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De novo FZR1 loss-of-function variants
cause developmental and epileptic
encephalopathies

Sathiya N. Manivannan,®? Jolien Roovers,** Noor Smal,” Candace T. Myers,°
Dilsad Turkdogan,’ Filip Roelens,® Oguz Kanca,? Hyung-Lok Chung,"? Tasja Scholz,”
Katharina Hermann,'° Tatjana Bierhals,” Hande S. Caglayan, '’
Hannah Stamberger,>*? MAE Working Group of EuroEPINOMICS RES Consortium,
Heather Mefford,® Peter de Jonghe,>**? ®Shinya Yamamoto,>131%1>

Sarah Weckhuysen>'%'®” and Hugo J. Bellen%1314.1>:18

FZR1, which encodes the Cdh1 subunit of the anaphase-promoting complex, plays an important role in neurode-
velopment by regulating the cell cycle and by its multiple post-mitotic functions in neurons. In this study, evalu-
ation of 250 unrelated patients with developmental and epileptic encephalopathies and a connection on
GeneMatcher led to the identification of three de novo missense variants in FZR1.

Whole-exome sequencing in 39 patient-parent trios and subsequent targeted sequencing in an additional cohort
of 211 patients was performed to identify novel genes involved in developmental and epileptic encephalopathy.
Functional studies in Drosophila were performed using three different mutant alleles of the Drosophila homologue
of FZR1 fzr.

All three individuals carrying de novo variants in FZR1 had childhood-onset generalized epilepsy, intellectual dis-
ability, mild ataxia and normal head circumference. Two individuals were diagnosed with the developmental and
epileptic encephalopathy subtype myoclonic atonic epilepsy. We provide genetic-association testing using two in-
dependent statistical tests to support FZR1 association with developmental and epileptic encephalopathies.
Further, we provide functional evidence that the missense variants are loss-of-function alleles using Drosophila
neurodevelopment assays. Using three fly mutant alleles of the Drosophila homologue fzr and overexpression stud-
ies, we show that patient variants can affect proper neurodevelopment.

With the recent report of a patient with neonatal-onset with microcephaly who also carries a de novo FZR1 missense
variant, our study consolidates the relationship between FZR1 and developmental and epileptic encephalopathy
and expands the associated phenotype. We conclude that heterozygous loss-of-function of FZR1 leads to develop-
mental and epileptic encephalopathies associated with a spectrum of neonatal to childhood-onset seizure types,
developmental delay and mild ataxia. Microcephaly can be present but is not an essential feature of FZR1-encephal-
opathy. In summary, our approach of targeted sequencing using novel gene candidates and functional testing in
Drosophila will help solve undiagnosed myoclonic atonic epilepsy or developmental and epileptic encephalopathy
cases.
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APC = anaphase promoting complex; ASD = anti-seizure drug; CADD = Combined Annotation
Dependent Depletion; CLB = clobazam; DEE = developmental epileptic encephalopathy; EMS = ethyl
methanesulphonate; ERG = electroretinogram; gnomAD = Genome Aggregation Database; HRP = horseradish
peroxidase; LEV = levetiracetam; LTG = lamotrigine; MAE = myoclonic atonic epilepsy; MARCM = mosaic analysis
with a repressible cell marker; VPA = valproic acid; WES = whole-exome sequence

Introduction

Developmental and epileptic encephalopathies (DEEs) are a het-
erogeneous group of disabling disorders, characterized by a com-
bination of severe epilepsy and neurodevelopmental problems.*
Seizures in DEE patients usually have an early age-of-onset and
are often refractory to anti-seizure drugs (ASDs). The majority of
DEE cases are thought to have a genetic basis, usually in the form
of rare de novo variants with a highly disruptive effect on gene ex-
pression or protein function. Pathogenic variants in more than 100
genes have been associated with a DEE phenotype so far.”™
Identifying the causal variant in a DEE patient can bring an end to
an often long and stressful diagnostic odyssey and may lead to
improved or targeted treatment for a subset of the cases.?>®

We set out to identify novel variants in DEE patients by screen-
ing a large cohort of patients with myoclonic atonic epilepsy
(MAE), a subtype of DEE, as part of the efforts of the
EuroEPINOMICS-RES consortium.” MAE (previously known as myo-
clonic astatic epilepsy or Doose syndrome) is characterized by gen-
eralized seizure types including myoclonic, atonic, myoclonic-
atonic, absence and tonic-clonic seizures. EEG typically shows
generalized (poly)spike and waves and seizure onset is typically
between 7 months and 6years.® Using a combination approach of

trio whole-exome sequencing (WES) and subsequent screening
with a targeted gene panel including candidate genes for MAE, we
identified two individuals diagnosed with MAE who each carried a
unique de novo missense variant in FZR1. A third individual with a
DEE with childhood-onset generalized epilepsy and a de novo mis-
sense variant was identified through GeneMatcher.’

FZR1 (fizzy and cell division cycle 20 related 1) encodes Cdh1,
one of the two regulatory subunits of the anaphase-promoting
complex (APC) that confers the substrate-specificity on this E3 ubi-
quitin ligase complex.'® APC was initially identified to play a key
role in mitotic cell cycle progression.* When Cdh1 associates with
APC (Cdh1-APC), it controls mitotic exit leading to G1 arrest.’?
Cdh1/Fzrl knockout in mice leads to embryonic lethality, suggest-
ing that this gene plays critical roles in development in vivo in
mammals.”® These Fzrl knockout mice, which die as embryos,
have impaired cortical neurogenesis due to delay of mitotic exit,
leading to reduced cortical size and thickness.'* Cdh1-APC
also has a prominent function in post-mitotic cells in the nervous
system.’® It controls neuronal survival,’®'” axonal growth®® and
synapse formation and function.’ Similar to its mammalian
counterpart, the Drosophila homologue of FZR1, fzr (fizzy-related),
has been studied in the context of neurodevelopment in addition
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to its role in cell-cycle regulation as part of the APC."®2°22 fzr is ne-
cessary for photoreceptor patterning and regulates glial cell migra-
tion from the brain into the eye imaginal disc.”® Through a forward
genetic screen, we previously isolated two fzr alleles which dis-
played abnormal retina patterns and defects in electroretinograms
(ERGs).?® These phenotypes have been reported in hypomorphic
mutants of fzr, which were first identified through their rough
eyes, leading to one of the gene’s synonyms ‘retina aberrant in
pattern (rap)’.?* These previously generated fzr alleles provide gen-
etic tools to test the functionality of the human FZR1 variants iden-
tified in DEE patients.

During the course of our study, a different rare variant in FZR1
was reported in an individual with microcephaly and DEE.?® This
study showed that the missense variant found in their patient led
to decreased stability of the FZR1 protein in patient leucocytes and
in HEK293T cells as well as accumulation of proteins targeted by
Cdh1-APC.? The mutant protein was also unable to rescue the ab-
errant cell-cycle distribution of primary cortical progenitors from
Cdh1/Fzr1 knockout mice. Based on these data, the authors argued
that this variant potentially contributes to microcephaly in the
patient.

Here, we present three individuals with DEE and a novel de novo
missense variant in FZR1. Two patient variants lead to the same
amino acid change, and the third variant affects the same residue
as affected in the previously published case.? These cases consoli-
date the role of FZR1 in DEE and expand the phenotypic spectrum
of FZR1-related encephalopathy to DEE with childhood-onset gen-
eralized epilepsy, mild ataxia and normal head circumference. To
determine the functional consequence of the missense variants,
we assessed the ability of the variant proteins to rescue the eye
phenotype of the fly fzr mutant alleles isolated from a forward
genetic screen using mosaic analysis. Furthermore, we also gener-
ated a new loss-of-function allele of fzr using the CRIMIC (CRISPR-
Mediated Integration Cassette) technology?® to study the impact of
the patients’ variants during development. Through these assays
in Drosophila, we provide functional evidence for a loss-of-function
mechanism of the pathogenic variants found in our patients, fur-
ther supporting the involvement of FZR1 in DEE.

Materials and methods

Patient 1 was recruited to the project on MAE of the
EuroEPINOMICS-RES consortium.” WES was performed on an
initial cohort of 39 parent-offspring trios (including Patient 1)
with MAE at the Wellcome Trust Sanger Institute (Hinxton,
Cambridgeshire). MAE was defined as the presence of myoclonic
and (myoclonic-)atonic seizures and generalized (poly)spike waves
on EEG in a child with previous normal or mildly delayed develop-
ment. MRI of the brain should have excluded an acquired cause of
the phenotype. WES and subsequent data analyses were per-
formed as previously described.?”” Coding variants that lead to a
missense change, stop gain/loss, frameshift or essential splicing
change and were not present in the Exome Aggregation
Consortium (ExAC)*® and Genome Aggregation Database
(gnomAD, v2.1.1)*° with a frequency >0.01 or >0 for homozygous
and X-chromosome or heterozygous variants, respectively, were
retained. We also excluded variants in genes that are not
expressed in the brain in the Genotype-Tissue Expression project
database (V8).>° Missense variants with a Combined Annotation
Dependent Depletion score (CADD, v1.6)*! <20 were excluded. All
remaining candidate variants following a recessive, de novo or
X-linked inheritance were validated using Sanger sequencing.
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Patient 2 was part of a follow-up cohort consisting of 211 DEE
patients, including 89 probands with MAE and 122 probands with
Dravet or Dravet-like syndrome. The cohort was screened using a
targeted gene panel using Molecular Inversion Probes and con-
sisted of the coding regions of 12 known and 40 candidate genes
(at time of screening) for MAE, including FZR1 (Supplementary
Table 1). Candidate genes included in this panel were selected
from a list of genes with single de novo hits identified in the
EuroEPINOMICS-RES WES data. Data analysis and variant filtering
was performed as previously described.?” Segregation analysis was
performed using Sanger sequencing for all non-synonymous,
frameshift and splice-site variants that were not present in the
EXAC set of ~61,000 WES.?® Paternity and maternity were con-
firmed using the Powerplex®16S system (Promega).

Patient 3 was identified through GeneMatcher.*® Trio-WES was
performed in a clinical diagnostic setting using DNA from the pa-
tient and both healthy parents. Trio-exome data were filtered for
non-synonymous de novo variants absent in the general popula-
tion (gnomAD) and for rare biallelic variants with minor allele
frequency < 0.1% and absence of homozygous carriers in the
aforementioned database. The functional impact of the identified
missense variants was predicted using the CADD v1.6,° SIFT
(Sorting Intolerant from Tolerant)** and Polyphen®® pathogenicity
prediction tools.

The Ethical Committees of all local institutes participating in
EuroEPINOMICS-RES approved the study. Parents of each patient
signed an informed consent form for participation in the study.

The molecular lesions of two ethyl methanesulphonate (EMS)-
induced variants identified from our previous forward genetic
screen,” fzr® and fzr®, were identified using Sanger sequencing of
PCR amplicons of genomic DNA.*® ERG analyses on mosaic adult
eye were performed as described earlier.’” The generation of the
CRIMIC allele, Drosophila overexpression stocks for wild-type and
variant-carrying cDNAs, the details of characterization of these
alleles and crosses used to perform the mosaic analysis with a
repressible cell marker (MARCM) analysis are provided in the on-
line Supplementary material.

Excess de novo variant presence in DEE patients for FZR1 was eval-
uated using denovolyzeR.*® For this analysis we used the two de
novo missense variants identified in the combined research cohort
of 250 patients examined in our study. In parallel, we determined
the number of rare, potentially damaging variants in FZR1 in the
control population set of gnomAD?® based on CADD,** SIFT** and
Polyphen® scores using the Variant Effect Predictor tool from
Ensembl.*® We filtered missense variants and loss-of-function var-
iants that had a general population frequency of less than or equal
to 0.01, had a CADD score greater than or equal to 20 and were pre-
dicted to be Pathogenic/Likely pathogenic by SIFT and Polyphen.
For this analysis segregation of variants was ignored. We per-
formed a chi-square test to evaluate the allele-count excess as
well as number of unique variant preponderance in the DEE pa-
tient cohorts compared to the gnomAD (control) population.

To examine the localization of the residues predicted to be altered
by the patients’ missense variants, we used the 3D structural
model of Cdhl generated from an electron microscopy
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reconstruction of the Homo sapiens APC (PDB ID: 4ui9).° We used
PyMOL (Molecular Graphics System, Version 2.0 Schrodinger, LLC)
to map the location of the residues affected. We also predicted the
location of the Drosophila Fzr® variant based on the homology of
human FZR1 and Drosophila Fzr proteins (Supplementary Fig. 2A).

y w fzr®, FRT19A/FM7c, Kr-GAL4, UAS-GFP and y w fzr®, FRT19A/
FM7c, Kr-GAL4, UAS-GFP (BDSC 52384) females were crossed with y
w FRT19A; ey-FLP (BDSC 5579). The resulting females carried mo-
saic eyes with mutants identifiable with the lack of red pigmenta-
tion. ERG analyses on mosaics were performed as described
earlier.?>%

Immunofluorescence analysis was performed as described earlier
on embryos and third instar larval eye imaginal discs.’®?° Samples
were imaged using a LSM 500 confocal microscope (Zeiss) to gener-
ate a Z-stack of different focal planes. The confocal Z-stack images
were used to generate maximum intensity Z-projection using
ImageJ.*

Human FZR1 cDNA (NM_001136198.1) in the donor vector
pDONR221 (HsCD00042756;) was purchased from Harvard cDNA
clone repository. The coding region was cloned into the pEzy-eGFP
(Addgene #18671) destination vector in frame with an N-terminal
eGFP tag using Gateway'™ LR Clonase™ II Enzyme mix
(ThermoFisher 11791020) following the manufacturer's recom-
mended protocol. The variants observed in the DEE patients were
introduced into the pEzy-eGFP-FZR1 using Quickchange II site
directed mutagenesis kit (Agilent).

All WES data generated in the EuroEPINOMICS-RES project
were deposited in the European Genome-Phenome Archive,
accession numbers EGAS00001000190, EGAS00001000386 and
EGAS00001000048.

Results

Patient 1 is a 17-year-old male born at term in a non-consanguin-
eous family of Turkish origin. He had an elder brother with mild
learning disabilities without epilepsy and a paternal grandmother
with lesional epilepsy. At the age of 3years and 11 months the pro-
band presented at the paediatric neurology clinic with generalized
tonic—clonic seizures. Some developmental delay had already been
noticed prior to seizure onset and mainly manifested as delay in
receptive and expressive language development and fine motor
skills. At the age of 4 years and 2 months, he developed myoclonic
and atonic seizures and at 4.5years of age absences were noted.
The patient was first treated with valproic acid (VPA), which
decreased the seizure frequency and duration but led to continu-
ation of frequent drop attacks. He was subsequently treated with
levetiracetam (LEV), clobazam (CLB) and lamotrigine (LTG). He
eventually became seizure-free at 4.5years on a combination of
CLB and VPA. EEG at 4 years of age showed a slow background and
generalized epileptic activity. A sleep EEG at the age of 4years
demonstrated frequent generalized spike waves (Supplementary
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Fig. 1A). Multiple EEGs at ages 6-7 years were normal. EEGs at 8 and
11years showed rare epileptic discharges, both focal and general-
ized, but no clinical recurrence of seizures was noted. On clinical
examination the boy had a mild ataxic gait and some orofacial co-
ordination problems. He spoke a few words, and there were no evi-
dent dysmorphic features. Head circumference was at the 23rd
percentile (54 cm at 17 years). The patient was diagnosed with MAE
with moderate intellectual disability. Currently, there are mild be-
havioural problems (hyperactivity and attention problems), but he
is very social.

Patient 2 is a 14-year-old female, born at 42 weeks gestational
age in a non-consanguineous family of Moroccan origin. There
was no known history of epilepsy or developmental delay in this
family. She has one healthy younger brother. The neonatal period
was unremarkable. Early motor milestones were marginally nor-
mal: she sat up straight at the age of 9months and walked at the
age of 18 months. A delay in language development and an insta-
ble gait were noticed at the age of 2.5years. At the age of 2years
and 10 months she had a developmental index lower than 55 on
the Bayley II developmental scale, correlating with a developmen-
tal age of 16 months. On clinical examination a moderate crouch
gait and hyporeflexia were observed. Seizures first started at
3.5years of age, with more than 10 generalized tonic-clonic seiz-
ures a day. Later, the patient developed myoclonic, tonic, tonic-
clonic, atonic seizures and atypical absences. Multiple EEGs
showed generalized epileptic activity (Supplementary Fig. 1B).
Initial treatment with VPA had a temporary effect on seizure fre-
quency. Add-on of LEV induced a new seizure type characterized
by upward eye deviation, head drop and sometimes falling, after
which LEV was stopped. Further treatment with combinations of
ASD including nitrazepam, CLB, topiramate, LTG, carbamazepine,
ethosuximide, felbamate, sulthiame and vagal nerve stimulation
all had little effect on seizure frequency. She currently still has
daily atypical absences and rare tonic-clonic seizures. Metabolic
screening, examination of CSF and skin biopsy were normal. On
brain MRI at the age of 2.5 and 3.5 years of age, subtle white matter
lesions were observed periventricular and in the parieto-occipital
lobes (Supplementary Fig. 1E), thought to reflect delayed myelin-
ation. Last MRI at age 8 showed an almost complete normalization
of the imaging abnormalities (Supplementary Fig. 1F and G). At last
follow-up, she speaks a few isolated words, has a mild ataxic gait
and a severe intellectual disability. Other comorbidities are autism
spectrum disorder and behavioural and concentration problems.

Patient 3 is a 3-year-old female, the first child of healthy con-
sanguineous parents from Afghanistan. She has a healthy 2-year-
old sister. She was born after an inconspicuous pregnancy at 40 +
4weeks of gestation. The birth measurements were normal [birth
weight 3620g (-0.2z), birth length 52cm (0z), occipitofrontal cir-
cumference at birth 36 cm (0.7z)]. The neonatal period was unre-
markable except for an oozing navel. A muscular hypotonia was
noticed at the age of 5months. Milestones of motor development
were reached delayed: she sat up straight at the age of 14 months
and started walking at the age of 26 months. Language develop-
ment was delayed as well: at 3years she only speaks a few words;
receptive language is less impaired. Cognitive development is also
not age-appropriate. Clinical examination at the age of 2years
showed a muscular hypotonia, coordination problems and an
ataxic gait. A sleep EEG at the age of 1.5 years showed generalized
spike-wave paroxysms. Seizures started at the age of 2years and
9months and consisted of generalized tonic-clonic seizures. After
initial therapy with LEV she was seizure-free for 1.5 months. Soon,
and despite addition of CLB, generalized tonic-clonic seizures
recurred every 2weeks. A probationary treatment with valproate
was not tolerated. After her third birthday, there was an increase
in seizure frequency with several serial seizures a day. Seizures
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consisted of starred gaze with myoclonic jerks of the arms and
smiling and frequent generalized tonic—clonic seizures. Therapy
with LEV was replaced by lacosamide and LTG. EEG at 3years of
age showed a slow background and bursts of generalized sharp
waves and irregular slow spike-wave activity (Supplementary
Fig. 1C and D). Brain MRI revealed a mild frontotemporal accen-
tuated volume reduction and bilateral white matter hyperinten-
sities suggestive of delayed or hypomyelination (Supplementary
Fig. 1H-]J). Because of difficulties in taking her medication, she
received a percutaneous endoscopic gastrostomy tube at age
3years 4months.

A summary of the clinical history of the three patients
described above, and the patient described by Rodriguez et al.,”
can be found in Table 1.

WES on Patient 1 and unaffected parents yielded a de novo mis-
sense variant in FZR1 [c.559G > A, p.(D187N), Table 1] located at the
same residue as the previously reported de novo missense variant
in a patient with microcephaly, psychomotor retardation and epi-
lepsy [p.(D187G)].>® No other variants passed the filtering steps as
described in the 'Materials and methods’ section. An elder brother
with mild learning disabilities but no seizures did not carry the
variant. The variant is not present in the gnomAD database (v2
and v3) and has a CADD score of 29.7,>" a SIFT score of 0.01** and a
PolyPhen score of 0.936,%° all indicating a deleterious or probably
damaging effect. The variant was also absent from the NDAL
inhouse database (Kog University-KUTTAM, Istanbul, Turkey),
including 2282 exomes of Turkish patients with various neuro-
logical disorders or diabetes/obesity and 803 genomes from
Turkish amyotrophic lateral sclerosis patients and healthy con-
trols. According to the gnomAD database,® FZR1 has a pLlI score of
1, observed/expected score of 0.04, and a z-score of 3.64 for mis-
sense variants, showing that this gene is intolerant to both loss-of-
function (nonsense, frameshift, core splicing) and missense
variants.

Following the identification of a de novo FZR1 missense variant
in Patient 1, a follow-up panel-screening resulted in the identifica-
tion of another de novo FZR1 missense variant [c.999C>G,
p-(N333K), Table 1] in Patient 2. This variant had a CADD score of
23.6, a SIFT score of 0.01 and a PolyPhen score of 0.814, all predict-
ing a deleterious or possibly damaging effect. This variant was also
absent from the gnomAD database. Previous genetic tests on this
patient included karyotype analysis and SCN1A and PCDHI19
screening, all of which were negative. Array-based comparative
genomic hybridization (array-CGH) showed two duplications on
Chr11p11.2. These copy number variations were inherited from
the healthy mother and did not include disease-associated genes.
Therefore, they were deemed non-contributing to the patient
phenotype.

Patient 3 was identified through GeneMatcher, and carries a de
novo missense variant at the same nucleotide position as Patient 2,
leading to an identical amino acid change [c.999C> A, p.(N333K),
Table 1], with identical CADD, SIFT and PolyPhen scores. Previous
chromosome analysis and array-CGH were normal. Filtering of
exome data retained homozygous variants in two additional
genes, not yet reported in the context of rare Mendelian disorders.
The missense variant ¢.2105_2106delinsTC, p.(S702F) in PTPN21
(NM_007039.4) had a SIFT score of 0.000 and a PolyPhen score of
0.996, predicting a probably damaging effect. This multi-nucleotide
variant is present twice heterozygous in gnomAD. PTPN21 (tyro-
sine-protein phosphatase non-receptor type 21) is an oncogenic
protein known to be upregulated in several types of cancer cells*!
and functions as a key regulator of inflammation.*> Two non-

S. N. Manivannan et al.

synonymous single-nucleotide polymorphisms in PTPN21 showed
association to schizophrenia in a genome-wide association
study.*® In neurons, PTPN21 controls the activity of KIF1C, a fast
organelle transporter implicated in the transport of dense core
vesicles and the delivery of integrins to cell adhesions.** It was fur-
ther shown to positively influence cortical neuronal survival and
to enhance neuritic length.** The second homozygous variant
identified in Patient 3 was the truncating variant c.577C>T,
p-(R193%) in the last exon of TPD52L2 (NM_199360.3). TPD52L2 (tu-
mour protein D52-like 2) is a ubiquitously expressed tumour pro-
tein shown to be involved in multiple membrane trafficking
pathways and to affect cell proliferation, adhesion and inva-
sion.*®* As the de novo FZR1 missense variant resulted in the
same amino-acid substitution as identified in Patient 2 who has a
very similar phenotype, we concluded that the FZR1 variant is
most likely to underlie the neurological disease of Patient 3. We
cannot, however, totally exclude the possibility that the variants
in PTPN21 and TPD52L2 contribute to the phenotype of Patient 3.

Having found these cases, we tested the association between
rare variants in FZR1 and DEE using two different genetic associ-
ation testing tools. First, we used the tool denovolyzeR,* which
evaluates the overrepresentation of de novo variants that affect the
protein sequence (missense and loss of function variants) in a spe-
cific gene. We found that identification of two de novo variants in
FZR1 amongst the 250 patients in our research cohort is a 212-fold
enrichment (Poisson distribution P-value of 4.41e-05) over the
expected number of de novo variants, suggesting a strong associ-
ation of FZR1 de novo missense variants with the disorder. Second,
we compared the rate of rare, damaging variants in our research
cohort (250 patients) with that of general population in gnomAD
(141456 samples)® in FZR1. Once again, we found a significant en-
richment in the number of damaging variants in FZR1 within our
patient cohort (2/250 patients) compared to that of gnomAD (total
allele count = 97, unique variants = 57; chi-square test P-value for
unique variants = 1.613e-05; chi-square test P-value for total allele
count = 0.001574).

FZR1 and its homologues in other species are highly conserved,
with Drosophila fzr protein showing over 70.3% identity (79% simi-
larity) with human FZR1. The amino acids that are impacted by
the missense variants that we identified in the patients are con-
served in Drosophila fzr (Fig. 1A and Supplementary Fig. 2A). To test
the effect of the patient variants on protein stability and localiza-
tion, we expressed FZR1 with an N-terminal eGFP tag in HEK293
cells. FZR1 expression was detected in the nucleus, with a weaker
diffuse signal in the cytoplasm (Fig. 1B). Variant FZR1 proteins
showed a similar pattern of localization. However, western blot of
total protein from cells transfected with wild-type or mutant
eGFP-FZR1 showed a clear difference in FZR1 abundance, with
both patient variants leading to a reduction in protein level of ap-
proximately 40% (P < 0.01; Fig. 1C and D).

To further examine the effect of patient variants on human
FZR1 function, we mapped the affected residues in a 3D protein
structure of the APC.'® Variants found in all three patients affect
residues within the WD40 domain of the FZR1 protein (Fig. 1E and
F and Supplementary Fig. 2B). WD40 domains, also known as beta-
transducing repeats, enable protein-protein interactions,*® and de
novo variants in another WD40 repeat containing protein encoding
gene WDR37 have also been recently associated with epilepsy.*
The active site of a WD40 domain is often found in the central cleft
of the propeller where the loops connect the successive beta
sheets. As both variants are present in those loops (Fig. 1E and F),
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Patient 1 Patient 2 Patient 3 Rodriquez et al.>®
Sex Male Female Female Male
Age at study 17 years 15 years 3 years 4 years
Ethnic origin Turkish Moroccan Afghan Spanish
FZR1 variant g.3527717G>A g.3532084C>G g.3532084C> A g.3527718A>G

(NC_000019.9,
NM_016263.3)

Inheritance

Development prior to
seizure onset

Age at seizure onset
Type(s) of seizure at

onset
Additional seizure types

EEG at onset

Later EEG studies

ASDs trialled
Current ASDs
Drug-resistant
Intellectual disability

Behavioural problems

Brain MRI

Head circumference (age)
[percentile]
Neurological exam

Other features

Epilepsy syndrome

c.559G> A, p.(D187N)

De novo

Delayed language
development, fine motor
problems

3 years 11 months

Generalized tonic clonic sz

Myoclonic, atonic,
absences

Slow background,
generalized epileptic
activity

Normal or rare focal or
generalized epileptic
discharges

VPA, LEV, CLB, LTG

VPA, CLB

No. Sz free at age 4.5 years
on current ASD
combination

Moderate

Hyperactivity and
attention problems

Normal

54 cm (17 years) [23rd]
Mild ataxic gait and some
orofacial coordination

problems

No

MAE

€.999C > G, p.(N333K)

De novo

Delayed language
development, instable
gait

3 years 6 months

Generalized tonic clonic sz

Myoclonic, tonic, atonic,
atypical absences

Slow background, burst of
high-voltage slow waves

Slow background. Further
normal or rare
generalized epileptic
discharges

VPA, LEV, NTZ, CLB, TPM,

LTG, CBZ, ETX, FLB, SLT
VPA, CLB, LTG, SLT, VNS
Yes

Severe
ASD, attention problems

Aspecific parieto-occipital
white matter
hyperintensities (at 2.5
and 3.5 years)

52.8cm (14 years) [4th]

Moderate crouch gait,
lumbar hyperlordosis,
hyporeflexia, mild
ataxic gait

No

MAE

.999C > A, p.(N333K)

De novo
Delayed motor and
language development

2 years 9months
Generalized tonic clonic sz

Myoclonic, atypical
absences

Generalized spike-wave
complexes

Slow background.
Generalized sharp waves
and irregular slow spi-
ke-wave complexes

LEV, CLB, VPA, LCS, LTG

CLB,LTG
Yes

Severe
No

Mild frontotemporal accen-
tuated volume reduc-
tion; FLAIR hyperintense
signal alterations para-
trigonal to frontoparietal
(3 years)

49 cm (3 years) [42nd]

Muscular hypotonia,
coordination problems,
mild ataxic gait

Dysmorphic features:
deep-set eyes, high nalas
bridge, broad nasal tip.
Low set ears. Sleep
disturbance

Not further specified DEE

c.560A>G, p.(D187G)

De novo
NA (neonatal sz)

Neonatal
Right hemiclonic sz

Right and left hemiclonic,
left focal, versive, gen-
eralized tonic-clonic

NA

Ictal EEG: sz origin
from right and left
hemisphere with
continuous migratory
ictal foci

VPA, LEV, RUF, CLZ, VIG,
TPM, KETO

NA

Yes

Profound
NA

Microcephaly, further
normal

47 (4 years) [<3rd]

Severe axial hypotonia,
exaggerated deep-
tendon reflexes,
spasticity

Cardiac ultrasound: mild
mitral and tricuspid
insufficiency and left
ventricular
hypertrophy

EIMFS

CBZ = carbamazepine; CLZ = clonazepam; EIFMS = epilepsy of infancy with migrating focal seizures; ETX = ethosuximide; FLB = felbamate; KETO = ketogenic diet; LCS = laco-
samide; NA = not applicable; NTZ = nitrazepam; RUF = rufinamide; SLT = sulthiame; sz; seizures; TPM = topiramate; VIG = vigabatrine; VNS = vagal nerve stimulation.

they may interfere with the protein-protein interaction sites and
potentially affect the substrate binding capacity of FZR1 in add-

ition to reducing overall protein stability.

We decided to examine the functional effect of the DEE-associated
variants that we identified using Drosophila as a model organism.

For this study we used two EMS-induced alleles of fzr (fzr* and fzr®)
that we previously isolated. These alleles produce rough eye phe-

notypes in adult mosaic animals and show defects in ERGs,?* sug-
gesting that fzr is involved in the development and function of the
fly visual system. We determined the molecular lesions in these
lines using Sanger sequencing of PCR fragments of genomic DNA.

The molecular lesions in the fzr* allele is a canonical splice-site
mutation (fzr-RA: ¢.592+1G>A) and the fzr® allele is a missense
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Figure 1 Conservation FZR1 and in vitro analysis of DEE variants in mammalian cells. (A) Protein primary structure diagram of human FZR1 and
Drosophila orthologue Fzr showing conserved domains and corresponding positions of variants observed in patients. The residues affected in the
patients are conserved in Drosophila melanogaster. Amino acid sequence alignment of human FZR1 and Drosophila fzr region encompassing the DEE
variant residues, which are shown in red boxes. (B) Immunofluorescence staining for eGFP-tagged human FZR1 cDNA in HEK293 cells (green), co-
stained with DAPI (nucleus; blue) and actin-cytoskeleton (Phalloidin; magenta). (i-ii) FZR1-wt, (iii-iv) FZR1:p.D187N, (v-vi) FZR1:p.N333K localization
to the nucleus and the cytoplasm. (C) Western blot showing relative expression of FZR1-wt and variants in HEK-293 cells. Alpha-tubulin is used as
loading control. (D) Box-and-whisker plot showing the quantitation of normalized western blot signal analysed using one-way ANOVA, followed by

(Continued)
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mutation (fzr-PA: p.G316N; Fig. 2A). In the protein structure model,
this fly mutation is found close to the p.N333K residue affected in
Patients 2 and 3 (Fig. 1F).

We created an additional fly mutant by using CRISPR/Cas9 and
homology directed repair to introduce an artificial exon containing
a splice acceptor-T2A-GAL4-polyA cassette between the first and
second exons of Drosophila fzr. This allele is predicted to generate a
strong loss-of-function allele that also produces a GAL4 in the
same spatial and temporal pattern reflecting the endogenous fzr
expression pattern.?® This CRIMIC insertion (fzr®f°°643T64-2 hence-
forth called fzr'™*"¢!4) leads to precocious termination of tran-
scription of all fzr isoforms because of the presence of a polyA
termination signal as well as an interruption of translation of fzr
mRNA due to the viral T2A peptide sequence. T2A also allows re-
initiation of translation to express the GAL4 when and where en-
dogenous fzr is expressed (Fig. 2A). The fzr'?A¢4L4 allele permits
expression of transgenes including fzr cDNA in the native pattern
of fzr in the fzr-mutant background by crossing this line to a UAS-
fzr transgenic fly (Fig. 2A),%° simplifying the functional studies of
the variants of interest.

We found that the fzr™?4 641 gllele is recessive lethal and fails
to complement the lethality of a previously reported null allele of
fzr (fzr'®28), suggesting that fzr™?A-Al4 is a strong loss-of-function
allele (Fig. 2B). Complementation test between the fzr™4 A4 and
the EMS-induced mutations (fzr* and fzr?) reaffirmed that these
mutations are allelic and are also loss-of-function mutations
(Fig. 2B). Finally, we examined the rescue of the recessive lethal-
ity of fzr™#6A and the EMS alleles using a duplication contain-
ing the fzr locus inserted on the third chromosome [Dp(1;3)DC472,
Dup]. Each allele was individually rescued by this duplication and
the rescued animals did not exhibit any morphological defects,
confirming that the phenotypes observed in these alleles are due
to loss-of-function of fzr (Fig. 2B). To examine the expression pat-
tern of fzr in vivo, we crossed the fzr™?4 6414 gllele to a UAS-nls::RFP
transgenic line and explored the fluorescent pattern. We found
that fzr is broadly expressed in larval brains and eye
imaginal discs, consistent with their developmental roles in
these tissues (Fig. 2C and D).

To further characterize the phenotypes of the fzr alleles we gener-
ated, we first examined the effect of the Drosophila EMS mutants in
developing larval eye imaginal disc and adult retina. We tracked
the stereotypical pattern of larval photoreceptor precursors in
homozygous mutant cells induced through the expression of eye-
less (ey) enhancer driven flippase® (ey-FLP) that is generated using
the MARCM technique.*® In this experiment, flippase mediates the
recombination of two FRT (flippase recognition target) sites located
at the base of the X-chromosome (FRT19A). When this occurs dur-
ing mitosis and one of the two sister chromatids carries the frz
mutant allele, homozygous mutant and homozygous wild-
type cells are generated from heterozygous cells (Fig. 3A).
Simultaneously, it reverses the repression of GAL4 by GAL80 in
homozygous mutant cells, allowing the GAL4 to drive the expres-
sion of a GFP reporter and simultaneously an optional UAS-fzr
cDNA transgene (wild-type or variant, Fig. 3B). Consequently,

Figure 1 Continued
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mutant cells are marked by the GFP reporter and if included, trans-
genes are expressed within these mutant cells to rescue the
phenotype caused by fzr loss-of-function.

In the larval eye disc, the developing photoreceptors were
marked by staining for ELAV (embryonic lethal abnormal vision), a
pan-neuronal nuclear marker.>® In the homozygous mutant cells
identified using GFP reporter, we found that the larval photorecep-
tor patterns marked by ELAV were severely affected (Fig. 3C). This
phenotype in the fzr® allele is consistent with previous reports of
fzr function in the eye.'® In adults the pattern of the compound eye
was also significantly affected in animals in which mutant mosaic
clones were generated (Fig. 3D).

To further assess the function of photoreceptors, we performed
ERG recordings on 3—4-day-old flies. Adult flies with fzr mosaic eyes
showed a significant reduction in the depolarization amplitude of
the ERG response to light (Supplementary Fig. 3A and B), indicating
a defect in phototransduction. These flies also showed severe loss
of the ON/OFF transients (Supplementary Fig. 3A and B), suggesting
a defect in synaptic transmission.

Next, we examined the embryonic neurogenesis phenotype of
the fzr™4¢A mutants by assessing the morphology of the ner-
vous system through immunofluorescence staining and confocal
microscopy using an antibody that recognizes neuronal/photo-
receptor membranes [anti-horseradish peroxidase (HRP) antibody].
Hemizygous fzr'?#%AM* mutant males showed a clear defect in
neuronal patterning in the CNS of fly embryos, displaying defect-
ive neuromere patterns in the ventral nerve chord (Supplementary
Fig. 3C). This is consistent with the role of fzr in neuronal develop-
ment and phenotypes reported for previously identified fzr
alleles.?

fzr® mosaic flies showed severe morphological defects in larval eye
imaginal discs as evidenced from aberrant anti-HRP staining pat-
tern in the mutant mosaic clones (Fig. 3E). We examined the ability
of the fzr cDNA with wild-type sequence or cDNAs with variants
corresponding to those of the human patients (Fig. 1A) to rescue
this phenotype (MARCM).>®> We observed that overexpression of
the wild-type fly fzr cDNA in the mutant mosaic clones rescued
the HRP pattern defects in the eye discs [Fig. 3E(iii)], but the variant
cDNAs failed to display a similar rescue [Fig. 3E(iv and v)]. fzr
mutants in Drosophila have also been reported to exhibit defects in
glial cell migration.’® Because glia are known to play important
roles in epilepsy,>* we examined the impact of the two patient var-
iants on this phenotype, again using the MARCM system in the eye
imaginal disc. In a control animal [mosaic animals without fzr mu-
tant tissue, Fig. 3E(i)], glial cells only migrate to areas where photo-
receptors have initiated their differentiation program indicated by
HRP-positive cells [Fig. 3E(i)]. However, in mosaic cells that are de-
fective for fzr, we observed that glial cells migrate beyond the dif-
ferentiated zone and prematurely enter areas where immature
photoreceptors are present [HRP negative region, Fig. 3E(ii)]. We
observed that wt fzr cDNA was able to suppress this phenotype
[Fig. 3E(iii)] but the fzr cDNAs carrying the patient’s variants were
not able to rescue the abnormal migration of glial cells [Fig. 3E(iv

Dunnett’s test for comparison of the variants to the wild-type expression. *Multiplicity adjusted P-value < 0.01. Boxes are drawn from the 25th to
the 75th percentiles, with a line indicating mean, and error bars from maximum to minimum values. (E and F) 3D structural model FZR1 as part of
the Cdh1-APC (PDB: 4ui9)° showing the relative positions of the variants affected in the DEE patients (green) and corresponding residue of the

Drosophila mutation observed in the fzr® allele (blue).
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Figure 2 Drosophila fzr alleles and expression pattern. (A) Drosophila X-chromosome locus showing two transcriptional isoforms of fzr, two EMS-
induced mutation alleles fzr* (splice-site mutation) and fzr® (missense mutation located in the same domain as one of the patient’s variants), fzr'®?
(deletion spanning the first two exons of fzr) and a third chromosome duplication allele carrying a complete copy of fzr from the X-chromosome. Also
shown is the fzr™4-64A g]lele generated by insertion of a mutagenic T2A-GAL4 artificial exon within the second intron of fzr. This insertion leads to
termination of fzr translation and expression of GAL4 protein from the endogenous fzr locus. (B) Table showing results of complementation tests be-
tween various alleles of fzr as well the fzr locus duplication shown in A. (C and D) Expression pattern of fzr in Drosophila third instar visualized using
the fzr™A-CAL4 driving the expression of nls::RFP (red) co-stained with ELAV marking neuronal cells (green) and DAPI to detect nucleus (blue). (C) Larval

brain and higher magnification images of the boxed region. (D) The eye-antennal disc and higher magnification images of the boxed region.

and v)]. This suggests that neuron-glia communication mediated
by fzr are also affected by the patient variants.

Because we noticed that overexpression of fzr wild-type cDNA
in the eye clones occasionally led to aberrant development pat-
terns, we examined whether overexpression of fzr cDNA in wild-
type background can disrupt the normal photoreceptor develop-
ment pattern. Indeed, when wild-type fzr cDNA was overexpressed
in the developing eye using ey-GAL4, we observed a severe reduc-
tion in the size of adult retina and loss of photoreceptor pattern
(Fig. 4A and B), similar to what has been reported earlier.?” In this
assay, we observed that fzr cDNA with patient variants also caused
aberrant photoreceptor patterns (Fig. 4C and D). However, the re-
duction in the size of the adult retina due to the fzr variant

overexpression was not as severe as the fzr wild-type cDNA and
the differences between the overexpression of wild-type and var-
iants were statistically significant (Fig. 4E). These results further
support that FZR1 variants associated with DEE are loss-of-func-
tion alleles.

We next examined if wild-type UAS-fzr cDNA can rescue the le-
thality observed in fzr™4 64 flies. We used GAL4 expressed from
the T2A-GAL4 allele to drive the expression of the UAS-fzr.
Expression of wild-type fzr cDNA was able to allow a significant
fraction (~20-23%) of fzr 7?4"%AL* hemizygous males to live to third
instar larval stages, whereas they otherwise die as embryo or first
instar larvae (Fig. 5A). In contrast, the overexpression of fzr cDNA
carrying either of the two patient variants fails to rescue this early
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Figure 3 Pattern formation and glial migration defects in the photoreceptor precursors of fzr mutants are not rescued by DEE variants. (A) Diagram
showing the generation of random mosaic patches of homozygous fzr mutant cells in the developing eye disc that are marked by GFP expression
using MARCM. (B) Schematic diagram showing gene expression differences between homozygous fzr mutant (GFP +) cells and the surrounding het-
erozygous fzr (GFP-) cells. In mutant cells, Actin5c-GAL4 drives the expression of GFP and fzr cDNA (wild-type or patient variant), while in heterozy-
gous cells, GAL4 activity is suppressed by GALS80. [C(i-iv)] Control larval eye discs showing expression pattern of ELAV (red) in mosaics marked by GFP
expression generated using MARCM. [C(v-viii)] Larval eye disc showing mosaic homozygous fzr® tissue (green) showing dramatic change in ELAV
(magenta) expression within and outside the clones, showing cell autonomous and non-autonomous effect of fzr loss in vivo. [D(i)] Control adult eye
showing stereotypical pattern of compound eye. [D(ii)] Aberrant retina pattern observed in fzr® mosaic adults. (E) MARCM mosaics generated as above
stained with HRP (photoreceptor membrane). Magnified regions showing HRP boundary in dotted lines and glial cells stained with ani-Repo antibody.
[E(i)] Control larval eye imaginal disc showing limitation of glial cells to the boundary set by HRP positive cells (boundary traced by white dotted lines).
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lethality (Fig. 5A). Finally, we examined whether the patient fzr
cDNA can rescue the CNS development defects in the fzr™2A-GAl
mutant embryos. The wild-type fzr cONA was able to restore this
defect (Fig. 5B-D), but the two variant cDNAs did not rescue the
lesions (Fig. 5E and F). Together, the MARCM-based rescue experi-
ments in the developing eye, overexpression analysis in the devel-
oping eye and rescue studies of embryonic neuronal
developmental defects all suggest the variants found in three DEE
patients act as strong hypomorphic alleles, impacting neuronal de-
velopment in multiple contexts.

Discussion

In this study, we describe three individuals with DEE with child-
hood-onset generalized epilepsy carrying a de novo missense vari-
ant in FZR1. One missense variant affects the same amino acid
residue as identified in a single previously published patient with
DEE.”® We further provide statistical and functional support for
pathogenicity of these variants.

All four individuals carrying pathogenic de novo FZR1 variants
described so far suffer from neurodevelopmental delay and epi-
lepsy, but with a broad phenotypic spectrum. While the previously
reported individual had neonatal-onset treatment-resistant multi-
focal seizures, severe intellectual disability and prenatal micro-
cephaly and was diagnosed with the DEE syndrome epilepsy of
infancy with migrating focal seizures (EIMFS),%® our study shows
that the phenotypical spectrum also includes childhood-onset
generalized seizure syndromes associated with moderate to severe
intellectual disability, mild ataxia and normal head circumference.
This variability could be due to strength of alleles or genetic back-
grounds, which will require further investigation. Of note, two
patients in our study were diagnosed with the epilepsy syndrome
MAE. A normal development prior to seizure onset is historically
considered a diagnostic criterion for the diagnosis of MAE, but the
phenotypic boundaries of this syndrome remain debated.>® In a re-
cent study on the genetic aetiology of MAE, more than 20% of
patients did have developmental delay prior to seizure onset.®
This feature is indeed inherent to the concept of DEE, which
acknowledges that the neurodevelopmental impairment of these
patients is not solely related to frequent epileptic activity but is
also a direct result of the underlying gene dysfunction. Of note, the
3-year-old Patient 3 in our study did not have (myoclonic) atonic
seizures at time of inclusion in this study. As early disease history
is very similar to Patient 2, carrying a variant leading to the same
amino-acid substitution, further clinical evolution will tell
whether other seizure types will still occur. Both patients also had
similar signs of delayed myelination on early brain MRI. The more
abundant epileptic activity and slow spike-wave activity in Patient
3 is, however, suggestive of a somewhat more severe disease
course. In this respect, we cannot exclude the possibility that other
rare genetic variants in brain-expressed genes contribute to the
phenotype of Patient 3. Finally, all three patients in our study
showed mild cerebellar ataxia, in the absence of cerebellar MRI
abnormalities. Interestingly, and although FZR1 is ubiquitously
expressed in the brain, the highest expression can be found in the
cerebellum, where it has been shown to regulate cerebellar granule
cell neurogenesis.>®

Figure 3 Continued
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All patients’ variants are absent from the gnomAD database,
and although we consider this supportive of pathogenicity, the
authors realize that this evidence is hampered by the underrepre-
sentation of populations sharing our patients’ ethnicities (Turkish,
Moroccan and Afghan) in this database. Absence from a database
of Turkish exomes and genomes was determined, but the authors
had no access to Moroccan or Afghan controls. However, absence
of the variants in control populations is only one of the factors
supporting the pathogenicity of the variants. There is a significant
excess of both de novo and of (predicted) deleterious variants in our
patient cohort of DEE patients compared to a control population
such as gnomAD, suggesting an association of disease-causing
FZR1 variants and a DEE phenotype. Interestingly, all four DEE-
associated variants described so far affect one of two different resi-
dues of FZR1. FZR1 variants found in DEE patients affect residues
that are likely to be important for the substrate recognition of
Cdh1-APC.' Variants in this region may lead to altered substrate
recognition and therefore lead to a diminished function of Cdh1-
APC. Furthermore, we have shown that our patient variants lead
to lower protein levels in human cell lines, which could indicate a
reduction in the stability of mutant FZR1.

Using our Drosophila functional assays, we further show that
both p.D187N and p.N333K variants lead to functional deficits in
fzr (Cdh1) protein, especially in the developing nervous system.
The DEE-associated variants fail to rescue photoreceptor pattern
and glial cell migration that are phenotypes observed in previous
fzr alleles in Drosophila and the patient variants behave as partial
loss of function alleles. This is also observed in an overexpression
assay in the developing eye, as we find that the variants display re-
tention of some function compared to the reference allele. The dif-
ference in the functionality between the variants and the wild-
type Fzr is dramatic in the embryonic CNS development as
observed using the fzr™# ¢4 allele, which might provide a more
sensitive readout of functional differences. As a regulatory subunit
of the E3 ubiquitin ligase complex APC, FZR1 (Cdh1) is involved in
the turnover of many substrates.”” One substrate of Cdh1-APC is
FMRP (Fragile X mental Retardation Protein) encoded by the FMR1
gene.”® The interaction of FMRP with Cdh1-APC was shown to
regulate metabotropic glutamate receptor (mGluR)-dependent
synaptic plasticity®® and the formation of stress granules and
protein synthesis-dependent synaptic plasticity.>® Triplet repeat
expansion in FMR1 causes Fragile X syndrome, a neurodevelop-
mental disorder often accompanied by seizures.®® HECW2 (HECT,
C2 And WW Domain Containing E3 Ubiquitin Protein Ligase 2, also
known as NEDL2) is another substrate of Cdh1-APC®* with a link to
neurodevelopmental disorders, as de novo missense variants lead
to intellectual disability, seizures and absent language.®® Cdh1-
APC-mediated degradation of HECW2 during mitotic exit is im-
portant for the regulation of metaphase to anaphase transition.®
Abnormality of these or other substrates of Cdh1-APC may under-
lie the DEE and other phenotypes seen in our patients, which will
require further molecular studies.

In summary, our work provides genetic, statistical and func-
tional support for the role of FZR1 in DEE, and we expand the
phenotypic spectrum of FZR1-related encephalopathy from a se-
vere syndrome with neonatal-onset EIMFS and microcephaly to
include individuals with DEE with childhood-onset generalized

[E(ii)] fzr® mosaics showing not only disturbances in HRP pattern but also migration of glial cells past the boundaries (arrowhead) of HRP-positive
cells. [E(iii)] Eye imaginal discs showing rescue of HRP pattern and glial cell migration when fzr wild-type cDNA is overexpressed in mutant mosaics.
[E(iv)] Eye imaginal discs showing glial migration in regions lacking HRP signal when fzr cDNA with variant p.D172N is overexpressed in fzr mutant
cells. [E(v)] Eye imaginal discs showing similar defects in glial cell migration when fzr cDNA with variant p.N318K is expressed in fzr mutant cells.
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Figure 4 Overexpression of fzr leads to aberrant retinas. (A) Control
ey3.5-GAL4 eyes showing stereotypical photoreceptor pattern and ret-
ina size. (B) Eyes of animals with wild-type fzr overexpressed using
ey3.5-GAL4 showing severe eye size reduction and disrupted ommati-
dia pattern. (C) Adult eyes of ey3.5-GAL4 mediated overexpression of
Fzr:p.D172N leading loss of photoreceptor pattern and reduction in ret-
ina size. (D) Adult eyes ey3.5-GAL4 mediated overexpression of
Fzr:p.N318K leading to disruption in ommatidia pattern and reduction
in eye size. (E) Box-and-whisker plot showing the quantitation of the
eye size shows significant reduction of retina area due to the overex-
pression of wild-type or variant fzr cDNAs. Boxes are drawn from the
25th to the 75th percentiles, with a line indicating mean and error bars
from maximum to minimum values. Reduction in the eye size due to
variant overexpression is not as severe as defects caused by wild-type
Fzr, which are statistically significant. Statistical difference evaluated
using one-way ANOVA between all the samples followed by pair-wise
analysis using Tukey’s multiple comparison. Multiplicity corrected P-
values indicated as ***P < 0.0001, P < 0.001, *P < 0.05.

epilepsies, mild ataxia and normal head circumference. The
presence of early neurodevelopmental delay, even prior to seiz-
ure onset, is in line with the deleterious impact of patient var-
iants on early neurodevelopment in a Drosophila model. The
three molecularly defined fzr alleles (fzr?, fzr®, fzr'?4-¢A% are of
great value to the study of the role of fzr in Drosophila, and due to
the extensive conservation of residues, the study of FZRI in
human diseases. The fly mutant, overexpression lines and
assays that we have developed in this study will be an important
asset for future studies on the role of FZR1 in neurodevelopment
and the impact of human disease variants on its interaction
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Figure 5 Embryonic CNS defects in fzr'T2A-GAL4 mutants are not res-
cued by Fzr-carrying DEE patient variants. (A) Diagram showing the
crossing scheme used to assess rescue of lethality observed in fzr'™-
GAL% ysing overexpression of wild-type or variant Drosophila Fzr and
box-and-whisker plot showing the percentage of late third instar (L3)
male larvae recovered by the overexpression of wild-type and variant
cDNAs in a fzr™4-¢A% mutant background. (B-F) Drosophila embryos at
stage 15-16 showing neuronal membranes stained with HRP. (B) fzr'?4"
GAL% hemizygous embryo (fzr'?4¢AM/Y) rescued with duplication of fzr
genomic region on third chromosome serving as control. (C) fzrT24-6ALY/
Y embryos showing severe defects in the pattern of neuron develop-
ment. (D) Wild-type Fzr expression using the fzr'?4"%AM rescues neuron-
al pattern. (E and F) fzr’4%414 shows neurodevelopmental defects that
are not rescued by the expression of Fzr p. \D172N or p.N318K.

with substrates such as FMRP and HECW2 in the development
of DEE.
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