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ARTICLE

IRF2BPL Is Associated with Neurological Phenotypes

Paul C. Marcogliese,1,25 Vandana Shashi,2,25 Rebecca C. Spillmann,2 Nicholas Stong,3 Jill A. Rosenfeld,1

Mary Kay Koenig,4 Julián A. Martı́nez-Agosto,5,6,7 Matthew Herzog,5 Agnes H. Chen,8

Patricia I. Dickson,8 Henry J. Lin,8 Moin U. Vera,8 Noriko Salamon,9 Damara Ortiz,10 Elena Infante,10

Wouter Steyaert,11 Bart Dermaut,11 Bruce Poppe,11 Hyung-Lok Chung,1 Zhongyuan Zuo,1

Pei-Tseng Lee,1 Oguz Kanca,1 Fan Xia,1 Yaping Yang,1 Edward C. Smith,12 Joan Jasien,12

Sujay Kansagra,12 Gail Spiridigliozzi,13 Mays El-Dairi,14 Robert Lark,15 Kacie Riley,2 Dwight D. Koeberl,2

Katie Golden-Grant,16 Program for Undiagnosed Diseases (UD-PrOZA), Undiagnosed Diseases Network,
Shinya Yamamoto,1,17,18,19 Michael F. Wangler,1,17,18 Ghayda Mirzaa,20,21 Dimitri Hemelsoet,22

Brendan Lee,1 Stanley F. Nelson,5 David B. Goldstein,3 Hugo J. Bellen,1,17,18,19,23,*
and Loren D.M. Pena2,24,*

Interferon regulatory factor 2 binding protein-like (IRF2BPL) encodes a member of the IRF2BP family of transcriptional regulators.

Currently the biological function of this gene is obscure, and the gene has not been associated with a Mendelian disease. Here we

describe seven individuals who carry damaging heterozygous variants in IRF2BPL and are affected with neurological symptoms. Five in-

dividuals who carry IRF2BPL nonsense variants resulting in a premature stop codon display severe neurodevelopmental regression, hy-

potonia, progressive ataxia, seizures, and a lack of coordination. Two additional individuals, both with missense variants, display global

developmental delay and seizures and a relativelymilder phenotype than those with nonsense alleles. The IRF2BPL bioinformatics signa-

ture based on population genomics is consistent with a gene that is intolerant to variation. We show that the fruit-fly IRF2BPL ortholog,

called pits (protein interacting with Ttk69 and Sin3A), is broadly detected, including in the nervous system. Complete loss of pits is lethal

early in development, whereas partial knockdown with RNA interference in neurons leads to neurodegeneration, revealing a require-

ment for this gene in proper neuronal function and maintenance. The identified IRF2BPL nonsense variants behave as severe loss-of-

function alleles in this model organism, and ectopic expression of the missense variants leads to a range of phenotypes. Taken together,

our results show that IRF2BPL and pits are required in the nervous system in humans and flies, and their loss leads to a range of neuro-

logical phenotypes in both species.
Introduction

The etiology of neurodevelopmental disorders can vary and

can include prenatal exposures, maternal disease, multifac-

torial causes, and single genes. De novo genomic contribu-

tions were recently highlighted in a large cohort studied

as part of the Deciphering Developmental Disorders Study,

wherein an estimated 42%of the cohort carried pathogenic

de novo mutations in the coding region of genes.1–3 The

phenotypic and genomic heterogeneity of neurodevelop-

mental disorders can pose a diagnostic challenge. Several
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known Mendelian disorders, such as Rett syndrome

(MIM: 312750), the neuronal ceroid lipofuscinoses

(NCLs), and X-linked adrenoleukodystrophy (X-ALD

[MIM: 300100]) display neurodevelopmental regression as

a common element and illustrate the range of symptoms

and pathologies associated with neurological symptoms.

The known or proposedmechanisms of disease can include

altered transcriptional control (Rett syndrome),4,5 accumu-

lation of a substrate with loss of neurons (juvenile infantile

NCL [MIM: 204200]),6,7 or inflammation and demyelin-

ation (X-ALD).8–10More recently, new associations of genes
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Figure 1. IRF2BPL Protein Structure and
Gene Constraint
(A) IRF2BPL is 796 amino acids (aa) long and
contains two highly conserved domains
(IRF2BP zinc finger and C3HC4 RING
finger) at the N and C termini. Within the
variable region are multiple polyalanine
and PEST sequences and a 25 aa polyglut-
amine tract (amino acids 103–127). All
four nonsense variants occur early in the
transcript before the predicted PEST se-
quences, and the two missense variants
(highlighted in gold) occur in the middle
of the protein. We included de novo variants
discovered in large-scale sequencing studies
for autism spectrum disorders (ASD, high-
lighted in blue) and developmental disor-
ders (highlighted in red).
(B) IRF2BPL is highly constrained on the ba-
sis of the lack of LoF variants in ExAC,20

resulting in a high probability-of-LoF-intol-
erance (pLI) score and missense constraint
Z score. Predictions based on the DOMINO
algorithm indicate that variation in
IRF2BPL is likely to lead to a dominantly
inherited disease.
with severe developmental phenotypes and neurodegener-

ation have been discovered.11,12 This has been largely

possible as a result ofhigh-throughput sequencingmethods

such as next-generation sequencing (NGS), in conjunction

with sequencingdatabases for control cohorts such asExAC

and gnomAD,13–21 variant prediction,22 model organism

information (e.g., MARRVEL)23 and crowdsourcing pro-

grams, such as GeneMatcher,24 used for identifying

additional cases. These tools have greatly promoted gene

discovery and assisted in ascertaining the role of the

candidate variants fordisease. Programs suchas theUndiag-

nosed Diseases Network (UDN)25,26 promote multi-site

collaboration that combines NGS and functional data that

facilitate the diagnosis of rare disorders.

Here we describe a cohort of seven individuals, ascer-

tained for neurological symptoms, who share predicted

pathogenic variants in IRF2BPL (MIM: 611720), an intron-

less gene at 14q24.23.27 The transcript is expressed in

many organs, including in central nervous system (CNS)

components such as the cerebellum (GTex, accessed

January 29, 2018; see Web Resources).28 IRF2BPL and its

two mammalian paralogs, IRF2BP1 and IRF2BP2, share

two highly conserved domains. These include a coiled-

coil DNA binding domain (IRF2BP zinc finger domain) at

the amino terminus and a C3HC4-type RING finger

domain at the carboxyl terminus. IRF2BPL also contains

polyglutamine and polyalanine tracts. In between the

two conserved domains is a variable region that contains

a potential nuclear targeting signal.27 IRF2BPL also con-

tains several putative PEST (proline, glutamic acid, serine,

and threonine-rich) sequences, suggesting that this pro-

tein is post-translationally regulated29 (Figure 1A).

IRF2BPLhas beenproposed tohave a role in the initiation

of puberty in female non-human primates and rodents.30 It
246 The American Journal of Human Genetics 103, 245–260, August
acts as a transcriptional activator for gonadotropin-

releasing hormone in the CNS.30 Expression of Irf2bpl in

the hypothalamus of female rats increases during puberty,

and site-specific reduction of Irf2bpl in the preoptic area dis-

rupts the estrus cycle.31 In addition, IRF2BPL has also

recently beenproposed to function as anE3ubiquitin ligase

that targets b-catenin for proteasome degradation in gastric

cancer.32 Despite these studies, the in vivo function of

IRF2BPL in all species remains largely undefined. Here we

describe a role for IRF2BPL in the functional and structural

maintenance of the nervous system. We provide evidence

in seven individuals and use functional assays in fruit flies

to support the findings that these variants cause dramatic

changes to IRF2BPL function and that IRF2BPL plays a

role in both development and neuronal maintenance.
Subjects and Methods

Oversight for the human subjects research protections was pro-

vided by the institutional review board (IRB) of the National Hu-

man Genome Research Institute (protocol 15-HG-0130, Clinical

and Genetic Evaluation of Patients with Undiagnosed Disorders

through the Undiagnosed Diseases Network) and the Duke Uni-

versity School of Medicine IRB (Pro00056651).
Demographics, Ascertainment, and Diagnoses
The individuals are all unrelated and between 2.5 and 43 years of

age; this includes one person who died at 15 years of age. Four are

male, six are of European descent, and one was identified as His-

panic. They were evaluated by the genetics or neurology service

as part of clinical care for neurological symptoms (subjects 2 and

4–7) or as participants (subjects 1 and 3) in the UDN.26 In non-

UDN cases, use of the GeneMatcher website24 facilitated ascertain-

ment of two of the subjects (6 and 7); the UDN page for IRF2BPL
2, 2018



Table 1. Salient Clinical Features for Each Subject

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6 Subject 7

IRF2BPL variant c.584G>T (p.Gly195Val)
and c.514G>T (p.Glu172*),
complex rearrangement,
Sanger confirmed, de novo

c.562C>T (p.Arg188*),
Sanger confirmed, no
parents available for
testing

c.562C>T (p.Arg188*),
Sanger confirmed,
de novo

c. 379C>T (p.Gln127*),
Sanger confirmed,
no parents available
for testing

c.376C>T (p. Gln126*),
Sanger confirmed,
de novo

c.1115C>G
(p.Pro372Arg, Sanger
confirmed, de novo

c.1254G>C
(p.Lys418Asn),
Sanger confirmed,
de novo

Gender male female male female male male female

Current age 7 years deceased at 15 years 20 years 16 years 43 years 11 years 2.5 years

Growth for age
at most recent
visit (Z score)

6 years, 6 months:
Wt 20.1 kg (�0.42),
Ht 116.8 cm (�0.67),
HC 51.4 cm (�0.17)

13 years: Wt 45 kg
(0.5), Ht 168 cm (2)

20 years: Wt 66 kg
(�0.43), Ht 141 cm
(�5.0), HC 59 cm (2.4)

15 years: Wt 46.9 kg
(�0.5), Ht 162.4 cm
(0), HC 52 cm (�2)

NA 11 years, 2 months:
Wt 32.6 kg (�0.62),
Ht 125 cm (�2.81),
HC 51 cm (�1.13)

2 years, 1 month:
Wt 13.30 kg (0.5),
Ht 86.30 cm (�1),
HC 49.40 cm (1)

Developmental
delays
preceding
regression

present none none present NA present none

Age of onset
of motor
regression

2.5–3 years 5–6 years 5–6 years unknown 5–10 years no regression no regression

Current speech
and language
skills

no speech at 6.5
years of age

lack of speech since
11 years

lack of speech since
10 years

NA NA speech regression
at 3.5 years and
essentially non-verbal

no speech
development

Current gross
motor skills

wheelchair bound
since 5.5 years

in a wheelchair since
9 years

non-ambulatory
since 10 years

unsteady gait, clumsy,
mostly wheelchair
dependent

wheelchair bound
since 28 years

normal stance and gait,
tandem and reciprocal

walks easily up
and down stairs,
starting to run

Current
oromotor
skills

mild to moderate
oropharyngeal
dysphagia, silent
aspiration and tube
feeding

dysphagia at 10 years,
requiring tube feeding

progressive dysphagia
at 10 years, requiring
tube feeding at 13
years

silent aspiration at
15 years with tube
feeding

NA normal normal

Seizures diagnosed with
seizures at 6 years

staring spells myoclonus at 10 years seizures at 6 years febrile, photosensitive,
and myoclonic
epilepsy at 10 years

generalized myoclonic
epilepsy at 14 months

infantile spasms
at 6 months

Movement
abnormalities

ataxia, dystonia,
choreoathetosis

dystonia, no ataxia ataxic gait at 6 years lower-extremity
dystonia at 15 years

ataxia, choreoathetosis,
generalized dystonia
since 15 years of age

none none

Other
neurological
findings

spasticity, cerebellar
signs

NA spasticity, cerebellar
signs, positive Romberg
signs, and bilateral
Babinski signs by 7 years

NA hyperreflexia none none

(Continued on next page)
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facilitated contact with subject 5, and subjects 2 and 4 were ascer-

tained through communication with the clinical lab that per-

formed whole-exome sequencing (WES). WES for subjects 1, 3,

and 5–7 was performed in the proband plus the parents, and

WES for subjects 2 and 4 was performed in the proband only.

WES was performed with written informed consent for clinical

sequencing and in accordance with guidelines from the institu-

tional review board for research sequencing for all subjects. Con-

sent for publication and images was obtained from all guardians.

The seven subjects reported here have a constellation of

neurological findings of variable severity. Although almost all

suffered from epilepsy (Human Phenotype Ontology33 term

[HP:0001250]), those with nonsense variants in IRF2BPL had se-

vere, progressive neurodevelopmental regression (HP: 0002376),

dysarthria (HP:0001260), spasticity (HP:0001257), and symptoms

of movement disorders (HP:0100022). There was also cerebral and

cerebellar volume loss in the two oldest subjects (3 and 5;

HP:0002506 and HP:0007360). In contrast, the two subjects

with missense variants have a generally milder course, with symp-

toms of epilepsy, speech delay (HP:0000750), and hypotonia

(HP:0009062). Full clinical descriptions for each proband are in

the Supplemental Note and in Table 1 and Table S1 as well as Video

S1 and Video S2.
Methods
Exome Sequencing

Subjects hadWES performed on a clinical or research basis. Exome

data are summarized in Table S3. Across the performing labs, the

minimum average depth of coverage was 1003 across assays, and

minimum proportion of the target at >103 coverage was 95%.

Exome Reanalysis for Subject 1

FASTQ files were obtained from the relevant source with parental

consent. Alignment and variant calling were performed as previ-

ously described.34 Novel genotypes were filtered for quality and

observations in a control public database. We highlighted variants

in known OMIM genes or mouse essential genes and loss-of-func-

tion (LoF) variants that are in genes with known pathogenic LoF

variants, genes reported as haploinsufficient by ClinGen,35 or

LoF-intolerant genes as measured by a high probability of LoF

intolerance (pLI) score (>0.9).20 Conservation of the variant site

is reported with the genomic evolutionary-rate profiling (GERP)

score.36 This variant was submitted under accession number

ClinVar: SCV000746597.1.

Generation of Fly Stocks

All fly strains used in this studywere generated in house or obtained

from the Bloomington Drosophila Stock Center (BDSC) and

cultured at room temperature unless otherwise noted. The

pitsMI02926-TG4.1 allele was generated by genetic conversion of the

MiMIC37,38 (Minos mediated integration cassette) insertion line, y1

w* Mi{MIC}CG11138MI02926 (BDSC_36165) via recombination-

mediated cassette exchange (RMCE) as described.39–41 The recessive

lethality associated with the pitsMI02926-TG4.1 allele was rescued with

an 80 kb P[acman] duplication (w[1118]; Dp(1;3)DC256, PBac{y

[þmDint2] w[þmC] ¼ DC256}VK33) (BDSC_30373)42 as well as by

a 20 kb genomic rescue construct (see below). We determined

the cell-type pattern of pits by crossing pitsMI02926-TG4.1 to UAS-

mCD8-eGFP (BDSC_32184). In addition, the y1 w* Mi{MIC}

CG11138MI02926 line was converted to a protein trap line (Pits::GFP)

by injectionof a construct that could eitherproduce a splice acceptor

(SA)-T2A-GAL4-polyA mutant allele or a SA-eGFP-splice donor (SD)

protein trap allele depending on the inserted direction. The
2, 2018



successful generation of the Pits::GFP allele was confirmed by both

PCR of genomic DNA and anti-GFP immunohistochemistry and

immunoblotting of fly tissue.

All transgenic constructs were generated by Gateway (Thermo

Fisher Scientific) cloning into thepUASg-HA.attBplasmid.43Thehu-

man IRF2BPL cDNA clone30 was made to match the GenBank:

NM_024496.3 transcript. Flanking Gateway attB sites were added

by PCR of the template cDNA clone and then shuttled to the

pDONR223 by BP clonase II (Thermo Fisher Scientific). Variants

were generated by Q5 site-directed mutagenesis (NEB), fully

sequenced (Sanger), and finally cloned into pUASg-HA.attB via LR

clonase II (Thermo Fisher Scientific). All expression constructs were

inserted into the VK37 (PBac{y[þ]-attP}VK00037) docking site by

fC31 mediated transgenesis.44 We generated the 20 kb genomic

rescue (GR) line by inserting the P[acman] clone CH322-141N09

(BACPAC Resources)45 into the VK37 docking site. We generated

the UAS-pits-RC flies by obtaining the pits cDNA (RE41430, RC iso-

form) clone from the Drosophila Genomics Resource Center

(DGRC) and performingGateway (Thermo Fisher Scientific) cloning

into pUASg-HA.attB. The pits RNAi (RNA interference) line

(P{KK108903}VIE-260B) was obtained from Vienna Drosophila

Resource Center (VDRC). The GAL4 lines used in this study

from BDSC are nSyb-GAL4 (y1 w*; P{wþm* ¼ nSyb-GAL4.S}3)

BDSC_51635, Rh1-GAL4 (P{ryþt7.2 ¼ rh1-GAL4}3, ry506) BDSC_8691

and Act-GAL4/CyO (y1 w*; P{wþmC ¼ Act5C-GAL4}25FO1/CyO, yþ)
BDSC_ 4414.

Drosophila Behavioral Assays

For the bang sensitivity assay,46 flies were anesthetized no sooner

than 24 hours prior to being tested with CO2 and were housed

individually. At the time of testing, flies were transferred to a clean

vial without food and vortexed at maximum speed for 15 s. The

time required for flies to recover to an upright position was

measured. Typically, 25 flies were tested per data point. The climb-

ing assay47 was performed in a similar manner, but at the time of

testing flies were transferred to a fresh vial and given 1 minute to

habituate before being tapped to the bottom of the vial three times

and examined for a negative geotaxis (climbing) response to reach

the 7 cm mark on the vial. Flies were given a maximum of 30 s to

reach the top.

Histological and ultrastructural analysis of the fly retina: 45-

day-old flies were dissected in ice-cold fixative (2% PFA, 2.5%

glutaraldehyde, and 0.1 M sodium cacodylate). Heads were fixed,

dehydrated, and embedded in Embed-812 resin (Electron Micro-

scopy Sciences) as described previously.48 Histological sections

(200 nm thick) were stained with toluidine blue and imaged

with a Zeiss microscope (Axio Imager-Z2) equipped with an Axi-

oCam MRm digital camera. For transmission electron microscopy

(TEM), sections (50 nm thick) were stained with 1% uranyl ace-

tate and 2.5% lead citrate. TEM images were obtained with a

transmission electron microscope (model 1010, JEOL). Images

were processed with Photoshop (Adobe), and 45-day-old tolui-

dine blue images were color matched to the 5-day-old images

for clarity.

Overexpression of Human IRF2BPL in Drosophila

We overexpressed reference and variant IRF2BPL cDNA molecules

in flies by crossing the UAS-IRF2BPL males to virgin female flies

from a ubiquitous (Act-GAL4) driver stock. The progeny of these

crosses were cultured at various temperatures (18�C, 22�C, 25�C,
and 29�C) so that the human proteins were expressed at different

levels (lowest expression at 18�C and highest expression at

29�C).38,49 Flies were assessed for the expected Mendelian ratios.

For temperatures R22�C, more than 100 flies were assessed for
The Americ
each cross. For 18�C crosses, more than 50 flies were assessed

from each group.

For additional methods, please see the Supplemental Data.
Results

Summary of Clinical Findings

The subjects described in this series are between 2.5 and 43

years of age and include one subject who died at 15 years of

age. Comprehensive clinical information is included in the

Supplemental Note, Table S1, and Table S2.

All seven individuals have heterozygous variants in

IRF2BPL (Table 1 and Table S1). All variants have been

confirmed by Sanger sequencing. The variants were de

novo in all for whom parental testing was available (five

out of seven subjects) (Table1). The nonsense variants

identified in IRF2BPL (GenBank: NM_024496.3) are

c.376C>T (p.Gln126*), c.379C>T (p.Gln127*), c.514G>T

(p.Glu172*), and c.562C>T (p.Arg188*) (the latter was

identified in two individuals). There was remarkable simi-

larity in the clinical course of the five individuals that

had nonsense variants. These include an unremarkable

course of initial development, followed by loss of develop-

mental milestones and development of a pediatric-onset

seizure disorder at a variable age, with 2 years being the

earliest age of onset. Additional findings included a move-

ment disorder with dystonia and choreoathetosis, as well

as cerebellar signs such as ataxia, dysarthria, dysmetria,

and dysdiadochokinesia. Three of the probands had anom-

alies of eye movements but had normal retinae and optic

nerves. Head circumference appeared to remain appro-

priate for age in those with available measurements. Brain

MRI was normal early in life, but cerebral and cerebellar at-

rophy was noted in the two oldest subjects (Figure 2).

Cognitive status was difficult to assess, particularly because

verbal skills were lost. However, cognitive abilities ap-

peared to remain intact over a short follow-up period in

one subject and to deteriorate in an older individual.

One individual passed away at 15 years of age when the

family elected to limit care after continued decline.

Missense variants c.1115C>G (p.Pro372Arg) and

c.1254G>C (p.Lys418Asn) were also reported in IRF2BPL

in two individuals who had a variable phenotype of global

developmental delay and seizures. The older individual

(subject 6) had a diagnosis of ASD. Despite intractable ep-

ilepsy, subject 7 was eventually weaned off antiepileptic

drugs, and seizures did not recur over a short follow-up

period. In both individuals, IRF2BPL variants were

de novo. Neither individual has developed a progressive

loss of milestones, abnormal eye movements, or a move-

ment disorder at 2 and 10 years of age.
IRF2BPL De Novo Variants Are Deleterious according to

Bioinformatics Data

IRF2BPL is a gene that is highly intolerant to variation; it

has a residual variation intolerance score (RVIS)50 of 9.3%
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Figure 2. Progressive Cerebral Atrophy
in Individuals with IRF2BPL Nonsense
Truncations
(A) Brain MRI for subject 3 at 7, 13, and 20
years (top row, axial FLAIR; bottom row,
sagittal T1). Brain MRI was normal at 7
years. However, at age 13, there was severe
diffuse cerebral atrophy with ex vacuo dila-
tation of the lateral ventricles. Theremight
be a slightly increased white matter signal
in the peritrigonal region, but otherwise
the white matter appears intact and does
not suggest a leukodystrophy. The cere-
bellum has only minimal atrophy. There
is mild atrophy of the basal ganglia and
brainstem (not shown). At age 20 years,
there is further atrophy, including severe
volume loss in the bilateral cerebral hemi-
spheres, further thinning of the corpus cal-
losum, mild worsening of the increased
white matter signal in the peritrigonal
region, and further atrophy of the cere-
bellum and brainstem.
(B) MRI of subject 5 at 34 years depicts
global cerebral and cerebellar atrophy,
thinning of the corpus callosum and
brainstem, and no focal brain lesions (axial
T2-weighted and sagittal T1-weighted).
Images were taken on a 1.5T Siemens mag-
netic resonance system.
and a pLI score of 0.97, with no observed LoF variants

included in the calculation.20 The only LoF variants pre-

sent in ExAC and gnomAD are frameshifts, which either

do not pass quality filtering or appear to be artifactual

calls in repetitive regions when the browser visualization

tool is used.20 IRF2BPL is also constrained to missense var-

iants (z ¼ 4.73).20 All variants found in the subjects were

absent from the gnomAD and ExAC databases. The com-

bined annotation-dependent depletion (CADD)51 score

for all of the variants was >34, which places them among

the variants predicted to be most deleterious. To deter-

mine the relative representation of IRF2BPL de novo vari-

ants in our collective baseline patient population of

sequenced individuals with neurodevelopmental pheno-

types, we used fitDNM to calculate a p value for the

confirmed de novo variants (three nonsense and two

missense in a total of 8,961 exomes performed for neuro-

developmental phenotypes). fitDNM52 simultaneously

considers whether there is enrichment for de novo LoF

and missense variants within in a gene in an affected pop-

ulation (beyond what is expected) and also weights these

variants by the predicted damaging properties. We found

there was a significant enrichment for de novo damaging

variants in IRF2BPL within the neurodevelopmental

phenotype cohort (p ¼ 4.36 3 10�7), and when corrected

for the 18,892 genes in the Consensus Coding Sequence

Project (CCDS release 20), the results maintain signifi-
250 The American Journal of Human Genetics 103, 245–260, August
cance (p ¼ 0.008).52 The four nonsense variants introduce

a premature termination codon either downstream

(Glu172 and Arg188) or at the end (Gln126 and

Gln127) of the poly-glutamine tract and upstream of the

first PEST sequence (Figure 1A), whereas the missense var-

iants are within the variable region of the protein. We

used the DOMINO tool to assess the likelihood of mono-

allelic variants in IRF2BPL to cause a Mendelian disease.

IRF2BPL had a DOMINO score of 0.962 out of 1, predict-

ing that monoallelic variants would most likely cause dis-

ease (Figure 1B).53

Functional Assays in Flies Indicate that IRF2BPL Variants

Are Severe Loss-of-Function Mutations

To validate the functional consequences of these variants,

we utilized Drosophila melanogaster as a model organism.

Experiments in fruit flies have previously provided experi-

mental support in identifying causal variants for human

disease,19,54–56 and these approaches have been an integral

part of the UDN.13,14,16,21,57 The fly ortholog of IRF2BPL is

a poorly characterized gene, CG11138. This gene was stud-

ied in the context of epigenetic regulation through

biochemical methodologies during embryogenesis and

was named pits (protein interacting with Ttk69 and

Sin3A).58 Although the overall identity (30%) and similar-

ity (36%) between IRF2BPL and Pits may not seem high,

the architecture of the protein is very similar, and the
2, 2018
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Figure 3. The IRF2BPL Ortholog, Pits, Is
Highly Conserved, and Human Disease
Variants Display a Dramatic Loss of
Function
(A) The two annotated domains (IRF2BP
zinc finger and C3HC4 RING finger) for
IRF2BPL (as well as IRF2BP1 and IRF2BP2)
display very high conservation with the
fly ortholog Pits.
(B). The pitsMI02926-TG4.1 allele was gener-
ated by genetic conversion of y1 w* Mi
{MIC}CG11138MI02926 by recombination-
mediated cassette exchange (RMCE) in vivo.
The resulting mutant incorporates a
SA-T2A-GAL4, which acts as an artificial
exon and results in early truncation of
the pits transcript and cellular replacement
with GAL4 expression under the endoge-
nous pits regulatory elements.
(C) Genomic location of genomic rescue
(GR) constructs inserted on chromosome
2 (VK37) of the fly. Note that the 20 kb
rescue line is only specific for pits.
(D) Reintroduction of either GR construct
(Figure 3C) rescues lethality for
pitsMI02926-TG4.1 flies, but rescue is not
observed with overexpression of the fly or
human cDNA. Female pitsMI02926-TG4.1

/FM7 virgins were crossed to males of
either GR or UAS lines, and progeny
were examined for males containing
pitsMI02926-TG4.1 and the rescue construct
(minimum progeny examined n ¼ 91). Ex-
amination of female flies heterozygous for
the presence of pitsMI02926-TG4.1 and the
rescue construct revealed a lack of toxicity
in female pitsMI02926-TG4.1 /þ; UAS-
IRF2BPL-Glu172*/þ flies, indicating a loss
of function.
(E) The ubiquitous expression of UAS-
IRF2BPL or variants with Act-GAL4 reveals
that all nonsense variants are strong loss-
of-function mutations and that the
p.Lys418Asn causes partial loss of
function.
sequences of the annotated domains show high conserva-

tion (79% identity for the zinc-finger domain, 76%

identity for the C3HC4 RING domain) (Figure 3A). Pits

also has a DIOPT59 score of 12/15, suggesting that pits is

likely to be a true ortholog of IRF2BPL. Two other human

paralogs of IRF2BPL share a similar high DIOPT score (12/

15 for IRF2BP1; 11/15 for IRF2BP2). These data indicate

that pits is the sole fly gene that is orthologous to the three

IRF2BP family genes in humans.

To generate a pits mutant fly, we used a MiMIC inser-

tion in a pits intron, named Mi{MIC}CG11138MI02926

(Figure 3B).37,38 MiMICs are engineered transposable ele-

ments that contain inverted attP sites derived from phage

FC31 flanking a swappable cassette. This allows replace-

ment of the content of theMiMIC insertion via recombina-

tion-mediated cassette exchange (RMCE) by expression of

the FC31 integrase so that the MiMIC cassette is swapped

with a SA-T2A-GAL4-polyA (T2A-GAL4) cassette.39–41 This
The Americ
insertion results in a truncated pits transcript because of

the polyA signal. During translation, this short transcript

produces a short protein that is truncated at the T2A site

yet allows re-initiation of translation to produce the

GAL4 protein. The GAL4 protein is detected in a proper

spatial and temporal fashion, i.e., those of the endogenous

gene38 (Figure 3B). This allows rescue of the T2A-GAL4

induced allele, typically a null allele, with a UAS-(fly)

cDNA for about 70% of the genes tested.40

The pits gene is on the X chromosome, and

pitsMI02926-TG4.1 males are hemizygous lethal; they fail to

survive past the first instar larval stage, andmost die as em-

bryos. Lethality can be rescued so that males survive to

viable adults by introduction of an 80 kb or a 20 kb

P[acman] genomic BAC rescue (GR) construct, the latter

only carrying the pits gene42,44 (Figures 3C and 3D). Hence,

pits is an essential gene, and expression of the gene in the

proper genomic context fully rescues the LoF of pits.
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We attempted to rescue lethality observed in

pitsMI02926-TG4.1 flies by overexpression of UAS-pits or UAS-

IRF2BPL and failed to obtain viable flies. Intriguingly, we

were also unable to obtain viable heterozygous female flies

that contain both the pitsMI02926-TG4.1 allele and UAS-pits or

UAS-IRF2BPL (Figure 3D). These data show that overexpres-

sion of the fly or human IRF2BPL in the cells that endoge-

nously express Pits is toxic to the fly. Indeed, expression

of UAS-IRF2BPL under the control of a ubiquitous driver

(Act-GAL4) also causes lethality (Figure 3E).

The above data show that the lethality caused by overex-

pression of the reference IRF2BPL gene can be used as a

functional assay to test whether the variants are functional

(toxic) as well. To modulate the levels of expression, we

ubiquitously expressed the variants with Act-GAL4 because

the UAS-cDNA expressed with this driver exhibits tempera-

ture dependence, whereby there is significantly greater

expression at higher temperatures.38,49 We conducted

these experiments at 18�C, 22�C, 25�C, and 29�C. Expres-
sion of the reference IRF2BPL cDNA consistently causes

lethality at all temperatures tested, whereas the three

nonsense variants (p.Glu172*, p.Gln127*, and p.Arg188*)

consistently produced viable animals at all temperatures

tested (Figure 3E). This provides evidence that the trun-

cated proteins are not toxic and are most likely LoF alleles.

Interestingly, the missense variant p.Lys418Asn is lethal

when expressed at higher temperatures, whereas the flies

are viable at lower temperatures, indicating that this

variant retains some toxic function and hence behaves as

a partial LoF allele. The p.Pro372Arg variant remained le-

thal upon ubiquitous expression, even at lower tempera-

tures, indicating that its toxic function is similar to that

of the reference protein, at least in this assay.We confirmed

that the UAS-driven human cDNA in flies expresses

IRF2BPL at relatively similar levels by making HA-tagged

constructs for the reference and p.Glu172* truncation var-

iants and performing immunoblot analysis, for which we

used an anti-HA antibody because commercially available

antibodies for IRF2BPL recognize epitopes downstream of

the premature termination codon, in the C terminus of

IRF2BPL. UAS expression of these constructs in neurons

by nSyb (neuronal Synaptobrevin)-GAL4 was relatively

similar (Figure S2A). Additionally, we confirmed that the

untagged reference and two missense variants had similar

amounts of protein by using a commercial antibody

against IRF2BPL and performing immunoblot analysis,

which suggested that the reduced toxicity of p.Lys418Asn

is not due to destabilization of the protein (Figure S2B).

Pits Is Localized and Required in the CNS

To examine the endogenous amounts of Pits as well as its

subcellular localization, we generated a GFP protein trap

line of pits. We integrated a protein trap (splice acceptor

[SA]-linker-eGFP-linker-splice donor [SD]) cassette into

pitsMI02926 via RMCE. Although SA-eGFP-SD functions as

an artificial exon in the middle of pits (Figure S3A) and

could lead to a non-functional protein, Pits::GFP flies are
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viable in the homozygous state and do not display any

obvious phenotype. This is in concert with our previous

findings that most (75%) proteins tolerate the presence

of an internal GFP incorporated by SA-eGFP-SD MiMIC in-

sertions.38 The GFP fusion proteins also reflect the localiza-

tion of the endogenous proteins.37,38 We first confirmed

the presence of a single protein of the appropriate size

via SDS-PAGE in males (Figure 4A). As shown in Figures

4B and 4C, the tagged protein is widely detected in the

brain. In the third-instar larval brain, the protein is widely

detected and is enriched in the mushroom body (MB,

Figure 4B, yellow arrow). In the adult brain, Pits::GFP is

localized in most neurons, including the cell bodies and

nuclei (co-staining with a pan-neuronal nuclear marker,

Elav) of many neurons as well as their axons (Figure 4C).

This is in agreement with a previous study showing that

pits is localized to the nucleus.60 Pits::GFP is not detected

in the glia of the adult CNS upon pan-glial staining with

Repo (Figure S3B). Additionally, we also determined the

cell-type pattern of Pits by using the GAL4 reporter from

pitsMI02926-TG4.1 allele crossed to a UAS-membrane-bound

GFP (Figure S3C), which allows detection of cells that ex-

press the gene of interest at low levels.40 We also generated

confocal images (z stacks) of Pits::GFP brains co-stained

with Elav (Video S3) and Repo (Video S4). These data reveal

that Pits is enriched in the MB, the learning and memory

center of the flies,61 as well as in the antennal mechano-

sensory and motor center, which are required for balance

and hearing and motor coordination, a cerebellar insect

equivalent.62 Again, no Pits was detected in glia from these

analyses.

Because of the lethality observed in pitsMI02926-TG4.1 flies,

we determined the function of Pits in the brain through

gene-knockdown studies using RNAi.63 Ubiquitous knock-

down of pits with Act-GAL4 resulted in semi-lethality

(Figure 5A). UAS-pits-RNAi has specificity to pits in that it

consistently reduces the endogenous amount of Pits

to �50% of UAS-luciferase-RNAi when assessed via immu-

noblot (Figure 5B). To determine whether partial knock-

down of pits results in neurological defects, we expressed

UAS-pits-RNAi with the nSyb-GAL4 driver. Young flies

(�5 days after eclosion) displayed normal climbing

(Figure 5C) and mechanical stress tolerance (bang sensi-

tivity) (Figure 5D). However, aged flies that were 30 and

45 days past eclosion displayed progressive abnormalities

in climbing and became bang sensitive at 30 days after

eclosion in comparison to controls (Figures 5C and 5D).

To determine whether an age-dependent deterioration

in neural morphology could be observed, we reduced pits

expression in photoreceptors of the fly eye by using

rhodopsin (Rh1)-GAL4. The fly retina is a well-character-

ized system useful for exploring neurodegeneration in

Drosophila as a result of the highly stereotypical organiza-

tion of neurons (photoreceptors) and glia cells (pigment

cells, cone cells) in this tissue.19,55 Indeed, Pits::GFP shows

a robust nuclear signal in the photoreceptors of the fly

retina when the retina is co-stained with Elav (Figure S4).
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Figure 4. The IRF2BPL Ortholog, pits, Is
Localized to Both the Developing and
Adult CNS and Is Present in the Nucleus
of a Wide Subset of Neurons
(A) Male fly heads were lysed and run on
SDS-PAGE to determine the presence of
Pits::GFP.
(B) Pits was widely detected in third-instar
larvae, assessed by immunostaining of ho-
mozygous Pits::GFP animals, and viewed
by confocal microscopy (z stack—max pro-
jection). Note the enrichment in the mush-
room body (yellow arrow).
(C) Single-slice confocal images of the adult
CNS show that pits is localized to neurons
(co-localized with Elav). Notably, pits is de-
tected in the cell bodies of the adult mush-
room body (top left panel), is enriched in
the central complex (yellow arrow), and is
not present in the dendrites of the mush-
room body (bottom left panel). The scale
bar represents 50 mm.
Flies were raised in a 12 hr light/dark cycle for 45 days, and

histological examination of retina sections stained with to-

luidine blue was performed. We observed a severe disorga-

nization of the ommatidia (units of photoreceptors) and

notable rhabdomere (light-sensing organelle) loss

(Figure 6A). This loss was not observed in young flies

(5 days after eclosion), nor in aged control RNAi flies. To

examine ultrastructure, we performed transmission elec-

tron microscopy (TEM) of the same tissue and observed

numerous abnormalities in the ultrastructure of the Rh1-

GAL4 > pits-RNAi retina compared to age-matched Rh1-

GAL4 > control-RNAi eyes (Figures 6B and 6C and Figures

S5 and S6): (1) a significant decrease in intact rhabdomeres

(Figure 6D); (2) a significant increase in the presence of tu-

bulovesicular-like structures (TVSs), associated with some

neurodegenerative models64,65 (Figure 6C, red arrow);

and (3) the abnormal presence of neuronal lipid droplets

in photoreceptors (Figure 6C, yellow arrow; Figure S7A),
The American Journal of Human G
often associated with mutants that

cause high accumulation of reactive

oxygen species (ROS).66 However, we

did not detect obvious changes in

mitochondrial morphology or the

number of mitochondria per photore-

ceptor (Figure S7B). In summary, pits

is required for proper maintenance

of neuronal function and structure

in flies.
Discussion

We present seven subjects with rare

heterozygous variants in IRF2BPL, a

gene that has not previously been asso-

ciated with disease in humans. The
subjects with nonsense variants exhibited a remarkably

similar, progressive course of neurological regression that

eventually led to severe developmental disability. In

contrast, the missense variants observed in two subjects

are associated with milder neurological symptoms such

as seizures, developmental delay, and ASD. Interestingly,

the nonsense variants in this cohort cluster in or just

downstream of the polyglutamine tract within the variable

region, whereas the missense variants map farther down-

stream (Figure 1A). The bioinformatics signature of the

gene suggests that IRF2BPL is highly intolerant to variation

and that the variants reported in the cohort are among the

most deleterious. We demonstrated that IRF2BPL de novo

predicted damaging variants are overrepresented in

individuals with neurodevelopmental phenotypes. The

DOMINO score was suggestive of dominant inheritance.

RNA sequencing from a blood sample for subject 1

(c.514G>T [p.Glu172*]) revealed expression of the
enetics 103, 245–260, August 2, 2018 253
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Figure 5. Neuronal Knockdown of pits
Leads to Progressive Behavioral Deficits
(A) Ubiquitous knockdown of pits results in
semi-lethality, as shown by lower-than-ex-
pected genotypic ratios of survival into
adulthood. Act-GAL4 > UAS-pits-RNAi flies
were compared to Act-GAL4 > control-RNAi
(control-RNAi ¼ UAS-luciferase-RNAi) and
the Act-GAL4 driver alone (with no UAS).
(B) Act-GAL4 > UAS-pits-RNAi can partially
knock down�50%–60%of the pits isoforms
consistently observed in female flies. The
two isoforms observed have been previ-
ously documented.59

(C) Pan-neuronal knockdown of pits (nSyb-
GAL4 > UAS-pits-RNAi) leads to a bang-sen-
sitive paralytic phenotype in aged animals.
This phenotype is not observed in control
flies (nSyb-GAL4 alone or nSyb-GAL4 >
UAS-luciferase-RNAi) or young animals.Mul-
tiple cohorts of flies were anesthetized and
singly housed 24 hours prior to testing
with 15 s of vortexing in an empty vial. Sta-
tistical analyses were with one-way ANOVA
followed by a Tukey post-hoc test. Results
are means þ SEM (*p < 0.05; NS, not
significant)
(D) Pan-neuronal knockdown of pits (nSyb-
GAL4 > UAS-pits-RNAi) leads to progressive
climbing deficits that are only observed in
aged flies. Singly housed flies (similar to
above) were given 1 minute to habituate
to an empty vial before being tapped three
times. Flies were given 30 s to cross the
7 cm mark on the vial. Flies that failed to
cross the line were given a score of 30
(only seen at day 45). One-way ANOVA was
followed by a Tukey post-hoc test. Data are
means þ SEM (*p < 0.05, **p < 0.01; NS,
not significant).
transcript (data not shown). The lack of nonsense-medi-

ated decay of IRF2BPL transcript with a nonsense mutation

is consistent with the fact that this is a single-exon gene.67

Immunoblotting on subject samples with nonsense vari-

ants could not be pursued because a commercially avail-

able antibody that recognizes an epitope upstream of the

premature truncations was not available.

To date, understanding of a role for IRF2BPL in humans

has been limited to an association with developmental

phenotypes. For example, IRF2BPL has been identified in

the top 1,000 genes that are significantly lacking in func-

tional coding variation in non-ASD samples and are en-

riched with de novo LoF mutations identified in cases of

ASD.68 Other large-scale sequencing studies have identi-

fied de novo variants in IRF2BPL in ASD (two individuals)

and major developmental disorders (two individuals)

(Figure 1A).1,3 Intriguingly, the ASD variants include a

missense variant in the conserved DNA-binding domain

(c.90C>G [p.Phe30Leu]) and a frameshift variant near

the end of the protein (c.2102del1 [p.Asn701Thrfs*66]).
254 The American Journal of Human Genetics 103, 245–260, August
The respective verbal and non-verbal IQs of the individuals

with the ASD-implicated missense (24, 41) and frame-

shift (83, 74) variants are below average. The develop-

mental-disorder cohort also has a missense variant

(c.1171C>T [p.Arg391Cys]) and a frameshift that similarly

occurs near the end of the protein (c.2138del1

[p.Leu713Profs*54]).1,3 The missense variants in these in-

dividuals compared to our two subjects indicate that an

understanding of the full spectrum of IRF2BPL-related phe-

notypes is still developing. The p.Asn701Thrfs*66 frame-

shift, in particular, suggests that truncations near the end

of the protein might cause variable phenotypes. Another

possibility is the presence of mosaicism in these large

cohort studies. Several copy-number variants, including

three deletions, have been identified in the DECIPHER

database.69 Phenotypic information is available for only

one subject that had a paternally inherited deletion of

1.39 Mb along with autistic behavior, cognitive impair-

ment, and seizures. The size of the copy-number variants

varies from 185 kb to 19.7 Mb, and all are described as
2, 2018
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Figure 6. Knockdown of pits in the Photo-
receptor Leads to Degenerative Pheno-
types in Aged Animals
(A) Toluidine blue staining of 5- and 45-day-
old retina from control (Rh1-GAL4 > UAS-
luciferase-RNAi) and Rh1-GAL4 > Pits-RNAi
(Rh1-GAL4 > UAS-pits-RNAi) flies reveals
disorganization of the ommatidtia and
photoreceptor loss. The scale bar represents
5 mm.
(B and C) TEM images showing the photo-
receptors and the ommatidia (scale bar in
B represents 2 mm) and photoreceptor (scale
bar represents 1 mm in C) section. The red
arrow indicates the presence of tubulovesic-
ular-like structures (TVSs), and the yellow
arrow indicates neuronal lipid droplets
(C). Further TEM images are available in Fig-
ures S5 and S6.
(D and E) Quantification of rhabdomere
loss (D) and TVSs (E) on a minimum of
n ¼ 27 randomized sections from the
retina from three animals per genotype.
Statistical analyses were with unpaired
two-tailed t tests. Results are means þ SEM
(**p < 0.01, ****p < 0.0001).
having uncertain significance to the phenotype. Given the

size and inclusion of multiple genes, it would be difficult to

speculate on a discrete role for IRF2BPL in the phenotypes.

Our findings offer additional evidence that variants in

IRF2BPL are implicated in neurological symptoms, and

they additionally extend the phenotype into neurodeve-

lopmental regression. Furthermore, our model-organism

experiments with fruit flies support an important role for

IRF2BPL in embryologic development as well as neuronal

maintenance. IRF2BPL is well conserved, and the fly

gene, pits, is abundant in the nervous system during devel-

opment and in adulthood. The pitsMI02926-TG4.1 LoF mu-

tants fail to survive past early larval stages and mostly die

as embryos. Although we were not able to rescue the

pitsMI02926-TG4.1 allele with either the human or fly cDNA,

pitsMI02926-TG4 is rescued with a genomic rescue construct

specific to pits, showing that this chromosome does not

carry other lethal or second-site mutations. Interestingly,

ubiquitous overexpression of IRF2BPL or pits in flies is

toxic, suggesting that the gene is highly dosage sensitive.

Many genes implicated in neurodegenerative disorders

cause overexpression phenotypes in Drosophila.70,71 In
The American Journal of Human G
our experiments, however, overexpres-

sion of the nonsense variants was not

toxic. These results suggest that the

mechanism of disease might be

through a loss of protein function of

IRF2BPL. Overexpression of the

missense variants showed a range of

effects. Although overexpression of

p.Lys418Asn was only lethal at higher

temperatures (i.e., higher levels of

expression), p.Pro372Arg was lethal
at any temperature. These results suggest that some of

the proteins with the missense variants retained a toxic

function when overexpressed. Understanding the precise

molecular function of Pits and IRF2BPL will allow re-

searchers to design experiments to test this possibility. In

summary, either excess or loss of pits or IRF2BPL is highly

detrimental to survival. The fact that expression at low

levels (Act-GAL4 at 18�C) is still toxic suggests that expres-
sion of the gene product is highly regulated in vivo through

mechanisms such as ubiquitination through the PEST

domain. Note that the truncating variants in IRF2BPL

might produce a peptide that could aggregate and misloc-

alize. The nonsense variants cluster around the polyQ

stretch and might produce a toxic protein. However,

neuronal overexpression of these truncated variants in

aged flies causes no obvious phenotypes, suggesting that

they are not highly toxic.

Although RNAi knockdown of pitsmight not be an ideal

model for truncating variants in IRF2BPL, phenotypic

similarities between a partial Pits reduction in flies and

symptoms observed in humans suggest evolutionary con-

servation in neuronal mechanisms. For example, (1) all
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individuals had seizures or EEG abnormalities, and a reduc-

tion of Pits in neurons led to a bang-sensitive phenotype in

flies. Bang-sensitivity is associated with seizure-like paraly-

sis that has phenotypic as well as genetic parallels with hu-

man epilepsy.72,73 (2) The five individuals carrying

nonsense variants in IRF2BPL displayed progressive motor

dysfunction that manifested after early childhood. Simi-

larly, neuronal reduction of Pits in flies caused a progres-

sive decline in climbing ability that was not observed in

young flies. (3) The two oldest individuals, who have

nonsense variants, display cerebral atrophy in adulthood.

Correspondingly, we found that a reduction in pits expres-

sion in photoreceptors led to a slow and age-dependent

loss of neuronal integrity. (4) The cerebellar symptoms

and cerebellar atrophy might correspond to a requirement

for pits expression in the antennal mechanosensory and

motor center. These neurons are required for balance and

auditory and motor coordination, the insect equivalent

of the cerebellum,62 and Pits is abundant in these cells.

These results support the notion that IRF2BPL and Pits

have fundamental roles in the development and mainte-

nance of the CNS.

IRF2BPL has similarity to its mammalian paralogs

IRF2BP1 and IRF2BP2 and has been shown to interact

with IRF2 (interferon regulatory factor 2).74,75 However,

flies lack an obvious homolog to IRF2, indicating that pits

and IRF2BPL might have additional conserved functions

that are currently unknown. Recently, a study inDrosophila

indicated that the fly ortholog, Pits, regulates transcription

during early embryogenesis by interacting with a histone

deacetylase, Sin3A (SIN3A and SIN3B in humans) and a

co-repressor, Tramtrack 69 (no identified human ortho-

log).58 Consistent with previous studies in flies and rats,

our data suggest that both Pits and IRF2BPL are found pre-

dominantly in the nucleus.60,76 We showed enrichment in

the nucleus of photoreceptors and numerous neurons, but

we also observed Pits::GFP in axons and cell bodies and lit-

tle to no staining in the dendrites of the mushroom body.

This could indicate that Pits might have a non-nuclear role

in specific subcellular compartments in neurons. Finally,

through neuron-specific knockdown experiments in flies,

we demonstrate that pits is important for function and/or

neuronal maintenance over time.

Within the cohort, we observed different phenotypes ac-

cording to the type of variant. All four nonsense variants

truncate IRF2BPL upstream of the putative nuclear locali-

zation signal, the conserved C-terminal RING domain,

and multiple putative PEST sequences. Although little is

known about IRF2BPL and Pits, most studies implicate

their localization and function in the nucleus.30,58,60,76,77

However, the RING domain of IRF2BPL has recently been

shown to act as an E3-ligase that ubiquitinates b-catenin

and suppresses Wnt signaling in gastric cancer.32 It is

currently unclear whether this pathway might be altered

in IRF2BPL-associated disease. Finally, the predicted PEST

sequences suggest that IRF2BPL is highly regulated and

support our data indicating that overexpression of the pro-
256 The American Journal of Human Genetics 103, 245–260, August
tein can be detrimental. Toxicity was observed by overex-

pression of fly or human cDNA constructs in all cells

(Act-GAL4) or within the cell types in which pits is endog-

enously expressed (pitsMI02926-TG4.1). Although IRF2BPL

ubiquitous expression or overexpression within the cell

types in which pits is endogenously expressed caused

lethality, we did not observe lethality or any remarkable

phenotypes by overexpression of IRF2BPL or the variants

when IRF2BPL was expressed specifically in neurons

(nSyb-GAL4) (data not shown). Therefore, increased abun-

dance of Pits and IRF2BPL might be detrimental only to

certain cells. Our functional assays of nonsense and

missense variants support loss of function and tight

control of protein expression and/or turnover. Future

studies will aim to determine IRF2BPL targets for ubiquiti-

nation and binding partners that mediate neurological

phenotypes.

In summary, we have implicated dominant de novo vari-

ation in IRF2BPL to a neurological disorder in humans. We

observed that individuals with nonsense variants in this

single-exon gene suffer from a progressive and devastating

neurological regression, and individuals with raremissense

variants also show a spectrum of neurological phenotypes.

The bioinformatics signature supports a deleterious effect

in IRF2BPL at the gene and variant levels. We provide func-

tional analysis in flies to support a loss-of-function model

of IRF2BPL-associated disease. Future studies examining

the mechanism of early death in pits-mutant flies, as

well as molecular mechanisms of neurodegeneration in

pits-knockdown animals, will most likely shed light

on conserved pathways essential for neurological

development.
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