www.nature.com/gim

Genetics
inMedicine

W) Check for updates
ARTICLE
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PURPOSE: To identify novel genes associated with intellectual disability (ID) in four unrelated families.

METHODS: Here, through exome sequencing and international collaboration, we report eight individuals from four unrelated
families of diverse geographic origin with biallelic loss-of-function variants in UBE4A.

RESULTS: Eight evaluated individuals presented with syndromic intellectual disability and global developmental delay. Other
clinical features included hypotonia, short stature, seizures, and behavior disorder. Characteristic features were appreciated in some
individuals but not all; in some cases, features became more apparent with age. We demonstrated that UBE4A loss-of-function
variants reduced RNA expression and protein levels in clinical samples. Mice generated to mimic patient-specific Ube4a loss-of-
function variant exhibited muscular and neurological/behavioral abnormalities, some of which are suggestive of the clinical
abnormalities seen in the affected individuals.

CONCLUSION: These data indicate that biallelic loss-of-function variants in UBE4A cause a novel intellectual disability syndrome,
suggesting that UBE4A enzyme activity is required for normal development and neurological function.
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INTRODUCTION the ubiquitin-proteasome  system  (UPS).”®  Overall, the

Intellectual disability (ID) occurs in 1-3% of the general population
and is defined by limitations in intellectual functioning and
adaptive behavior.'"? ID is characterized by significant genetic
heterogeneity with over 1,000 genes implicated to date, while
thousands of genes likely remain to be identified>° Next-
generation sequencing technologies and collaborative research
networks have greatly advanced the identification and character-
ization of ID-related genes. In most families, ID is sporadic,
typically due to a de novo pathogenic variant. However, there are
likely many rare Mendelian genetic causes of ID associated with
autosomal recessive inheritance, most of which have not yet been
described.® Genes involved in protein ubiquitination play a
significant role in ID and neurodevelopmental disorders (NDDs)
and remain an important pathway for discovery of ID-
related genes.

A careful balance of protein synthesis and degradation is
required to maintain cellular protein steady-state and proper
function. Protein ubiquitination is a highly conserved, post-
translational modification that labels proteins for diverse functions
within the cell as well as misfolded proteins for degradation via

ubiquitin-proteasome pathway has two critical steps: (1) covalent
attachment of ubiquitin to the targeted protein substrate followed
by several ubiquitin molecules creating a chain assembly, and
(2) degradation of the ubiquitylated protein by the proteasome
complex. To do this, the UPS requires an ubiquitin-activating
enzyme (E1), an ubiquitin conjugating enzyme (E2), and a
substrate-specific  ubiquitin-protein isopeptide ligase (E3) to
covalently attach the 76-amino acid protein ubiquitin to proteins
targeted for degradation. This multistep process plays an
important role in protein degradation including that of many
short-lived regulatory proteins, such as those that contribute to
the cell cycle and cellular signaling in response to DNA repair,
environmental stress, secretion, and morphogenesis.9 U-box
proteins, including UBE4A, were initially classified as a fourth
class of ubiquitin molecule, ubiquitination protein ligase (E4) and
thought to promote polyubiquination and efficient ubiquitin chain
assembly.”® Additional studies demonstrated that U-box proteins
can uniquely function as both E3 and E4 ligases.'®""

Impairment of ubiquitination can cause ID and other neurolo-
gical conditions due to multiple mechanisms, including the
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decline of the cellular proteolytic capacity, accumulation of
misfolded protein, and reduction of effective protein produc-
tion.">'* Several genes involved in the UPS-mediated degrada-
tion pathway are known to cause syndromic NDD including UBE3A
(Angelman syndrome, [MIM 105830]),'> and more recently
described UBE2A (MIM 300860)' and UBE3B (MIM 244450)."* An
extensive list of many other E2, E3 ligases, and deubiquitinating
enzymes have been described in ID and NDD (e.g.,, HUWET, HERC2,
HECW?2, UBR1, USP7), suggesting that variants in ubiquitin-related
genes could explain some unsolved ID cases.'> However, our
understanding of UBE4A function in humans and its implication in
ID is sparse. Biallelic UBE4A loss-of-function (LoF) variants were
previously proposed as a candidate ID gene in a single family, also
reported here (family C), but have not otherwise been described.?

Through the GeneMatcher platform'® and professional con-
versations with colleagues, we collaboratively assembled a cohort
of eight individuals in four families, all with syndromic ID and
global developmental delay. All affected individuals had homo-
zygous LoF UBE4A variants. Functional studies presented further
evidence for pathogenicity, showing degradation of UBE4A
in vitro. Mice engineered with a pathogenic variant of Ube4a
exhibited ocular abnormalities, musculoskeletal weakness, and
behavioral hypersensitivity, which were also, to some degree,
observed in our cases. Herein, we report eight individuals with
homozygous UBE4A LoF variants, with a consistent phenotype and
recognizable features, in characterizing the novel UBE4A-related
intellectual disability syndrome.

MATERIALS AND METHODS

Human subjects and genetic analysis

Exome sequencing was performed in individual A-1 (Fig. 1). After
confirmation that the candidate variant in UBE4A segregated with disease
in family A, additional individuals with UBE4A variants were identified with
the use of GeneMatcher'® and colleague correspondence. This resulted in
identification of eight individuals in four unrelated families located in
Brazil, the United States, Saudi Arabia, and Germany (Table 1; Table S1). In
each additional family, candidate UBE4A variant was detected by trio
exome sequencing. Family C was reported in a previously published
research study of 337 individuals with unresolved intellectual disability;
UBE4A was noted as a candidate gene.’ Given that each subject received a
nondiagnostic clinical exome result, subjects were subsequently enrolled
in research for additional molecular and functional investigation.

Exome and Sanger sequencing

Trio exome sequencing (ES) was independently performed in each family.
ES was performed for the proband in family A and as a trio in families B, C,
and D. Technical details have been previously described for family C.° In
brief, sample library was prepared using Nextera Extension Exome Rapid-
Capture kit (lllumina, San Diego, CA, USA) for family A; Agilent SureSelect
Clinical Research Exome kit mixed with an enhanced capture protocol for
family B; lon Proton AmpliSeq library using Exome Primer Pools and
AmpliSeq HiFi mix (Thermo Fisher, Carlsbad, CA, USA) for family C; and
XGEN (IDT, Coralville, IA, USA) with subsequent TruSeq DNA Library Prep for
Enrichment (IDT Exome, lllumina) for family D. Exome libraries were run on
lllumina HiSeq2500 (lllumina) for families A and B, lon Proton instrument
(Thermo Fisher) for family C, and NextSeq (lllumina) for family D.
Sequencing reads were aligned to the reference genome GRCh37/hg19
and variants were filtered according to established pipelines (Supple-
mental Material). In each family, candidate variants were assessed for
segregation analysis by polymerase chain reaction (PCR) followed by
Sanger sequencing, using primers described in Table S2.

Fibroblast and LCL cell culture

Functional studies were performed for families A and D. Skin biopsy was
obtained on patients A-1, A-2 by standard procedure. Lymphoblastoid cell
lines (LCLs) were established by Epstein-Barr virus (EBV) transformation of
leukocytes from peripheral blood samples of individual D-1. Fibroblasts
and LCLs from unrelated healthy individuals were used as controls.
Fibroblasts were treated overnight in DMEM/F12 media with dispase (1 U/
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mL, Stemcell Technologies), then plated in a dish with DMEM high-glucose
fibroblast media (Thermo Fisher, Waltham, MA, USA) supplemented with
10% fetal bovine serum (Thermo Fisher), 1% nonessential amino acids
(NEAA; Merck, Darmstadt, Germany), and 1% penicillin—streptomycin
(Sigma-Aldrich, St. Louis, MO, USA).

Peripheral blood mononuclear cells (PBMCs) were obtained from
sodium-heparin blood of patient D-1 by dilution with complete medium
consisting of RPMI 1640 Glutamax supplemented with 15% FCS, 1%
penicillin-streptomycin (Gibco, Thermo Fisher) and gradient centrifugation
with Ficoll (Merck). PBMCs were washed twice with complete medium and
resuspended with EBV (B95-8) supernatant (50%) supplemented with
complete medium (48.5%) and PHL-A buffer (1.5%, Biochrom, Merck). After
incubation with transformation medium for 2-3 days, immortalized cells
were cultured in complete medium.

Expression analysis

RNA was extracted from fibroblasts from families A (A-1, A-2) and D (D-1)
using RNeasy mini kit (Qiagen, Hilden, Germany). Total RNA (2 pg/pL) was
reverse-transcribed using oligo(dT) primers and SuperScript™ lll First-strand
Synthesis System (Thermo Fisher). Primers for reverse transcription
quantitative PCR (RT-gPCR) are described in Table S2. RT-gPCR was
performed using the Applied Biosystems® 7500 Fast Real-time PCR System
and gene expression was calculated using the 27227 method."”

Protein extraction and western blot analysis were performed using
standard protocols using A-1 and A-2 samples. Whole-cell lysates were
obtained by lysing fibroblasts with RIPA buffer (150 mM NaCl, 1% Triton X-
100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 8)
containing protease inhibitor cocktail (Sigma-Aldrich). Protein concentra-
tions were determined using Pierce™ BCA Protein Assay Kit (Thermo Fisher)
according to the manufacturer’s protocol. Proteins were separated using
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto nitrocellulose membranes. Primary antibodies used were
anti-UBE4A EPR7332 (Abcam, ab137074, rabbit) and anti-beta actin [Ac-15]
HRP (Abcam, ab49900, mouse). Anti-UBE4A (1:1000) and anti-beta actin
(1:50000) were diluted in TBST buffer (20 mM Tris, pH 7.5; NaCl 150 mM;
0,1% Tween 20) and incubated for 1 hour at room temperature. Secondary
immunodecoration was performed using horseradish peroxidase (HRP)-
conjugated antirabbit (Cell Signaling). The secondary antibody was diluted
(1:10000) in TBST buffer and incubated for 1 hour at room temperature.

Design and targeting using CRISPR/Cas9

The online tool CHOPCHOP was used to assess optimal guide RNA (gRNA)
candidates and avoid greater than two mismatches anywhere in the
genome to prevent off-target endonuclease activity.'® The gRNA sequence
(Table S2) was selected and synthesized as CRISPR RNA (crRNA) for use as
an Alt-R™ two-part guide system with trans-activating crRNA (tracrRNA)
and crRNA provided separately (Integrated DNA Technologies, Coralville
IA). An ssODN repair template was designed with an engineered two-
nucleotide base pair deletion resulting in the C425Ffs* modification
mimicking the pathogenic variant present in family B (p.Cys413Phefs*55)
and with the addition of silent mutations to protect against recleavage.
Template genome homology arms consisted of an offset method'®
synthesized as an ultramer (Integrated DNA Technologies, Coralville IA).
Knock-in allele CRISPR preparation, zygote treatment, and electroporation
were performed following the CRISPR-EZ method with a final concentra-
tion of 8 uM RNP; 10 uM ssODN.?° After embryo transfer and birth of pups,
genomic DNA was extracted from tail snips using Agencourt® DNAd-
vance™ magnetic beads (Beckman—Coulter, A48706, Brea, CA, USA) on an
automated and LIMS tracked Microlab STAR (Hamilton Robotics, Reno, NV,
USA). Using a quantitative relative Ct method, purified DNA samples were
screened for the presence of the engineered sequence modification and
quantified adjacent to an endogenous Tcrd reference in multiplex.”’
Positive samples were PCR amplified with locus specific primers (Table S2)
using GoTaq®G2 kit following manufacturer’'s recommendation (Promega,
M7433, Madison, WI, USA). The expected amplicon size (511 bp) was gel
purified using QIAquick Gel extraction kit following manufacturer’s
instruction (Qiagen, 28506, Hilden, Germany) and subjected to Sanger
sequencing to confirm integration of the repair template by homology
directed repair (HDR). HDR positive mice were backcrossed to generate
cohorts of animals for phenotyping.
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Fig. 1

Family pedigrees, clinical pictures and UBE4A pathogenic variants of individuals from four unrelated families. (a) Clinical pictures

from families A-D. (b) Pedigree of four studied families and segregation of the UBE4A pathogenic variants. Pathogenic variants are listed above
each pedigree. Solid symbols represent affected individuals. —/— = homozygous pathogenic variant; +/— = heterozygous. *Samples were
genotyped but data not shown. (c) Schematic overview of UBE4A (NM_004788.3) that includes domain organization, exon boundaries, and

pathogenic variants detected in this study.

Mouse phenotyping

Male and female cohorts (n =3 each) of mice homozygous for the C425F
frameshift (fs) inducing mutation (Ube4a“***"*M*P) made on an inbred
C57BL/6N genetic background and age and sex-matched wild-type control
(C57BL/6N) mice underwent a series of in vivo analytical measures and
tests targeted to assess the presence (or absence) of comparable
phenotypes observed during the clinical presentation of family B. Variable
observations were made at specific ages over a 16-week period and
included weekly body weights, neuromuscular function (grip strength),
behavior and cognition evaluation (open field, prepulse inhibition, social
novelty, and marble burying), and a complete (direct and indirect)
ophthalmological examination.

Statistical analysis

Statistical analysis was performed using GraphPad Prism (San Diego, CA,
USA). Two-way analysis of variance (ANOVA), t-test, and Mann-Whitney
were applied. Descriptive statistics of mouse phenotype data were
analyzed using SAS (Version 9.14). Single parameter data (grip strength,
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social novelty, marbles burying, and open field) were analyzed using
Wilcoxon nonparametric exact test.

RESULTS
Clinical phenotype

Neurodevelopment is significantly impaired in all eight individuals
and was the primary indication for genetic evaluation in infancy
(Table 1). Individuals are globally delayed with speech limited to
single words or short sentences and the majority (n = 6/8) being
nonambulatory. Individuals B-3 and C-1 lost the ability to walk
after taking independent steps at 5 years and 3 years respectively,
largely considered secondary to dyspraxia with some contribution
from hypotonia (Table S1). No other developmental regression is
noted. Other common neurologic features included seizures (n =
5/8) and behavioral abnormalities (n =6/8) such as aggression,
attention deficit-hyperactivity disorder (ADHD), and autistic
behavior (Table 1). When present, seizure type was tonic—clonic
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Fig. 2 Gene and protein expression. (a) Reverse transcription quantitative polymerase chain reaction (RT-gPCR) results showing
downregulation of UBE4A transcripts in fibroblasts from family A and lymphoblastoid cell lines (LCLs) from family D (black dots), compared
with respective controls (white triangles). (b) Western blot results using antibody against UBE4A show absence of this protein in samples from

A-1 and A-2.

(n=15/5) with onset ranging between 10 months and 5 years.
Brain magnetic resonance image (MRI) (1.5 T equipment) was
normal or nonspecific in most individuals (n = 5/8). Although birth
parameters were reported typical, short stature by mid-childhood
was common (n=4/6). Obesity and a compact body habitus
(which we defined as short stature, decreased muscle mass, and
increased body fat) was noted in families B and C. In most
individuals, mild dysmorphic features were noted (Fig. 1a)
including prominent nose with a bulbous tip (n =8/8), dental
anomalies such as large or widely spaced teeth (n = 5/7), deep set
eyes (n = 6/8), upslanted palpebral fissures (n = 3/8), small, square,
puffy hands and short feet (n = 5/6) (Figure S1). Adolescent-onset
cataracts were noted in family B (n = 2/8, Figure S2). A case report
for each subject is included in the Supplemental Material.

Molecular results and spectrum of pathogenic variants

Exome sequencing was independently performed for each family.
The LoF variants in UBE4A detected in this study comprise two
frameshift variants (NM_004788.3:c.1238_1239del; NP_004779.2:p.
[Cys413PhefsTer55] and NM_004788.3:c.1206_1207del; NP_004779.
2:p.[Lys403ThrfsTer65]) and two nonsense variants (NM_004788.3:
¢.384G>A; NP_004779.2:p.[Trp128Ter] and NM_004788.3:c.631C>T;
NP_004779.2:p.[Arg211Ter]) (Fig. 1b, c). Variants were identified by
prioritizing variants that were rare (minor allele frequency [MAF]
<0.01) in population databases, inherited in a recessive manner,
resulted in LoF, and were in genes having no LoF variants in
homozygosity based on gnomAD (v2.1.1). All identified variants are
predicted to shorten the UBE4A messenger RNA (mRNA) transcript,
resulting in loss of the highly conserved U-box protein functional
domain and likely subject to nonsense-mediated mRNA decay.
Sanger sequencing was performed to confirm all variants in the
homozygous state in affected individuals (Fig. 1b). All parents were
heterozygous for respective variants as expected for an autosomal
recessive disorder. None of the tested unaffected siblings were
homozygous for respective variants.

UBE4A LoF variants result in decreased RNA expression and
protein abundance

All UBE4A variants described here are predicted to be LoF.
Functional studies to confirm LoF were performed for family A and
family D. RT-gPCR using complementary DNA (cDNA) reverse-
transcribed from available samples revealed downregulation of
UBE4A transcripts up to 80% in affected fibroblasts samples (A-1
and A-2) when compared with controls; in LCLs (D-1), UBE4A
transcripts were mostly undetected (Fig. 2a). Western blot showed
absent UBE4A protein in samples from family A (Fig. 2b).
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Ube4a“**> ™" homozygote mice showed phenotypic differences
and ocular abnormalities

Next, using CRISPR/cas9 genome editing system, we generated a
mouse line mimicking the LoF variant detected in family B
(Ube4a™*>F™"), Behavior, cognition, and neuromuscular strength
and coordination measures were evaluated on a small number of
mutant male and female mice to quickly assess the likelihood that
the Ube4a®**™" mutation was causative of the phenotype
observed in family B. Assessments/measures and time points are
shown in Figure S3, and the descriptive statistics for all test results
are presented in Table S3.

Eye examination of mice revealed that homozygous male and
female Ube4a“**"™" mice (n=5/6) developed bilateral early
cataracts described as mild punctate lens opacities, noted at
8 weeks postnatal age (Fig. 3). However, mild punctate lens
opacities lesions were also seen in control animals to lesser extent;
it is unclear if the Ube4a“***"" variation causes lens opacity in
mice. Noteworthy, homozygous Ube4a“*?>"" mice have increased
retinal dysplasia at 16 weeks postnatal compared with controls
(Fig. 3d).

For neuromuscular functions, abnormal limb grasp was noted in
one of three male and female Ube4a****" mice (SHIRPA, 6 weeks
of age; data not shown). A reduction of forelimb grip strength was
observed in both male and female Ube4a®?** ™" mice (12 weeks of
age) compared with controls (Fig. 4a), reaching statistical
significance when pooling male and female mice data (Fig. 4b).
A similar observation occurred with all limbs grip strength (Fig. 4c),
the difference between mutants and controls becoming signifi-
cant after pooling (Fig. 4d).

In response to the acoustic startle test (10 weeks of age),
Ube4a“***"™" mice tended to show less attenuation of startle in
response to a prepulse stimulus at all three levels of decibels
tested (Fig. 4e, f). In addition, we noted that two females show
compromised auditory function.

Small differences were noted in the responses to the open field,
marble burying, and social novelty recognition between
Ube4a““*F" mice compared with controls (Figure S4; Supple-
mental Material). Other measurements (e.g., heart and body
weight) were also evaluated and described in the Supplemental
Material (Figure S5). Taken together, the homozygous Ube4a“?>F"
mice recapitulate some traits seen in our cases, reinforcing that this
gene is associated with UBE4A-syndrome phenotype.

DISCUSSION

Herein, we describe four families with homozygous, nonrecurrent,
LoF variants in UBE4A, causing syndromic intellectual disability. The
families were of diverse geographic origin, from Brazil, Guatemala,
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a Control (C57BL/6N)

¢ Control (C57BL/6N)

b UbedaC425Fts*

Ube4aC425Ffs*

Fig. 3 Ube4a®?*"" mice have mild cataracts. (a) Control mice (C57BL/6N) can have anterior subcapsular cataract (arrow), which was also

seen in_homozygous Ube4qa~**>"fsx

animals (b). (c) Control mice have background retinal dysplastic lesions (arrow). (d) Homozygous

Ube4a“*®>F* mice have increased retinal dysplasia at 16 weeks postnatal.

Saudi Arabia, and Irag. All affected individuals had intellectual
disability and global developmental delay. Severe, infantile
hypotonia was noted in all individuals except D-1. Half of the
affected individuals never took independent steps and two
individuals lost the ability to walk before 5 years old. Speech was
limited to single words or simple phrases in all affected individuals.
Clinical features were variable but frequently included short stature
(n = 5/8 individuals), behavior abnormalities (n = 6/8), and seizures
(n=15/8). In this cohort, only B-2 and B-3 had childhood-onset
lamellar cataracts (onset at 13 and 12 years respectively). No other
variants were detected that would explain cataracts in this family.
Although cataracts were not appreciated in any other family, all
other subjects were younger than the age of cataract onset in
family B. The oldest individual (B-1) is 20 years and was followed at
a single center since age 6 months. Neurologic examination was
abnormal in infancy, which brought the children to medical
attention. However, dysmorphic features developed with time in
families A and B, becoming more apparent by middle childhood.
Our cohort is small and relatively young; the identification of
additional patients will be needed to clarify the natural history and
phenotypic spectrum of the UBE4A-related disorder.

Observations in the induced mutant mouse model was intended
as a pilot study to assess the likelihood that the homozygous
UBE4A LoF variant in individuals from family B was likely
pathogenic. For example, excessive marble burying is associated
with repetitive, compulsive behaviors and anxiety, and the results
of the two cognitive tests (acoustic startle and social novelty) are
consistent with dysfunction in focused attention capacity and
sociability. Our tests also revealed sexual dimorphism in some
responses. These findings in Ube4a**™™" mice support the
causative and likely pathogenic nature of the same genetic variant
in the human patient. Further, these results provide a compelling
rationale for conducting further analysis and hypothesis testing in
larger numbers of mice to confirm these findings statistically.
Overall, these provide avenues of testing specific areas of behavior
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and cognition that can be supportive of the behavior anomalies
appreciated in patients (n=6/8), including aggressive behavior
(n =2/8) and autism spectrum disorder (n = 2/8). Hypotonia was a
consistent feature appreciated in the majority (n = 7/8) of patients.
Body mass index (BMI) ranged from 19.5 to 35, although the
majority were overweight or obese, with BMI >25 (n = 5/6).

Although Ube4a“**™™" mouse showed ophthalmologic differ-
ences compared with control mice, including more severe retinal
dysplasia, both Ube4a“***"" mice and control mice developed
cataracts with similar frequency and severity (Figure S3). Therefore,
mouse studies did not resolve whether lenticular opacity is part of
the UBE4A spectrum of disease. Notably, in humans, cataracts only
presented in adolescence, and only in family B, after which the
mice were modeled. It is unclear if cataracts are part of the UBE4A
LoF phenotype, possibly with age-related penetrance or due to a
separate etiology. Further ophthalmologic assessment would
require additional human natural history study or, as control mice
also developed cataracts, alternative mouse modeling.

The prototypic E4 enzyme, Ufd2 (ubiquitin fusion degradation),
was first identified in Saccharomyces cerevisiae. It is defined by a U-
box essential functional domain and highly conserved through
evolution.® Ufd2 was initially characterized as a proteolytic factor
(E4) that catalyzes the elongation of pre-existing ubiquitin chains
in collaboration with E1, E2, and E3 enzymes. Some studies
suggested that Ufd2 (yeast) and its orthologue UBE4A participates
in the UPS pathway, tagging misfolded proteins for proteasome
degradation as a response to endoplasmic reticulum (ER)
stress.”?? Until recently, relatively little was known about Ufd2
human orthologues, UBE4A and UBE4B. Baranes-Bachar et al.®®
demonstrated that UBE4A activity is required for DNA damage
repair and the dynamic reorganization of proteins at the site of
DNA damage. ER-related stress and/or impaired DNA damage
repair may contribute to the observed phenotype and additional
functional studies are needed to elucidate the underlying
pathomechanism of disease.
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Fig.4 Phenotype assessment tests conducted on homozygous Ube4a®*>**" and wild-type (WT) mice. Results are mean + standard error of

n'=3 males and n = 3 females for Ube4a“***"™" and n = 17 and n = 14 for WT, respectively. (a-d) Grip strength of forelimbs and all limbs used
to assess neuromuscular function, normalized for body weight. (a) Slight sex differences were observed in forelimb grip parameters, although
not significant. Females Ube4a have lower grip strength than WT females. (b) When sex/condition data are pooled, we observed a significantly
smaller forelimbs grip force strength (Wilcoxon scores). (c,d) All limbs grip strength is decreased in Ube4a“*?*"™" males and females and
significantly lower when sex/condition data are pooled together (Wilcoxon scores). (e) Results show no sex differences in startle parameters
(Ube4a/WT). (f) PPIG is significantly lower in females/males Ubeda“25Ffs compared with WT (Wilcoxon score) and the difference appears to be
caused by a much attenuated PPI at the lower db (PPI1).

Of note, UBE4A is located on 11g23.3, a locus commonly deleted related phenotype; the oldest subject in our cohort is only age 20
in neuroblastoma and UBE4A has been demonstrated to play a years. Additional, longer natural history study may inform
role in targeted protein degradation in somatic cancer cells such potential oncologic risks.
as PCBP1 in thyroid cancer cells and SLAP in colorectal cancer In summary, we present strong genetic evidence that LoF
cells.**%% To date, no subjects have demonstrated cancer or a pathogenic variants in UBE4A cause syndromic autosomal recessive
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intellectual disability. The overlap of some phenotypes between
Ube4a™***"™" mice and the families presented here further supports
developing hypothesis driven testing to investigate a causative role
for UBE4A. Given the clinical, molecular, and functional data
presented here, we propose that the homozygous UBE4A LoF
causes abnormal development and neurological dysfunction.

URLS

CHOPCHOP: http://chopchop.cbu.uib.no.
gnomAD: https://gnomad.broadinstitute.org/.
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