 is not directly involved in the core 
spliceosome complexes but has a single RRM domain that binds 
to specific sequences [5′-(U)GCAUG-3′] to promote inclusion or 
exclusion of exons (24, 25) and is expressed mainly in the nervous 
system, heart, and muscle (25, 54). All identified missense variants 
occurred in the only RRM domain, and multiple algorithms predict-
ed potential deleterious effects (Supplemental Table 2). Moreover, 
inspection of the protein structure (Supplemental Figure 2A, PDB: 
2N82) demonstrated that all 3 missense variants are in a region of 
close contact with RNA, as for many U2AF2 variants, suggesting 
that the RNA-binding affinity may be impaired.

To functionally test the pathogenicity of these variants, we uti-
lized an in vitro minigene system sensing the alternative splicing 
activity of Rbfox1. Since expression of 2 TrkB isoforms by the TrkB 
locus is regulated by Rbfox1 (55), we generated a 164 kb bacterial 
artificial chromosome (BAC) containing part of the mouse TrkB 
locus including the alternatively spliced exons (Figure 5B). Cotrans-
fection of the minigene and either the murine Rbfox1 or the human 
RBFOX1 in HEK293T cells caused a significant upregulation in the 
levels of the TrkB full-length (TrkB.FL) specific isoform (Figure 
5C). As expected (25), a known mouse Rbfox1 pathogenic variant 
(F158A) did not change TrkB.FL expression levels (Figure 5C). 
Interestingly, RBFOX1Arg118Gln, RBFOX1Gly154Cys, and RBFOX1Glu187Lys 
expressed at a level similar to that in the human WT construct did 
not modulate TrkB.FL isoform expression (Figure 5, C and D). Alto-
gether, these data suggest that these missense variants uncovered 
in the RRM domain of RBFOX1 impaired its splicing function, and 
these pathogenic de novo missense variants in the RRM domain 
were associated with a mild NDD (Supplemental Table 2).

Discussion
We describe 3 NDDs caused by de novo heterozygous variants 
in U2AF2, PRPF19, and RBFOX1, all of which are involved in the 
pre-mRNA splicing machinery. U2AF2 and PRPF19 encode core 
spliceosome subunits to guide the early stage of splice-site choice 
and spliceosome activation, respectively. RBFOX1 encodes a 
tissue-specific splicing factor that regulates splicing through 
binding to the pre-mRNA cis-acting element 5′-(U)GCAUG-3′. 
Variants in U2AF2 and RBFOX1 clustered predominantly in RNA 
recognition motifs, while a majority of PRPF19 variants were 
in the WD40 domain. Remarkably, all of the patients converge 
on similar neurodevelopmental phenotypes (Table 1), includ-
ing mild-to-severe developmental delays, intellectual disability, 
hypotonia, seizures, and autism.

A group of rare Mendelian diseases caused by pathogenic 
variants in genes encoding core spliceosomal complexes have 

data with moderate knockdown efficiency (49%) revealed 234 dif-
fUEs in 185 unique genes (Supplemental Table 4), and Prp19 RNAi 
(77% knockdown efficiency) led to 1,090 diffUEs in 727 unique 
genes (Supplemental Table 5). The numbers of affected exons are 
consistent with the different knockdown efficiencies and also with 
the respective functions of U2af50 and Prp19 orthologs in splice 
site selectivity (31) and general spliceosome activation (53). Gene 
set enrichment analysis of these 727 genes similarly demonstrated 
that the significant gene categories hit many neurodevelopmental 
processes, such as axon guidance, dendrite morphogenesis, MB 
development, and axonogenesis (Supplemental Figure 6G). We 
intersected significant diffUEs across the 2 data sets and iden-
tified 117 shared diffUEs. Four exon candidates with increased 
inclusion were then selected for real-time RT-qPCR validation, 
due to the implication of their human orthologous genes in human 
rare disorders. These exons belong to the genes Iswi, Brm, RpS19a, 
and Rbfox1, and increased inclusion of all 4 and 3 exons within 
each gene were confirmed in U2af50 and Prp19 RNAi, respective-
ly (Figure 4, A and B), suggesting that they are potential substrates 
of the spliceosome.

We hypothesized that increased inclusions of noncanonical 
exons (i.e., alternative first exons) decrease the expression of canon-
ical transcript(s), and compensating the diminished expression of 
the canonical isoform in fly pan-neurons could alleviate the MB 
defects. Remarkably, 3 genes tested, Iswi, Rbfox1, and RpS19a, could 
rescue the MB defects observed in flies expressing U2af50 RNAi to 
a different extent. Expressing Iswi, Rbfox1, or RpS19a in the setting 
of U2af50 knockdown significantly increased the area of the hori-
zontal lobe of the MB. Strikingly, expression of Iswi in U2af50 RNAi 
fully restored the area of both vertical and horizontal lobes (Figure 
4, C–E). However, Iswi and Rbfox1 failed to rescue the mushroom 
defects in Prp19-knockdown flies (Supplemental Figure 7). These 
results demonstrate both hierarchy and specificity in U2AF2 and 
PRPF19 substrates or downstream effectors, depicting the com-
plexity of the genetic network mediating neural development.

Mis-splicing events further revealed by hPSC RNA-Seq. To iso-
late the effect of a single variant change, we performed transcrip-
tomic profiling of the hPSC isogenic model with 24 samples (10 
colonies of Arg149Trp, 4 colonies of Arg150Cys, and 10 WT colo-
nies; Supplemental Figure 6H). Interestingly, we found 62 diffUE 
events (|log2FC|>0.7 and Padj ≤ 0.01) in 39 unique genes (Supple-
mental Table 6 and Supplemental Figure 6, I–K). Gene enrichment 
analysis of these 39 genes revealed that only RNA binding under 
molecular functions was enriched (Padj = 0.017). Real-time reverse 
transcription quantitative PCR (RT-qPCR) confirmed 3 randomly 
selected exon targets, i.e., RPL37, DNAJC21, and OTX2 (Supple-
mental Figure 6, I–K). These data suggest that the 2 pathogenic 
variants (Arg149Trp and Arg150Cys) residing in the interaction 
surface with RNA could result in aberrant mRNA splicing in stem 
cells, a relevant cell type to model the pathophysiology.

Missense variants in RBFOX1 associated with a mild NDD. Guid-
ed by these functional data, and in particular our results showing 
that RBFOX1 acted as a potential substrate and downstream effec-
tor of spliceosome malfunction, reanalysis of clinical negative 
exome data indeed revealed a de novo variant (c.353G>A, p.Arg-
118Gln) in RBFOX1 (NM_018723.4; OMIM 605104) in a patient 
with mild global developmental delay, hypotonia, ataxic gait, 
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U2AF2, coupled with the extensive in vitro and in vivo functional 
data presented here, has broadened our understanding of its role 
in neurodevelopment and in splicing biology. It is worth noting 
that, while this work was in progress, a large NDD cohort study 
(including the DDD data set) and a few case reports nominated 
an association between U2AF2 and NDD but with limited clinical 
information and without functional validation (58–61). It has been 
suggested that partial RNAi knockdown of the fly U2af50 results 
in reduced neuroblasts in the larval brain associated with blunted 
neuroblast lineages and abnormal neuroblast shape (62). We fur-
ther demonstrated that 2 hyper-recurrent U2AF2 variants reduced 
neuritogenesis in the hPSC isogenic model and resulted in MB 
patterning defects, seizures, and social deficits in the fly model.

PRPF19 is an indispensable core subunit of the dynamic 
hPrp19 complex. Knockout of its mouse ortholog has been shown 
to cause lethality at an early stage of embryonic development (63). 
We also found that depleting Drosophila dPrp19 with pan-neural 
or motor neuron–specific Gal4 caused lethality before eclosion. 
Even though our PRPF19 sample size was modest (n = 5), we dis-

been characterized as spliceosomopathies, e.g., SF3B4 involved 
in the U2 snRNP in Nager syndrome, an acrofacial dysostosis; 
SNRPB of the U1/2/5/4/6 snRNP in cerebrocostomandibular syn-
drome, characterized by Robin sequence and rib defects; and U4/
U6 snRNP subunits (PRPF3, PRPF4, and PRPF31) and U5 snRNP 
subunits (PRPF6, PRPF8, and SNRNP200) in retinitis pigmen-
tosa. Most recently, syndromic intellectual disability has been 
described as an emerging phenotype linking variants in 2 genes, 
PUF60 and FAM50A, which encode spliceosomal components of 
the U2 snRNP and the C-stage spliceosome complexes, respec-
tively (22, 56). Our study, by combining human genetics and in 
vitro molecular and hPSC cellular models, together with the fly in 
vivo model provides strong evidence supporting a critical role for 
the spliceosome in neurodevelopment (Supplemental Table 2).

Despite the major role of U2AF2 in pre-mRNA splicing, facil-
itating the recognition of exon-intron boundaries and identifica-
tion of the 3′ splice site during the spliceosome assembly, until 
recently, U2AF2 passenger somatic variants have only been loose-
ly linked to cancer (57). The identification of missense variants in 

Figure 4. RT-qPCR confirms potential substrates or downstream effectors that robustly rescue MB defects in U2af50-knockdown brains. (A and B) 
RT-qPCR data confirmed 4 exon candidates from fly brain RNA-Seq and show that Iswi, Rbfox1, and RpS19a might be the shared downstream splic-
ing targets of U2af50 and Prp19. n = 3. (A) Compared with WT, increased exon inclusions in Iswi, RpS19a, and Rbfox1 were significantly upregulated in 
U2af50-knockdown brains. *P < 0.05 and ***P < 0.001, by 2-tailed, unpaired t test. (B) The expression level of the same differentially used exons in Iswi, 
RpS19a, and Rbfox1 was also upregulated in Prp19-knockdown brains. Data indicate the mean ± SEM. *P < 0.05 and ***P < 0.001, by 2-tailed, unpaired 
t test. (C–E) The expression of Rbfox1, Iswi, or RpS19a fully or partially rescues the decreased MB area in U2af50-knockdown brains. n = 8–16. (C) Repre-
sentative images. Scale bar: 50 μm. (D) Quantification of the vertical lobe area. ***P < 0.001, by 1-way ANOVA followed by Dunnett’s multiple-compari-
son test. (E) Quantification of the horizontal lobe area. Data indicate the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, by 1-way ANOVA followed by 
Dunnett’s multiple-comparison test.
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Figure 5. The identified RBFOX1 missense variants alter the gene-splicing pattern. (A) Intolerance landscape plot generated by MetaDome for RBFOX1 
(NM_018723.4) variant analysis (top panel) and a lollipop plot (middle panel) with a schematic outline of the RBFOX1 protein domains (lower panel) 
showing 1 recurrent variant, p.(Arg118Gln), and other conserved variants identified in individuals 5 and 6. (B) Schematic representation of the murine TrkB 
gene (top) and the TrkB-BAC minigene (bottom). The exons in black are commonly expressed in both the full-length (TrkB.FL) and the truncated T1 (TrkB.
T1) isoforms. The TrkB.T1 isoform was generated by including the specific T1 exon (green), whereas the TrkB.FL isoform was generated by including exons in 
orange. The 164 kb TrkB-BAC minigene includes upstream, the transmembrane coding exon and, downstream, in addition to the TrkB.T1 coding exon, the 
2 exons encoding the juxtamembrane region preceding the tyrosine kinase region. The cDNAs coding for the missing extracellular domain and the tyrosine 
kinase region of TrkB were fused inframe to an upstream exon (98 bp) and a downstream exon (131 bp) of the BAC region (dashed lines). A neomycin resis-
tance cassette (NEO) is present in the minigene for selection, while a synthetic CAG promoter drives the minigene expression. (C) Representative immu-
noblot analysis of the clonal cell line expressing the TrkB-BAC minigene transiently transfected with plasmid vectors expressing the mouse Rbfox1 and the 
human RBFOX1 (as positive controls), the F158A mutant (as a negative control), and the de novo RBFOX1 variants. Ntrk2 (TrkB) protein levels were tested 
48 hours after transfection with an antibody against the TrkB intracellular domain to specifically detect the full-length protein (TrkB.FL). (D) Immunoblot 
quantification analysis of TrkB.FL protein levels from 3 independent experiments, as in C. n = 3. Data indicate the mean ± SEM. ***P < 0.001, by ordinary 
1-way ANOVA with Dunnett’s multiple-comparison test.
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such as Rps19a, representing layers 2 and 3 of the nodes. The res-
cue efficiency of these factors correlates well with their position 
in the hierarchy. A pressing question is how mutations in a gener-
al machinery, such as the spliceosome, lead to relatively specific 
malfunctions in the nervous system. We would like to postulate at 
least a few possible scenarios. The expression of the spliceosome 
complex subunits may be unevenly distributed across tissue types, 
and there may be enriched expression of U2AF2/PRPF19/RBFOX1 
in the brain. There may also be a possible enrichment of the sub-
strates in the nervous system, especially during the critical time 
window of neurodevelopment. Alternatively, the composition of 
coregulators or the presence of modulators may differ among cell 
types. Intriguingly, it was reported that stringent conservation of 
alternative splicing is present in only a subset of tissues including 
the brain and is frequently lineage specific (66). Concomitantly, 
alternative splicing is also the highest in the brain compared with 
other tissues (67, 68), and is critical for producing neural circuit 
diversity and specificity. It may be possible that the dysfunction of 
mutated spliceosome proteins in the brain is less efficiently com-
pensated, given its more stringent configuration. The high energy 
consumption in the brain might be another potential contributor, 
which might affect the dynamics, activity, and throughput of the 
spliceosome, especially considering the fact that the spliceosome 
is an energy-intensive machinery (69). During brain development, 
multiple genes have to be expressed in a regulated and coordinat-
ed fashion. A defect in spliceosomes will perturb this machinery, 
leading to a developmental stagnation of the brain’s finer func-
tions. A key step forward will be to systematically dissect more 
nodes in the network, characterize their spatiotemporal expres-
sion, and map out their functional interactions.

In summary, our study implicates the spliceosome in neuro-
development. It has been widely acknowledged that alternative 
pre-mRNA splicing is an important mechanism for regulating 
gene expression for multiple essential genes in the CNS, where it 
both affects neuronal differentiation and development and con-
trols functions in the mature neurons. The data described in this 
study advance our understanding of the mechanistic underpin-
nings of neurodevelopment and neuropsychiatric traits and iden-
tify 3 genes to add to the causal gene list in NDDs.

Methods
Statistics. The data shown represent the results of at least 3 separate 
experiments. All results are presented as the mean ± SEM or the mean 
± SD. Comparisons between 2 groups were analyzed by t test, and 
comparisons between 3 groups were done by 1-way ANOVA followed 
by Dunnett’s test or 2-way ANOVA followed by Turkey’s or Šidák’s test 
using GraphPad Prism (GraphPad Software). A P value of less than 
0.05 was considered statistically significant.

Study approval. Informed consent was obtained from all the fami-
lies according to protocols approved by local IRBs and human research 
ethics committees. Specific written consent was also retained for all 
individuals whose photographs appear in the manuscript.

Data availability. RNA-Seq data generated from flies and hPSCs 
are available in the NCBI’s Gene Expression Omnibus (GEO) database 
(GEO GSE246137). Supporting data for all values underlying the data 
presented in the graphs are provided in the Supplemental Supporting 
Data Values file.

covered 3 types of variants and 2 pathogenic mechanisms besides 
LoF. The whole gene duplication resulted in elevated proliferation 
in brain mitotic neurons, which correlated with an NDD pheno-
type with macrocephaly and tall stature in participant P3. The 
frameshift variant truncated the WD40 domain, leading to a com-
plete loss of hPrp19 complex formation with CDC5L, which high-
ly suggested that its canonical splicing function may have been 
lost. In the fly rescue study, the truncated form failed to reinstate 
normal MB patterning. This may explain why the fetus (P4) with 
p.(His273Thrfs*37) has the most severe congenital abnormalities 
(Supplemental Table 3). Absence of any other LoF alleles (includ-
ing intragenic deletion) in publicly available population genomic 
data sets and our in-house genomic data suggests that PRPF19 
is an essential gene for human embryonic development, and the 
fetus P4 is in that sense unique. By contrast, 2 human missense 
variants could largely replace dPrp19 and rescue the MB struc-
tural defect and adult lethality phenotypes. However, they failed 
to restore normal social interaction. In addition to the essential 
role in splicing, PRPF19 could form different complexes that are 
implicated in the DNA damage response, transcription elonga-
tion, mRNA export, and protein degradation (45). Whether other 
functions of PRPF19 contribute to the phenotypes observed in our 
study should be further investigated. Nevertheless, by character-
izing 4 variants (2 missense, 1 LoF, 1 microduplication) at different 
cellular levels, we demonstrated the crucial function of PRPF19 
in neurodevelopment and provide a promising tool to study the 
effect of pathogenic variants in vivo. This highlights the finding 
that our fly model is robust for interrogating not only general 
neural developmental defects, but also specific and more subtle 
defects that are spatiotemporally dependent.

It is noteworthy that PRPF19 missense variants cause cluster-
ing or reduce inter-fly distance. Similarly, knockdown of U2af50 
in the MB resulted in increased social aggregation in adult female 
flies. This suggests that the spliceosome complex is critical for 
normal development of the MB, which is the center for integrat-
ing and processing diverse cues, especially the visual and olfacto-
ry inputs that are most important for fly social behavior. Loss of 
U2af50 or Prp19 may lead to compromised MB function in neural 
processing and in the regulation of higher-order social behav-
ior, mimicking the patients with impaired intellectual functions. 
Interestingly, different from the elav-GAL4>UAS-ISWI RNAi 
flies, which exhibited increased social space in relation to genetic 
controls (64), our results resembled what was observed in Dro-
sophila neuroligin 4-deficient (dNlg4-deficient) flies (65), which 
also show an increased tendency to aggregate. This corroborates 
the wide range of genetic causes for ID or ASD and their spectrum 
of social deficits.

Our work aims to establish a genetic network associated with 
NDD, through gene discovery, functional validation, and mech-
anistic inquiry. We have successfully pinpointed several critical 
nodes encompassing the U2AF2/PRPF19/RBFOX1 axis. We have 
revealed hierarchy among the various nodes, and even within the 
spliceosome complex, with U2AF2 and PRPF19 being closer to 
the master regulator and RBFOX1 being their substrate and exe-
cuter. This represents the first layer of the nodes. We have further 
identified an additional substrate for the spliceosome complex, 
namely Iswi/SMARCA5/SMARCA1, and downstream effectors 
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