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BRAT1 gene (MIM# 614506) encodes BRCA1-associated ATM activator
1, which interacts with the tumor suppressors BRCA1 and ATM, playing
an important role in the DNA damage response (DDR) (Aglipay et al.,
2006). Moreover, it is involved in p53-mediated apoptosis, cellular
growth signaling, and mitochondrial homeostasis (Aglipay et al., 2006; So
& Ouchi, 2014). Recessive BRAT1 mutations were originally reported to
cause rigidity and multifocal seizure syndrome, lethal neonatal (RMFSL,
MIM# 614498), a rare congenital disorder characterized by microcephaly,
hypertonia, autonomic instability, and intractable seizure, leading to death
in the first 2 years of life (Burgess et al., 2019; Colak et al., 2020;
Pourahmadiyan et al., 2020; Scheffer et al., 2020; Valence et al., 2019;
Van Ommeren et al., 2018). Brain imaging was highly variable, ranging
from normal findings to global atrophy (Srivastava et al., 2016). Few
patients have a milder presentation known as neurodevelopmental dis-
order with cerebellar atrophy with or without seizures (NEDCAS; MIM#
618056), characterized by prolonged survival and a variable degree of
intellectual disability (ID) and cerebellar involvement (Fernandez-Jaén
et al,, 2016; Hanes et al., 2015; Mahjoub et al., 2019; Mundy et al., 2016;
Oatts et al., 2017; Srivastava et al., 2016; Valence et al., 2019). Smith
et al. (2016) suggested that the observed phenotypic differences might
relate to the functional consequences of the identified mutations, as
variants leading to premature protein termination were more frequently
associated with the severe form of the disease. Nevertheless,
genotype-phenotype associations are not fully elucidated. Herein, we
report three novel patients from two unrelated Italian families, who
showed a highly variable clinical presentation resulting from an identical
genotype at BRAT1 locus. The two siblings from the first family displayed
nonprogressive congenital ataxia (NPCA) with ID. In contrast, the third
patient showed seizures, mild functioning decline, and fluctuating ataxia
with onset in adolescence, associated with atypical ultrastructural findings
in skin biopsy, representing the mildest case described so far. Our findings
broaden the allelic and clinical spectrum of BRAT1-related disease and
provide new insights into disease pathogenesis.

Patients were examined at Bambino Gesu Children's Hospital
and University Hospital “Policlinico Umberto I.” Family A was enrolled
in a multicentric project aimed at identifying the genetic basis of
cerebellar and brainstem congenital defects, whereas Family B was
investigated in a diagnostic setting. Written informed consent was
obtained from participants (approval of the University of Pavia Ethics
Committee, Prot.20180077857/12-09-2018).

ultrastructural abnormalities on skin biopsy, representing the mildest form of NEDCAS
hitherto described. Exome sequencing identified the c.638dup and the novel c.1395G>A
BRAT1 variants, the latter causing exon 10 skippings. The p53-MCL test revealed normal
ATM kinase activity. Our findings broaden the allelic and clinical spectrum of BRAT1-
related disease, which should be suspected in presence of nonprogressive cerebellar

signs, even without a neurodevelopmental disorder.

BRAT1, NEDCAS, nonprogressive congenital ataxia, phenotypic discordance, splicing variant

Ultrastructural analysis was performed on a 3-mm punch skin
biopsy, fixed in 2.5% glutaraldehyde in 1X phosphate-buffered saline pH
7.4, and then processed for transmission electron microscopy (Morgagni
268D) following routine procedures (Mastrangelo et al., 2019).

For Family A, whole exome sequencing was performed on
genomic DNA of both affected brothers. Libraries were prepared
through SureSelectXT Clinical Research Exome V1 protocol (Agilent
Technologies) and ran on a HiSeq 2500 (lllumina) sequencer. For
Family B, clinical exome sequencing was performed on proband's
DNA by using TruSightOne Kit (lllumina Nextera) on a MiseqDx
(llumina) platform. Sequencing data were analyzed as reported
(Ginevrino et al., 2020). Validation and familiar segregation of can-
didate variants were performed by Sanger. Variants were submitted
to the Leiden open variation database (http://www.LOVD.nl).

RNA was extracted using the Total RNA Mini Kit (Geneaid) and
retrotranscribed with PrimeScript™ RT Reagent Kit (Takara). Com-
plementary DNA (cDNA) of BRAT1 was polymerase chain reaction (PCR)
amplified and visualized on a 2% agarose gel. Fragments isolated
through electrophoresis were recovered by Zymoclean™ Gel DNA
Recovery Kit (Zymo Research) and sequenced. cDNAs were analyzed by
real-time PCR using SYBR® Premix Ex Taq Il (Takara) on the Light-
Cycler® 480 Instrument Il (Roche Life Science) to evaluate the expres-
sion levels of mutated and wild-type (WT) transcripts. The relative
expression was calculated using the method (primer sequences pro-
vided in Table S1).

The DNA fragment encompassing exon 9-11 genomic region of
the BRAT1 gene was amplified by the Phusion Hot Start High-Fidelity
DNA Polymerase (Thermo Fisher Scientific) from human genomic
DNA and cloned into the Hindlll-Notl restriction sites of
pCDNA3.1(+) vector. For cloning the BRAT1G>A mutant (identified in
the present study) and the previously reported BRAT1G>C mutant
(Burgess et al., 2019; Van Ommeren et al., 2018), site-directed mu-
tagenesis was performed using the QuikChangeR Il Site-Directed
Mutagenesis Kit (Stratagene). Minigenes vectors were sequenced
(Eurofins Genomics). HEK293T cells cultured with Dulbecco's mod-
ified Eagle's medium (Sigma-Aldrich) supplemented with 10% fetal
bovine serum (Euroclone) were transfected with either BRAT1 WT or
mutant minigene vectors using Lipofectamine 2000 (Invitrogen).
After 24 h, cells were collected and total RNA was extracted using

TRIzol (Invitrogen), digested with RNase-free DNase (Roche) and
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retrotranscribed using Moloney murine leukemia virus reverse tran-
scriptase (Promega). PCR reactions for splicing analysis were per-
formed using GoTaq (Promega). Samples were separated on a 2.5%
agarose gel and bands intensity was quantified with ImageJ (https://
imagej.net/Fiji) (primer sequences provided in Table S1).

Patients' fibroblasts were lysed in radioimmunoprecipitation as-
say buffer containing protease and phosphatase inhibitors and pro-
tein extracts were quantified by Bradford assay. Equivalent amounts
of lysates were resolved by electrophoresis through 8%-16% Mini-
PROTEAN TGX Gel (Bio-Rad) and probed with primary anti-BRAT1
(GeneTex) and anti-GAPDH (Sigma-Aldrich).

Possible consequences of the BRAT1 variants on ATM activity
were investigated through the p53-MCL test, based on the ATM
ability to phosphorylate p53 at serine 15 and promote p53 mitotic
centrosomal localization (Prodosmo et al., 2013).

The index patient of Family A was a 15-year-old boy, first son of
healthy nonconsanguineous parents. He was included in our research
project at the age of 7 due to neurodevelopmental delay, ID, and ataxia.
Neurological assessment showed moderate ataxia with need of special
walker, generalized hypotonia, bilateral pes planus, severe dysarthria,
strabismus, and nystagmus. His neuropsychological profile was char-
acterized by mild-moderate ID (based on clinical observation) and beha-
vioral problem treated with antipsychotic medication and poor linguistic
skills. At 6 years, a moderate-severe sensorineural hearing loss was de-
tected by impedentiometry, brainstem auditory evoked potentials and
otoacoustic emissions. In addition, he also suffered from periodic fever,
aphthous stomatitis, pharyngitis, and adenitis. A brain magnetic re-
sonance imaging (MRI), performed at 1.5 years of age, revealed a mildly
shrunken cerebellum with enlarged interfolial spaces, without other ab-
normalities (Figure 1a-c). The clinical course was stable, with mild im-
provement in relational, motor praxis, and linguistic skills since the age of
6. Brain imaging repeated 5 years later, remained unmodified
(Figure 1d-f). The younger brother, currently aged 10 years, had a similar
presentation (characterized by neurodevelopmental delay, ataxia, hypo-
tonia, dysarthria, and nystagmus), a mild ID, and an attenuated clinical
course, without strabismus, hearing loss, and behavioral problems. Brain
imaging at 1.5 years revealed widened cerebellar interfolial spaces
(Figure 1g-i).

The proband of Family B, an 18-year-old girl, was the first child of
nonconsanguineous parents. She was born at term by vaginal delivery,
presenting with nuchal cord-related dystocia (Apgar scores 5, 8, and 10).
Postnatal neurological examination, developmental steps, and aux-
ological parameters were normal. She had a regular education without
any obvious learning difficulties till age 13 years, when a decline in
scholar performance was observed, with particular impairments in
memory and attention. The girl was first referred to a neurologist at the
age of 14, after experiencing a tonic-clonic seizure. No specific factors
leading to the onset of manifestations have been identified. On ex-
amination, she displayed mild daily fluctuating ataxia, distal tremor, and
bradylalia. A standardized 1Q evaluation was performed for the first time
at 14 years of age, revealing a borderline intellectual functioning (1Q 73
Wechsler scale) that remained stable over time. Moreover, diffuse
sharp-and-wave complexes on electroencephalogram were observed.

MRI and magnetic resonance spectroscopy (MRS) showed a shrunken
cerebellum with reduction of the N-acetyl aspartate peak (suggesting
neuronal depletion), without progression over time (Figure 1j-n). Fur-
ther seizures were characterized by staring spells and paroxysmal
blinking. There were not specific triggers for seizures onset, neither in
the patient history nor at the electroenchephalogram activation tests
(hyperpnea, intermittent photic stimulation). Several antiepileptic drugs
(including valproic acid, levetiracetam, and lamotrigine) were ineffective
in a complete control of seizures. Clinical conditions remained stable in
the following years. The patient successfully completed high school and
is currently attending the first year of university. During the diagnostic
work-up, a skin biopsy was performed to rule out neuronal ceroid
lipofuscinoses (due to the presence of juvenile-onset seizures, cognitive,
and motor impairment). The ultrastructural analysis showed double-
membrane bound granular and osmiophilic inclusions in the cytoplasm
of dermal fibroblasts and myelinated fibers, compatible with atypical
mitochondria or autophagosomes (Figure 1o-t).

Next-generation sequencing identified in all three patients the
€.638dup, p.(Val214GlyfsTer189) frameshift variant and the c.1395G>A,
p.(Thr465=) synonymous variant in the BRAT1 gene (RefSeq
NM_152743.3, NP_689956.2), each inherited from a healthy parent
(Figure 1u,v). A comprehensive list of rare genomic variants identified in
Family A and B through molecular testing is provided in Tables S2 and S3,
respectively. The c.638dup variant (rs730880324) has been originally
described in RMFSL (Puffenberger et al, 2012). Conversely, the
¢.1395G>A variant (rs201855243), involving the last nucleotide of exon
10, is reported with extremely low frequency in population databases
(0.007% in exome variant server and 0.002% in Genome Aggregation
Database) and has not been previously associated with disease. The sy-
nonymous substitution results in an alternatively spliced isoform which
lacks the 73-bp-long exon 10 and contains a premature stop codon
(p.(Pro442SerfsTer23), NP_689956.2) (Figure 2a-c). The splicing assay
performed in HEK293T cells transfected with the WT minigene identified
two BRAT1 transcripts: the predominant full-length and the less ex-
pressed shorter isoform corresponding to the skipping of exon 10. In-
troduction of the G>A mutation in the minigene caused complete
skipping of exon 10, confirming that the synonymous variant disrupts
the 5’ splice site and impairs splicing of the exon (Figure 2d,e). The same
result was obtained with the G>C mutant minigene, investigating
the impact on splicing of the previously reported c.1395G>C synon-
ymous variant (Burgess et al., 2019; Van Ommeren et al., 2018).

BRAT1 messenger RNA (mRNA) levels were quantified through
quantitative reverse transcription (qRT)-PCR by using primers dis-
criminating the full-length and the skipped transcript. As shown in
Figure 2f and Figure S1, patients maintain the expression of the full-
length form, although at lower levels than a healthy control and both
parents. On the other hand, mRNA levels corresponding to the
skipped transcript are increased in all subjects with the synonymous
variant, when compared with a healthy control or with the parent
displaying the c.638dup variant.

Since the full-length transcript detected through qRT-PCR can be
generated from both the WT allele and the mutated c.638dup allele, the
expression of endogenous WT BRAT1 protein was unequivocally
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BI-1
wt/c.638dup

BI-2
wt/c.1395G>A
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7 Bll-1

€.638dup /c.1395G>A

/ All-1

¢.638dup /c.1395G>A

All-2 BIl-2*

FIGURE 1 Phenotypic traits and genetic characterization of patients. Sagittal T1-, coronal T2-, and axial T1-weighted images of patient All-1 at the
age of 1.5 (a-c) and 6.5 years (d-f), showing global cerebellar hypoplasia and enlarged interfolial spaces without progression over time; sagittal T1-,
coronal T2-, and axial T2-weighted images of patient All-2 at the age of 1.5 years (g-i), revealing marked enlargement of cerebellar interfolial spaces;
sagittal and coronal T1-weighted images of patient BlI-1 at the age of 14 (j, k) and 17 years (I, m), showing a stable appearance characterized by widened
cerebellar interfolial spaces; MR spectroscopy of patient BlI-1 at the age of 14 years (n), displaying a reduction of the N-acetyl aspartate peak;
ultrastructural analysis of skin biopsy, revealing osmiophilic granular inclusions in dermal fibroblasts (o, p) and in myelinated fibers (g-t) (arrows indicate
double membranes surrounding osmiophilic granular inclusions; bars correspond to 500 nm in (o, r, s) and 200 nm in (p, g, t); pedigree of Family A (u) and
Family B (v) and segregation analysis of BRAT1 variants (filled symbols represent affected subjects; *not-tested). MR, magnetic resonance

investigated by Western blotting in fibroblasts from one patient. Results
show that WT mRNA effectively goes under translation, originating WT
BRAT1 protein (Figure 2g). Interestingly, two additional bands of lower
molecular weight were detected in patient's fibroblasts, that might re-
present the two mutated proteins derived from BRAT1 variants.

Lastly, the p53-MCL test detected a centrosomal localization of
p53 in 72.3% of freshly isolated peripheral blood mononuclear cells,
indicating that the identified BRAT1 variants do not impair the ATM
function (Figure 2h).

In this study, we describe two phenotypic outcomes resulting from a
shared genotype at BRAT1 locus. Although all three patients belong to
the mild end of the BRAT1 phenotypic spectrum, their clinical presenta-
tion was completely different. In the first family, the core features shared
by the affected brothers include developmental delay, mild-moderate ID,
ataxia, and shrunken cerebellum on brain MRI; analogously to previous
cases (Mahjoub et al., 2019; Srivastava et al., 2016; Valence et al., 2019),
a mild clinical improvement occurred without neuroimaging progression,

thus confirming that biallelic BRAT1 pathogenic variants should be
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FIGURE 2 Molecular and functional characterization of BRAT1 variants. (a) Agarose gel electrophoresis of cDNA amplified with primers
flanking the supposed deletion breakpoints, showing the ~599 bp expected amplicon (Ctrl and Al-1) and the presence of a lower band in patients
All-1 and All-2 and their mother (Al-2); (b) schematic partial structure of BRAT1 transcript (RefSeq NM_152743.3) and alternative splicing
isoform (bottom panel) resulting from G to A substitution of the last nucleotide of exon 10 (highlighted in red); (c) Sanger sequence of BRAT1
cDNA obtained from the alternatively spliced isoform, lacking the 73-bp-long exon 10; and (d) schematic representation of the BRAT1 minigene.
The nucleotide corresponding to the c.1395G>A or ¢.1395G>C is marked with an asterisk. The genomic sequence of exons 9-11 and flanking
introns were cloned in pcDNA3(+) vector; (e) representative RT-PCR analysis of BRAT1 WT and mutant RNAs isolated from transfected
HEK293T cells and amplified using the vector-specific T7 primer and a primer in exon 11; (f) BRAT1 mRNA levels quantified through qRT-PCR by
using primers discriminating the full length and the short transcripts; (g) expression levels of endogenous BRAT1 protein investigated by western
blotting in fibroblasts from patient All-1; and (h) representative images of p53-MCL in peripheral blood mononuclear cells of patient Bll-1. p53
(red) and y-tubulin (green) were immunostained with specific antibodies by double, indirect immunofluorescence. DNA (blue) was stained with
DAPI; 101 mitoses were evaluated to calculate the percentage of p53-MCL: 73 out of 101 mitoses showed colocalization of p53 and y-tubulin
(left panels) while the remaining 28 mitoses showed no colocalization (right panels); p53-MCL is considered normal when the percentage is
>70% (scale bar = 5 um; x100 objective). cDNA, complementary DNA; Ctrl, control; mRNA, messenger RNA; gRT-PCR, quantitative reverse
transcription-polymerase chain reaction; WT, wild-type

considered in the differential diagnosis of NPCA. Conversely, the third
patient shows the mildest form of NEDCAS so far described, character-
ized by unexpectedly normal neurodevelopment, adolescence-onset
neurological signs, and shrunken cerebellum. Additional previously un-
reported findings are represented by the reduction of N-acetyl aspartate
peak on MRS and the evidence for cytoplasmic inclusions in both dermal
fibroblasts and myelinated fibers. Such mild phenotypes can partly be
explained by the presence of residual BRAT1 WT protein, as shown by
Western blotting. Nevertheless, our laboratory findings do not explain the
observed interpatient clinical variability, as expression levels of the full-
length and the skipped BRAT1 transcripts detected in lymphocytes were
comparable in both families. Such phenotypic divergence further high-

lights the complexity of performing genotype-phenotype correlates even

in monogenic recessive disorders, and could rely on the contribution of
modifier genes, which still remain to be identified.

Among BRAT1-mutated patients, two cases have already been re-
ported with the p.(Thr465=) variant, in homozygous state or in com-
pound heterozygosity with a single amino acid deletion (Burgess et al.,
2019; Van Ommeren et al., 2018). In these patients, the synonymous
variant originated from the ¢.1395G>C nucleotide change, while the
resulting phenotype was severe and classifiable as RMFSL. Interestingly,
the splicing assay performed in HEK293T cells transfected with the G>C
mutant minigene gave the same results obtained for the G>A change
(Figure 2e), further highlighting the difficulty in reliably predicting clinical
outcome from genomic data. As far as we know, no additional variants
affecting codon 465 have been reported to date.
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Ultrastructural analysis of the skin biopsy, never performed in pub-
lished cases, suggested possible alterations in mitochondrial homeostasis,
in accordance with previous observations. Indeed, two BRAT1-mutated
patients were reported with reduced cytochrome c oxidase histochemical
staining on muscle biopsy and decreased native pyruvate dehydrogenase
(PDH) levels in fibroblasts, respectively (Horn et al., 2016; Mahjoub et al.,
2019). Moreover, So and Ouchi (2014) showed mitochondrial mis-
localization, increased glucose uptake, elevated levels of reactive oxygen
species, lower mitochondrial membrane potential, impaired PDH activity,
and decreased ATP synthesis in BRAT1 knockdown Hela cells, again
consistent with a mitochondrial defect. Interestingly, BRAT1 knockdown
cells demonstrate similarities with lymphoblastic cells deficient in ATM
protein, which directly interacts with BRAT1 during DDR. Nevertheless,
the ATM-dependent p53-MCL test performed in one of our patients
(exploiting a noncanonical ATM signalling) (Prodosmo et al., 2013) failed
to show defects in p53 centrosomal localization, suggesting that defec-
tive ATM activity does not contribute to the BRAT1-related phenotype.
This is in agreement with the results from Mahjoub et al. (2019) reporting
a normal ATM kinase activity in DDR after exposure of mutant BRAT1
cells to ionizing radiations.

In the last years, an increasing number of causative genes for
NPCA has been reported (e.g.,, CACNA1A, KCNC3, ITPR1, SPTBN2,
PMPCA), characterized by dominant, recessive, or X-linked in-
heritance (Bertini et al., 2018). The affected children can present with
normal neuroimaging, cerebellar hypoplasia or enlarged cerebellar
interfolial spaces without progression over time. In a further sub-
group of cases, a progressive enlargement of cerebellar fissures po-
tentially mimicking cerebellar atrophy is observed, in association with
clinical improvement. For this reason, a single neuroimaging study
may not be able to distinguish NPCA from degenerative progressive
cerebellar atrophy, thus making it difficult to make prognostic eva-
luations. A better understanding of NPCA-associated genes and re-
lated phenotypes will help clinicians in reaching the correct diagnosis
and better predicting disease outcome. In conclusion, our findings
provide evidence for the clinical heterogeneity associated with
BRAT1 variants, and further expand the BRAT1-associated spectrum
towards the mild end. Mutations in BRAT1 should be suspected in
patients with nonprogressive cerebellar signs, even in the absence of

a neurodevelopmental disorder.
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