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ABSTRACT

FBX022 encodes an F-box protein which acts as a substrate-recognition component of
the SKP1-CUL1-F-box (SCF) E3 ubiquitin ligase complex. Despite its known roles in the
post-translational ubiquitination and degradation of specific substrates, including histone
demethylases, the impact of FBXO22 on human development remains unknown. Here,
we characterize a pleiotropic syndrome with prominent prenatal onset growth restriction
and notable neurodevelopmental delay across 16 cases from 14 families. Through exome
and genome sequencing, we identify four distinct homozygous FBX022 variants with
loss-of-function effects segregating with the disease: three predicted to lead to premature
translation termination due to frameshift effects, and a single amino acid deletion variant
which, we show, impacts protein stability in vitro. We confirm that affected primary
fibroblasts with a frameshift mutation are bereft of endogenous FBX022 and show
increased levels of the known substrate histone H3K9 demethylase KDM4B. Accordingly,
we delineate a unique epigenetic signature for this disease in peripheral blood via long-
read sequencing. Altogether, we identify and demonstrate that FBXO22 deficiency leads
to a pleiotropic syndrome in humans encompassing growth restriction and
neurodevelopmental delay, the pathogenesis of which may be explained by broad

chromatin alterations.



MAIN

Ubiquitin-tagged proteasomal degradation of specific proteins is an essential molecular
process that contributes to protein turnover, thus regulating many cellular processes,
including cell growth, proliferation, and differentiation.’ When the ubiquitin-proteasome
system is impaired, the resultant aberrant stabilization of protein substrates can contribute
to common diseases such as cancer, and can also lead to developmental defects that
result in rare genetic diseases.*” Ubiquitin tagging of protein substrates is performed by
several E3 ubiquitin ligases in complex with accessory proteins - one of which includes
the SKP1-CUL1-F-box (SCF) RING-finger E3 ubiquitin ligase complex. A family of
proteins termed the F-box proteins interact with the SCF via their F-box domains,
functioning as the variable substrate-recognition component of the SCF. Three classes
of F-box proteins exist classified according to the substrate-recognition domains present:
FBXW (WD40 repeat domains), FBXL (leucine-rich repeat) and FBXO (other non-fully

characterized domains).8-1°

FBX022 is one of 40 FBXO proteins®'" annotated in the human genome that is
ubiquitously expressed and has been characterized to play a role in the regulation of
cancer.'213 |n particular, FBX0O22 has been identified as a regulator of senescence, as
well as a promoter of breast and lung cancer during early oncogenesis, while a
suppressor of migration and metastasis during late cancer stages, through the interaction
with its identified substrates such as KDM4A, KDM4B, TP53, PTEN and KLF4.12720 |n
addition, its interaction with SKP1 of the SCF E3 ligase complex has been experimentally
validated.'®1820 While a role for FBX0O22 in human development has not yet been
described, loss-of-function variants of other family members including FBXO7
(MIM605648), FBXO11 (MIM607871) and FBX0O31 (MIM609102) have been shown to
cause Mendelian diseases - Parkinson Disease 15 (PARK15, autosomal recessive,
MIM260300),2'-23 Intellectual Developmental Disorder with Dysmorphic Facies and
Behavioral Abnormalities (IDDFBA, autosomal dominant, MIM618089)%42¢ and
Intellectual Developmental Disorder, autosomal recessive-45 (MRT45, MIM615979),%”

respectively. Separately, a mouse Fbxo22 knockout model has been characterized by



gross and severe growth reduction to around half the size of wild-type littermates,

alongside low-penetrant postnatal lethality.'*

Here, we identify a pleiotropic syndrome with prominent early-onset growth restriction and
notable neurodevelopmental delay across 16 cases - comprising 15 individuals and one
fetus - from 14 families spanning four countries. Through a mixture of exome and short
and long-read whole genome sequencing, we identify four distinct homozygous germline
FBX022 coding variants segregating with the disease following an autosomal recessive
mode of inheritance. Three of the alleles are expected to lead to premature translation
termination and potentially nonsense-mediated decay arising from frameshift mutations,
while the fourth allele is predicted to lead to protein instability. Analysis of primary
cutaneous fibroblasts from an affected individual carrying a homozygous frameshift
mutation confirmed the absence of FBX0O22 which correlated with increased protein
levels of one of its known protein substrates KDM4B, while overexpression analysis of
the FBX022 one amino acid in-frame deletion variant resulted in decreased protein
stability. Meanwhile, peripheral blood DNA methylation analysis identified a unique
epigenetic signature. We propose that these biallelic mutations of FBX022 with loss-of-
function (LoF) effects lead to an aberrant stabilization of protein substrates as the cause

of this previously undescribed pleiotropic syndrome.

In a collaborative international effort of clinicians and scientists, we identified 15 affected
children (nine females and six males) and one fetus (16 cases in total) presenting a
common core symptomatology of early onset growth restriction, neurodevelopmental
delay, craniofacial abnormalities and additional poly-malformations (cardiovascular,
gastrointestinal, urinal and endocrinal) (Figure 1A). All individuals belonged to 14 families
from four countries of the Greater Middle East region (UAE, KSA, Oman and Lebanon),
of which 12 were identified as consanguineous. Of the 16 cases, three passed away (F7-
[I:1, F9-1I:1 and F13-ll:4) and one was a second-trimester Termination of Pregnancy
(TOP) of unknown sex (Figure 1 and Table S1).



The 15 affected children who were clinically assessed presented with a severe growth
retardation phenotype with intrauterine growth restriction (HP:0001511) (73.3%), short
stature (HP:0004322) (66.7%), decreased body weight (HP:0004325) (60%), and an
overall failure to thrive (HP:0001508) (86.7%) (Table 1 and Table S1). Among individuals
for which precise measurements were available, 83.3% (5/6) were falling at or below -2
Standard Deviation (SD) for birth weight, 100% (6/6) had postnatal weights at or below -
2 SD, and 100% (6/6) has postnatal heights below -3 SD (Table S1). In addition, an
apparent neurodevelopmental phenotype was observed, with the vast majority of
individuals suffering from neurodevelopmental delay (HP:0012758) (86.7%), together
with microcephaly (HP:0011451) (73.3%), intellectual disability (HP:0001249) (46.7%),
muscular hypotonia (HP:0001252) (66.7%), generalized hypotonia (HP:0001290)
(53.3%), frequent seizures (HP:0001250) (53.3%) and poor suck (HP:0002033) (40%)
(Table 1 and Table S1).

Furthermore, stark yet similar abnormal craniofacial abnormalities (HP:0001999) were
observed across the individuals (80%), as demonstrated here in images of seven
individuals encompassing three of the four variants, (where available, obtained with
parental consent) (Figure 1B). The craniofacial phenotype included a high forehead
(HP:0000348) (53.3%), depressed nasal bridge (HP:0005280) (60%) and short nose
(HP:0003196) (33.3%), hypertelorism (HP:0000316) (46.7%) with short palpebral fissure
(HP:0012745) (33.3%) and low-set ears (HP:0000369) (40%) (Figure 1B, Table 1 and
Table S1). The facial phenotype in affected individuals may show temporal evolution,
most evident in a three-year-long and a 12-year-long facial photograph time-lapse for
individuals F7-11:3 and F2-11:3, respectively (Figure 1B). In infancy, the face tends to be
round with sparse eyebrows and bears a superficial resemblance to that observed in type
Il collagen defects due to a depressed nasal bridge and a short nose. Over time, the face
becomes triangular and eyebrows become horizontal with a downward lateral curve, while
still demonstrating medial sparsity. This distinctive eyebrow morphology may provide a

diagnostic handle for the FBX0O22-related phenotype in older children.



Although the growth impairment, neurodevelopmental delay and craniofacial anomalies
were the most apparent, additional phenotypes with clinical variability were also
observed. Cardiovascular defects were noted with atrial septal defect (HP:0001631)
(26.7%) and patent ductus arteriosus (HP:0001643) (33.3%), as well as gastrointestinal
defects with gastroesophageal reflux (HP:0002020) (33.3%), duodenal atresia
(HP:0002247) (40%) and feeding difficulties (HP:0011968) (40%) (Table S1). Several
individuals additionally showed skeletal presentations with hip dislocation (HP:0002827)
(26.7%), as well as camptodactyly (HP:0100490) (20%) with tapered digits (HP:0001182)
(20%), as demonstrated by individuals F2-11:3 and F7-11:1 (Figure 1C and Table S1). The
fingers of these two individuals showed a resemblance to that characteristic of Coffin-
Lowry syndrome (MIM303600), in exhibiting a soft appearance with distal tapering. Some
of the affected individuals also showed variable endocrine abnormalities, including
hyperthyroidism (HP:0000836) (6.7%) and hypothyroidism (HP:0000821) (26.7%) (Table
S1).

To identify the underlying genetic cause of this pleiotropic syndrome, we performed either
exome sequencing, or short and/or long-read genome sequencing on the affected
individuals from all 14 families (full details in Table S1). Four distinct germline variants in
FBX022 (NM_147188.3, MIM609096) with LoF effects were identified across the 14
families, with affected individuals carrying biallelic variants (Figure 1A). Full segregation
was observed in families that were tested (9/9). This agreed with the likely Mendelian
recessive mode of inheritance across the largely consanguineous backgrounds of the
families, with no sex-linked segregation observed. The majority of individuals (families
F1-8, F11-13) had the homozygous allele c¢.159_162del, while F9-II:1 bore the
homozygous allele ¢.8 36del, F10-1l:7 harbored the homozygous ¢.719_722del allele
and F14-11:1 bore the homozygous allele ¢.663_666delinsG. All four variants have not
been annotated in public databases (gnomAD v4.1.0 - Figure 1D, EXAC,
BRAVO/TOPmed) in either the heterozygous or homozygous states, alluding to their
rarity.



FBX022 spans 7 exons, encoding the 403-amino-acid-long FBX0O22 comprising two
major domains: an N-terminal SCF-interacting F-box domain, and the protein substrate
interacting F-box and Intracellular Signal Transduction (FIST) domain, arranged in three
subdomains (FIST-1, FIST-2 and FIST-3) adopting a threefold pseudosymmetry. (Figure
2A).9:13.14.18,28-30 Three of the variants encode frameshift alleles predicted to result in
premature termination codons (PTCs) - ¢.8 36del; p.(Pro3Leufs*13), c.159 162del;
p.(Arg53Serfs*13), and c.719_722del; p.(Val240Alafs*6). The fourth allele results in an
effective three bp deletion, resulting in a single amino acid loss in the FIST-2 sub-domain
- €.663_666delinsG; p.Val222del. All four variants showed the highest combined
annotation-dependent depletion (CADD)3' scores of within 31 to 35 (Figure 1D), indicating
that they are predicted to be highly deleterious.

Disruptive truncating variants are expected to result, with both p.(Pro3Leufs*13) and
p.(Arg53Serfs*13) occurring at the N-terminus, and p.(Val240Alafs*6) truncating part of
the substrate-recognizing FIST domain, removing half of the FIST-2 sub-domain and the
whole FIST-3 sub-domain (Figure 2A). In particular, two of the three frameshift variants
(p.(Arg53Serfs*13) and p.(Val240Alafs*6)) are anticipated to additionally lead to
nonsense-mediated decay (NMD) due to the presence of PTCs in exon 2 and 6,
respectively, of the 7-exon transcript, with the PTC of ¢.719_722del; p.(Val240Alafs*6)
located 77 nucleotides (nt) upstream from the final exon-exon junction, also meeting the
criteria for NMD (having a PTC within the upstream exons, and >55 nt away from the final
exon-exon junction if within the penultimate exon).32-34 In addition, while c.8 36del;
p.(Pro3Leufs*13) is located in a typically NMD-escape region (with the frameshift
occurring within the first 150 nt from the start codon) potentially allowing for translation
re-initiation33¢, no alternative start codons are present upstream, while the second and
third AUG downstream are out of frame and occur in NMD-predicted regions yielding 41
or 51 nonsense peptides respectively (Figure S1A). In the event these do not lead to
NMD, the fourth AUG would theoretically yield an N-terminal F-box and FIST-1 truncated
protein, abrogating its interaction with the SCF E3 ligase complex (Figure S1A).



For the fourth allele - ¢.663 666delinsG; p.Val222del, a destabilized FBX0O22 fold or
impaired interaction with its substrates is anticipated. Notably, the affected individual
exhibits striking craniofacial and phenotypic similarities to those with the PTC variants,
suggesting a common underlying LoF etiology (Figure 1B, Table S1). Valine??? is highly
conserved in mammals, and occasionally replaced by another hydrophobic residue in
vertebrates (Figure S1B). Of note, the residue is not near observed post-translational
modifications within FBX022 (UniProt:Q8NEZS5). In silico analysis of AlphaFold3 and
recently-generated cryo-EM structures (which align well, Figure S1C) places Val??? within
a beta-strand interacting with the interior hydrophobic core of the FIST-2 subdomain
(Figure S1C)?2%30.37  suggesting its role in contributing to stabilization of the substrate-
interacting FIST domain. AlphaFold3 modelling of the p.Val222del variant (Figure S1D)
shows increased Predicted Aligned Error (PAE) in the FIST-2 sub-domain (Figure S1E),
alongside a decreased overall mean whole-protein predicted local distance difference test
(pLDDT) score, a per-residue measure of local confidence (76.9 vs. 80.68 in WT),
altogether indicating lower confidence in the fold. To predict the impact of the single amino
acid deletion p.Val222del on protein stability,3 the free energies of FoldX-repaired
structures of WT and p.Val222del were calculated, with the variant having an
unfavourable AG of folding of +13.954 kcal/mol and a AAG of +17.520 kcal/mol compared
to the WT (Figure S1E), further supporting instability, particularly in the FIST-2 domain.

In further support of the pathogenicity of the LoF variants, we note that FBX022 is entirely
devoid of biallelic occurrences of rare (<0.5%) LoF (with no biallelic homozygous
truncating variants) and/or deleterious (predicted) missense variants in gnomAD (variant
co-occurrence statistics only available in v2.1.1). Interestingly, a strong founder mutation
likely exists in the Greater Middle East from which all of the affected individuals originate.
The ¢.159_162del; p.(Arg53Serfs*13) variant has a minor allele frequency of 0.05% in
Qatar, where 15 heterozygous individuals were ascertained within a healthy cohort of
14,000 whole genomes. In addition, haplotype analysis of the c¢.159 162del;
p.(Arg53Serfs*13) variant across all three long-read whole genome-seq samples (from
families F1, F7 and F12; Table S1) show that it lies on a haplotype inferred to be of Middle

Eastern ancestry (Figure S2A and B), while phylogeny analysis show that all six



haplotypes (two per individual) cluster together within a larger phylogeny of haplotypes of
135 published Middle Eastern individuals (Figure S2C).3°

Additionally, the DECIPHER database (GRCh38 v11.28) reports 11 individuals with an
additional copy of FBX0O22 due to duplications ranging from 0.4 to 79.4 Mb (whole
chromosome duplication) on chromosome 15q24.2. While a phenotype was reported for
five individuals, this cannot be disentangled from the duplication of additional genes within
the duplicated regions (> 2.31 Mb). Additional searches in public databases have
identified that FBX0O22 had no hits in public PheWAS, but some genome-wide significant
hits in GWAS for kidney function (NHGRI-EBI GWAS Catalog: GRCh38.p14 and dbSNP
Build 156). FBX022 was deemed a hit 27 times in 1,356 CRISPR screens (BioGRID
ORCS v1.1.16.1), in which its targeted inhibition was often associated with decreased
cellular proliferation (52% of hits). This can be interpreted to be in concordance with the

gross growth reduction seen across affected individuals and in the mouse KO model. '

To assay the pathogenicity of the frameshift variants in the ubiquitously expressed
FBX022, with noted elevated levels in brain tissue and cultured fibroblasts (GTEX, Figure
S3A), we derived primary cutaneous fibroblasts from individual F7-ll:3 bearing
homozygous alleles of the most common variant in our cohort (c.159_162del;
p.(Arg53Serfs*13)), which was additionally verified by Sanger sequencing. As the variant
was predicted to result in a PTC in an early exon, which probably leads to NMD, an RT-
gPCR analysis was performed on cDNA extracted from the affected fibroblasts alongside
previously derived unaffected wildtype (WT) primary fibroblasts.4? A significant 2.5-fold
reduction in FBX022 mRNA levels was noted, down to 40% of the amount seen in the
control WT fibroblasts (Figure 2B). In addition, Western blotting analysis demonstrated
that endogenous FBXO22 levels were completely absent in the cellular extracts of the
affected individual’s fibroblasts compared to the WT control (Figure 2C). These results
indicate that this frameshift variant likely destabilizes FBX022 mRNA via NMD and
behaves as a LoF protein-null allele, in agreement with the above predictions. To
determine if NMD occurs, we treated WT and affected fibroblasts with the translation

inhibitor cycloheximide (CHX), a known NMD inhibitor. A significant 1.7-fold increase in

10



FBX022 mRNA levels in affected fibroblasts was observed 24 hours upon CHX
treatment, while no change was observed for WT cells between 0 and 24 hours (Figure
2D), implying the contribution of NMD in destabilizing FBX022 mRNA variant
c.159_162del; p.(Arg53Serfs*13) levels.

As FBXO22 is a characterized substrate-recognition partner of the E3 ubiquitin-ligase
SCF complex with known protein targets subject to ubiquitin-tagged proteasomal
degradation, we investigated the impact of the loss of FBXO22 on its protein substrates.
In particular, we investigated a key known substrate that interacts with FBX022 at its
FIST-3 sub-domain - the ubiquitously expressed epigenetic histone H3K9me3/2
demethylase KDM4B1'3.19.4142 (GTEX, Figure S3B) via RT-gPCR and Western blotting of
fibroblast extracts. While the mRNA expression levels of KDM4B (MIM609765) in the
affected individual’s cells were unperturbed compared to the WT control (Figure 2E), a
stark increase in KDM4B levels was observed in the affected fibroblast line (Figure 2F).
This result highly suggests that KDM4B levels were post-translationally stabilized in the
absence of SCFFBX022 proteasomal-degradation activity, with no change to the upstream

transcription of its gene.

Separately, to better understand the pathogenicity of the single amino acid deletion
p.Val222del variant, we transiently overexpressed FLAG-HA-tagged (FH-FBX022) WT
and variant FBX022 constructs in HEK293T cells and determined their steady-state
protein levels in order to ascertain their stabilities. While both overexpressed FH-FBX022
constructs yielded equivalent mRNA levels (Figure 2G), FH-FBX022-p.Val222del levels
were significantly reduced to 60% of WT levels (Figure 2H,H’). This is in agreement with
the aforementioned predicted protein instability of the p.Val222del variant as a

contributing factor to the pathogenicity of the allele.

Given the observed altered protein levels of the histone demethylase KDM4B in affected
fibroblasts, which suggest changes to chromatin in the absence of FBX022, we turned
our attention to profiling epigenetic changes in available affected individuals’ samples.
Notably, heterozygous LoF variants in KDM4B, associated with the autosomal dominant

11



intellectual development disorder MRD65 (MIM619320), have been previously
associated with a robust DNA methylation epigenetic signature in peripheral blood.43-4°
Additional unique DNA methylation epi-signatures have also been identified in Mendelian
disorders caused by mutations in other histone demethylases and methyltransferases,
with general changes in histone modifications also previously shown to impact DNA
methylation.*6-4° We therefore investigated the changes to the DNA methylomes of
peripheral blood gDNA from three affected individuals samples from families F1, F7 and
F12 with the ¢.159_162del; p.(Arg53Serfs*13) variant using long read Oxford Nanopore

Technology sequencing (ONT-seq) with 5-methylcytosine base calling.

Focusing our DNA methylation analysis across 3,643 genomic loci corresponding to
probe regions of previously identified epi-signatures encompassing 34 Mendelian
neurodevelopmental disorders (EpiSign MNDD-cohort),*5:50-51 we observed that all three
FBX022 samples formed a distinct cluster, segregating away from the EpiSign MNDD-
cohort and control, implicating a unique FBX0O22-deficiency epi-signature (Figure S4A).
We iteratively identified the top 40 differentially-methylated loci representing a proposed
FBX022-specific epi-signature (Supplementary Methods and Table S2).%' This consists
largely of hypomethylation (Figure 3A and Table S3), with FBXO22-deficiency samples
forming a specific cluster relative to the EpiSign MNDD-cohort and control in principal
component analysis of methylation values of these loci (Figure 3B). Analysis of these 40
loci revealed differential methylation in genes or proximal regulatory elements upstream
of genes (20 regions out of 40) (Table S3). These genes are found to be predominantly
active in the brain (12/20), respiratory system (6/20), gastrointestinal tract (5/20), muscle
tissues (8/20 genes), and bone marrow (4/20), and have been associated with
neurological and developmental disorders (12/20),52-%¢ cardiovascular and blood
disorders (6/20)°"%¢ and various forms of skeletal abnormalities (4/20)%35° (Table 2). A
patent finding is significant hypomethylation within the ultimate exon 19 of AGAP2
(MIM605476) coding for its 3'-UTR in comparison to both the EpiSign MNDD-cohort as
well as an additional sample set of unrelated neurological disorders (ND-cohort),
previously generated using the same ONT-seq long read sequencing protocol (n=17)%"
(Figure 3C,D). Hypomethylation at the AGAP2 3'-UTR has previously been associated

12



with haploinsufficiency of the H3K4 methyltransferase KMT2D in individuals with Kabuki
syndrome 1 (MIM147920)8961, Notably, FBX0O22-deficient individuals and Kabuki cases
present with overlapping clinical features such as developmental delay, growth failure,

hypotonia and seizures.

Separately, analysis of the methylation profile across regions previously shown to define
a specific KDM4B-deficiency epi-signature*® did not show any difference for samples with
biallelic FBX022 loss-of-function (n=3) in comparison with the ND-cohort (Figure S4B).
This result may suggest that although the known KDM4B epi-signature is associated with
KDM4B loss of function, the underlying DNA methylation marker loci might not be dosage-
dependent to capture the opposite pattern of resultant KDM4B overexpression associated
with FBX022 biallelic loss, notwithstanding the confounded effects from likely stabilization
of additional FBXO22 targets.

Overall, the ubiquitous expression of FBX022 across tissues lends support to the
pleiotropic nature of the syndrome, with the demonstrated loss of FBX022 and
accompanying NMD for the tested variant in our fibroblasts from an affected individual
leading to an ectopic stabilization of a prototypical protein substrate. Importantly, the
interaction between KDM4B and FBX022 has been documented to occur at the FIST-3
sub-domain, with the involvement of bridging interaction from ESR1/ESR2 at FIST-1 sub-
domain in MCF7 breast cancer cells.’® These estrogen receptors are also noted to be
expressed in cultured dermal fibroblasts,%? in which the stabilization of KDM4B was
observed upon FBXO22 loss. Separately, it will be additionally useful in future to
determine if NMD similarly occurs for the other two frameshift variants, for which
fibroblasts from affected individuals were unavailable. Meanwhile, partial decreased
protein levels in line with predicted instability of the p.Val222del variant was apparent. It
will also be of interest to determine whether the p.Val222del variant impairs interactions

between FBXO22 and its protein targets in relevant cell types.

In addition to KDM4B, additional epigenetic substrates subject to polyubiquitination-

targeted protein degradation by SCFF8X022 have been identified to date, which include the

13



histone demethylases KDM4A and KDM5A.'%18 Further characterized substrates include
the tumor suppressors and cell cycle regulators KDM4A-methylated TP53 (p53), HDM2,
PTEN, CDKN1A (p21), CDKN1C (p57Kip2), LKB1, as well as additional targets KLF4,
BACH1, BACH2, CD274 (PD-L1), CD147, RPL6 and FKBP12.14.1517.2063-72 Beyond
ubiquitin-mediated protein degradation, MTOR (mTOR) has additionally been identified
as a non-proteolytic monoubiquitinated substrate of FBX022, serving a regulatory role in
amino acid level sensing.”®7* With the vast majority of studies performed in cancer cell
lines, the repertoire of substrates largely discovered has thus implicated FBX0O22 as an
epigenetic multiplayer in carcinogenesis and therapy response, particularly as a regulator
of senescence, as well as a promoter of breast and lung cancer proliferation in early
cancer stages, while a suppressor of migration and metastasis during late cancer
stages.’?13.1663 To date, no predisposition to or protection against cancer has been
documented in the probands, nor in the aforementioned mouse KO line, which instead
demonstrated severe growth reduction and occasional early postnatal lethality.’* In
future, it will be informative to understand how the remaining substrates of FBX0O22 are

impacted across various tissues in FBX022-deficiency.

The observed stabilization and increase in KDM4B levels in affected fibroblasts, together
with knowledge of additional epigenetic protein targets, similarly posits FBX0O22 as a
potential epigenetic multiplayer in human development. As mentioned above,
haploinsufficiency of KDM4B is causal for an autosomal dominant intellectual
developmental disorder (MRD65), characterized by overall delayed neurodevelopment,
dysmorphic facial features, feeding difficulties, and hypotonia.”> The overlap in
neurological and additional defects in MRD65 and FBXO22-deficiency could suggest the
importance of dose control of protein levels of KDM4B in neurodevelopment. Among the
additional known targets of FBX022, biallelic pathogenic variants in the homolog KDM5B
(MIM605393) are also responsible for an autosomal recessive intellectual disorder
(MRT65, MIM618109), with neurodevelopment similarly impacted, while homozygous
LoF variants in KDM5A lead to El Hayek-Chahrour neurodevelopmental syndrome
(NEDEHC, MIM620820).75-7° This precedence, together with the wide range of likely

impacted additional protein substrates of FBX0O22 across multiple tissue types, could
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potentially account for the neurological and the additional multi-system anomalies seen

in affected individuals, warranting further exploration in organ-specific assays.

Causative variants in lysine demethylases and methyltransferases implicated in both
recessive and dominant Mendelian neurological disorders have previously been
associated with peripheral blood DNA methylation changes. In addition to KDM4B and
KDM5B described above, epigenetic signatures have been documented for neurological
disorders implicating loss of function for KDM2B (MIM609078), KDM5C (MIM314690),
KDM6A (MIM300128), and variants associated with dominance effects for KDM6A,
KMT2A/B/C/D  (MIM159555, MIM606834, MIM606833, MIM602113), KMT5B
(MIM610881), EHMT1 (MIM607001), SETD1B (MIM611055) and NSD1 (MIM606681)
(further detailed in Table S4).43-4580 |n addition, monoallelic variants in the ubiquitin ligase
substrate receptor FBXO71 with autosomal dominant inheritance (IDDFBA)%4-2¢
mentioned above are also marked by a DNA methylation signature (EpiSign v5). With
FBXO22 molecularly implicated in regulating protein levels of several lysine
demethylases and methyltransferases, likely impacting chromatin states, and with its
association with neurological dysfunction, an epigenetic DNA methylation signature for
FBXOZ22-deficiency, likely converging on a common methylation target (AGAPZ2) with
KMT2D, was readily and likewise identified in peripheral blood gDNA. The FBX0O22-
deficiency peripheral blood epi-signature presents an opportunity as a biomarker for
investigating the additional variants identified here, as well as future Variants of Uncertain
Significance (VUS) for FBX0O22-deficiency, while warranting further investigation into the

specific molecular epigenetic pathways perturbed.

Taken together, our clinical, genetic and molecular studies define a heretofore
undescribed Mendelian recessive disorder caused by homozygous FBX022 variants with
LoF effects, characterized by multi-system anomalies and a unique epigenetic signature.
This is supported by genetic and clinical data across a cohort of 14 families identifying
four alleles with LoF effects, target characterization using affected fibroblasts in vitro, and
epigenetic profiling with epimarker identification in peripheral blood gDNA. The ubiquitous
expression of FBX022 coupled with the extensive repertoire of protein targets, including
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epigenetic modulators, thus provides a potential underlying rationale for the pleiotropic
effects of FBX0O22-deficiency.
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FIGURE LEGENDS AND TABLES

Figure 1. Predicted biallelic FBX022 variants with loss-of-function effects in 16
cases with multi-system anomalies. (A) Pedigrees of 14 families segregating
autosomal recessive congenital multi-system anomalies. Crossed symbols indicate
deceased individuals. Crossed triangular symbols indicate Termination of Pregnancy
(TOP) and triangular symbols indicate miscarriage. Germline FBX0Z22 variant
coordinates are indicated below the pedigrees, colored by variant. Note that the deceased
individual F13-11:1 was flagged on hindsight and not fully phenotyped and not sequenced,
thus not included in the tally (see Supplementary Case Reports). (B) Facial images of five
affected individuals (top row), and timelapse facial images of individuals F2-11:3 from two
months to 12 years of age (bottom row, left) and F7-11:3 from eight months to 3 years of
age (bottom row, right). Individual IDs colored by variant. (C) Images of hands and feet
featuring the tapering digits of affected individuals F2-11:3 and F7-II:1, with IDs colored by
variant. (D) Minor allele frequency (x-axis) and scaled-CADD score (y-axis) of
homozygous FBX022 coding variants found in gnomAD v.4.0.1 (grey dots, n = 37) and

those found in each of the 14 families coloured by variant (n = 4).

Figure 2. Loss of FBX022 in affected primary fibroblasts leads to abnormally high
KDM4B levels. (A) Schematic diagram of the genomic (top) and protein (bottom)
structure of FBXO22 in humans. FBX0O22 contains two conserved domains: F-Box
(green) and the FIST domain subdivided into three sub-domains (the protein schematic
is color coded by domain). The four homozygous genetic variants and corresponding
protein mutations are indicated. The variants are color coded to match Figure 1. (B-C)
FBX022 expression and FBXO22 levels analysis in primary dermal cutaneous fibroblasts
from F7-11:3 with control (WT). (B) FBXO22 expression levels normalised to housekeeping
ACTB expression levels, relative to the WT control (n = 3 biological/experimental
replicates), with significant reduction in FBX022 levels. ****p = 0.0000295 (unpaired, two-
way student’s t-test). (C) Representative western blot of endogenous FBX0O22 with ACTB
as the housekeeping control, showing negligible FBXO22 levels in the affected
fibroblasts. (D) FBX022 mRNA levels in affected primary fibroblasts normalised to
housekeeping ACTB and GAPDH mRNA levels, relative to the WT control with
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cycloheximide (CHX) treatment at 0 and 24 hours (n = 3 biological/experimental
replicates), with significant increase in FBX022 levels for affected cells. *p = 0.0336; ns,
nonsignificant (two-way ANOVA with Fisher's Least Significant Difference multiple
comparison test). (E, F) KDM4B expression and KDM4B accumulation analysis in primary
dermal cutaneous fibroblasts from F7-11:3 with WT. (E) KDM4B expression levels
normalised to housekeeping ACTB expression levels, relative to the WT control (n = 3
biological/experimental replicates). ns, nonsignificant (unpaired, two-way student’s t-test).
(F) Representative Western blot of endogenous KDM4B levels with ACTB as the
housekeeping control, showing increased KDM4B levels in the affected fibroblasts. (G)
FLAG-HA-FBX022 mRNA levels in HEK293T cells 48h after overexpression of GFP as
control, and FLAG-HA-FBX022 WT and p.Val222del constructs. ND, not detected; ns,
nonsignificant (unpaired, two-way student’s t-test). (H) Representative Western blot of
FLAG-HA-FBX0O22 constructs (anti-FLAG) from HEK293T cells 48h after transfection,
with GAPDH as the housekeeping control. (H') Quantification of FLAG-HA-FBXO22 levels
from Western blots from panel H, normalised to GAPDH levels and relative to WT controls
(n = 3 biological/experimental replicates). *p = 0.0275 (unpaired, two-way student’s t-
test).

Figure 3. Loss of FBX022 is associated with a unique epigenetic signature in
peripheral blood (A) Heatmap with euclidean distance hierarchical clustering of DNA
methylation values for the top 40 differentially-methylated regions featuring the FBX022
epi-signature for three FBX0O22-deficiency peripheral blood samples integrated with the
34 EpiSign Mendelian neurodevelopmental disorders (MNDD-cohort) and control
dataset. See Table S4 for EpiSign syndrome acronym definitions. The variant is color
coded to match Figure 1. (B) Principal component analysis on the 40 regions representing
the DNA methylation epi-signature in PBMCs of three affected individuals lacking
FBX022 showing clustering of all three samples away from the EpiSign MNDD-cohort
and control. Variance explained by components PC1 and PC2 are indicated in brackets.
(C) Genome browser view of the differentially methylated (orange) region of the 3'-UTR
within the ultimate exon 19 of AGAPZ2 featuring aggregated CpG methylation (5mC - red;
unmodified C - blue) of ONT-seq long reads from the three FBX0O22-deficiency samples

and three samples from the separate set of general neurological disorders (ND-cohort).
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(D) Methylation values at the differentially methylated probed region within the 3'-UTR of
AGAPZ2 in the FBX0O22-deficiency ONT-seq samples (n=3), ND-cohort ONT-seq samples
(n=17, p=0.013) and EpiSign MNDD-cohort samples (n=34, p=0.015). Error bars denote

SD. *p < 0.05; ns, non-significant (unpaired, two-way student’s t-test).
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Table 1. Summary of key clinical data of 15 affected individuals with biallelic

FBXO022 LoF variants.
Key clinical feature of FBX022 deficient | Standardized Human Penetrance
individuals Phenotype Ontology
Total number of affected individuals 152
Growth
Failure to thrive HP:0001508 86.7%
Intrauterine growth restriction HP:0001511 73.3%
Short stature HP:0004322 66.7%
Decreased body weight HP:0004325 60.0%
Neurodevelopment
Neurodevelopmental delay HP:0012758 86.7%
Microcephaly HP:0011451 73.3%
Muscular hypotonia HP:0001252 66.7%
Seizures HP:0001250 53.3%
Generalized hypotonia HP:0001290 53.3%
Intellectual disability HP:0001249 46.7%
Poor suck HP:0002033 40.0%
Craniofacial
Abnormal craniofacial shape HP:0001999 80.0%
Depressed nasal bridge HP:0005280 60.0%
High forehead HP:0000348 53.3%
Hypertelorism HP:0000316 46.7%

agxcluding fetal case (F4-11:3) where full phenotyping was not possible.
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Table 2. Expression profiles and associated diseases of genes with promoter or
proximal DNA methylation differences with phenotypic relevance within the

differentially-methylated regions of FBX022-deficiency,

hypomethylated to most hypermethylated

ranked from most

Gene Methylation Call | Expression Associated diseases
LY6G6D Hypomethylated | Skin — Gl tract Anemia, Nonspherocytic Hemolytic
MEOX1 Hypomethylated | Heart — Adipose tissue Klippel-Feil syndrome
SLC22A23 | Hypomethylated | Brain - Parathyroid gland — Gl tract Wolf-Hirschhorn Syndrome
Inflammatory Bowel Disease
MYH7B Hypomethylated | Heart — Skeletal muscles Cardiomyopathy
AGAP2 Hypomethylated | Brain Kabuki Syndrome
TRMT9B Hypomethylated | Brain — Thyroid Dubowitz syndrome
GALNT9 Hypomethylated | Brain — Thyroid — Kidney Association with autism spectrum
disorders and Parkinson’s disease
ARHGEF10 | Hypomethylated | Brain — Lungs — Heart — Skeletal Slowed Nerve Conduction Velocity
muscle (SNCV)
Axonal neuropathy
PRDM16 Hypomethylated | Gl tract — Thyroid — Brain — Kidney — Cardiomyopathy
Heart
ZNF385A Hypomethylated | Brain — Skin — Retina Encephalopathy
Cone-Rod Dystrophy 2
DDR1 Hypomethylated | Brian — Skin — Gl tract — Kidneys Spondylo-meta-epiphyseal dysplasia
NATSL Hypomethylated | Brain — Lungs — Retina — Adipose N-acetylaspartate deficiency
tissue — Pituitary gland — Skeletal Cardiomyopathy
muscle Neurodegeneration
Alzheimer
TRIM15 Hypomethylated | Gl tract — Liver — Kidneys — Colon Hepatic veno-occlusive disease with
immunodeficiency
DDX39B Hypomethylated | Brain — Thyroid — Bone marrow — Neurodevelopmental delay
Kidneys — Lungs — Skin — Heart — Epilepsy
Skeletal muscle Short stature and congenital
hypotonia
Anterior horn cell
TAPBP Hypomethylated | Liver — Bone marrow — Brain — Heart Bare lymphocyte syndrome
MED13 Hypomethylated | Bone marrow — Liver — Lungs — Retina | MRFACD syndrome
OLIG1 Hypomethylated | Brain Oligodendroglioma
MPIG6B Hypermethylated | Lungs — Skin — Spleen Congenital macrothrombocytopenia
with focal myelofibrosis
DDAH?2 Hypermethylated | Heart — Lungs — Thyroid - Gl tract — Coronary artery disease
Kidneys
SLC17A5 Hypermethylated | Parathyroid gland — Retina — Liver Salla disease
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Figure 2
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