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ARTICLE

Germline variants in tumor suppressor FBXW7
lead to impaired ubiquitination
and a neurodevelopmental syndrome
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Summary

Neurodevelopmental disorders are highly heterogenous conditions resulting from abnormalities of brain architecture and/or
function. FBXW7 (F-box and WD-repeat-domain-containing 7), a recognized developmental regulator and tumor suppressor,
has been shown to regulate cell-cycle progression and cell growth and survival by targeting substrates including CYCLIN E1/
2 and NOTCH for degradation via the ubiquitin proteasome system. We used a genotype-first approach and global data-sharing
platforms to identify 35 individuals harboring de novo and inherited FBXW7 germline monoallelic chromosomal deletions and
nonsense, frameshift, splice-site, and missense variants associated with a neurodevelopmental syndrome. The FBXW?7 neurode-
velopmental syndrome is distinguished by global developmental delay, borderline to severe intellectual disability, hypotonia, and
gastrointestinal issues. Brain imaging detailed variable underlying structural abnormalities affecting the cerebellum, corpus col-
losum, and white matter. A crystal-structure model of FBXW?7 predicted that missense variants were clustered at the substrate-
binding surface of the WD40 domain and that these might reduce FBXW?7 substrate binding affinity. Expression of recombinant
FBXW?7 missense variants in cultured cells demonstrated impaired CYCLIN E1 and CYCLIN E2 turnover. Pan-neuronal knock-
down of the Drosophila ortholog, archipelago, impaired learning and neuronal function. Collectively, the data presented herein
provide compelling evidence of an F-Box protein-related, phenotypically variable neurodevelopmental disorder associated with
monoallelic variants in FBXW7.

Introduction mental cues to regulate a multitude of developmental pro-

cesses, including cellular proliferation, differentiation,
Neurodevelopment is a complex spatiotemporal process migration, and formation of neural circuits. Neurodevelop-
requiring the coordinated action of genetic and environ- mental disorders affect ~2%-5% of children and result in
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variable neurocognitive symptoms.'* They are genetically lopmental disorders have been attributed to genes that
and phenotypically heterogeneous and often require un- regulate cell division, underscoring the importance of
targeted genomic analysis and a genotype-first approach  this process in the development of the central nervous sys-
for the discovery of novel phenotypes.* Several neurodeve-  tem.>° F-box (FBX) proteins are essential for regulating the
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ubiquitination of proteins involved in the cell cycle. There
are 69 human FBX proteins, which are classified into three
subcategories on the basis of the structural class of their
substrate-binding domains: FBXW proteins contain a tryp-
tophan-aspartic acid 40 (WD40) repeat domain; FBXL pro-
teins contain a leucine-rich repeat; and FBXO proteins
contain other protein-interaction domains (reviewed in
Nguyen et al. ” and Zhang et al. ®). FBX proteins are incor-
porated as one subunit of a tetrameric SCF (SKP1-CUL1-
FBX) ubiquitin ligase complex. First, the FBX protein ag-
gregates the phosphorylated target protein independently
of the other complex subunits, then it attaches to the
adaptor protein S-phase Kkinase-associated protein 1
(SKP1), which links it to the major structural scaffold pro-
tein cullin 1 (CUL1). CUL1 links SKP1 to the ring-box 1
(RBX1) protein, which facilitates the transfer of a ubiquitin
molecule to the protein target, now marked for degrada-
tion via the ubiquitin proteasome system (UPS).®

To date, germline variants in five genes encoding FBX
proteins have been found to underlie neurodevelopmental
disorders. De novo missense variants in FBXW11 (MIM:
605651) located in the encoded WD40 domain repeats
have been associated with mild to severe neurodevelop-
mental disability, often accompanied by behavioral abnor-
malities and mandibular, ocular, and digital features.” De
novo frameshift, nonsense, splicing, and missense variants
in FBXO11 (MIM: 607871) result in mild to severe intellec-
tual disability with dysmorphic facies and behavioral ab-
normalities.'”'! De novo variants in FBX028 (MIM:
609100) have been identified in individuals with severe
to profound intellectual disability (ID) and epilepsy with
various seizure types,'*'? confirming the initial sugges-
tions that the gene was the primary phenotypic determi-
nant in chromosome 1q41q42 microdeletion syn-
drome.'*'>  Autosomal-recessive inheritance has also
been observed in FBX-related phenotypes; biallelic vari-
ants in FBXL4 (MIM: 605654) cause mitochondrial DNA
depletion syndrome with encephalomyopathy,'®'” and
in FBXL3 they cause intellectual disability with dysmor-
phic features and short stature.'® Additionally, KDM2B
(MIM: 609078), also known as FBXL10, is a candidate
neurodevelopmental-disease-associated gene with a ho-
mozygous variant identified in two siblings with
developmental delay, hypotonia, and infantile spasms;"’
additionally, monoallelic single-nucleotide variants and
chromosomal microdeletions involving this gene have
also been identified in individuals with syndromic intellec-
tual disability.?*!

F-box- and WD-repeat-domain-containing 7 (FBXW7;
GenBank: NG_029466.2; MIM: 606278) has been exten-
sively studied as a tumor suppressor (reviewed in Yeh
et al.”” and Sailo et al.”*). However, it has also been impli-
cated in a variety of diverse biological processes, including
the immune response,”*® liver lipid metabolism,*® angio-
genesis,””"*® cardiac hypertrophy,”’ haemopoiesis,*” neu-
rodevelopment®' ¢ and excitotoxicity.*”-** Herein we pro-
vide a detailed characterization of 35 individuals from 32

families identified through global matchmaking databases
and found to have 28 germline de novo and inherited
monoallelic FBXW7 variants associated with neurodeve-
lopmental disability and variable features. Evidence from
in silico protein modeling, cell-based functional studies,
and Drosophila neuronal knockdown converge to support
the discovery that pathogenic variants in FBXW7 cause
an FBX-related neurodevelopmental syndrome.

Subjects and methods

Subjects and FBXW?7 variant analysis

All procedures were approved by institutional human research
ethics committees, and informed consent was obtained for all indi-
viduals. Individuals were clinically evaluated in separate centers,
and DNA samples were analyzed by chromosomal microarray or
genomic sequencing (exome or genome, with singleton or trio
analysis) on a clinical or research basis. Contact between re-
searchers was facilitated with web-based tools Matchmaker Ex-
change’’ and GeneMatcher.*” High-confidence candidate variants,
categorized as either predicted LoF or damaging candidates, absent
from gnomAD and classified as pathogenic according to the Amer-
ican College of Medical Genetics (ACMG) guidelines*' are reported.
The functional outcome of splice-site variants was predicted with
BDGP NNSPLICE 0.9,** NetGene2**** and Splice AL**

In silico modeling of the impact of FBXW?7 variant
interaction with CYCLIN E1

The structure of CYCLIN E1 (amino acids [aa] 89-395) was built
under the default parameters of the i-TASSER website.*® The com-
plex between FBXW?7 and CYCLIN E1 was then modeled with
Schrodinger (2020-3). The highest-resolution experimental X-ray
structures of FBXW7 (aa 263-706, PDB: 20VR)*’ and the
modeled CYCLIN E1 from i-TASSER were used for building the
complex. A restraint docking approach was applied in Schro-
dinger. There were four restraints (between 4 and 6 A) that
were applied to the residues between FBWX7 and CYCLIN El,
namely Ser384(CYCLIN E1)-Arg479(FBXW7), Thr380(CYCLIN
E1)-ArgS05(FBXW?7), Thr380(CYCLIN E1)-Arg465(FBXW7), and
Thr380(CYCLIN E1)-Arg479(FBXW7).*” We then screened the
top solutions to evaluate them by their ability to satisfy the exper-
imental data.

FBXW?7 missense variants were first annotated for predicted con-
sequences via the Variant Effect Predictor (release 101) including
dbNSFP (4.1a) output.*®** MTR scores were included from the
MTR-Viewer. We selected a number of these scores to capture conser-
vation, physicochemical properties, and genic intolerance. We
examined structural properties by using the mCSM suite to manu-
ally map the missense variants to the homology-modeled complex
of FBXW7 with CYCLIN E1 bound. We used mCSM to predict
changes to thermodynamic stability (AAG) and mCSM-PPI2 to pre-
dict changes tobinding affinity.’”>' Additionally, changes to charge,
volume, and residue nature were reported for each substitution.

Functional analysis of FBXW?7 variants

The open reading frame of FBXW?7 variants (GenBank:
NM_001349798.2; ¢.1267G>A  [p.Gly423Arg]; c.1439A>G
[p.-Asp480Gly]; ¢.1631T>G [p.Val544Gly]; c¢.1920C>A [p.Ser640-
Argl; ¢.2020C>T [p.Arg674Trp]; ¢.2021G>C [p.Arg674Pro|; and
c.2066G>A [p.Arg689Gln]); and known substrates E1 CYCLIN
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(GenBank: NM_001238.4) and E2 CYCLIN (GenBank:
NM_057749.3) were synthesized, their sequences were verified,
and they were cloned inframe into C-terminal- epitope-tagged
vectors pcDNA3.1/Myc-His (ThermoFisher, V80020) and
pcDNA3.1/V5-His (ThermoFisher, V81020), respectively (Inte-
grated DNA Technologies).

HEK293T cells (American Type Culture Collection CRL-3216)
were transiently transfected with an FBX W7 variant alone or in com-
bination with either a known substrate or empty vector through the
use of Fugene HD (Promega, E2311) and harvested at 60-72 h after
transfection. Where indicated, cells were treated with 5 uM MG-
132 (Merck, 1474790) or DMSO (Sigma, D2650) at 48 h after
transfection and harvested after 16 h. Protein lysates were obtained
by resuspension and sonication (Digital Sonifier Cell Disruptor 250,
Branson) in 2% SDS, 10 mM TRIS (pH 7.5) with 1x Complete Prote-
ase Inhibitor Cocktail (Roche, 11697498001) followed by protein
estimation (ThermoFisher, 23225).

Immunoblots were performed on 50 pg of total protein via the
Criterion TGX system (BioRad) and probed sequentially with anti-
bodies to anti-c-Myc (9E10, Abcam, AB32, 1:5000); anti-V5
(ThermoFisher, R960, 1:5000), and GAPDH (1D4, Novus Biologi-
cals, NB300-221, 1:5000). Primary antibodies were detected with
goat anti-mouse IgG (H+L, Jackson ImmunoResearch, 115-005-
003, 1:10000), and bands were visualized with the Clarity Western
ECL Substrate (BioRad, 1705061) and the Amersham Imager 680
(GE Health, 29270772).

Densitometry of detected bands was recorded for semiquantita-
tive analysis between samples. Lanes and bands were identified
automatically and then manually modified where appropriate;
the rolling-ball method was used for background correction. Indi-
vidual sample values were first determined by normalization of the
intensity of the protein of interest to the housekeeping control
protein for each individual sample. To control for individual blot
variation, we then normalized each sample to the intensity of
the signal of the FBXW7 WT sample before combining samples
for statistical significance testing by a two-sample, two-tailed Stu-
dent’s t test; p < 0.05 was considered significant.

Drosophila ago knockdown models

Two Drosophila UAS-RNAI lines (RNAi-1, BL34802; and RNAi-2,
BL31501), both previously validated®**® and carrying inducible
RNAi constructs against the FBXW7 homolog archipelago (ago;
CG15010; FBgn0041171), and the matching genetic background
control (BL36303) were obtained from the Bloomington
Drosophila Stock Center. Drosophila stocks were maintained at
room temperature on standard Drosophila diet (sugar, cornmeal,
agar, and yeast).

The efficiency and relative strength of ago RNAi-1 and ago
RNAi-2 constructs were determined by quantitative real-time-
PCR (gqPCR) analysis. The ago RNAi-1 and ago RNAi-2 lines and
their genetic background controls were crossed to the ubiquitous
Act-Gal4/TM3 Sb Tb driver, and mRNA was extracted from wan-
dering L3 larva of the appropriate genotype with QIAGEN's
Rneasy Lipid Tissue Mini Kit. DNase treatment was performed
with QIAGEN’s RNase-Free DNase Set, and cDNA was synthesized
with the Bio-Rad iScript cDNA synthesis kit according to the man-
ufacturer’s protocols. PCRs were performed with primers targeting
ago (5'-GGCCACGACGATCATGTG-3' and 5'-GACTTTGAGC
GTGCGATCC-3') and B'COP (5'-AACTACAACACCCTGGAGAA
GG-3' and S5'-ACATCTTCTCCCAATTCCAAAG-3') with the
GoTaq qPCR Master Mix (Promega) on an Applied Biosystem

Fast 7500 Real-Time machine. The initial denaturation was per-
formed for 10 min at 95°C, followed by 15 s at 95°C and 30 s at
60°C for 40 cycles (QPCR data collection). The products were
then denatured at 95°C for 1 min and cooled to 65°C for 1 min
(melt curve data collection). For each condition, three biological
and three technical replicates were analyzed. Differential gene
expression was calculated via the 2*2“* method.’* The average
Ct value for each sample was calculated and subtracted from the
Ctvalue of the reference gene so that the ACt value could be calcu-
lated.>> A two-sample t test (equal variance) comparing the 244t
values of the RNAi line and genetic background control was per-
formed in Microsoft Excel for calculation of p values).

For inducing neuronal knockdown, the UAS-RNAi lines were
crossed to either of two panneuronal promotor lines: (1) elav™-
Gal4 with genotype “w1118; 2xGMR-wIR; elav-Gal4, UAS-Dicer-2"
and to (2) elav?” — Gal4 with genotype “c155-Gal4, GMR-WIR; +;
+". The latter is a strong Gal4 insertion into the endogenous elav
locus. Crosses were maintained at 25°C, 70% humidity in a 12
h:12 h light:dark cycle. Habituation learning and basal motor func-
tion were tested in the light-off jump-reflex habituation and fatigue
assays, as previously described.>® In brief, three- to four-day-old
males were individually placed in semi-transparent vials enclosed
by two microphones. The filled vials were inserted into two indepen-
dent 16-unit light-off jump-habituation systems (Aktogen) and left
to acclimatize for 5 min before the start of the habituation paradigm
assay, in which 32 flies were simultaneously exposed to 100 light-off
pulses of 15 ms with a 1 s inter-trial-interval. The noise amplitude
produced by wing vibrations was recorded for 500 ms after each
light-off pulse. The measured sound amplitudes were filtered with
a threshold to remove background noise, leading to the annotation
of a jump at amplitude above 0.8. The jumps were collected and
analyzed by a custom-made Labview Software (National Instru-
ments). A high initial jump response to the light-off pulse decreased
with the increase of the number of repeated pulses. A fly was consid-
ered to have habituated when it failed to jump for five consecutive
light-off pulses (no jump criterion). The last jump was then stated
as the number of trials needed to reach the no-jump criterion (trials
to criterion, TTC). If the fraction of flies jumping to at least one of the
first five light-off pulses (initial jump response) was <50%, genotypes
were classified as non-performers on the basis of reduced motor per-
formance of the tested population. Habituation per genotype was
quantified as the mean trials to criterion (mTTC) of all flies of the
same genotype.

The fatigue assay was performed after the habituation assay,
which was equivalent to the habituation assay but involved two ad-
aptations; (1) increased inter-trial-interval from 1 to 5 s and (2)
shortened trial length from 100 to 50 light-off pulses. The increased
inter-trial-interval prevented the flies from habituating and thereby
elicited a jump response at each light-off trial. As for the habitua-
tion assay, the no-jump criterion was five consecutive pulses
without a jump. Failing to jump for five consecutive light-off pulses
in this assay was identified as a basal failure to execute jumping and
was deemed to be due to increased fatigue. The last jump was scored
as the number of trials it took to reach the no-jump criterion (TTC).
The TTCs of the simultaneously measured flies of the same geno-
type were averaged (mean TTC (mTTC)).

Statistics

Protein density and qPCR: statistical significance was assessed by a
two-sample, two-tailed Student’s t test, and p < 0.05 was consid-
ered significant.
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Drosophila behavior: the effect of the genotype on habituation
and fatigue was scored by comparison of log-transformed TTC
values of the mutant versus the control flies after correction for
the experimental day and system via a linear-model regression
analysis with R statistical software (v.3.0.0).°°

Results

Monoallelic FBXW?7 variants are associated with
neurodevelopmental disability, brain anomalies,
hypotonia, and gastrointestinal issues

Using clinical or research-based chromosomal microarrays,
genomic sequencing (trio genome or exome), and the
global matchmaking platforms Matchmaker Exchange®’
and GeneMatcher,** we have identified 35 individuals
(26 male, 74.3%) from 32 families with 28 distinct variants
in FBXW?7. The variants arose de novo in 30 individuals,
including two individuals displaying mosaicism and two
showing familial transmission from an affected parent
(Table S1). The clinical phenotype is characterized by neu-
rodevelopmental disability (34/35; 97.1%), including
global developmental delay and intellectual disability
ranging from borderline to severe, language disorder, and
hypotonia (22/35; 62.9%); individual 21 was severely
affected and had episodes of developmental regression
and progressive spasticity. Seizures of varying types were
reported in 8/35 (22.9%) individuals. Feeding difficulties
and constipation were each reported in 16/35 (45.7%) in-
dividuals. Growth was generally within normal limits,
but macrocephaly was noted in 10/35 (28.6%) and micro-
cephaly in 2/35 (5.7%) individuals. Congenital anomalies
were diverse and included palatal, uvular, or laryngeal
anomalies (11/35, 31.4%); cardiac anomalies (11/35,
31.4%); and cryptorchidism (5/26 males, 19.2%) (Figure 1,
Table 1 and Table S2).

There was no recognizable facial gestalt; however, we
noted deeply set eyes with upper eyelid fullness in 9/35
(25.7%) individuals. Other craniofacial features in some
individuals included cleft (overt and submucous) or high
palate (10/35, 28.6%), midface retrusion with class III
malocclusion (1/35, 2.9%), and a tall or broad forehead
(4/35, 11.4%). In individual 19 with somatic mosaicism
of the FBXW7 variant, we observed cutaneous Blaschkoid
dyspigmentation.

Neuroimaging was undertaken in 17 individuals (15 by
MRI, one by CT, and one by both modalities); brain anom-
alies were identified in 13/17 (76.5%) individuals and
included an absent, hypoplastic, or dysplastic corpus cal-
losum (7/17; 41.2%); an abnormal cerebellum (5/17;
29.4%); delayed myelination (2/17; 11.7%); a thick brain-
stem (2/17; 11.7%); and polymicrogyria (2/17; 11.7%)
(Table 1 and Table S2). Scattered small subcortical calcifica-
tions were noted on a computed tomography brain scan of
individual 22. Ten brain MRI scans of seven individuals
(3, 18, 19, 21, 25, 28, and 31) were available for systematic
review by a pediatric neuroradiologist (S.M.). The most
common anomalies were related to the posterior fossa,

where the cerebellum was enlarged or at the upper limit
of the normal range, except in individual 19, who had
severe cerebellar atrophy with large folia and a thick
dysmorphic corpus callosum and brainstem. Notably,
this individual, previously reported as patient I1V.1,°’
also has a familial CACNAIA pathogenic variant of
variable expressivity, c.835C>T (p.Arg279Cys) (GenBank:
NM_023035.2). Although FBXW?7 is a known tumor sup-
pressor, none of the individuals in our cohort has so far
developed cancer; the oldest individual is 44 years old.
Notably, 13 of the 28 variants observed in this cohort are
also reported in somatic form in the COSMIC database,
which has collated 1,481 (440 unique) known somatic var-
iants that span the entire coding region of FBXW7 in
various cancer types (Figure S1 and Table S1).

Germline FBXW7 missense variants identified in this
cohort cluster within the substrate-binding surface of
the WD40 domain

We identified 28 germline FBXW7 variants in 35 individ-
uals (Figure 2 and Table S1). Two individuals had large
chromosomal deletions encompassing FBXW?7. One indi-
vidual had a canonical splice-site variant, c.1236+2T>A,
which is predicted to result in donor-site loss. Seven
individuals (three de novo and four familial) had
frameshift variants affecting the longest transcript (Gen-
Bank: NM_001349798.2). Two variants, ¢.1331_1332del
(p-Lys444Serfs*27) and c.1332dup (p.Val445Serfs*27), are
predicted to undergo nonsense-mediated decay (NMD)
with presumed loss of function (LoF). In contrast,
c.1331_1332del (p.Asn572Leufs*32) and c¢.1939A>T
(p-Lys647*) are within the 54 bp upstream of the final
intron/exon junction and are predicted to escape
NMD.>® These truncated proteins might be targeted for
degradation via the UPS. The remaining 25 individuals
had 21 unique missense variants clustering at the car-
boxy-terminal half of the protein, and 16/21 (76.2%)
of these variants occurred within the WD40 domain.
Three variants, ¢.1267G>A (p.Gly423Arg); ¢.2020C>T
(p.Arg674Trp); and ¢.2065C>T (p.Arg689Trp), were recur-
rent in unrelated individuals.

The crystal structure of the FBXW?7 and SKP1 complex
has been determined with the substrates CYCLIN E1 and
DISC1.*”*” The F-box domain located in the N-terminal
half of FBXW?7 mediates interaction with SKP1, whereas
the WD40 domain forms a canonical eight-bladed B-pro-
peller structure. Thirteen residues positioned at the top sur-
face of the propeller directly interact with CYCLIN E1
(seven of these also interact with DISC1). The position of
the variants identified in this study aligns with the residues
required for this interaction: Arg441, Ser462, Arg46S,
Arg479, ArgS505, and Ala599. A further four variants,
€.1267G>A ((p.Gly423Arg)); ¢.1744T>G (p.Ser582Ala);
€.2021G>C (p.Arg674Pro); and ¢.2020C>T (p.Arg674Trp),
impact residues adjacent to critical residues Trp425,
Leu583, Trp673, respectively.
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Figure 1. Characteristics of FBXW7 neurodevelopmental syndrome

(A) Genotype-phenotype matrix of clinical features of key phenotypes associated with FBXW7 neurodevelopmental variants. Each
square represents an individual overlaid with variant class, and each row represents a clinical feature (affected—yellow; unaffected—
blue). Variant types are depicted by dots: red (frameshift, stop, whole-gene deletion), blue (missense affecting WD40 domain), and
gray (missense not in a WD40 domain).

(B) Clinical features of affected individuals depicting phenotype by variant type: individual 1, aged 3 years, frontal and lateral, with ar-
row marking preauricular pit; individual 2, aged 3 years 2 months, frontal and lateral; individual 3, aged 14 years 9 months, from family
1, frontal and lateral; individual 4, aged 11 years 9 months, from family 1, frontal and lateral; individual 5, aged 6 years 3 months, from
family 1, frontal and lateral; individual 6, aged 44 years, father of individuals 3-5 from family 1, frontal and lateral (note midface ret-
rusion with class III malocclusion); individual 8, aged 5 years, frontal; individual 12 at 12 months, frontal, lateral, and at 26 months,
frontal; mother of individual 12, aged 34 years, frontal and lateral; individual 15 at 3 years and 15 years; individual 19 at age 6 years,
frontal, and with cutaneous Blaschkoid dyspigmentation suggestive of somatic mosaicism; individual 20 at 5 years, frontal and lateral;
individual 21 at 3 years; individual 23 at 3 years; individual 24 at 5 years, frontal and lateral; individual 30 aged 15 years, frontal and
lateral; individual 31 aged 15 years, frontal and lateral; individual 32 aged 2 years; individual 33 aged 10 years; individual 34 aged 1
year, frontal, and 12 years, frontal and lateral; individual 35 aged 3 years and 7 years, frontal. Deeply set eyes with upper eyelid fullness
are evident in individuals 1, 2, 3, 5, 15, 21, 24, 32 (also in individual 21, not pictured).

(C) Neuroradiological features of selected individuals; sagittal images of T1-weighted brain MRI scans of individuals 3, 20, 27, and 30 and
T2-weighted brain scan of individual 24, displaying large cerebellar vermis with tonsillar ectopia (white arrowheads) and thick callosal
genu (arrows)—note the generally thinned corpus callosum in individuals 24 and 30; axial T1-weighted brain MRI scans of individuals
20, 27, and 30 and T2-weighted brain scan of individual 24 displaying scattered subcortical white-matter hyperintensities and severely
delayed myelination, equivalent to 7-10 months.

To investigate the potential functional impact of the
variants observed in this cohort, we mapped the amino
acid position to the tertiary structure previously resolved
for FBXW7 by crystallography (amino acids 263-706).*’
This demonstrated fthat the amino acids implicated in
disease cluster at the surface of the substrate-binding
interface (Figure 2 and Figure S2). Using the mutation
Cutoff Scanning Matrix (mCSM) suite, we tested the pre-
dicted impact of each missense variant on the stability of
FBXW?7. Our tests demonstrated that 16/21 (76.2%) vari-

ants are predicted to decrease FBXW?7 stability (average
—0.735 = 1.05 AAG; Table S3). Next, we assessed the
distance to the interface and the binding affinity to deter-
mine the potential of the variants to impact the interac-
tion with CYCLIN E1. This demonstrated that FBXW7
missense variants identified in this cohort are positioned
very close to the interaction interface (average 7.80 +
5.24 1°\) and that 13 (65%) are predicted to decrease
the binding affinity of FBXW7 to CYCLIN E1 (average
—0.39 = 0.74 AAG).
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Table 1.
individuals

Demographic and clinical features of affected

Demographic features

Sex

Age range

26 male/9 female

23 months-44 years,
6 months

Medical history

Prenatal history

Normal; only one
premature birth

Neurologic or CNS features

Hypotonia (HP: 0001252)
Seizures (HP: 0001250)
Ataxia (HP: 0001251)

Developmental
regression (HP: 0002376)

Abnormality of brain
morphology (HP: 0012443)

Macrocephaly (HP: 0000256)

Microcephaly (HP: 0000252)

22/35 (62.9%)
8/35 (22.9%)
2/35 (5.7%)

1/35 (2.9%)

13/17 (76.5%)

10/35 (28.6%)
2/35 (5.7%)

Development, cognition, and psychiatric features

Neurodevelopmental
abnormality (HP: 0012759)

Mild-moderate developmental
delay or intellectual disability
(HP: 0011342, HP: 0011343,
HP: 0001256, and HP: 0002342)

Severe global developmental
delay or intellectual disability
(HP: 0011344, HP: 0010864)

Delayed speech and language
development only (HP: 0000750)

Specific learning disability
(HP: 0001328)

No neurodevelopmental
abnormality

34/35 (97.1%)

27/35 (77.1%)

3/35 (8.6%)

1/35 (2.9%)

2/35 (5.7%)

1/35 (2.9%)

Ophthalmologic features

Strabismus (HP: 0000486)

Abnormality of refraction
(HP: 0000539)

Astigmatism (HP: 0000483)

Cerebral visual impairment
(HP: 0100704)

5/35 (14.3%)

6/35 (17.1%)

1/35 (2.9%)

1/35 (2.9%)

Audiology and hearing

Mixed hearing impairment
(HP: 0000410)

2/35 (5.7%)

Oral, dentition, and other ENT features

Abnormal palate or uvula morphology (HP:
0000174),
(HP: 0000172)

Laryngeal cleft (HP: 0008751)

10/35 (28.6%)

1/35 (2.9%)

Cardiac features

Abnormal heart morphology
(HP: 0001627)

11/35 (31.4%)

Respiratory features

Recurrent pneumonia (HP: 0006532) 3/35 (8.6%)

Gastrointestinal and feeding features

Feeding difficulties, including difficulties with
nasogastric tube feeding (HP: 0011968, HP:
0040288)

16/35 (45.7%); 5/16
(31.3%)

Constipation (HP: 0002019) 16/35 (45.7%)

Gastresophageal reflux (HP: 0002020) 7/35 (20.0%)

Renal and genitourinary features

Cryptorchidism (HP: 0000028) 5/26 (19.2%)

Hematologic features

Neutropenia (HP: 0001875) 2/35 (5.7%)

n = 35; the frequency of clinical features is expressed as a fraction (and percent-
age) of the number assessed for that feature.

None of the variants detected in this cohort were
observed in the population database, gnomAD v2.1
(140k exomes and genomes); however, for each of
three variants—c.1394G>A (p.Arg465His), c.1436G>A
(p.-Arg479GIn), and ¢.1796C>T (p.AlaS99Val) —an
ultra-rare (allele frequency < 0.000005) alternative amino
acid substitution, ¢.1393C>T (p.Arg465Cys), c.1435C>G
(p.-Arg479Gly), and c¢.1796C>G (p.Ala599Gly), respec-
tively, has been observed. Nevertheless, these gnomAD
substitutions were detected with allele balance rates of <
45% where mosaicism could not be excluded (Table S1).
To further assess how the variants observed in our cohort
differed from variants reported in gnomAD, we investi-
gated the impact of the 78 gnomAD missense variants on
the resolved FBXW?7 crystal structure. Although the major-
ity of gnomAD variants (69; 89%) are predicted to have a
destabilizing effect on the protein (average —0.723 =+
0.616 AAG), these variants are dispersed throughout the
structure and positioned much farther from the interface
with CYCLIN E1 (average 29.24 + 17.24 A) than the vari-
ants identified in this study (Figure S1 and Table S4).
Furthermore, the gnomAD variants are predicted to have
a very small effect on the binding affinity to CYCLIN E1
(average —0.064 + 0.25 AAG).

Disease-associated variants impair the ability of FBXW7
to degrade substrates CYCLIN E1 and CYCLIN E2

To experimentally determine the functional consequences
of FBXW?7 variants observed in this cohort, we cloned a
subset into a mammalian expression vector with a C-termi-
nal Myc tag and exogenously expressed in HEK293T cells.
We selected variants within the WD40 domain
(p-Gly423Arg, p.Asp480Gly, p.Val544Gly, and p.Ser640-
Arg) and outside the WD40 domain (p.Arg674Trp,
p-Arg674Pro, and p.Arg689Gln) for cloning. The steady-
state amount of FBXW7 protein was assessed by immuno-
blot, and all mutant proteins were detected (Figure 3A).
Relative to FBXW7Wid tpe  pRXW7AB674Tp  apd
FBXW7418689GIn demonstrated a decrease in steady-state
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(C) Representation of the resolved struc-
ture of FBXW7 when in complex with a
CYCLIN E1 degron (residues 360-390)
demonstrating that the residues of
FBXW?7 that directly interact with
CYCLIN E1 span similar residues as disease
variants identified in this cohort. The posi-
tions of FBXW?7 residues that directly
interact with CYCLIN E1 are shown below

the schematic depiction. F-box helices (rectangles H-1, HO, and H1-H3), linker a-helical domain (rectangles H4-HS5), and the canonical
eight-bladed B-propeller structure of the WD40 domain with each blade consisting of four antiparallel B strands (arrows [A-D] are
shown,*” Amino acids in bold have also been shown to directly interact with DISC1.°°

(D) FBXW?7 variants associated with neurodevelopmental disorder are predominantly located at the substrate-binding surface of the
WD40 repeat domain. The location of residues (in sticks with carbon atoms in purple, nitrogen atoms in blue, and oxygen atoms in
red) impacted by mutations is shown on the tertiary structure of FBXW7 (cartoon) in configuration with CYCLIN E1 (surface in
gray). The docking location of the conserved FBXW7 substrate-binding TPPXQ motif (cartoon in green) of CYCLIN E1 is demonstrated
in close proximity to many of the impacted residues. Figure S1 provides an overlay of the variant residue with the wild-type residue for
each individual variant, allowing identification of the change predicted in interaction for each missense variant.

protein amount, 0.42-fold and 0.16-fold, respectively, but
only FBXW7418689GIn reqched statistical significance (p =
0.007) (Figure 3B). After treatment with UPS inhibitor
MG-132, only FBXW7A%89GIn was found to have a
steady-state protein amount that was increased relative
to those of FBXW7Wld ©P¢ (3 4.fold, p = 0.003;
Figure 3C). This suggests that most missense variants
tested (six of seven) are unlikely to cause protein instability
or consequent degradation by the UPS in vivo.

Next, we assessed the functional impact of these
missense variants by co-expressing them with C-terminal
V5-tagged substrates CYCLIN E1 and CYCLIN E2 in
HEK293T cells. As expected, steady-state protein amounts
of CYCLIN E1 and CYCLIN E2 were reduced when co-ex-
pressed with FBXW7"!4 %P¢ (p — 0.002 and p = 0.0003,
respectively). This confirmed that exogenously expressed
wild-type FBXW7 retains its ability to ubiquitinate and
degrade CYCLIN E1 and CYCLIN E2 in vitro and is provides
a suitable way to assess variant effects. Collectively, vari-
ants within the WD40 domain appear to have a greater
impact on the ability of FBXW7 to degrade CYCLIN E1
and CYCLIN E2 than the variants outside the
WD40 domain (Figures 3D and 3E and Figures 3G/and
3H, respectively). FBXW7CY423A18 - EpxX\W7Vals4dGly - and
FBXW75¢640A18 were Jess efficient at degrading substrate;

CYCLIN E1 steady-state protein amounts were elevated
by 1.7-fold (p = 0.002), 1.4-fold (p = 0.007), and 1.3-fold
(p = 0.06), respectively, in comparison to amounts seen
with FBXW7%I4%Pe (Figure 3E). Similarly, CYCLIN E2
steady-state protein amounts were elevated by 2.5-fold
(p =35 x 107°), 2.6-fold (p = 4.6 x 107°), and 2.8-fold
(P = 7.5 x 10°°, respectively. By contrast,
FBXW74P480GlY did not have a consistent effect on
steady-state protein amounts of the two substrates.
Although it was more efficient at degrading CYCLIN E1
than FBXW7VildPe (0 6-fold, p = 0.002) it was less effi-
cient at degrading CYCLIN E2 (1.8-fold, p = 0.02).

The variants outside the WD domain have a more subtle
impact on CYCLIN E1 and CYCLIN E2 steady-state protein
amounts. Although CYCLIN E1 steady-state protein
amounts were slightly increased when co-expressed with
FBXW7AT8674TP apnd FBXW7AT8674P™ this did not achieve
statistical significance. However, the steady-state protein
amounts of CYCLIN E2 was found to be elevated 1.6-fold
(p = 0.005) and 1.6-fold (p = 0.02), respectively compared
to FBXW7"ldPe Notably, FBXW74889GIn - which was
found to be turned over by the UPS, had CYCLIN E1 and
CYCLIN E2 steady-state protein amounts comparable to
FBXW7"14Pe suggesting that the variant protein is able
to efficiently degrade CYCLIN E1 and CYCLIN E2.
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Figure 3. Disease-associated variants impair the ability of FBXW?7 to degrade substrates CYCLIN E1 and CYCLIN E2

(A) The majority of disease-associated FBXW7 variants do not impact steady-state protein amounts. Representative immunoblots of
wild-type or mutant FBXW?7 with and without inhibition of the ubiquitin proteasome system are shown. HEK293T cells exogenously
expressing wild-type FBXW7 or mutant FBXW7 with a C-terminal Myc tag for 32 h were treated with 5 uM MG-132 for 16 h (four in-
dependent replicates).

(B) Quantification of FBXW7:GAPDH from DMSO-treated samples of mutant FBXW?7 protein in (A) relative to FBXW7"1ld YPe: statistical
support for altered steady-state amounts of the mutant FBXW?7 protein was only evident for FBXW741868%CIn (5 — 0,007).

(C) Quantification of FBXW7:GAPDH in MG-132-treated cells and versus their DMSO-treated counterpart in (A), demonstrating the
change in steady-state mutant FBXW?7 protein relative to FBXW7"!'9 YP¢ protein after UPS inhibition; statistical support for altered
steady-state protein amount was only evident for FBXW74€689GIn (5 — 0. 003).

(D) Certain FBXW7 mutant proteins demonstrate impaired CYCLIN E1 substrate degradation. Representative immunoblots of wild-type
or mutant FBXW?7 co-expressed with the substrate CYCLIN E1 are shown. Whole-cell lysates extracted from HEK293T cells that exog-
enously expressed wild-type FBXW7 or mutant FBXW7 with a C-terminal Myc tag and CYCLIN E1 with a C-terminal V5 tag for 48 h
are shown (nine independent replicates).

(E) Quantification of CYCLIN E1:GAPDH in (D) for samples expressing mutant FBXW?7 versus FBXW 7“9 ¥P¢ protein; statistical support
for altered steady-state protein amount of CYCLIN E1 was evident for FBXW754234%8 (p — 0.002), FBXW74P480Gly (n — 0,002), and
FBXW7Vals44Gly (p — 0.007).

(F) Quantification of FBXW7:GAPDH in (D) for FBXW7 mutant proteins versus FBX W 7Wild type protein when cells were co-transfected
with CYCLIN E1. Statistical support for altered steady-state protein amount was evident only for FBXW 7476741 (5 — (0,005).

(G) The majority of FBXW7 mutant proteins demonstrate impaired CYCLIN E2 substrate degradation. Representative immunoblots of
wild-type or mutant FBXW?7 co-expressed with the substrate CYCLIN E2 are shown. Whole-cell lysates extracted from HEK293T cells
that exogenously expressed wild-type FBXW?7 or mutant FBXW?7 with a C-terminal Myc tag and CYCLIN E2 with a C-terminal V5
tag for 48 h are shown (ten independent replicates).

(H) Quantification of CYCLIN E2:GAPDH in (G) for samples expressing FBXW7 mutant protein versus FBXW7*19 %P¢ protein; statistical
support for altered steady-state protein amount of CYCLIN E2 was evident for FBXW7C¥423418 (p — 0.00005), FBXW74P480ClY (p — 0,02),
FBXW7V3lS#Cly (n — 0,000005), FBXW75¢7¢40A8 (b — 0,000007), FBXW 7486741 (p — 0.005), and FBXW7458674F (p — (.02).

(I) Quantification of FBXW7:GAPDH in (G) for FBXW7 mutant proteins versus FBXW7"1d ¥P¢ protein when cells were co-transfected
with CYCLIN E2; statistical support for altered steady-state protein amount was evident for FBXW74™8%74P© (p — 0.04) and
FBXW7418674Pr0 (1 — (,02). All graphs present mean + SEM. Student’s t test: *p < 0.05; **p < 0.01; and ***p < 0.001.
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Figure 4. Knockdown of the FBXW?7 Drosophila ortholog ago,
specifically in neurons, can lead to deficits in habituation learning
deficits and more severe neuronal dysfunction

(A) Simplified scheme of the habituation assay, used for assessing
the stimulus-induced escape response of individual flies upon
repeated exposure. In controls, as depicted, the initial high jump
response gradually wanes. Of note, in reality, the amplitude of
jumps does not wane, but the frequency decreases in the tested
population.

B) Knockdown of ago with RNAi-1 and either elav\”-Gal4 or ela-
vM.Gal4 severely impairs jumping. Knockdown of ago with
RNAI-2 driven by either driver is less detrimental, allowing assess-
ment of habituation learning.

(C) Neuronal knockdown of ago by elavP-Gal4 and RNAi-2 re-
duces the ability of flies to habituate to the stimulus (in blue); in
ccontrast to their genetic-background controls (in gray), they
keep jumping with increased frequency throughout the course
of the experiment.

(D) Quantification of habituation according to mean trials to no-
jump criterion (mTTC). Precise genotypes tested in (C) and (D):
w/Y; 2xGMR-wIR/+; elav-Gal4™D, UAS-Dicer-2/ UAS-RNAi-2 (in
blue; n = 71, mTTC = 14.91, p = 0.0015). Genetic background
control w/Y; 2XxGMR-wIR/+; elav-Gal4™P, UAS-Dicer-2/+ (in
gray; n = 71, mTTC = 7.46). Statistical significance was assessed
by a linear-model regression analysis on the log-transformed
mTTC values; *p = 0.05, **p = 0.01, and ***p < 0.001.

FBXW7 mutant protein steady state protein amounts
when co-expression with CYCLIN E1 or CYCLIN E2 were
also assessed and it was found that FBXW7/A18674Pro
steady-state protein amounts were increased by 4.1-fold
(p = 0.2) and 2.2-fold (p = 0.02) relative to
FBXW7"ldPe, respectively (Figure 3F and 3I). These
studies provide evidence in an in vivo cell culture model
that FBXW7 missense variants identified in this cohort
may destabilize the mutant protein and impact the ability
of FBXW7 to degrade target substrates.

Neuronal knockdown of the FBXW7 Drosophila ortholog
archipelago causes cognitive and severe neurological
deficits

To address the consequences of partial loss of FBXW?7 func-
tion (as seen for most of the investigated variants) in vivo,

we turned to Drosophila melanogaster as a model. The
Drosophila genome encodes a one-to-one FBXW7 ortholog
termed archipelago (ago). The two proteins share 61%
amino acid similarity, and the F-box domain and the seven
WDA40 repeats are highly conserved (Figure $3).°” The E3
ubiquitin ligase function of FBXW?7, its role in cell-cycle
progression and growth, and its substrate cyclin e (ortho-
log of CYCLIN E1/2) have been confirmed in flies.’!
Partial loss of ago function was attempted with the UAS-
Gal4 system,®” and two previously validated lines carrying
ago-specific UAS-RNA interference constructs (RNAi-1 and
RNAi-2).°%°% We first determined efficiency and relative
strength of ago RNAi-1 and ago RNAi-2 constructs by quan-
titative RT-PCR upon ubiquitous knockdown by using the
Act-GAL4 driver. The driver crossed to the genetic back-
ground of both RNAi lines served as a control in all exper-
iments. Both lines led to lower levels of ago, albeit to
different degrees. The expression level of ago relative to
control levels was 19% in ago RNAi-1 (p = 0.005) and
67% (p =0.11) in ago RNAi-2 (Figure S5). Because the latter
was also previously shown to be effective in downregulat-
ing ago,>* we crossed both lines and the control to the
pan-neuronal promotor line elav-Gal4™ to generate
neuron-specific ago knockdown and control animals. Prog-
eny of the appropriate genotypes were selected and sub-
jected to characterization of basal motor function and
habituation, a simple form of learning frequently defective
in Drosophila models of intellectual disability,”>°* in the
light-off jump reflex habituation paradigm (Figure 4A). In
this assay, individual flies are exposed to 100 light-off
pulses (trials) with a 1 s inter-trial interval. Wild-type flies
will initially startle in response the light-off stimulus, but
they learn to suppress their escape response upon repeated,
non-harmful stimuli.

Elav-Gal4"™-mediated neuronal knockdown of ago with
the strong RNAi-1 line severely affected the flies’ ability to
jump and participate in the assay (23% of initial jumpers,
Figure 4B), revealing moderate neurological defects, which
precluded an assessment of habituation learning. Knock-
down of ago with the mild RNAi-2 line was less detrimental
and did not impair the jump response (74% of initial jum-
pers, Figure 4B), yet caused a deficit in habituation learning
(Figure 4C): ago knockdown flies (in blue) adapted incom-
pletely and more slowly to the light-off stimuli in compar-
ison to their genetic background controls (gray). Quantifi-
cation of habituation via the mean trials to no-jump
criterion (mTTC, see “subjects and methods”) demon-
strated this defect to be significant; ago knockdown flies
need on average twice as many trials as their controls
to succeed in suppressing their jump response (n = 71,
p = 0.002, Figure 4D). These results are in agreement
with the qPCR results. Using an independent, stronger
pan-neuronal promotor line (elav ¢155"-GAL4)** further
confirmed this finding. Elav ¢155"-GAL4-induced
RNAi-1 knockdown completely abolished jumping (0%,
Figure 4B), whereas the combination with RNAi-2 affected
initial jumping (55%, Figure 4B) but still resulted in
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sufficient performance for habituation testing. This
combination resulted in a faster decline of the jump
response with decreased mTTC in comparison to the con-
trol (p = 1.6 x 1073; Figure S4). Further experiments using
a fatigue regime (see “subjects and methods”) revealed
that this premature decay in the jump response was due
to impaired neuronal function, not to faster adaptation
(p = 1.4 x 107>; Figure S4). Together, our results showed
that loss of the FBXW7 fly ortholog ago affected learning
or compromised neuronal function more severely the
higher its level of knockdown.

Discussion

FBXW? variants are associated with a variable
neurodevelopmental syndrome
Here we provide detailed clinical and functional character-
ization of the neurodevelopmental syndrome associated
with germline monoallelic variants in FBXW?7. In support
of our finding, FBXW7 was recently identified as one of 28
developmental-disorder-associated genes in a large multi-
center cohort by bioinformatic analysis for gene-specific
enrichment of de novo mutations, but without deep pheno-
typing.®® The neurodevelopmental phenotype involves
mild to severe global developmental delay and intellectual
disability. At the mildest end of the spectrum, isolated
speech delay (n = 1) and learning difficulties or borderline
intellect (n = 2) were observed; only one individual was re-
ported to have no neurodevelopmental issues (but had hy-
potonia). In contrast, the majority of the cohort had mild to
moderate intellectual disability (n = 27), and severe neuro-
developmental disability was observed in three individuals,
including one with an additional diagnosis of familial CAC-
NA1A-related disorder’’ and another with episodic devel-
opmental regression. However, in the latter proband, no
other candidate genomic variants were identified as an
alternative cause, and the reason for the regressive episodes
remains unclear in this individual. After neurodevelopmen-
tal disability, the next most frequently observed neurologic
feature was hypotonia, common also to the other F-box-
related neurodevelopmental syndromes associated with
germline pathogenic variants in FBXL4. FBXO11,
FBXW11, and FBX028,”'""'*'>!7 but not in FBXL3."®

The neurodevelopmental phenotype associated with
FBXW?7 has substantial clinical overlap with that of
FBXW11; areas of overlap include mild to severe neurode-
velopmental disability, speech and language delay, micro-
or macrocephaly, and brain anomalies, including corpus
callosum hypoplasia, dilated ventricles, and white matter
atrophy. However, in contrast to individuals with
FBXW11 variants,” those in the FBXW7 cohort did not
commonly display autistic and/or stereotypical behaviors,
psychiatric features, or ocular abnormalities.

It is notable that the FBXO11-related neurodevelopmen-
tal phenotype is just as variable; its severity ranges from
normal cognition to profound disability.'”'"°° Individ-

uals with FBXO11 variants were also found to have vari-
ability in head size, a similar observation made of the
FBXW?7 cohort, although we found that macrocephaly
was more common than microcephaly. Macrocephaly
has been observed in an individual with focal segmental
glomerulosclerosis, Wilms tumor, invasive ductal breast
carcinoma, and a 157 kb partial chromosomal deletion of
FBXW?7, but her neurodevelopmental phenotype was not
reported.®” The DECIPHER database lists five individuals
with copy-number losses that are various sizes and involve
FBXW?7. Three of these individuals have neurodevelop-
mental disability, and one experiences constipation.
Another individual was reported with a 120.84 kb deletion
including FBXW7, as well as two deletions in homozygous
form on chromosomes 9 and 14, but the only listed pheno-
type was T cell acute lymphoblastic leukemia.

FBXW?7 is a critical tumor suppressor and one of the
most commonly mutated genes in human cancer (it is
identified in 3.5% of all cancers).®® More recently, trun-
cating variants in FBXW7 have been suggested to predis-
pose the carrier to Wilms tumor in four individuals, and
a missense variant was identified in an individual with a
rhabdoid tumor; however, the individual’s neurodevelop-
mental phenotype was not well described.®” The oldest in-
dividual in this cohort is 44 years old, and although no
cancer has so far been observed, longer-term follow-up
will be necessary if we are to determine whether there is
any cancer predisposition risk.

When we compared the frequency of key clinical features
between variant types, no genotype-phenotype correlation
was apparent, similar to findings for the comparison under-
taken in a FBXO11 cohort.'” We observed three variants
(p-Gly423Arg, p.Arg674Trp, and p.Arg689Trp) recurring in
unrelated individuals. The degree of neurodevelopmental
disability and hypotonia appeared to be consistent between
individuals with the same variant. However, there was some
variability in head size, and macrocephaly was inconsis-
tently observed in each genotype. The familial cases
demonstrated intra-familial variability. For instance, the
family carrying the p.Asn572Leufs*32 variant (individuals
3-6) were ascertained from a speech-and-language-disor-
ders cohort. The proband (individual 3) had cleft palate
and neurodevelopmental disability, but her sisters were
less severely affected. Their father (individual 6) only had
borderline-low verbal IQ. Neuroimaging was only under-
taken in the proband, but it would be interesting to investi-
gate whether her sisters and father also had similar brain
anomalies. Furthermore, the p.Asn572Leufs*32 variant is
likely to escape NMD, as is the p.Lys647* variant identified
in individual 7, whose phenotype is relatively mild
compared to those of the individuals with missense vari-
ants. This observation suggests that a truncated FBXW7
might lead to a milder phenotype. We did not identify
any individuals with variants affecting FBXW7’s N-terminal
region, including the F-box. It is possible that the pheno-
typic consequences of variants in this region are either le-
thal or sub-clinical, although the latter appears to be more
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likely given the lack of regional missense constraint relative
to the WD40 domain in gnomAD. Addressing this possibil-
ity, along with the possibility that milder phenotypes might
emerge over time, will require the study of additional
affected individuals.

Another explanation for variable expressivity among in-
dividuals carrying pathogenic variants in the same gene is
the possibility of multiple diagnoses.”” This is well illus-
trated in individuals 19 and 31. Individual 19, in addition
to carrying the mosaic FBXW7 variant, is heterozygous for
a maternally inherited CACNAIA pathogenic variant.>’
This combination is responsible for his more severe pheno-
type compared to that of his relatives carrying the
CACNAI1A variant alone and that of the other individuals
in the FBXW7 cohort, and is likely to also explain the differ-
ence in his cerebellar abnormalities. Individual 31 also has a
de novo likely pathogenic variant in KMT2D, and this is re-
flected in his facial features, including long palpebral fea-
tures characteristic of Kabuki syndrome and the deeply set
eyes and upper eyelid fullness observed in other individuals
in the FBXW7 cohort. We also considered whether mosai-
cism for the FBXW7 variant might account for phenotypic
attenuation or variable expressivity. We found that individ-
uals 19 and 25 had clinical and genomic features suggestive
of mosaicism, yet their phenotype was typical and no less
severe than the rest of the cohort, which probably reflects
the variable consequences of mosaicism. The emerging
phenotype associated with variants in FBX genes appears
to be characterized by neurodevelopmental disability with
variable involvement of other systems. We speculate that
these FBX proteins might function in convergent molecular
and/or developmental pathways and that other FBX-related
genes might subsequently be identified as playing a role in
neurodevelopmental disorders.

FBXW7 missense variants identified in this cohort impair
substrate turnover

Individuals harboring germline FBXW7 variants in this
study demonstrate considerable phenotypic heterogene-
ity. FBXW7 encodes three isoforms; FBXW70a, FBXW78,
and FBXW7y. All three contain the F-box and WD40
domain, but they differ at the N-terminal sequences that
dictate their subcellular location; nucleus, cytoplasm, and
nucleolus, respectively.”! Studies in mice indicate that
the isoforms also demonstrate different tissue specificity.”?
All variants identified in this study, whole-gene deletions
as well as LoF, truncating, and missense variants, are pre-
dicted to affect the function of all three FBXW7 isoforms.
In addition, FBXW?7 has been shown to undergo multiple
post-translational modifications, including auto-ubiquiti-
nation, de-ubiquitination, and dimerization (reviewed
in®). There are numerous reported FBXW7 substrates,
including CYCLIN E1/E2,°"7*7* PSEN1,”> NOTCH1/2/
4,7%77 MYC,”® JUN,”?8° REV-ERB«,®!"%> KLF5,”° DISC1,°’
MCL-1,*' CCDC6,** and mTOR.** FBXW7 recognizes
substrates upon phosphorylation at a conserved Cdc4
phosphodegron, a short linear motif that is inert until

phosphorylated.® Substrate binding occurs when the de-
gron phosphorylations interact with two FBXW?7 B-propel-
ler pockets and upstream phosphodegron residues fit into a
hydrophobic groove.*> Our in silico protein modeling sug-
gests the amino acids implicated in this neurodevelopmen-
tal syndrome mainly cluster at the surface of the substrate-
binding interface and are likely to impair substrate binding
(Figure 2). We have demonstrated that some FBXW7
missense variants can affect steady-state FBXW?7 protein
amounts, suggesting that in some cases protein instability
might lead to degradation of the mutant protein via the
UPS. However, the majority of mutant proteins investi-
gated were not turned over by the UPS more than the
wild-type protein but demonstrated reduced capacity to
turn over known substrates CYCLIN E1 and CYCLIN E2
(Figure 3). Fascinatingly, one mutant, FBXW74P480Gly,
demonstrated divergent effects: it was less efficient at de-
grading CYCLIN E2 but more efficient at degrading
CYCLIN E1 in comparison to FBXW7"!d P¢ and thus
acted in a substrate-dependent manner. Collectively, our
data suggest that the neurodevelopmental-disability-asso-
ciated variants observed in this cohort are likely to alter
binding affinity to substrates, and we hypothesize that
other known substrates are likely to also be impacted.
Within a cell of an individual harboring a neurodevelop-
mental-disease-associated FBXW?7 missense variant,
FBXW?7 can exist as a monomer (wild type or mutant) or
as dimers (either as wild type only and mutant only or as
both wild type and mutant) that can function at the
cytosol, nucleus, or nucleolus. The impact on protein sta-
bility, binding affinity, and ubiquitin-ligase activity is
likely to be variant specific, and although we propose
that the phenotype is largely reflective of haploinsuffi-
ciency or loss of function (evident in those individuals
with whole-gene deletions and NMD-predicted variants),
we cannot rule out the possibility that some variants might
have alternative mechanisms. Interrogation of gnomAD
demonstrates that FBXW?7 is intolerant of loss-of-function
variation (pLI = 1.00), further supporting the notion that
haploinsufficiency or loss of function is the predominant
mechanism of disease. Some of the phenotypic variability
of FBXW7 neurodevelopmental disability might, at least in
part, be reflective of the functional consequence of the ge-
notype or other, yet-unidentified modifiers. Identification
of additional individuals with a broader spectrum of
FBXW?7 variants (including predicted LoF variants) associ-
ated with neurodevelopmental disability and further mo-
lecular characterization will most likely lead to a deeper
understanding of genotype-phenotype correlation.

Animal models support a role for FBXW?7 in develop-
ment broadly and specifically in the nervous system
FBXW? is a critical tumor suppressor and one of the most
commonly deregulated ubiquitin-proteasome-system pro-
teins in human cancer. However, this clinical cohort clearly
demonstrates that FBXW?7 also functions in human neuro-
logical development. Animal Fbxw7 models—knockout,
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haploinsufficient, and knock-in—also support a funda-
mental role for FBXW7 in development broadly, and in the
brain specifically. Fbxw7-knockout mice die in utero at embry-
onic day 10.5, and they manifest hematopoietic abnormal-
ities as well as abnormalities of vascular development and
heart-chamber maturation.®*®” Heterozygous knock-in
FBXW7 human-cancer mutations p.Arg465Cys and
p.Arg482GIn (in mice, affecting residues Arg468 and
Arg482) lead to perinatal lethality as a result of abnormal
lung development, open eyes at birth (43%), and/or cleft pal-
ate (30%).%” Notably, heterozygous null animals show no
lung abnormality, demonstrating that these missense vari-
ants are distinct from null alleles.®® Furthermore, heterozy-
gous conditional gut-specific deletion of Fbxw7 (villin-Cre)
result in an impaired differentiation of intestinal goblet
cells,®® providing support for a role for FBXW?7 in the devel-
opment and function of the gut, which is significant because
nearly half of individuals in our cohort manifested constipa-
tion (16/35, 45.7%).

Fbxw7"tn-Cre_knockout mice that lack expression exclu-
sively in the central and peripheral nervous system
(including in precursors of neuronal and glial cells) die in
the perinatal period as a result of defective suckling and pre-
sent with several morphological brain abnormalities,
including third-ventricle dilation and distortion, hypoplas-
tic pons, an abnormal cerebellum, and markedly reduced
cellularity of the cortex. Notch, a key regulator of glial and
neuronal cell fate in the brain, accumulates in cells and skews
radial glia differentiation toward the astrocytic lineage by
increasing apoptosis of neuronal precursors.***° Fhxw7 hap-
loinsufficiency in the mouse nervous system has also been
investigated with a nestin-Cre system and has been shown
to be associated with impaired differentiation of neural
stem cells; such an impairment has also been shown to occur
via a Notch-dependent mechanism. During development, it
is proposed that Fbxw7 haploinsufficiency leads to alter-
ations of Notch-mediated lateral inhibition, an interaction
between adjacent cells that drives them toward different
final states.®® Collectively, these studies provide evidence
that Fbxw? is a key regulator of neural-stem-cell differentia-
tion and maintenance in the brain, and we speculate that
dysregulation of Notch lateral inhibition during brain devel-
opment might underpin the broad spectrum of brain abnor-
malities identified in FBXW7 neurodevelopmental
syndrome.

Several studies have also investigated the role of FBXW7
orthologs in myelination. Fhxw7<"""_knockout mice that
lack expression in Schwann cells of the peripheral nervous
system demonstrated enhanced myelination —these mice
made thicker myelin sheaths and in some cases, unexpect-
edly, myelinated multiple axons in a manner similar to the
way in which oligodendrocytes of the central nervous sys-
tem myelinate axons. In addition, Fhxw7<"9"" knockout
led to an early increase in Schwann cells, smaller Remak bun-
dles, and hypermyelination. These effects could be amelio-
rated by knockout of the substrate mTOR, but had no effect
on the myelination of multiple axons.*” In the zebrafish cen-

tral nervous system, fbxw7"**® homozygous-mutant larvae
and morpholino knockdown of fbxw7 demonstrate exces-
sive oligodendrocyte cells and hypermyelination as a result
of elevated Notch and mTOR signaling.®'**

In this study, in light of the fact that neurodevelopmen-
tal disability was the major hallmark of this cohort, we
specifically aimed to support the notion of the role of
FBXW?7 in an intellectual-disability- and cognition-rele-
vant assay. Specifically, we asked whether FBXW7, in
addition to its functions in neural stem cells and glia,
could also be required more directly, in postmitotic neu-
rons, for basal neuronal and cognitive function. To
address this, and also because, as in mice, ago null animals
are embryonic lethal,®”*” we targeted the gene in a tissue-
specific manner. We used two pan-neuronal promotor
lines and two independent RNAi lines to generate an
allelic series. Our results revealed that the FBXW?7 ortho-
log ago is indispensable in postmitotic neurons; animals
with the stronger promotor and UAS-RNAi line were
severely impaired, whereas less-stringent conditions kept
locomotor function intact and revealed deficits in habitu-
ation learning. The gene therefore joins a steeply
increasing number of intellectual-disability- and autism-
spectrum-disorder-associated genes’®®*°" that are impli-
cated in this fundamental form of learning that is crucial
for information processing, sensory filtering, and cogni-
tion. These also include mTOR-pathway genes such as
PTEN & TSC1,°° to which FBXW7 has already been con-
nected.”’ Further studies should aim to dissect FBXW7
targets that are mediating the defects in cognitive func-
tioning and study their reversibility; the established
Drosophila model is suitable for this purpose. Collectively,
the multiple lines of evidence presented herein converge
to support the identification of FBXW7 variants as causal
for a human neurodevelopmental disorder.
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