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Biallelic variants in LIG3 cause a novel
mitochondrial neurogastrointestinal
encephalomyopathy
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Abnormal gut motility is a feature of several mitochondrial encephalomyopathies, and mutations in genes such as TYMP and
POLG, have been linked to these rare diseases. The human genome encodes three DNA ligases, of which only one, ligase III
(LIG3), has a mitochondrial splice variant and is crucial for mitochondrial health.

We investigated the effect of reduced LIG3 activity and resulting mitochondrial dysfunction in seven patients from three independ-
ent families, who showed the common occurrence of gut dysmotility and neurological manifestations reminiscent of mitochondrial
neurogastrointestinal encephalomyopathy. DNA from these patients was subjected to whole exome sequencing. In all patients,
compound heterozygous variants in a new disease gene, LIG3, were identified. All variants were predicted to have a damaging ef-
fect on the protein. The LIG3 gene encodes the only mitochondrial DNA (mtDNA) ligase and therefore plays a pivotal role in
mtDNA repair and replication. In vitro assays in patient-derived cells showed a decrease in LIG3 protein levels and ligase activity.
We demonstrated that the LIG3 gene defects affect mtDNA maintenance, leading to mtDNA depletion without the accumulation
of multiple deletions as observed in other mitochondrial disorders. This mitochondrial dysfunction is likely to cause the phenotypes
observed in these patients. The most prominent and consistent clinical signs were severe gut dysmotility and neurological abnor-
malities, including leukoencephalopathy, epilepsy, migraine, stroke-like episodes, and neurogenic bladder. A decrease in the num-
ber of myenteric neurons, and increased fibrosis and elastin levels were the most prominent changes in the gut. Cytochrome ¢ oxi-
dase (COX) deficient fibres in skeletal muscle were also observed. Disruption of lig3 in zebrafish reproduced the brain alterations
and impaired gut transit iz vivo.
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In conclusion, we identified variants in the LIG3 gene that result in a mitochondrial disease characterized by predominant gut dys-
motility, encephalopathy, and neuromuscular abnormalities.
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LIG3 in mitochondrial encephalomyopathy

Introduction

The human genome encodes three DNA ligases (I, IIl and
IV). All DNA ligases are expressed in the nucleus, but only
ligase III (LIG3) has a mitochondrial splice variant. Nuclear
LIG3 interacts with X-ray repair cross-complementing pro-
tein 1 (XRCC1) for DNA maintenance by base excision re-
pair, but other nuclear ligases can compensate for defects in
the LIG3 gene, which encodes the LIG3 protein.'”
However, LIG3 is crucial in mitochondria, as it is the only
ligase responsible for mitochondrial DNA (mtDNA) replica-
tion and maintenance, working along with mtDNA poly-
merase gamma (POLG) and other mtDNA replisome
factors.® The lethality of a LIG3 null mutation can be allevi-
ated by targeting another DNA ligase to mitochondria,
whereas overexpression of the LIG3 protein appears to in-
crease the resistance to oxidative damage in mitochondria.”
Therefore, reduced LIG3 activity is expected to affect mito-
chondrial health and would lead to diseases resulting from
mitochondrial dysfunction.

A key clinical feature of several mitochondrial diseases is
severely abnormal gut motility, such as in patients with
chronic intestinal pseudo-obstruction (CIPO). This is an im-
pairment of gut propulsion, mimicking a mechanical ob-
struction  without  detectable  anatomical  causes.® "
Mitochondrial encephalomyopathies may also be character-
ized by prevalent leukoencephalopathy caused by mitochon-
drial dysfunction.® Mitochondrial neurogastrointestinal
encephalopathy (MNGIE), the ‘tip of the ice-berg’ of such
rare diseases, is caused by mutations in the TYMP gene,
which encodes thymidine phosphorylase.!" Similar pheno-
types are also caused by mutations in POLG, or mutations
in the mtDNA itself, as observed in patients with mitochon-
drial encephalomyopathy with lactic acidosis and stroke-like
episodes (MELAS)."?

We here report a novel mitochondrial gastrointestinal
encephalomyopathy caused by biallelic variants in LIG3,">'3
leading to a syndrome predominantly characterized by severe
gut dysmotility (i.e. CIPO) and encephalomyopathy.

Patients and methods

In the present study, analyses of the patients were performed
in three different institutes, which led to some differences in
the methods used per family, as detailed below.

Ethical approval

Data from patients and controls were handled in accordance
with the local ethics committees (St. Orsola Hospital Ethics
Committee; Institutional Review Board of Kobe University
School of Medicine and Medical Ethical Board of
Amsterdam University) and analyses were performed after
obtaining written informed consent from the patients or
patients’ parents, according to the declaration of Helsinki.
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Next-generation sequencing analysis

Families were recruited from different institutions as follows:
Italy, Family 1, Patients 1-1, 1-2, and 1-3; The Netherlands,
Family 2, Patients 2-1 and 2-2; and Japan, Family 3,
Patients 3-1 and 3-2. Details of patients are provided in the
Supplementary material.

Sample collection and
immunohistochemistry

Muscle, gut, skin and urothelial sediment cells (USCs) were
collected and histologically analysed as described in the
Supplementary material. Procedures for western blot analy-
ses are also provided in the Supplementary material.

Immunofluorescence: Family |

Immunofluorescence analysis was performed as described in
the Supplementary material. The following primary antibod-
ies were used: rabbit anti-LIG3 (26583-1-AP; 1:50,
ProteinTech). Secondary antibodies used were the following;:
Alexa Fluor® 488 goat anti-rabbit IgG, Alexa Fluor® 555
goat anti-rabbit (all from Abcam; 1:800).

Analysis of mtDNA content by real-
time quantitative PCR

Family |

Total DNA was extracted from fibroblasts using the Qiagen
Mini kit and from muscle biopsies by standard phenol-
chloroform extraction. Real-time quantitative PCR was used
to assess mtDNA content according to previously validated
methods. "’

Family 2

The mtDNA/nuclear DNA (nDNA) ratio was measured in
duplicate on freshly obtained muscle tissue in a diagnostic
setting (Radboud UMC Laboratory, The Netherlands) and
compared to age-matched controls (above the age of 21
years) from reports in the literature.'®

Family 3

Total DNA was extracted from fibroblasts or myoblasts
using DNeasy Blood and Tissue Kit (Qiagen). The Human
mtDNA Monitoring Primer Set (Takara) was used for amp-
lification of mtDNA and nDNA. Real-time PCR was per-
formed using SYBR Premix Ex Taq II (Takara) and 7300
Real-Time PCR System (Thermo Fisher) according to previ-
ously published protocols.'”'®

DNA ligase assay: Patient 2-1

Mitochondrial protein extracts were prepared from primary
fibroblasts as previously described.'” Ligation of linearized
pUC18 plasmid using mitochondrial extracts was performed
as previously reported.'” Briefly, Pstl-linearized pUC18 was
incubated at 16°C for 16 h with mitochondrial extracts
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from control and mutant samples. Plasmid DNA was subse-
quently deproteinized, purified and separated on 1.2% analyt-
ical agarose gels. Reactions were supplemented by the addition
of ATP; T4 DNA ligase (New England Biolabs) was used as a
positive control. Each ligation assay was performed twice.

Quantitative PCR-based analysis of
MmtDNA repair activity

Wild-type and LIG3-mutant fibroblasts (10°) from Patient
2-1 were seeded in 6-cm dishes 16-18 h prior to the experi-
ments. Cells were washed once with Ham’s F-10 medium with-
out supplements, and the conditioned medium was used
subsequently. Cells were exposed to 200 uM H,0O, for 15 min
and harvested immediately or cultured with conditioned me-
dium for 6 h. High-molecular weight genomic DNA was
extracted from untreated or H,O,-treated wild-type and
LIG3-mutant cell lines using Wizard® SV Genomic DNA
Purification System (Promega). The quantitative PCR reaction
was performed with the LongAmp® Taq PCR kit (New
England Biolabs) as follows: 15 ng total DNA was added to a
reaction mix of 50 pl with 100 ng/ul bovine serum albumin,
200 pM dNTPs each, 1-3 mM MgO(Ac),, and 20 pmol each
of the two primers. PCR was performed with primer pairs to
amplify an 8.9-kb fragment of mtDNA (long), and in a separ-
ate reaction to amplify a 221-bp fragment of mtDNA (short),
to calculate mtDNA damage and copy number in untreated
and H,O,-treated samples, respectively.!” The primer sequen-
ces used were as previously described.!”” PCR products for
both long and short mitochondria amplicons were quantified
using the PicoGreen'™ dsDNA quantification assay (Thermo
Fisher). Fluorescent values obtained from the short PCR prod-
ucts of each sample were used to normalize the results from
the long PCR products. These values were used to estimate the
average number of lesions per 10 kb mitochondrial genome
using a Poisson distribution.'” Relative amplification was cal-
culated by comparing treated samples with untreated samples
for both wild-type and mutant cells and the unpaired #test
was performed for statistical analysis.

Ethidium bromide treatment:
Patient 3-2

Fibroblasts were cultured in the presence of 50 ng/ml eth-
idium bromide (EtBr), 1 mM pyruvate, and 50 pg/ml uridine
for 9 days followed by culturing without EtBr for 7 days.
Subcultures were performed every 2 to 3 days to keep the
confluency of the cells between 30% and 80%.

Mitochondrial oxygen consumption

Patient |-1

To measure mitochondrial oxygen consumption 1.5 x 10° cells
for each cell type (wild-type and Patient 1-1-derived fibroblasts)
were harvested, washed in PBS, resuspended in complete me-
dium and assayed for oxygen consumption at 37°C using a
thermostatically ~ regulated  oxygraph  chamber  (Instech

E. Bonora et al.

Mod.203). Basal respiration was measured in Dulbecco’s modi-
fied Eagle medium and compared with data obtained after the
injection of oligomycin (1 uM) and carbonyl cyanide 4-(trifluor-
omethoxy) phenylhydrazone (FCCP) (1-6 uM). Antimycin A
(5 uM) was added at the end of the experiments to completely
block the mitochondrial respiration.”’ Respiratory rates were
expressed in nmol O,/min/mg of total protein, which was deter-
mined by the Lowry assay.

Patient 3-2

In USCs, basal and maximal oxygen consumption rates
(OCR) were analysed using Seahorse Bioscience XF-24
extracellular flux bioanalyzer (Agilent) and Seahorse XF Cell
Mito Stress Test. USCs were seeded onto XF 24-well micro-
plates in growth medium at 1.5 x 10°/well (z = §). The next
day, growth medium was replaced with assay medium sup-
plemented with glucose, pyruvate and r-glutamine, and the
pH was adjusted to 7.4. Cells were equilibrated prior to
Mito Stress testing in the analysis medium for 30 min at
37°C in a CO;-free incubator. ATP-linked respiration was
determined by oligomycin (1 uM) and maximal respiration
was induced using FCCP (1 uM). Nonmitochondrial respir-
ation was determined after injection of rotenone and antimy-
cin A (1 pM each). Data were analysed using XF Cell Mito
Stress Test Report Generator. After assay completion, cells
were rinsed with PBS and frozen. After thawing, double
stranded DNA of each well was measured using DNA
Quantity kit (Cosmo BIO) using a microplate reader.

ATP determination: Patient |-

Nucleotides were extracted and detected using a Kinetex
C18 column (250 x 4.6 mm, 100 A, 5 wm; Phenomenex)
with a two pump Agilent 1100 series system (Agilent).*!
Absorbance (260 nm) was monitored with a photodiode
array detector (Agilent 1100 series system). Nucleotide peaks
were identified by comparison and coelution with known
standards and quantification by peak area measurement
compared with standard curves.

Zebrafish husbandry

Embryos were obtained by natural mating of wild-type
adults (TU/AB strain, Aquatica BioTech). Adults were main-
tained on a 14-h/10-h day/night cycle. Larvae were nurtured
in embryo media (0.3 g/l NaCl, 75 mg/l CaSO,, 37.5 mg/l
NaHCOj; and 0.003% methylene blue) at 28°C until pheno-
typic analysis at 3 days post fertilization (dpf), 5 dpf and
8 dpf, respectively. All zebrafish studies were approved by
the Duke University Institutional Animal Care and Use
Committee.

Gene suppression and
complementation in zebrafish
embryos

A splice-blocking morpholino (MO) was designed to target
the Danio rerio lig3 exon 11 splice donor (e11i11) and was
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synthesized by Gene Tools LLC. To identify the optimal
dose for in vivo complementation, a dose curve was gener-
ated by injecting 2, 4 and 6 ng (1 nl MO per embryo; one-
to four-cell stage) into TU/AB embryos. Total RNA was
extracted from 1 dpf embryos (15-20 per condition) using
TRIzol® (Thermo Fisher) and was reverse transcribed using
the SuperScript® III Reverse Transcriptase kit (Thermo
Fisher). We used ¢cDNA as the template for RT-PCR with
primers flanking the lig3 MO target site. PCR products were
purified with QIAquick gel extraction kit (Qiagen) and
cloned in TOPO-TA cloning vector (Thermo Fisher).
Plasmids were purified and Sanger sequenced according to
standard protocols. For rescue experiments, wild-type
human LIG3 open reading frame (Ultimate ORF collection;
Clone ID: IOH40893) was subcloned into the pCS2 + vector
by LR Clonase II®-mediated recombination (Thermo Fisher).
To produce constructs containing the sequences of patient-
associated variants, site-directed mutagenesis was per-
formed.>*> Constructs were linearized with Nozl, and the
resulting template was transcribed with the mMessage
mMachine® SP6 transcription kit (Thermo Fisher). Unless
otherwise noted, 6 ng lig3 MO was used either alone or in
combination with 200 pg LIG3 mRNA for in vivo comple-
mentation studies.

CRISPR/Cas9 genome editing of
zebrafish embryos

Guide (g) RNAs targeting the lig3-coding region were
designed with CHOPCHOP. A GeneArt precision gRNA
synthesis kit (Thermo Fisher) was used to in vitro transcribe
gRNAs, followed by injection of 1 nl of injection cocktail
containing 100 pg/nl gRNA and 200 pg/nl Cas9 protein
(PNA Bio) directly into the cell of TU/AB embryos (one-cell
stage). Heteroduplex assays were used to determine targeting
efficiency in founder (FO) mutants.”>** Genomic DNA was
extracted from 2 dpf embryos. The region flanking the
gRNA target site was amplified by PCR; PCR products were
denatured (95°C for 2 min), reannealed (-2°C/s to 85°C and
-0.1°C to 25°C), separated on a 15% TBE 1.0-mm poly-
acrylamide gel, stained with EtBr and imaged using the
Chemi-Doc system (Bio-Rad). To estimate the percentage of
mosaicism of lig3 FO mutants (n = 35), PCR products were
gel-purified with QIAquick Gel extraction kit (Qiagen),
cloned into the TOPO-TA vector (Thermo Fisher) and plas-
mids were isolated from individual colonies (7 = 10-12 colo-
nies/embryo) and Sanger sequenced according to standard
procedures.

Phenotypic analysis of zebrafish
larvae

Whole-mount immunostaining with anti-acetylated tubulin
(T7451, Sigma-Aldrich) and anti-HuC/D (A-21271, Thermo

Fisher) antibodies was performed to analyse the brain and
enteric neurons along the gastrointestinal tract, respectively.
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Smooth muscle morphology of the gastrointestinal tract was
assessed using the anti-phospho-myosin light chain 2 anti-
body (Ser19; 9970, CST). To quantify neurons in the cere-
bellar area, whole-mount acetylated tubulin immunostaining
was performed.”>** Dorsal images were acquired manually
with an AxioZoomV.16 microscope (Zeiss) and Axiocam
503 monochromatic camera (Zeiss). Cerebellar structures of
interest were measured using Image] software. Total cerebel-
lar area was measured blindly by two experts on acetylated
tubulin-stained larvae by outlining the structures with a
fluorescent signal. Quantitative evaluation of enteric neurons
was performed via HuC/D staining in injected embryos at §
dpf. For phospho-myosin staining, injected embryos were
analysed at 8 dpf. Fluorescent cell counts were performed
with Image] software. To assess peristalsis of the zebrafish
gut, embryos at 8 dpf were anesthetized using 1 X tricaine
embryo media. Gastrointestinal motility was recorded with
2-min time lapse videos.

Statistical analysis

Chi-squared (x*), ANOVA and two-tailed parametric t-tests
were performed as reported in the corresponding ‘Results’
sections and figure legends, using GraphPad Prism software
v.7.00 (GraphPad). P-values < 0.05 were considered to in-
dicate a statistically significant difference between two
groups. For statistical analysis of cerebellum measurements
in zebrafish, a non-parametric one-way ANOVA followed
by the Tukey multiple comparison test was performed. For
the gut peristalsis assay, the x> test was used to perform
pairwise statistical comparisons across experimental
conditions.

The analysis of mtDNA deletions by droplet digital PCR,
RNA extraction and transcript analysis, ultrastructural ana-
lysis, mitochondrial network analysis, reactive oxygen spe-
cies quantification, and measurement of transmembrane
potential are described in the Supplementary material.

Data availability

The authors confirm that the data supporting the findings of
this study are available within the article and its
Supplementary material.

Results

Clinical features of the patients

In seven affected individuals from three separate families
compound heterozygous variants in the LIG3 gene were
identified by whole exome sequencing (WES) (Fig. 1A-C).
These patients showed a largely overlapping phenotype and
an overview of their clinical features is presented in Table 1.
The clinical histories of each patient can be found in the
Supplementary material. The clinical features of these
patients for many aspects resembled the mitochondrial
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disease MNGIE. Severe dysmotility of the gut was present in
all patients and most patients fulfilled the diagnostic criteria
for CIPO.%1%2¢ Brain MRI of all patients showed leukoen-
cephalopathy and/or progressive cortical atrophy, whereas
cerebellar atrophy was observed only in patients from
Family 3 (Fig. 1D-F). In addition to the MNGIE-like fea-
tures, all patients had other neurological features including
epilepsy, stroke-like episodes, migraine and developmental
delay, reminiscent of MELAS. Further clinical manifestations
included neurogenic bladder and macular degeneration,
which were present in most patients. Hearing loss was only
observed in one patient (Table 1). Increased lactate/pyruvate
ratio in the CSF was found in the patients of Family 3.
Although the clinical phenotype was quite consistent across
the three families, the age of onset and disease severity dif-
fered considerably ranging from paediatric severe disease
with premature death to adult cases. In particular, the two
patients of Family 3 manifested as infants with severe gut
dysmotility, severe developmental delay and epilepsy, inter-
preted as West syndrome.”” One of the two children in this
family died at the age of 2 years. Conversely, the disease
onset occurred much later in the three patients from Family
1 (between the ages of 9 and 10 years), with a rapid disease
progression. The presentation in Family 2 was even later,
with some features detectable at paediatric age, but the most
severe manifestations only occurring at adult age with a
slower disease progression compared with the other two
families.

Evidence of mitochondrial
dysfunction in patient tissue

Skeletal muscle biopsies of patients from all three families
(Patients 1-1, 2-2 and 3-2) showed alterations that are
observed in patients with mitochondrial myopathies, e.g.
succinate dehydrogenase (SDH) hyper-reactivity, reduced
cytochrome ¢ oxidase (COX)-staining (Supplementary Fig.
1A-C) and altered myofibre structure (Patient 3-2) on elec-
tron microscopy (Supplementary Fig. 1D). Nevertheless,
these muscle alterations were variable/subtle, as compared
with the severe clinical phenotype observed in the gut and
CNS of the patients.

Identification of LIG3 mutations

The recurrent phenotype of CIPO and neuromuscular in-
volvement in all sibs, along with unaffected parents, sug-
gested a recessive disorder, with a possible mitochondrial
aetiology. In all three families we identified compound het-
erozygous variants in LIG3, shared by the corresponding
affected sibs and inherited from the corresponding heterozy-
gous healthy parents (Fig. 2A and Supplementary Fig. 2A-
C). The variants in Family 1 (p.K537N and p.G964R mis-
sense variants) were not present in public databases
(Database of Single Nucleotide Polymorphisms, dbSNP;
Genome Aggregation Consortium, gnomAD; ClinVar;
1000Genomes) or in an inhouse database (650 Italian
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exomes). In Family 2 the missense variant p.C999Y was
novel and the premature stop codon p.R267Ter was present
in dbSNP with a very low minor allele frequency (MAF)
(Supplementary Table 1). In Family 3 we identified the mis-
sense variant p.P609L and the premature stop codon
p-R811Ter. Both variants were present in dbSNP and
gnomAD with a very low MAF (Supplementary Table 1).
No deleterious variants in other genes compatible with a re-
cessive or de novo inheritance were detected. All variants
mapped to the conserved LIG3 domains*®*® and in silico
analyses  predicted their pathogenicity (Fig. 2A,
Supplementary Fig. 2D and Supplementary Tables 1 and
2).>%%! No causative point mutations or deletions in
mtDNA were identified in Patients 1-1, 2-2 and 3-2.

LIG3 mRNA and protein analysis

Detailed analyses on the consequences of the LIG3 muta-
tions were conducted using primary skin fibroblasts derived
from Patients 1-1, 2-1 and 3-2. The missense p.K537N vari-
ant identified in Family 1, mapping to the most 3’ nucleotide
of exon 9, was predicted to alter splice-site recognition
(Human Splicing Finder v3.0, HSF; Supplementary Fig. 3A).
RT-PCR with the primers in exon 8 and exon 10 showed
only one band of the expected size for exon 9 inclusion in
control cDNA, but the cDNA from patient cells also gave
rise to a shorter transcript lacking exon 9 (Fig. 2B). Exon 9
skipping results in a protein lacking 52 amino acids (495-
537 in-frame deletion) in the conserved adenylation-nucleoti-
dyltransferase (NTase) domain of the ATP- and POLG-bind-
ing regions (Fig. 2C).'*'*?% Exon skipping in this mutant
protein results in the loss of ~5 kDa of the LIG3 protein.
However, we detected a severe reduction in the total amount
of LIG3 protein without the appearance of a shorter LIG3
species on western blot analysis of control and patient fibro-
blast lysates (Fig. 2D) (a severe reduction in expression is
also shown in Supplementary Fig. 3B-D). Concordantly,
transient transfection of the ¢cDNA encoding for human
LIG3 carrying the exon 9 deletion in HEK293 cells did not
show any band smaller than that of the wild-type LIG3 pro-
tein (Supplementary Fig. 3E), suggesting that the protein is
early degraded. Although in Patient 1-1 fibroblasts the exon
9 variant gave rise to exon skipping, we also evaluated its
potential effect as missense change p.K537N in transient
transfection of HEK293: the protein product was present
(Supplementary Fig. 3F), but the co-immunoprecipitation
assay using an antibody against LIG3, followed by western
blotting for POLG, showed a very low affinity for POLG
compared to wild-type LIG3 (Supplementary Fig. 3G).
Based on western blot results in fibroblasts, we assumed
that, in the Patient 1-1 fibroblasts, only the other human
LIG3 allele (p.G964R) was expressed at the protein level
and that this amino acid change caused reduced stability. In
line with these observations, transient transfection of the
c¢DNA encoding for human LIG3 with the missense change
p-G964R in HEK293 revealed that LIG3 expression was
comparable to that of the empty vector, at difference with
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Figure | Identification of LIG3 mutations. (A-C) Pedigrees of the three families with LIG3 mutations. Filled and open symbols denote
affected and healthy individuals, respectively; diagonal bars indicate deceased members. (A) Family I: inheritance of paternal p.K537N and mater-
nal p.G964R variants in the three affected brothers. (B) Family 2: inheritance of paternal p.R267Ter and maternal p.C999Y variants in the two
affected sisters. (C) Family 3: inheritance of paternal p.P609L and maternal p.R81 | Ter variants in the two affected brothers. (D) Brain MRI and
abdominal X-ray images of the patients in Family I. (ii) Axial T,-weighted, and (iii) sagittal T,-weighted images of a control subject (CNT) demon-
strating normal supratentorial white matter, corpus callosum and cerebellar vermis. Corresponding images for Patients |-1 (v—vii), 1-2 (ix—xi)
and |-3 (xiii—xv) demonstrate leukoencephalopathy (involving periventricular and subcortical white matter, corpus callosum and internal capsu-
les) characterized by diffuse but irregular T, hyperintensities with a peculiar ‘leopard-skin’ pattern due to the sparing of small white matter islets.
Arrows (vii, xi and xv) indicate mild callosal hypoplasia. Patient |- shows additional signs of cerebellar atrophy (vii, open arrow). (viii—xvi)
Abdominal X-ray images displaying bowel dilatation with air-fluid levels compared with the control subject. (E) Brain MRI of the patients of
Family 2. Axial T,-weighted images of Patients 2-1 (left) and 2-2 (right) at different time points (i, t = 0 years and iii, t = + 3 years; v and vi, t = 0;
vii and viii, t = +2 years, ix and x, t = +4 years). In Patient 2-1 there is diffuse hyperintensity of the entire cerebral white matter. After several
stroke-like episodes, progressive atrophy with asymmetrical ‘ex vacuo’ dilatation of the ventricular system was noted. Patient 2-2 displays a similar
pattern and evolution over time. (F) Brain MRI and abdominal X-ray images of patients in Family 3. In Patient 3-1 axial (i) T,-weighted, (ii) T»-
weighted and (iii) diffusion-weighted images demonstrate brain atrophy and restricted diffusion in the left temporo-occipital, corticosubcortical
regions extending to the corpus callosum. In Patient 3-2, brain MRI demonstrates generalized brain atrophy (v—vii). Abdominal X-ray images
show marked bowel distension (iv and viii).
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LIG3 in mitochondrial encephalomyopathy

the HEK293 cells transfected with wild-type LIG3
(Supplementary Fig. 3F). Molecular modelling showed that
p-G964 interacts with p.R558 of murine XRCC1 (a residue
conserved between human and murine proteins). The LIG3
variant p.G964R was predicted to hamper the interaction
between LIG3 and XRCC1 because of the close proximity
(0.44 nm) of two positively charged amino acids in the inter-
acting site (p.R558 in XRCC1 and mutated p.R964;
Supplementary Fig. 3H). This impairment prevented LIG3
translocation into the nucleus (Supplementary Fig. 31).!"

The compound heterozygous mutations in Family 2
(p.R267Ter and p.C999Y) were also analysed. RT-PCR on
Patient 2-1 fibroblasts and controls showed that the
¢.799C>T allele (p.R267Ter variant) was not expressed,
and only the ¢.2996G> A allele (p.C999Y variant) was pre-
sent in the final transcript of the patient’s fibroblasts
(Fig. 2E), suggesting that mRNA carrying the ¢.799C>T
variant (premature stop codon p.R267Ter) was degraded by
nonsense-mediated decay. Transient transfection of HEK293
cells with the plasmid encoding the LIG3 p.C999Y variant
did not show an increase in expression, compared to cells
transfected with the empty vector, as seen for the vector
with wild-type LIG3 (Supplementary Fig. 3F). Molecular
modelling showed that the variant p.C999Y is predicted to
severely destabilize LIG3 structure (AAG = -2.02 kcal/mol;
Supplementary Fig. 3H).**3! Western blot analysis in
patient’s fibroblasts indeed resulted in a marked decrease in
LIG3 protein levels (Fig. 2D and Supplementary Fig. 3C).

The p.R811Ter variant in Family 3 was not expressed and
only the ¢.1826C>T allele (p.P609L variant) was present in
the final transcript (Fig. 2F), suggesting that mRNA carrying
the ¢.2431C>T variant (premature stop codon p.R811Ter)
was degraded by nonsense-mediated decay, as shown for the
premature stop-codon found in patients of Family 2. The
p.P609L variant, mapping to the end of an alpha-helix in
the ATP-binding domain, was predicted to destabilize the
protein (AAG = —-0.74 kcal/mol; Fig. 2C).3%3!

Compared to controls, fibroblasts from Patient 3-2
showed very low amounts of LIG3 protein (Fig. 2D and
Supplementary Fig. 3D), in agreement with the transient
transfection of the construct carrying the p.P609L variant in
HEK293 cells (Supplementary Fig. 3F). We also investigated
whether protein instability could be rescued by the prote-
asome inhibitor MG132 which, however, evoked only a
marginal increase of LIG3 levels in mutant cells
(Supplementary Fig. 3D).

LIG3 mutations result in impaired
ligase activity and mtDNA
depletion

As LIG3 is the only mtDNA ligase, we investigated whether
the ligase activity of mitochondrial extracts from patient cells
was affected. The mitochondrial extracts from control and
Patient 2-1 fibroblasts were incubated with linearized plas-
mid DNA (Fig. 3A). Indeed, mutant extracts were unable to

BRAIN 2021: Page 9 of 17 | 9

religate the linearized plasmid DNA, whereas mitochondrial
extracts from control cells showed clear ligation activity.
Subsequently, the mtDNA ligation and repair capacity was
analysed in control and patient fibroblasts, according to
Furda et al.!” Control and mutant cells were exposed to oxi-
dative stress (H,O, for 15 min) and then allowed to repair
the DNA damage for 6 h (Fig. 3B). Normal fibroblasts
showed a reduced amount of PCR amplification product dir-
ectly after the H,O, exposure and a significant recovery
after 6 h (P < 0.05; Fig. 3B). However, mutant cells showed
little or no recovery of intact mtDNA, consistent with a se-
vere defect in mtDNA repair (Fig. 3B).

We also investigated whether mtDNA replication was
affected. The replication capacity of mtDNA after EtBr treat-
ment was impaired in fibroblasts from Patient 3-2. Control
and patient cells lost their mtDNA content at a similar rate
and after 9 days of EtBr treatment all cells contained only
low levels of mtDNA (controls between 0.5% and 1.2%; pa-
tient 0.9% of the starting level). However, the controls
showed a clear increase in mtDNA content 6 days after
withdrawal of EtBr, whereas this recovery was not observed
in the patient samples. This experiment demonstrates that
the patient cells have a clearly decreased capacity of mtDNA
replication, in addition to the previously shown impairment
in mtDNA repair (Fig. 3C).

We subsequently investigated whether the LIG3 defects
also resulted in reduced mtDNA content. Quantitative as-
sessment of mtDNA copy number in a skeletal muscle bi-
opsy sample from Patient 1-1 demonstrated significant
mtDNA depletion compared with controls (P < 0.01;
Fig. 3D). In Patient 2-2, mtDNA content of the skeletal
muscle biopsy was 66% of that in age-matched healthy con-
trols (Supplementary Fig. 4A)."® A significant decrease in
mtDNA copy number was also observed in myoblasts
derived from Patient 3-2 compared to controls (P < 0.05;
Fig. 3E).

Patient 1-1-derived fibroblasts showed significant mtDNA
depletion compared to controls (P < 0.01; Fig. 3F).
Conversely, in skin-derived fibroblasts of Patient 3-2
mtDNA copy number was similar to control cells
(Supplementary Fig. 4B).

A quantitative assessment of mtDNA deletions was per-
formed as reported in the Supplementary material, but dele-
tions were not detected in both fibroblasts and skeletal
muscle of Patient 1-1 (Supplementary Fig. 4C and D).

Mitochondrial dysfunction caused by
LIG3 mutations

We next investigated how partial mtDNA depletion affected
mitochondrial shape and function. Mitochondria were
visualized with MitoTracker Green and analysed using con-
focal fluorescence microscopy. Overall, the mitochondria of
mutant fibroblasts (Patient 1-1) displayed a fragmented net-
work compared with control cells (Fig. 4A and
Supplementary Fig. SA-E). Compared to controls,
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Figure 2 Identification of the molecular defects of LIG3. (A) Mutations mapped on the Pfam database (https://pfam.xfam.org/) domains
of LIG3 [mitochondrial transport signal (MTS), ATP-binding domain, POLG and XRCCI-binding sites]. Variants in Family | are indicated in red,
variants in Family 2 are indicated in green, and variants in Family 3 are indicated in violet. Arrowheads indicate the primer pairs used for subse-
quent RT-PCR analysis. aa = amino acids. (B) Splicing alteration induced by the p.K537N variant. Control fibroblasts (lane I, cnt) show a band of
the expected size for the transcript containing exon 9. Fibroblasts from Patient -1 (lane 2) show two bands: the higher band corresponds to the
transcript with exon 9, and the lower band corresponds to a transcript without exon 9, as shown by the corresponding electropherograms. A
cropped image of the gel electrophoresis is reported, without the marker lane (relevant sizes indicated; bp = base pairs). Lane 3: no RT = RT-
PCR carried out without reverse transcriptase on Patient |-1 mRNA; lane 4: negative control of RT-PCR (no template). (C) Structure of the lig-
ase domain of human LIG3 (residues 257-833) in complex with DNA and AMP. The region encoded by exon 9 is in violet. The position p.P609 is
represented in pink. (D) LIG3 western blot analysis in total cell lysates derived from human control and patient fibroblasts, showing a severely
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LIG3 in mitochondrial encephalomyopathy

ultrastructural analysis in fibroblasts of Patient 1-1 showed
qualitative and quantitative mitochondrial defects such as
abnormal cristae and swollen mitochondria and a greater
average mitochondrial area (0.011854 versus 0.00644 pum?,
respectively) (Supplementary Fig. SF).

Analysis of the respiration rate confirmed the mitochon-
drial dysfunction in patient cells. We observed a significantly
decreased uncoupled oxygen consumption (Fig. 4B) and
lower ATP content (Fig. 4C) in Patient 1-1 fibroblasts. In
addition, USCs which have high mitochondrial content,*
were established from Patient 3-2 and tested for oxygen con-
sumption rate. The results showed a decrease in oxygen con-
sumption rate in USCs of Patient 3-2 compared with control
USCs (Supplementary Fig. 5G). Although no differences in
mitochondrial membrane potential were detected in intact
control and Patient 1-1 fibroblasts (Supplementary Fig. SH),
in digitonin-permeabilized cells LIG3-mutant fibroblasts
were less responsive to different respiratory substrates (glu-
tamate malate, ADP, and succinate), inhibitors (oligomycin A
and rotenone) and uncoupler (FCCP) compared to controls
(P =0.0012; Fig. 4D). MitoSOX™ Red staining (a selective
probe for mitochondrial superoxide) detected a significantly
increased production of mitochondrial reactive oxygen spe-
cies in mutant cells compared to control cells (P =0.0393;
Fig. 4E), confirming the mitochondrial dysfunction.*

As the addition of glutamine (6 mM) has been shown to
increase the survival of cells carrying mitochondrial defects,
but not control cells,** the glutamine concentration was
increased in the culture medium from the standard 2 mM to
6 mM. In control fibroblasts a higher glutamine concentra-
tion resulted in a decreased growth rate (Supplementary
Table 3), in agreement with previous findings,”*>¢ indicating
that in the absence of mitochondrial defects, excess glutam-
ine may exert a detrimental effect. Conversely, fibroblasts
from Patient 1-1 grew more efficiently when exposed to 6
mM than 2 mM glutamine (Fig. 4F and Supplementary
Table 3; P = 0.0248 at 96 h culture).

In vivo modelling of LIG3 mutations

As a final line of evidence that the LIG3 mutations can in-
deed cause the phenotype observed in the patients, we

Figure 2 Continued
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investigated the intestinal and neuronal phenotypes in a
zebrafish model. We evaluated the consequences of LIG3
mutations on the cerebellar structure**=” and the developing
digestive system.’® Reciprocal BLAST with the human LIG3
protein sequence against the zebrafish genome (Zfin v.10)
identified a single lig3 orthologue on chromosome 35, encod-
ing a single transcript for which the encoded protein
(NP_001025345) had 69.7% identity to human LIG3
(NP_039269).

We engineered FO mutants using CRISPR/Cas9 genome
editing (Supplementary Fig. 6A and B). FO clutches with a
lig3 gene disruption (at 3 dpf) showed a significant decrease
in the overall cerebellar area compared with both uninjected
embryos and embryos injected with gRNA alone (Fig. 5A
and B). The observed cerebellar phenotype was consistent
with published data from Lig3™ mice.”

We also applied a splice-blocking MO antisense oligo-
nucleotide targeting the splice donor site of lig3 exon 11
(e11i11; Supplementary Fig. 6A). The MO resulted in the
skipping of exon 11 and the induction of a frameshift soon
thereafter (Supplementary Fig. 6C). Injection of this MO
resulted in a dose-dependent decrease in cerebellar area phe-
nocopying the FO CRISPR mutants (P < 0.0001;
Supplementary Fig. 7A and B). The cerebellar phenotype
was rescued by co-injecting human wild-type LIG3 mRNA
(Supplementary Fig. 7B), but not by mRNA harbouring pa-
tient-derived mutant variants (p.K537N and p.G964R)
(P < 0.0001; Fig. 5C).

We also tested whether lig3 suppression (MO) or ablation
(CRISPR) perturbed the morphology of the gut and the
function of the gastrointestinal tract. Quantification of HuC/
D-positive neurons showed no significant differences be-
tween MO-treated or FO mutant zebrafish compared with
controls (Supplementary Fig. 7C and D). Anti-phosphomyo-
sin staining in the zebrafish gut (8 dpf) did not show any
myopathic changes (Supplementary Fig. 7E). We assayed
gastrointestinal function at 8 dpf (at which age the gastro-
intestinal system is developed) by analysing the pattern of
peristalsis using high-speed video microscopy. Qualitative
scoring by investigators blind to the injection cocktail
showed a significant number of morphants and knockout
zebrafish with abnormal gut peristalsis [Fig. 5D,

decreased LIG3 protein levels (black arrow) in patient fibroblasts compared with controls. ACTB = beta-actin loading control. Inmunoblotting
for LIG3 and for ACTB (endogenous control) proteins were performed on the same blot. Cropped images are reported. (E) LIG3 transcript ana-
lysis in Patient 2-1 and control cDNA:s. Left: Agarose gel electrophoresis image of the RT-PCR products. Cropped images of gel electrophoresis
are reported, without the marker lane (relevant sizes indicated). Right: Sanger sequencing analysis of the products of RT-PCR with primers c—d
and primers e—f. Arrows indicate the ¢.799C>T and ¢.2996G > A variants in LIG3 transcript. The electropherogram shows that only the
€.2996G > A (p.C999Y) variant is present in the LIG3 transcript of the patient, and not the ¢.799C > T (p.R267Ter) variant. (F) LIG3 transcript
analysis in Patient 3-2 and control cDNAs. Left: Agarose gel electrophoresis image of the RT-PCR products. HPRT = internal control. Cropped
images of gel electrophoresis are reported, without the marker lane (relevant sizes indicated). Right: Sanger sequencing analysis of the products
of RT-PCR with primers 1-2 and primers 3—4. Arrows indicate the c.1826C>T and c.2431C>T variants in LIG3 transcript. The electrophero-
gram shows that only the c.1826C>T (p.P609L) variant is present in the LIG3 transcript of the patient, and not the c.2431C>T (p.R81|Ter)

variant.
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6 h, then analysed for PCR amplification of a long mtDNA fragment relative to a short PCR fragment (left) and the calculated number of lesions
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mtDNA in the skeletal muscle of Patient |- (red circles) and controls (black circles). Data shown for n = 5 controls and three replicates of the
Patient |-l muscle biopsy. **P < 0.01, Student t-test. (E) Mitochondrial DNA quantification in myoblasts from Patient 3-2 (in red; three replicates
of Patient 3-2 samples) and controls (in black; data shown for five controls). *P < 0.05, Student t-test. (F) Quantification of mtDNA in skin-
derived fibroblasts ({atient |-1); data shown for five samples for control (black circles) and Patient |- (red circles). **P < 0.01, Student’s t-test.
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Supplementary Videos 1 and 2 (normal versus abnormal
peristalsis) and Supplementary Fig. 7F).

Haematoxylin and eosin staining in the zebrafish gut (8
dpf) showed a reduction of goblet cells in morphants
(e11i11) and FO CRISPR mutants compared with controls
(Supplementary Fig. 8A and B, P < 0.01 and P < 0.05, re-
spectively). We then assayed swim bladder formation at 4
dpf (at which age the swim bladder is fully formed) by quan-
tifying the swim bladder area, in morphants and FO CRISPR
mutants. Swim bladder area was reduced in morphants and
FO  CRISPR  mutants compared with  controls
(Supplementary Fig. 9A and B, P < 0.0001). Next, we quan-
tified the expression of mitochondrial markers (m#-nd1, mt-
col) in zebrafish embryos at 4dpf. We observed a significant
reduction for mit-ndl in morphants (e11ill1) (P < 0.01;
Supplementary Fig. 9C) with a similar trend in FO CRISPR
mutants, and a significant reduction for mi#-col in mor-
phants (e11i11) (P < 0.05; Supplementary Fig. 9C) and FO
CRISPR mutants (P < 0.05; Supplementary Fig. 9C). We
also tested whether lig3 suppression (MO) or ablation
(CRISPR) perturbed the morphology of the eye.
Haematoxylin and eosin staining in the zebrafish eye
(5 dpf), revealed a significant reduction of the outer nuclear
layer in morphants (e11i11) and FO CRISPR mutants, com-
pared with controls (Supplementary Fig. 10A and B;
P < 0.0001).

Discussion

In this study we described a novel recessive syndrome
caused by mutations in the LIG3 gene. The affected indi-
viduals in three independent families showed neurogas-
trointestinal encephalomyopathy characterized by CIPO,
neurogenic bladder, myopathic changes, and neurological
impairment with stroke-like episodes, epilepsy and leu-
koencephalopathy. The underlying cause is a defect in
mtDNA ligase activity, leading to decreased mtDNA re-
pair capacity, reduced mtDNA content and impaired
mitochondrial function.

It was previously reported that the inactivation of Lig3 led
to loss of cell viability and early embryonic lethality in mice,
with profound mitochondrial dysfunction due to reduced
mtDNA in the nervous system.”’ At the single cell level, via-
bility could be restored by mitochondrial targeting of an-
other DNA ligase, showing that the pathogenic effect was
caused by the inability to ligate mtDNA. Neuron-targeted
conditional Lig3 knockout mice showed a reduced brain
size and cerebellar abnormalities with increased apoptosis in
the granular layer, consistent with our observation of the
zebrafish phenotype and brain defects as manifested by
affected members of Family 3.° Gut peristalsis was not inves-
tigated in the Lig3 mutant mice, so we link for the first time
this phenotype to LIG3 mutations. However, this is not un-
expected as POLG mutations also cause compromised
mtDNA maintenance and gut dysmotility.>**°
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Given the functional redundancy of different ligases in the
nucleus, our study suggests that primary mitochondrial dys-
function is the major, if not the only, contributor to the clin-
ical phenotype, as documented by the downstream
disruption of mtDNA maintenance and repair, with the de-
pletion of mitochondrial genomes in skeletal muscle and
fibroblasts from patients. This explains the impaired mito-
chondrial function in tissues with high-energy requirements,
such as neurons and muscle cells. Disruption of lig3 in the
zebrafish recapitulated the cerebellar phenotype (a hallmark
of Lig3™ mice) and eye defects, as well as the severe impair-
ment of gut propulsion that was observed in all patients of
the three investigated families. Disruption of /ig3 also led to
a significant decrease in the expression of mitochondrial
markers in the zebrafish.

The features of our patients are reminiscent of known
mitochondrial disorders, such as MNGIE, MELAS, and
POLG-associated phenotypes, which all involve post-mitot-
ic, high-energy dependent tissues, i.e. brain, skeletal muscle,
and smooth muscle.*' Notably, mtDNA depletion occurs in
both  MNGIE and POLG-mutant patients. The latter
patients may additionally show migraine and epilepsy with
stroke-like episodes, which are features also observed in
MELAS as well as in our LIG3-mutant patients.
Interestingly, multiple deletions in mtDNA, which are fre-
quently observed in both MNGIE and POLG-associated
phenotypes, were not found in patients with LIG3 muta-
tions. The overall CNS involvement in patients with LIG3
mutations was more severe than in MNGIE patients with
TYMP mutations, who usually have asymptomatic
leukoencephalopathy.

The age of onset of major symptoms in patients with
LIG3 mutations was in infancy for Family 3, paediatric age
for Family 1 and adult age for Family 2. The rate of progres-
sion of disease also seemed faster in Family 3 and slower in
Family 2. We hypothesize that the difference in severity is
caused by differences in residual protein levels and activity,
but this has not been addressed directly. It is possible that
the residual level of mitochondrial ligase function is higher
in point mutants disrupting the interaction with XRCCl1
(Families 1 and 2), which may lead to decreased protein lev-
els but relatively normal function, whereas the mutations in
Family 3 may lead to severely reduced protein levels and
function. Further identification of patients with additional
LIG3 mutations will increase our understanding of the phe-
notypes of this new disorder, as well as provide a compari-
son with other mitochondrial diseases. Moreover, LIG3
polymorphisms have been associated with a variety of
pathological conditions such as tumours, neurodegenerative
disorders (i.e. Alzheimer’s disease), recurrent depression and
neural tube defects,***” suggesting that a better understand-
ing of LIG3 function may have implication also in these
diseases.

There is still a limited understanding of the metabolic con-
sequences of mitochondrial defects.*®** Glutamine is crucial-
ly involved in metabolic fluxes, by replenishing the
intermediates of mitochondrial respiration.”>’' A recent
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Figure 4 Functional impairment of mitochondria caused by LIG3 mutations. (A) MitoTracker Green staining demonstrated a frag-
mented mitochondrial network in Patient |-1 compared to control fibroblasts. Squares on the right are magnified images of the insets.
(B) Mitochondrial oxygen consumption in endogenous and uncoupled conditions. Compared to control (CNT, black circles) cells, fibroblasts
from Patient |-1 (red circles) showed a significantly reduced respiration in the presence of FCCP (P = 0.0003; n = 3 independent experiments;
ANOVA for multiple comparisons). (C) ATP content, normalized for protein content, was significantly decreased in patient fibroblasts
(red circles) compared with control fibroblasts (black circles; P = 0.0192; n = 3 independent experiments; Student t-test). (D) Analysis of mito-
chondrial membrane potential in digitonin-permeabilized cells. A representative trace (spectrofluorimetric acquisition) of the pattern measured
by the sequential addition of specific substrates (ADP = adenosine diphosphate; GM = glutamate-malate; Succ = succinate), inhibitors (Oligo =
oligomycin A; Rot = rotenone) and an uncoupler (FCCP) as indicated. Compared to controls (black line), fibroblasts from Patient |-1 (red line)
were less responsive to different respiratory substrates and inhibitors (P = 0.0012; n = 2 independent experiments; Student t-test). AFU = arbi-
trary fluorescence units. (E) Analysis of mitochondrial reactive oxygen species production with MitoSOX shows a significant increase in Patient
I-1 fibroblasts (red circles) compared with control fibroblasts (black circles; P = 0.0393; Student t-test). (F) Growth curve (MTT assay) of Patient
I-1-derived fibroblasts grown in 2 mM (solid line) or 6 mM glutamine (dashed line). Patient cells cultured in 6 mM glutamine show a significantly
increased growth after 96 h compared with cells grown in 2 mM glutamine (P = 0.0248; ANOVA test; five replicates/each time point).
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Figure 5 Suppression of lig3 causes cerebellar hypoplasia and intestinal pseudo-obstruction in the zebrafish. (A) Representative
dorsal images of larvae (3 dpf) immunostained for acetylated tubulin. To quantify neurons in the cerebellar area, whole-mount acetylated tubulin
immunostaining was performed. Cerebellar structures of interest were measured using Image] software. Total cerebellar area was measured on
acetylated tubulin-stained larvae by outlining structures with a fluorescent signal. Disruption of lig3 causes cerebellar defects in both FO CRISPR/
Cas9-mutated (G3 + Cas9) zebrafish and morphants (el lil | MO); el lil | MO + 200 pg: complementation of lig3 MO (el lil | MO) with wild-
type (WT) human LIG3 mRNA (200 pg). Statistical analyses were performed using a nonparametric one-way ANOVA, with the Tukey multiple
comparison test. ns = not significant; yellow dashed outline = area of the cerebellum that was measured; G3 = guide alone. (B) Quantification of
cerebellar area in CRISPR/Cas9 genome edited larvae is shown for a guide targeting exon 8 of lig3. Comparison of FO CRISPR/Cas9 clutches (lig3
G3 Cas9) with either uninjected embryos or embryos injected with gRNA alone, but no enzyme (lig3 G3_alone), showed a significant decrease
in the overall cerebellar area in FO mutants (P < 0.0001 for each comparison, replicated, scored blind). (C) Complementation of lig3 MO with
wild-type (WT) or mutated human mRNA. In contrast to embryos injected with wild-type LIG3 mRNA or with a benign variant, i.e. not affecting
ligase activity (p.P986S, rs498673), which were indistinguishable from the uninjected ones, injection with mRNA encoding p.K537N and
p. G964R did not show rescue of the cerebellar phenotype. (D) Ablation of lig3 causes abnormal gut peristalsis in FO CRISPR/Cas9 mutants and
morphants (P < 0.0001, n = 40 larvae/batch, replicated, y? test). *P < 0.05; ¥P < 0.01; **P < 0.001; ¥=*P < 0.0001.
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study showed that increased glutamine concentration
improved the survival of cells carrying mtDNA defects.>* In
our study, glutamine added to LIG3-mutant fibroblasts led
to an increase in cell growth. These results suggest that the
bioenergetic impairment induced by LIG3 mutations may be
ameliorated by boosting the glutamine anaplerotic pathway
although the evidence is still limited.**

In conclusion, we described a new mitochondrial recessive
disorder caused by biallelic variants in LIG3, with a clinical
phenotype characterized by CIPO and neurologic abnormal-
ities, including brain abnormalities similar to those observed
in other mitochondrial diseases, epilepsy and stroke-like epi-
sodes, which are clearly associated with mitochondrial dys-
function caused by defective mtDNA maintenance.

Web resources

CHOPCHOP: https://chopchop.rc.fas.harvard.edu/

ClustalOmega: https://www.ebi.ac.uk/Tools/msa/clustalo/

The Single Nucleotide Polymorphism Database (dbSNP):
https://www.ncbi.nlm.nih.gov/snp

Genome Aggregation database (gnomAD): http:/gnomad.
broadinstitute.org/

GraphPad Prism: https://www.graphpad.com/scientific-soft
ware/prism/

Genotype-Tissue Expression (GTEx): https://commonfund.
nih.gov/gtex

Human Splicing Finder (HSF) v.3.1: http://www.umd.be/
HSF3/index.html

The Human Protein Atlas: https://www.proteinatlas.org/

Image] (National Institutes of Health, Bethesda, MD): http:/
rsbweb.nih.gov/ij

Mendelian Clinically Applicable Pathogenicity Score (M-
CAP): http://bejerano.stanford.edu/mcap/

Pfam database: https://pfam.xfam.org/

Prediction of functional effects of human nsSNPs (PolyPhen-
2): http://genetics.bwh.harvard.edu/pph2/

Primer3: http:/bioinfo.ut.ee/primer3/

Protein Data Bank (PDB): http://www.rcsb.org/

Protein Variation Effect Analyzer (Provean): http:/provean.
jevi.org/index.php

Zebrafish Information Network (ZFIN): https://zfin.org/
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Abstract

An inverted duplication with a terminal deletion (inv-dup-del) is one of the complex constitutional structural rearrangements
that can occur in a chromosome. Although breakages of dicentric chromosome have been suggested, the precise mechanism
of this is yet to be fully understood. In our present study, we investigated the genomic structure of 10 inv-dup-del cases to
elucidate this mechanism. Two recurrent 8p inv-dup-del cases harbored a large copy-number-neutral region between the
duplication and deletion in common. Although the other non-recurrent cases did not appear to have this copy-number-
neutral region, refined sequencing analysis identified that they contained a small intervening region at the junction between
the inverted and non-inverted segment. The size of this small intervening region ranged from 1741 to 3728 bp. Combined
with a presence of microhomology at the junction, a resolution of the replication fork stalling through template switching
within the same replication fork is suggested. We further observed two cases with mosaicism of the dicentric chromosome
and various structural rearrangements related to the dicentric chromosome. Refined analysis allowed us to identify different
breakpoints on the same chromosome in the same case, implicating multiple rounds of U-type formation and its breakage.
From these results, we propose that a replication-based mechanism generates unstable dicentric chromosomes and that their

breakage leads to the formation of inv-dup-dels and other related derivative chromosomes.

Introduction

An inverted duplication with a concomitant terminal deletion
(inv-dup-del) is one of the common complex chromosomal
rearrangements (CCRs) that arises in humans (Weckselblatt
and Rudd 2015). Inv-dup-del rearrangements develop mainly
in two successive steps. The first of these is the formation
of a symmetric dicentric chromosome, which is unstable
during mitosis because two functional centromeres can act
bidirectionally. The formation of this unstable intermediate
leads to anaphase bridging, followed by asymmetric break-
age between the two centromeres in a subsequent mitotic
division. Finally, it forms a stable large monocentric chro-
mosome with an inverted duplication contiguous to a distal
deletion and a small monocentric chromosome with a dele-
tion (Zuffardi et al. 2009).
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Two possible mechanisms are currently proposed for the
formation of a dicentric chromosomal structure, the inter-
mediate product of the inv-dup-del rearrangement (Zuffardi
et al. 2009). One is a non-allelic homologous recombina-
tion (NAHR)-based mechanism. NAHR between segmen-
tal duplications with an inverted orientation produces a
dicentric chromosome, and it induces breakage between the
two centromeres during mitotic division. One of the repre-
sentative NAHR-mediated inv-dup-dels is chromosome 8p
inv-dup-del, which is mediated by homologous recombina-
tion between olfactory receptor-gene clusters (Shimokawa
et al. 2004; Yu et al. 2010; Garcia-Santiago et al. 2015).
Since many 8p inv-dup-dels have been reported in unrelated
families, those that are NAHR-mediated are thought to arise
recurrently. In addition, NAHR between inverted repeats
within the olfactory receptor-gene clusters induces benign
polymorphic pericentric inversions. Meiotic recombination
within the inverted segment in heterozygotes of polymorphic
pericentric inversions produces a dicentric chromosomal
structure that serves as an intermediate of the inv-dup-dels
(Giglio et al. 2001).
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Another proposed mechanism for the generation of
dicentric chromosomal structures is a U-type exchange for
the formation of a sporadic inv-dup-del (Ballif et al. 2003;
Rowe et al. 2009; Yu and Graf 2010). This is based on a
replication-based mechanism involving template-switching
between sister chromatids. When a DNA replication fork
encounters a replication block caused by different types of
DNA damage, DNA synthesis may stall and a DNA end
will then emerge. Break-induced replication then initiates at
the site of microhomology on the opposite strand forming a
U-type exchange between sister chromatids. Single stranded
DNA nearby can be a potential template for strand switch-
ing and is usually present during lagging strand synthesis; it
appears in the uncoupling of helicase and polymerase even
during leading strand synthesis. Strand switching can facili-
tate a DNA synthesis restart, which continues to the next
fork or as far as the telomere leading to the formation of
dicentric chromosomes. This series of events leading to an
inv-dup-del rearrangement is consistent with the concepts
of replication fork stalling and template switching (FoSTeS)
and microhomology-mediated break-induced replication
(MMBIR) (Zhang et al. 2009a, b). This pathway can lead to
a non-recurrent inv-dup-del rearrangement in a sequence-
independent manner.

In our present study, we further elucidated the mecha-
nism of dicentric chromosome formation, and the secondary
structural rearrangements that consequently arise, by analyz-
ing the breakpoint junction sequence of 10 cases of inv-dup-
del representing 9 different chromosome regions. Breakpoint
sequences found in common among the non-recurrent cases
suggested the involvement of the replication-based mecha-
nism in the formation of the dicentric chromosome. In addi-
tion, we obtained evidence of dynamic structural changes
from the dicentric chromosome to the terminal deletion with
or without adjacent inverted duplication during cell culture
of samples from miscarriage fetuses. Taken together, we
hypothesized from our present data that the replication stall
model for the formation of a dicentric chromosome followed
by a breakage-fusion-bridge (BFB) cycle is required for the
generation of an inv-dup-del rearrangement.

Materials and methods

Ethical statement

This study was approved by the Ethical Review Board for
Human Genome Studies at Fujita Health University. We
obtained informed consent from all of the participating
patients. All genetic experiments were carried out in accord-
ance with the relevant guidelines and regulations.
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Subjects

We analyzed 10 patients harboring an inv-dup-del that had
been identified by initial standard chromosome banding and
subsequent cytogenetic microarray. The karyotypes of the
inv-dup-dels are summarized in Table 1. The breakpoints of
the inv-dup-dels in 2 patients (cases 9 and 10) were almost
identical and located at 8p, suggesting that they are recur-
rent. Two patients had a mosaic ring shaped chromosome
(cases 3 and 8). Case 5 harbored an inv-dup-del with an
additional triplication. Case 10 showed an inv-dup-del on
8p with an additional duplication of 8q. In addition, to better
understand the development of inv-dup-del rearrangement
from an intermediate dicentric chromosome, we analyzed
2 miscarriage fetuses (cases 11 and 12), whose karyotype
showed mosaic isodicentric chromosomes.

Copy-number-analysis by cytogenetic microarray
analyses

Genomic DNA samples were isolated from peripheral
blood, cultured cells or chorionic villi using a Gentra Pure-
gene Tissue Kit (Qiagen, Hilden, Germany). To identify the
extent of the copy-number-alterations of the inv-dup-del, we
employed a CytoScan HD, 750 k Array (Affymetrix, Santa
Clara, CA) or Human Genome CGH Microarray (Agilent,
Santa Clara, CA) in accordance with the manufacturer’s
instructions. Regions of copy-number-alteration were visu-
alized using Chromosome Analysis Suite 3.2 (Affymetrix)
or Genomics Workbench 7.0 (Agilent).

Copy-number-analysis by next generation
sequencing (NGS)

In cases 11 and 12, we performed copy-number-analysis by
NGS. The isolation and purification of genomic DNA from
cultured cells or chorionic villi was carried out using a Gen-
tra Puregene Tissue Kit (QIAGEN). Genomic DNA samples
were diluted and amplified by whole-genome amplification
using SurePlex (Illumina, San Diego, CA). One nanogram
of each whole-genome amplified DNA sample was prepared
for NGS analysis. Shallow whole-genome sequencing was
performed for comprehensive copy-number-analysis using
the VeriSeq PGS Kit MiSeq (Illumina). The sequencing data
were analyzed using BlueFuse Multi Software (Illumina).

Breakpoint characterization by NGS

To identify the breakpoint junctions in our sporadic inv-
dup-del study cases, we carried out NGS analysis of
each patient’s genomic DNA. Mate-pair whole-genome
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Table 1 Patients information with inv-dup-dels

Microho-
mology

(bp)

Size (bp)

Copy-number-neutral region

Genomic coordinates from microarray analysis

Chromosome Karyotype

Sample no.

1741

chr4:689,203-690,943

arr[GRCh37] 4p16.3(71552_664410)X1,4p16.3p14(703668_36230853)X3

arr[GRCh37] 4q31.23q34.2(151058587_177382551) X3,4q34

4p

3728

chr4:177,383,829-177,387,559

der(4)

4q

.2q35.2(177383079_190957473)X1
arrfGRCh37] 9p24.3p24.1(203861_8216831) X1,9p24.1p21.1(8216910_31620128)X3

(pter—q3?4.3::q?34.3—531.3)

r(9)(::7::p24 —q34.3:2)

2725

chr9:8,215,737-8,218,461

9p

[271/45,XY,-9 [3]

add(9)(p24)

2333

chr9:11,712,793-11,715,125

arr[GRCh37] 9p24.3p23(214367_11573590)X1,9p23p13.1(12048553_39156954)X3

9p

2035, 303

chr10:132,878,450-132,880,484,

arrfGRCh37] 10q26.12q26.3(122328262_132082817)X3 ~4,10q26.3(132942513_13540

4523)X1

add(10)(q25.1)

10q

chr10:122,306,763—

122,307,064
chr11:121,765,738-121,767,908

2167

arr[GRCh37] 11q23.1q24.1(111612172_121578675)X3,11q24

11q

.1925(121829034_134868407)X1
arr[GRCh37] 18p11.32p11.31(14,316-3,458,388)X1,18p1 1.

31p11.21(3,572,316-14,733,870)X3

1810

chr18:3,492,546-3,494,355

add(18)(p11.2)

18p

2001

chr21:44,524,195-44,526,196

arr[GRCh37] 21q21.1q22.13(16832706_44518076) X3,21q22.3(44526182_48097372)X1

1(21) [27)/45,XX,-21

21q

[21/46,XX,2dic r(21) [1]

der(8)

arr[GRCh37] 8p23.3p23.1(158048_6981988) X1,8p23.1p11.22(11945855_39451389)X3

(:p12—p23.1::p23.1 —>qter)
der(8)(8qter —8q24.2::8p11.2—  arrf[GRCh37] 8p23.3p23.1(158048_6999114)X18p23.1p11.22(12560781_39078328) X3,8

8p

8p

10

q24.21q24.3(129285242_146295771)X3

8p23.1::8p23.1 — 8qter)

sequencing was performed to determine the breakpoints
of the inverted duplication in the dicentric chromosome.
Since the breakpoint junctions can have palindromic
(inverted repeated) characteristic sequences, we gener-
ated mate-pair long libraries of 9 kb to minimize the loss
of palindromic DNA molecules at the breakpoint junc-
tion during library preparation. These 9-kb mate-pair
libraries were prepared using a Nextera Mate Pair Library
Preparation Kit (Illumina) in accordance with the manu-
facturer’s protocol. The libraries were sequenced with
101 bp-paired-end reads on a HiSeq 1500 platform (Illu-
mina). Sequence reads were trimmed adapter sequences
using NxTrim and mapped with BWA 0.7.10 against
hg19 (Li and Durbin 2010). Subsequently, discordantly
mapped paired-reads were extracted to detect chromo-
somal structural rearrangements using BreakDancer (Fan
et al. 2014). Putative breakpoints produced by inverted
duplications, triplications and terminal deletions were con-
firmed by visual inspection of NGS data using Integrative
Genomics Viewer (IGV) (Thorvaldsdottir et al. 2013). The
nucleotide sequences of the breakpoint junctions of the
inverted duplications and triplications were determined
by breakpoint-specific PCR and Sanger sequencing using
an ABI3130xI sequencer (Life Technologies, Foster City,
CA). The length of the inverted sequence homology at the
between copy-number-gain and -loss was searched using
a YASS sequence similarity search (Noe and Kucherov
2005). Default parameter setting was used for this analysis.

Product of conception karyotyping

Products of conception (POC) were analyzed for chromo-
some abnormalities using standard cell culture followed
by Giemsa banding.

Results

Copy-number variation features in recurrent
and non-recurrent inv-dup-dels

We employed a cytogenetic microarray to characterize the
10 inv-dup-del rearrangements in our study cohort. The
copy-number-profile detected by SNP microarray showed
a clear difference between the cases involving 8p23.1
(cases 9 and 10) and others (Fig. 1). The two 8p23.1 cases
harbored a large copy-number-neutral region between the
copy-number-gain and -loss regions (~5 Mb). The end-
points of these copy-number-neutral regions were found to
be almost identical between the two subjects and located
within the olfactory receptor (OR) gene clusters. In con-
trast, none of the eight sporadic inv-dup-del cases showed

@ Springer
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Fig. 1 Copy-number-profile of the inv-dup-dels determined by micro-
array. Copy-numbers were determined using an Affymetrix CytoS-
can microarray and visualized with ChAS software (Case 2, 3, 8,
9, 10). The upper blue plots show the signal for the weighted log 2
ratio. The lower plots indicate the B allele frequency. Copy-numbers
were also determined using an Agilent CGH microarray and visual-

any detectable copy-number-neutral regions between the
copy-number-gain and -loss (cases 1-8; Fig. 1).

Breakpoint analysis of the non-recurrent
inv-dup-dels

Whole genome sequencing of the 9-kb mate-pair library
was performed to further analyze the breakpoints in our
eight study cases with non-recurrent inv-dup-del structures.
The inverted duplication structures were confirmed in each
case by the presence of a junction for the inverted orienta-
tion of the two copy-number-gain regions. The DNA frag-
ment incorporating the junction manifested a characteristic
volcano-like pattern in the mapping of the discordant reads
(Fig. 2). Some cases had telomeric repeat sequences at the
proximal end of the inverted duplication, i.e. mapped at the
proximal end of the copy-number-gain regions, reflecting
telomere healing of the breakage (data not shown). In the

@ Springer

— Case 10

ized with Genomics Workbench (Case 1, 4, 5, 6, 7). The log 2 ratio
of the genomic copy-number is also plotted and indicated by horizon-
tal lines. Illustrative diagrams of chromosomal structure are shown at
the left. Inverted duplications are shown by arrows with orange color.
Other rearrangements are shown with green color

case of ring chromosomes, the proximal end of the inverted
duplication possibly contained a 9q subtelomeric repeat
sequence (case 3) or 21q repetitive sequence (case 8), sug-
gesting that ring formation was another healing pathway
for the breakage (data not shown). Based on the fact that
inverted and non-inverted segment was fused in head-to-
head orientation and the chromosome end-like sequence
appeared at the other end of the inverted segment, the inv-
dup-del structures were confirmed in these cases.
Although high-resolution microarray did not detect
an intervening copy-number-neutral region between the
inverted and non-inverted segment, refined analysis of the
breakpoint junction sequences identified a small copy-num-
ber-neutral region at the junction in all of the cases with
a non-recurrent inv-dup-del (Fig. 2, red arrows). The size
of the copy-number-neutral regions ranged from 1741 to
3728 bp (Fig. 3, Table 1). Microhomologies from 1 to 3 bp
were found at breakpoint junctions between inverted and
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Fig.2 Discordant reads at the junction of the dicentric chromosome.
a Strategy for determining mate-pair sequences. The upper panel
provides a schematic of the reference human genome structure. The
lower panel depicts the assumed structure of the inverted duplication.
Gray reads show normal paired-end reads, which were mapped in the
forward and reverse direction to the reference genome. Green colored

Fig. 3 Distribution of the 40
lengths of the intervening copy-

number-neutral regions. Bars

indicate the number of analyzed 35
cases in studies published from

2003 to 2014 (black bar) (Ballif 30

et al. 2003; Bonaglia et al. 2008;

Hermetz et al. 2014; Rowe et al. s
2009) and in this current study = 25
(hatched bar) E
=
o 20
—
3
* 15
N
10
5

1kb [ —

Case 3, chr9:8,214,796-8,227,222

reads indicate discordant reads, which were mapped in the same ori-
entation. Red arrows indicate the putative breakpoints. b Mapping of
mate-pair sequences on the reference human genome sequence. The
region around the breakpoint of dicentric chromosome was shown
using IGV browser. A characteristic volcano-like pattern could be
observed
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Fig.4 Junction sequences of fold-back chromosomes. The orange and green characters indicate the plus and minus strands, respectively. Blue
characters indicate homologous nucleotides. Gray characters indicate unknown nucleotide insertions

non-inverted segment in 5 cases, but none were evident in 3
cases with the remaining subject carrying a 4 bp microinser-
tion (Fig. 4, Table 1).

To investigate whether the initial formation of the dicen-
tric chromosome in our study subjects was caused by an
inverted repeat sequence at the breakpoint, we conducted
sequence similarity analysis around the breakpoint region.
Sequences with high similarity were found as expected in
the inverted orientation at the proximal and distal end of
the copy-neutral-region in the two recurrent 8p inv-dup-del
cases (case 9 and 10), suggesting that the breakpoints were
located within the olfactory receptor-gene clusters (Fig. 5).
In contrast, significant inverted repeat sequences were not
observed in any of the other inv-dup-del cases (cases 1-8).
It is likely that the inverted duplications were generated in
these eight individuals through repeat-independent, micro-
homology-based mechanisms, such as FoSTeS/MMBIR or
microhomology-mediated end joining (MME]J).

Breakage of the dicentric chromosome to form
an inv-dup-del rearrangement

We additionally analyzed two fetal loss cases for which
molecular cytogenetic analysis revealed evidence of
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dicentric chromosomes leading to inv-dup-del formation.
Case 11 underwent a miscarriage after 8 gestational weeks.
Karyotyping of her POC sample revealed that all clones har-
bored add(13)(q22). Furthermore, derivative chromosome
13 showed a mirror structure. NGS chromosome analysis
further revealed a copy-number-gain adjacent to a deletion
on chromosome 13 (Fig. 6a). Based on these results, we con-
cluded that the derivative chromosome was an isodicentric
chromosome 13 (idic(13)). When we used uncultured POC
cells for NGS copy-number-analysis, we identified an inv-
dup-del pattern on the chromosome 13 which was likely to
have derived from a breakage of idic(13). Intriguingly, the
endpoint of the deletion of the two samples did not show
concordance. If the inv-dup-del was a breakage product of
idic(13), the deletion endpoint should be concordant, but the
position of the deletion endpoint in inv-dup-del was more
proximal (see “Discussion”).

Case 12 (Fig. 6b) underwent a stillbirth at gestational
week 34 due to multiple fetal anomalies. We analyzed three
independent cultures of her POC sample. Karyotyping
from one of the cultures revealed a 46,XX,del(15)(q26.1)
[46]/46, XX, psu idic(15)(q26.3) mosaicism [8]. To analyze
for a possible breakage of the idic(15) chromosome, we
performed an SNP array of the same sample. We observed
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Fig.5 Sequence similarity analysis of the small intervening regions
in our case subjects. Intervening regions which covered + 1 kb around
the copy-number-neutral region are schematically represented on both
axes. Black bars indicate copy-number-neutral regions, while blue
and red bars indicate copy-number-gain and -loss, respectively. We
defined the default parameter values for this analysis. Green line indi-
cates a direct repeat and pink line denotes an inverted repeat. Pink

a stepwise copy-number-loss on chromosome 15q. It was
likely that the distal breakpoint corresponded to the idic(15)
breakpoint whilst the proximal breakpoint corresponded to
a terminal deletion endpoint or inv-dup-del endpoint. We
performed karyotype analysis of another culture which
revealed 46,XX,add(15)(q26.1)[24]/46,XX,del(15)(q26.1)
[19]/46,XX,psu idic(15)(q26.3)[14]. As was the case with
the first culture, an SNP array indicated a stepwise copy-
number-loss on chromosome 15q. The distal breakpoint
was found to be identical to that of the first culture, whilst
the position of the proximal breakpoint differed (see “Dis-
cussion”). In addition, a copy-number-gain of chromosome
17q was observed, suggesting that the add(15)(q26.1) was
der(15)t(15;17)(q26;q21). We also performed SNP array
analyses of a frozen uncultured sample for case 12, which

D P D P
1 1
2 2
3
3
4
4
P 1 2 3 4 P 1 2 3 4
Case 3 Case 4
P D D P
1 1
& 2
3
3
4
D 1 2 3 4 P 1 2 3
Case 6 Case 7

circles indicate sequence similarities between the proximal and distal
breakpoints. With regard to cases 9 and 10, parts of the two olfactory
receptor-gene cluster regions (REPD[hg19]chr8:7,466,506-7,468,005
and REPP[hg19]chr8:12,466,006-12,467,505) were merged and used
for this analysis. P, proximal side; D, distal side. The scale represents
size in 1 kb

indicated a copy-number-gain on chromosome 9q in addition
to a stepwise copy-number-loss of chromosome 15q, which
might be derived from a line with 46,XX,der(15)t(9;15)
(q34;926). In summary, the unstable idic(15) chromosome
may be susceptible to DNA breakage, leading not only to
inv-dup-del rearrangement, but also to a terminal deletion
such as del(15)(q26.1), or other unbalanced translocations
like der(15)t(15;17)(q26;921) or der(15)t(9;15)(q34:;926).

Discussion
We conducted our current molecular cytogenetic study to

clarify how an inv-dup-del rearrangement is generated. We
carried out the breakpoint junction analysis of dicentric

@ Springer
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Fig.6 Chromosome conformation changes during cell culture. Vari-
ous chromosome analyses of cases 11 and 12 indicating that dicentric
chromosomes in both subjects led to secondary structural rearrange-
ments. a Case 11 harbors a chromosomal abnormality on chromo-
some 13. The upper panel shows a cultured sample and the lower
panel shows an uncultured sample. Chromosome 13 was painted
with a yellow signal. Copy-number-alterations are indicated in blue

chromosomes and a follow-up survey of secondary rear-
rangements that arose due to these dicentric chromosomes.

Involvement of a replication-based mechanism
in the formation of a U-type dicentric chromosome

SNP microarray data showed a significant difference
between recurrent and non-recurrent inv-dup-dels. Recur-
rent inv-dup-dels harbor large copy-number neutral region
between the copy-number-gain and -loss. In contrast, non-
recurrent sporadic inv-dup-dels do not have copy-number
neutral region. This implicates mechanism leading to the
formation of a dicentric chromosome might be differ-
ent. The endpoints of copy-number-neutral regions were
located within the OR gene clusters. This suggested that the
repetitive nature of OR gene clusters was involved in the
development of the recurrent inv-dup-dels in cases 9 and

@ Springer
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(copy-number-gain) and red (copy-number-loss). b Case 12 harbors
chromosomal abnormalities on chromosomes 9, 15 and 17. The upper
and middle panels show cultures of sample 1 and 2, respectively.
The lower panel shows an uncultured sample. Chromosome 15 was
painted with a yellow signal. Copy-number-alterations are indicated
in blue (copy-number-gain) or red (copy-number-loss). In cultured
sample 2, chromosome banding revealed three different karyotypes

10. NAHR between the OR genes may possibly underlie
the most common recurrent inv-dup-del (Giglio et al. 2001;
Garcia-Santiago et al. 2015). Although we used high-res-
olution microarray in our current study, any sporadic inv-
dup-del cases were not able to detect copy-number-neutral
regions between the copy-number-gain and -loss. It was
previously proposed that a symmetrical U-type exchange is
the underlying mechanism leading to non-recurrent dicentric
chromosome formation (Rowe et al. 2009). In our current
study however, when we analyzed junction sequences at
a nucleotide resolution, asymmetrical dicentric structures
with an intervening sequence were observed. The presence
of microhomologies or microinsertions at the fusion points
of inverted and non-inverted segments (Fig. 4) indicated that
the inverted duplications were generated through repeat-
independent, microhomology-based mechanisms, such as
FoSTeS/MMBIR or microhomology-mediated end joining.
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In a previous report, Hermetz et al., proposed a fold-
back model for the formation of dicentric chromosomes
via a double-strand break (DSB) repair pathway (Hermetz
et al. 2014). In this model, a DSB undergoes resection,
which generates a long 3’ single-stranded DNA (ssDNA)
overhang. This in turn promotes intrastrand pairing to the
short inverted repeat via a homology-based mechanism lead-
ing to the formation of a dicentric chromosome. Notably
however, we did not observe any homology between both
ends of the intervening copy-number-neutral region at the
boundary of the inverted and non-inverted segments in our
current cases (Fig. 5). Further, the size of the intervening
sequence showed a unique distribution, ranging from 1 to
5 kb in our analyzed cases. When we increased the num-
ber of inv-dup-del cases using data from previous studies in
which where the breakpoints of inv-dup cases were analyzed
at a nucleotide resolution (Ballif et al. 2003; Bonaglia et al.
2008; Rowe et al. 2009; Hermetz et al. 2014), the size of the
intervening sequence peaked at 1-5 kb (Fig. 3).

Uncoupling of the helicase and polymerase leads to a
single-stranded DNA in the leading strand, which when
stalled can produce an uncoupled nascent lagging strand
under certain conditions. Such single-stranded DNA can be
up to 3-5 kb in length, depending on the nature of the rep-
lication fork block (Lopes et al. 2006). It is likely that the
tight distribution of these sizes may reflect a resolution of
the replication fork block through template switching within
the same replication fork. Interestingly, when we increased
our current sample number by including prior data from the
literature, another low-pitched distribution curve appeared
up to 100 kb (Fig. 3). This possibly reflects a resolution of
the stalled replication fork by an adjacent fork which may be
distant in a genomic sense but in close proximity within the
nucleus. We are thus proposing a replication stall model as a
mechanism of formation for U-type dicentric chromosomes.

Dicentric chromosome instability results
in secondary rearrangements

In general, dicentric chromosome breakages would pro-
duce two reciprocal products: inv-dup-del chromosomes
and terminal deletion chromosomes. We observed in our
present series that two POC samples had a mosaicism of
cells with dicentric chromosomes and inv-dup-del or other
rearrangements associated with the dicentric chromosome.
This suggested that the formation of the dicentric chromo-
some and other related rearrangements including the inv-
dup-del were sequential events. The breakage of an unstable
dicentric chromosome leads to the formation of not only an
inv-dup-del chromosome and terminal deletion chromosome
after stabilization through telomere healing of the broken

ends, but also results in various structural rearrangements
via stabilization by telomere capture.

Interestingly, our SNP microarray analysis of case 11
indicates that the endpoint of the deletion of the possible
inv-dup-del was more proximal to that of the idic(13) chro-
mosome. This suggested that the inv-dup-del chromosome
might have originated from a terminal deletion chromosome
reciprocal of the inv-dup-del chromosome derived from a
breakage of idic(13). The terminal deletion chromosome
might form a U-type dicentric chromosome leading to the
second inv-dup-del chromosome having the proximal dele-
tion endpoint. Likewise, SNP microarray data for case 12
indicated a more proximal endpoint of der(15) to that of the
idic(15). This also suggested that the der(15) chromosome
might have been generated in the second round of break-
age of the dicentric chromosome. Dicentric chromosome
must be stable and segregate to daughter cells correctly since
one of the centromeres is functionally silenced (Stimpson
et al. 2010). However, just after the formation of a U-type
dicentric chromosome, both of the centromeres might be still
active and the dicentric chromosomes are therefore unstable,
leading to secondary rearrangements into various derivative
chromosomes (Soler et al. 2003; Chabchoub et al. 2007;
Schlade-Bartusiak et al. 2013; Pedurupillay et al. 2014).
Hence, we can observe multiple clones with different deriva-
tive chromosomes.

Finally, in case 12, two types of translocation chromo-
somes related to the idic(15) chromosome were observed. In
general, an unbalanced translocation would originate from
segregation of the one of the translocation chromosomes
from a balanced translocation carrier. However, our current
results suggest that if the unbalanced translocation arises
as de novo, it might originate from breakage of dicentric
chromosome followed by telomere capture using the other
chromosomal end.

In summary, a dicentric chromosome is so unstable that
it leads to the generation of an inv-dup-del chromosome,
as well as a reciprocal terminal deletion through telomere
healing and also an unbalanced translocation via telomere
capture.
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Abstract

We present 2 cases of double mosaic aneuploidy harboring
2 or more different aneuploid cell lines, but no line with a
normal chromosome constitution. One of these cases pre-
sented mosaicism of sex chromosome aneuploid cell lines
(47, XXX/45,X) along with another line containing an autoso-
mal trisomy (47,XX,+8), while the other case showed mosa-
icism of 2 different autosomal trisomy cell lines (47,XY,+5
and 47,XY,+8). To elucidate the mechanisms underlying
these mosaicisms, we conducted molecular cytogenetic
analyses. Genotyping data from the SNP microarray indicat-
ed that 2 sequential meiotic or early postzygotic segregation
errors likely had occurred followed by natural selection.
These cases suggest that frequent segregation errors and se-
lection events in the meiotic and early postzygotic stages

lead to this condition. ©2020S. Karger AG, Basel

In the course of blood karyotyping for the etiological
analysis of multiple congenital anomalies or intellectual
disabilities, or karyotyping of product of conception
(POC) samples to investigate pregnancy loss, occasion-
ally aneuploidy of different chromosomes is observed in
2 or more different cell lines as a mosaic. This is known
as double mosaic aneuploidy. As this condition generally
arises via 2 independent segregation errors in different
cells, cells with a normal chromosome constitution are
usually also present. However, in rare cases, double mo-
saic aneuploidy is seen in the absence of normal cell lines
[Schofield et al., 1992; Harada et al., 1998; Schubert et al.,
2002; Ryu et al., 2010; Kumar et al., 2014]. In these cases,
the cytogenetic mechanisms leading to this condition are
hard to understand.

In our current study, we describe 2 cases of double (tri-
ple) mosaic aneuploidy in which each cell harbored a sin-
gle trisomic or monosomic chromosome, and no cells
with normal chromosome content were observed. We
performed molecular analyses and assessed the etiology
of these cases.
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Material and Methods

For our analyses, we obtained blood samples and buccal mu-
cosa cells from case 1 and POC samples from case 2.

Karyotyping
Chromosomal karyotyping of POC and blood samples was
conducted using conventional G-banding methods.

Fluorescence in situ Hybridization

Interphase FISH analysis of peripheral blood and buccal mu-
cosa cells was performed using a mixture of 2 probes: Vysis CEP 8
(D8Z2) Spectrum Green (Abbott Laboratories, IL) and Chromo-
some X Alpha Satellite (DXZ1) Texas Red (Cytocell Ltd, UK).

SNP Array

For SNP microarray analysis, genomic DNA was extracted
from POC and blood specimens using a Gentra Puregene Tissue
Kit (Qiagen, Germany). We then used the Affymetrix Cytoscan
750k array (Affymetrix, Santa Clara, CA) and the Illumina Hu-
manCytoSNP-12 array (Illumina, San Diego, CA) for genotyping.
Sample preparation was performed following the manufacturer’s
protocol. Copy number alterations and genotypes on the CytoScan
750k array were analyzed using Affymetrix® Chromosome Analy-
sis Suite Software v4.0 (ChAS). Analysis of the CytoSNP-12 array
data was carried out using GenomeStudio software (Illumina).

NGS Copy Number Analysis

Comprehensive copy number analysis was conducted using a
next-generation sequencer (NGS), according to the manufactur-
er’s protocol (Illumina). Genomic DNA was diluted and subjected
to whole-genome amplification using SurePlex. Then, samples
were prepared for NGS analysis. The library was sequenced using
the VeriSeq PGS Kit - MiSeq system, and these sequencing data
were analyzed using BlueFuse Multi Software (Illumina).

Results

Case 1

The 3-month-old girl was referred to our facility due
to growth retardation and relative macrocephaly. She was
the first-born child of a 35-year-old healthy mother and
a 30-year-old healthy father. No dysmorphic features oth-
er than macrocephaly were observed, although agenesis
of the corpus callosum was found by cerebral MRI, and
a ventricular septal defect was also noted. The karyotype
of the peripheral blood of the proband was mos
47,XX,+8[16]/47,XXX[4]. This double mosaic aneuploi-
dy was found to be unique as it consisted of 2 cell lines
that were aneuploid for a single different chromosome;
no cells with normal chromosome content were observed.
Since the proband had no clinical findings of sex chromo-
some aneuploidy or trisomy 8 mosaicism, we performed
additional cytogenetic analyses. Repeated evaluations
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of the peripheral blood karyotype revealed mos
47 XX,+8(37]/47,XXX[8]/45,X[5]. FISH analysis of her
buccal mucosa cells also indicated mosaic aneuploidy
but with a different frequency, i.e., mos 47,XX,+8[5]/
47,XXX[84]/45,X[11] (Fig. 1A, B). Her mild clinical find-
ings might be explained by the low rate of trisomy 8 mo-
saicism in non-blood tissues. Unfortunately, we could not
obtain the parental samples.

To further investigate the origin of the triple mosaic
aneuploidy, we employed SNP microarray analysis of ge-
nomic DNA from blood. B allele frequency (BAF) analy-
sis indicated that both chromosomes 8 and X had a 4-al-
lele combination (Fig. 1C). The estimated mosaic rate was
50% for chromosome 8, whilst that for chromosome X
was reduced, probably due to an compensation by the
45,X and 47,XXX lines. Since the other chromosomes did
not show the 4-allele combination, a chimera of a zygote
with trisomy 8 and another zygote with sex chromosome
aneuploidy is unlikely. A 6-allele combination was not
found in chromosome 8, suggesting an identical haplo-
type of its 2 copies. These data indicated that the segrega-
tion error for chromosome 8 might have been a meiosis
I error between 2 sister chromatids without crossover in
meiosis I, or a post-zygotic mitosis error. Because trisomy
X and monosomy X were observed in case 1, a chromo-
some X nondisjunction should have occurred at the
postzygotic stage.

From the aforementioned findings, we propose 2 pos-
sible pathways for this case of triple mosaic aneuploidy.
Our first hypothesis is that a nondisjunction of chromo-
somes 8 and X occurred independently in each cell at the
second postzygotic cell division. Monosomy 8 cells were
then negatively selected (Fig. 1D-I). The other hypothesis
assumes that the zygote is trisomic for chromosome 8 due
to a meiosis II error. The extra chromosome 8 might be
lost from one cell in the first postzygotic cell division.
Then, in the following second cell division, the disomic
cell might undergo mitotic nondisjunction of chromo-
some X (Fig. 1D-II).

Case 2

A 48-year-old woman presented at our clinic due to 3
consecutive miscarriages in which the pregnancy loss oc-
curred at gestational week 7. Chromosome karyotyping
of the POC sample dissected from chorionic villi revealed
mos 47,XY,+5[48]/47,XY,+8[2] (Fig. 2A). To confirm
this rare karyotype, we employed NGS chromosome
analysis using genomic DNA from the surface of an un-
cultured POC sample. Full trisomy of chromosome 8 was
observed, but the copy number was neutral for chromo-
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Fig. 1. Mosaic triple aneuploidy was identified in an infant with
growth retardation and relative macrocephaly. A G-banding of pe-
ripheralbloodlymphocytes revealed amos 47,XX,+8/47,XXX/45,X
karyotype. B Interphase FISH with alpha satellite probes specific
for chromosome 8 (green) and chromosome X (red) on buccal

some 5 (Fig. 2B). We speculated that this discordance
might be attributable to differences in the cell source, i.e.,
trophoblasts in the uncultured sample and mesenchymal
cell lineages in the cultured sample. The double mosaic
aneuploidy detected in this POC was unique since it con-
sisted of 2 cell lines that were aneuploid for a single, dif-
ferent chromosome, and no cells with normal chromo-
some content were observed. Unfortunately, we could
not obtain the parental samples.

To determine the origin of the double mosaic aneu-
ploidy in this case, we carried out SNP microarray analy-
sis of genomic DNA isolated from an uncultured POC
sample. The BAF results revealed a 4- or 6-allele combi-
nation pattern in both chromosomes 5 and 8 but in no

Double Mosaic Aneuploidy

mucosa cells. C SNP microarray analysis was used to determine a
weighted log?2 ratio (top) and B allele frequency (bottom) for chro-
mosomes 8 and X. D Two possible mechanisms leading to the mo-
saic triple aneuploidy in this case (see text). The first 2 postzygotic
divisions are shown.

other chromosome, indicating that a chimera of different
zygotes each with a trisomy 5 or trisomy 8 was unlikely.
The mosaic ratio estimated using the BAF was 20-40%
for trisomy 5 and 60-70% for trisomy 8. The BAF of chro-
mosome 5 showed a mixture of 4-allele and 6-allele com-
binations and a 4-allele combination surrounding the
centromere, indicating a malsegregation event during
meiosis II between sister chromatids with crossover
(Fig. 2C). In contrast, chromosome 8 showed only a 4-al-
lele combination throughout. This indicated that the
missegregation of chromosome 8 would be due to a
postzygotic mitotic error or meiosis II error between sis-
ter chromatids without crossover (Fig. 2C).
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Fig. 2. Mosaic double trisomy was identified in the POC sample
of a 48-year-old woman. A G-banding revealed a mos
47,XY,+5/47,XY,+8 karyotype in the POC sample. B NGS analysis
of DNA from an uncultured sample indicated a neutral copy num-
ber for chromosome 5 and a full chromosome 8 trisomy. C SNP

Based on these observations, we surmised that there
were 3 possible pathways that could have led to the double
mosaic aneuploidy in case 2. The first was based on an orig-
inal zygote with 48,XY,+5,+8 possibly derived from mei-
otic errors. During the first postzygotic mitotic cell division,
loss of chromosome 5 or 8 in either of the 2 cells, respec-
tively, resulted in 47,XY,+5 and 47,XY,+8 cells (Fig. 2D-I).
A second possibility was that a 47,XY,+5 zygote, derived
from a meiotic error, led by loss of chromosome 5 in the
first postzygotic cell division to 47,XY,+5 and 46,XY cells,
respectively. In the second cell division, the rescued 46,XY
cell underwent mitotic nondisjunction of chromosome 8,
followed by negative selection of the monosomy 8 cell
(Fig. 2D-II). The third possible pathway was that an original
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microarray analysis of the B allele frequency (top) and logR ratio
(bottom) for chromosomes 5 and 8. D Three possible mechanisms
for the mosaic double aneuploidy in this case (see text). The first 2
postzygotic divisions are shown.

zygote with trisomy 5 underwent mitotic nondisjunction of
chromosome 8 at the first cell division. This would have
generated a 48,XY,+5,+8 and a 46,XY,+5,-8 cell underlying
negative selection. In the subsequent second mitotic cell di-
vision, the 48,XY,+5,+8 cell would then have lost chromo-
some 5 or 8 in either of the 2 cells, resulting in 47,XY,+5 and
47,XY,+8 cells (Fig. 2D-III).

Discussion and Conclusion
Double mosaic aneuploidy without a euploid cell line

is a very rare condition, and only a small number of cases
have been reported to date [Schofield et al., 1992; Harada
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etal., 1998; Schubert et al., 2002; Ryu et al., 2010]. This is
likely due to a low fetal viability in the absence of euploid
cells. When 2 different numerical chromosome abnor-
malities occur simultaneously or sequentially in the same
cell line, a subset of cells should carry these 2 types of an-
euploidy parallelly. When 2 different numerical chromo-
some abnormalities arise independently in different cell
lines, each cell line should carry each single aneuploidy
separately. In the second situation, original euploid cells
should be generally present. However, we have here pre-
sented 2 cases of double mosaic aneuploidy in the absence
of normal cells, in which the underlying cytogenetic
mechanisms are hard to understand.

Our molecular cytogenetic analyses of these 2 cases in-
dicated that the double mosaic aneuploidy arose via 2
successive segregation errors either during maternal mei-
osis or in early postzygotic stages, which was then fol-
lowed by natural selection. The errors may have been
nondisjunction or predivision during meiosis I or II, or
missegregation during mitosis at the early postzygotic
stage, such as nondisjunction or anaphase lagging [Con-
lin et al., 2010]. Such phenomena usually produce mono-
somy or trisomy, but in some cases can lead to monosomy
or trisomy rescue. It has been amply documented that a
high level of chromosome instability develops during
meiosis in oogenesis and in cleavage-stage embryos [Van-
neste et al., 2009; Nagaoka et al., 2012; Fragouli et al.,
2013; Potapova and Gorbsky, 2017]. This was further val-
idated by the recent advances in single-cell genomic anal-
ysis using NGS [Fiorentino et al., 2014]. Additionally, it
has been demonstrated that the large amount of cyto-
plasm present in oocytes and cleavage stage embryos in-
duces error-prone chromosome segregation via dilution
of spindle assembly checkpoint proteins [Kyogoku and
Kitajima, 2017]. This instability might contribute to the 2
successive segregation errors at this stage in a single zy-
gote, thereby leading to the development of double mo-
saic aneuploidy.

Most of the reported double mosaic aneuploidies are
combinations of autosomal and gonosomal aneuploidy
[Schofield et al., 1992; Harada et al., 1998; Schubert et al.,
2002; Ryu et al., 2010; Kumar et al., 2014; present case 1].
Trisomy 13, trisomy 18, trisomy 21, and sex chromo-
some aneuploidies are often involved due to phenotypic
selection. In contrast, the combination of 2 different au-
tosomal aneuploidies is very rare [Huijsdens-van Am-
sterdam et al., 2012; Jurcd et al., 2018; present case 2].
Notably, many reports of this rare condition, including
our present study, have described chromosome 8 mosaic
trisomy [Schofield et al., 1992; DeBrasi et al., 1995]. Prior

Double Mosaic Aneuploidy

trisomy 8 nondisjunction studies have found that most
mosaic trisomy 8 cases are likely due to mitotic duplica-
tion, with only a few cases arising from a maternal mei-
otic nondisjunction. Those results are in contrast to the
findings for common autosomal trisomies where the ma-
jority of cases are due to errors in maternal meiosis
[Karadima et al., 1998]. However, the reasons why chro-
mosome 8 is frequently involved in double mosaic aneu-
ploidy are unclear. Cell lineage-specific mitotic duplica-
tion or cell lineage-specific selection may be possible
mechanisms. Future detailed case reports will be re-
quired to clarify the mechanisms underlying the involve-
ment of specific chromosomes in double mosaic aneu-

ploidy.
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Abstract

Sex-chromosome discordant chimerism (XX/XY chimerism) is a rare chromosomal disorder in humans. We report a boy
with ambiguous genitalia and hypospadias, showing 46,XY[26]/46,XX[4] in peripheral blood cells. To clarify the
mechanism of how this chimerism took place, we carried out whole-genome genotyping using a SNP array and
microsatellite analysis. The B-allele frequency of the SNP array showed a mixture of three and five allele combinations,
which excluded mosaicism but not chimerism, and suggested the fusion of two embryos or a shared parental haplotype
between the two parental cells. All microsatellite markers showed a single maternal allele. From these results, we concluded
that this XX/XY chimera is composed of two different paternal alleles and a single duplicated maternal genome. This XX/
XY chimera likely arose from a diploid maternal cell that was formed via endoduplication of the maternal genome just

before fertilization, being fertilized with both X and Y sperm.
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A chimera is defined as the fusion product of two different
zygotes in a single embryo, whereas a mosaic results from a
mitotic error in a single zygote. Sex-chromosome dis-
cordant chimerism in humans (XX/XY chimerism) is a rare
chromosomal abnormality. Although the first case was
described in 1962 [1], its incidence is still unknown. The
XX/XY chimera manifests variable genital phenotypes,
ranging from normal male or female genitalia to different
degrees of ambiguous genitalia. Chimeras are thought to
result from a defect in the processes near the time of ferti-
lization. The XX/XY chimera is classified into some sub-
types; tetragametic chimeras [2-5], parthenogenetic
chimeras [5-9], androgenetic chimeras [5, 10, 11] and
sesquizygotic twinning chimera [12]. Whereas tetragametic
chimeras are known as the most common subtype of XX/
XY chimeras, which are derived from the simple fusion of
two different zygotes, parthenogenetic chimeras and
androgenetic chimeras [8, 11] undergo endoreplication of
one of the gametic genomes. Therefore, genotyping of XX/
XY chimeras is important not only to clarify its develop-
mental mechanism but also for diagnosis and treatment, as
such patients occasionally present with fertility problems. In
this report, we present a case of a parthenogenic chimera
with a karyotype of XX/XY, together with a literature
review.
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Fig. 1 Clinical findings of the patient. a On examination, the patient
showed cryptorchidism (left), hypospadias (right), and anterior scro-
tum (right). b On operation, epididymes were identified macro-
scopically, but the tunica albuginea of the testis was absent bilaterally
(left). Laparoscopy demonstrated that the vas deferens and gonadal
veins flowed normally into the bilateral inguinal rings, and ovaries and
a uterus were not detected (right). The precise position of the external
urethral opening was normal. ¢ The ultrasound echoic level of both

The patient was born from healthy parents at an affiliated
hospital as a boy with ambiguous genitalia, hypospadias
cryptorchidism, and an anterior scrotum (Fig. 1a). The
pregnancy was not a result of in vitro fertilization treatment.
His father was 43 years old and mother was 31 years old.
Abdominal magnetic resonance imaging displayed no
uterus or ovaries. His growth milestone at 1 year was nor-
mal. The patient’s toy preference was wheeled vehicles and
superheroes. Macro- and microscopically, the patient had
ambiguous external genitalia, male-type internal genitalia
(epididymis), and bilateral testes (Fig. 1b—d). The family
chose a male sex to assign. Hypospadias was repaired. The
parents were recommended to undergo genetic counseling
regarding detailed genetic analysis as well as recurrence
risk. G-banding from peripheral blood cells of the patient
showed 46,XY[26]/46,XX[4]. To analyze the XX/XY ratio
further, we performed fluorescence in situ hybridization
(FISH) analysis on interphase nuclei from the patient’s
buccal mucosal cells with specific probes for chromosomes
X and Y by AneuVysion Assay Kit (Abbott, Tokyo, Japan).
FISH showed nuc ish XX[83]/XY[17]. The XY/XX ratio
in buccal cells (17%) was lower than that in peripheral
blood cells (87%). After receiving approval from the
Ethics Review Board for Human Genome Studies at Fujita

SPRINGER NATURE

gonads was homogeneous. No other tissue-like structures with mar-
gins, suggestive of ovarian tissue, were detected. d Testis biopsy of the
patient (left). Compared to control tissue (right, age-matched normal
testis), interstitial tissue of the patient was edematous and more pro-
minent than the seminiferous tubules, which were tortuous and
diverging. The seminiferous tubules appeared dysplastic, but detailed
analysis demonstrated that they were not dysplastic. Bar, 100 ym

Health University and written informed consent from the
parents to participate in our study, genetic diagnosis was
performed.

To confirm chimerism, we carried out SNP microarray
analysis using a CytoScan 750 K Array (Affymetrix, Santa
Clara, CA). We used genomic DNA, which was isolated
from nail as a template for microarray analysis. Scan data
were visualized using ChAS 3.2 software (Affymetrix). The
copy number state of chromosome X was 1.5, which means
that the ratio of XX to XY was about 50% (Fig. 2a). Next,
to confirm chimerism, we analyzed the B-allele frequency
of autosomes and the X chromosome [13, 14]. We found
both a region showing five allele combinations, where
possible SNP genotypes were BB-BB, BB-BA, BB-AA,
BA-AA, and AA-AA, which means that there were three or
four chromosome sets, and a region showing three allele
combinations, where the possible SNP genotypes were
BB-BB, AB-AB, and AA-AA, which means that there
were two identical chromosome sets in the autosomes
(Fig. 2b). The region showing four allele combinations,
where the possible SNP genotypes were BB—B, BB-A,
AA-B, and AA-A, were on chromosome X (Fig. 2b).
These allele combinations were detected throughout the
whole genome (Supplementary Fig. 1). This indicates the
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Fig. 2 SNP array and STR analysis. a Smooth signal track of the
patient’s X chromosome. Copy number (Y axis) showed 1.5, sug-
gesting that the patient has more than two sets of X chromosomes. b A
B-allele frequency (BAF) plot and possible allele patterns of the
patient’s nail DNA, showing a XX to XY ratio of 50% in SNP array

presence of two different genomes, demonstrating that the
patient does not show mosaicism but is an XX/XY chimera.
Haplotype sharing region encompasses 1.5 Gbps, which is
approximately half of the entire genome (Supplementary
Fig. 1), suggesting that the chimera is possibly tetragenic,
parthenogenic or androgenic. However, SNP array is not
able to classify chimerism.

To investigate the parental origin of the genome in the
patient, we performed microsatellite marker analysis, as
known as short tandem repeat (STR) analysis. This time,
genomic DNA was extracted from the patient’s nails and
parental peripheral blood cells. We chose STR markers
located in the region showing the five allele combinations in
autosomes or four allele combinations on chromosome X on
SNP array analysis. We first determined the patient’s gen-
otype as well as the genotype of the parents. Next, the
proband’s genotype was determined by using completely
different markers in autosomes. All markers showed the
contribution of two paternal alleles and one maternal allele
in the chimera (Fig. 2c). Therefore, we determined the
dispermic origin of the chimera. We concluded that the

analysis. The blue and red colored chromosomes in the circles are both
of paternal origin. The yellow and pink colored chromosomes are of
maternal origin. ¢ STR maker analysis. Red and blue numbers indicate
paternal origin, and yellow and pink numbers indicate maternal origin

patient is a parthenogenetic chimera, which is composed of
two paternal alleles and one duplicated maternal allele
(Fig. 3a).

Although there are various mechanisms that lead to
the development of chimeras, our results suggested that
this patient was a parthenogenetic chimera [9]. Oocyte
possibly started first mitosis before the disappearance of the
pronuclear.

From the point of view of genetic counseling, the
recurrence risk of this condition in this family is low
because of the lack of a family history. On the other hand,
careful follow-up of testicular function is important in
considering future family planning and gender identity for
the patient. However, as the chimeric ratio in this patient is
different among various tissues in the body [15], androgen
or estrogen exposure to the entire body cannot be assessed
and it is difficult to predict the risk of problems, such as
gonadoblastoma (Fig. 3b). In addition, genetic counseling
should be recommended so that the patient’s gender identity
can be determined autonomously when the pathological
condition is explained to the patient.
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Fig. 3 Schematic drawing of how a parthenogenetic chimera is pro-
duced. a Schematic drawing of how a parthenogenetic chimera is
produced. Endoduplication of the maternal genome occurs just before
fertilization with two spermatozoa. The colors of the cells are con-
sistent with Fig. 2b, c. b Top, diagram of XX and XY chimeric ratios
of three tissues from the patient. Orange cells indicate 46,XX, and

In the present case, genotyping determined that the
patient had a rare condition (XX/XY chimerism). Further-
more, it was suggested that the patient was not the common
tetragametic chimera, but a parthenogenetic chimera. Gen-
otyping of XX/XY chimeras is important not only for
clarifying the pathogenesis of chimeras but also for under-
standing of the disease. Therefore, we expect this method to
become the standard for patients who are chimeric for the
XX/XY karyotype.
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Tissue XX:XY ratio
Blood 1:9
Nails 5.5
Buccal tissue 8:2

green cells indicate 46,XY. Bottom, whereas G-banding from the
peripheral blood cells of the patient showed 46,XY[26]/46,XX[4]
(XX:XY ratio, 1:9), FISH showed nuc ish XX[83]/XY[17] (XX:XY
ratio, 8:2) in buccal cells, and the SNP array suggested that both XX
and XY are present at about 50% (XX:XY ratio, 5:5)
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Abstract

Background: Aggressive systemic mastocytosis (ASM) is a rare malignant disease characterized by disordered mast
cell accumulation in various organs. We here describe a female ASM patient with a previous history of ovarian
dysgerminoma.

Methods: Molecular cytogenomic analyses were performed to elucidate an etiological link between the ASM and
dysgerminoma of the patient.

Results: This patient was affected by ovarian dysgerminoma which was treated by chemotherapy and surgical
resection. Having subsequently been in complete remission for 2 years, she developed symptoms of ASM. A
somatic D816A mutation in the KIT gene was detected in her bone marrow, which facilitated the diagnosis of ASM.
Unexpectedly, this KIT D816A variant was also detected in the prior ovarian dysgerminoma sample. Whole-exome
sequencing allowed us to identify a somatic nonsense mutation of the TP53 gene in the bone marrow, but not in
the dysgerminoma. Microarray analysis of the patient’s bone marrow revealed a copy-number-neutral loss of
heterozygosity at the TP53 locus, suggestive of the homozygous nonsense mutation in the TP53 gene. In addition,

the loss of heterozygosity at the TP53 locus was also detected in the dysgerminoma.

Conclusions: These results indicated that either the mast cells causing the ASM in this case had originated from
the preceding ovarian dysgerminoma as a clonal evolution of a residual tumor cell, which acquired the TP53
mutation, or that both tumors developed from a common cancer stem cell carrying the KIT D816A variation.

Keywords: Aggressive systemic mastocytosis, KIT, Dysgerminoma, Germ cell tumor, TP53, Loss of heterozygosity

Background

ASM is one of the advanced forms of systemic mastocy-
tosis (SM) with a poor prognosis. In this disorder, clonal
mast cells become abnormally accumulated in the skin,
lymph nodes, liver, gastrointestinal tract and bone mar-
row (BM) where they are activated and release mediators
such as histamine, tryptase and cytokines that then cause
organ damage [1-3]. The prevalence of ASM is 0.09 per
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100,000, and the median age at diagnosis is over 60
years. ASM is quite rare in pediatric population [4—6].
The D816V mutation in KIT is frequently found in the
tumor cells of SM patients and is an important part of
the established diagnostic criteria for ASM. In addition
to KIT variations, somatic mutations in other genes also
occur in ASM that facilitate tumor growth [2, 7].
Ovarian dysgerminoma is one of the common malig-
nant germ cell tumors believed to develop from primor-
dial germ cells (PGCs) due to its morphology. These
malignant tumors more frequently occur in adolescents
and young adults, and surgical resection accompanied
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with chemotherapy generally result in a good prognosis
(8, 9].

In our present case report, we describe an adolescent
case of ASM in a female with a previous history of ovar-
ian dysgerminoma. Genetic analysis indicated a common
origin for these malignancies and provided insights into
the processes underlying the progression to ASM.

Methods

Samples for genetic analyses

Genomic DNA was isolated from peripheral blood (PB)
and BM samples of the study patient using the QuickGene
DNA whole blood DNA kit L (Kurabo, Osaka, Japan).
Genomic DNA of the buccal mucosa was extracted using
the DNeasy Blood and Tissue kit (Qiagen, Tokyo, Japan).
A formalin-fixed paraffin-embedded specimen of the sur-
gically dissected ovarian dysgerminoma was deparaffinized
in xylene followed by proteinase treatment, phenol/
chloroform extraction and ethanol precipitation of DNA.
Conventional G-banding of the patient’s bone marrow
was performed using a standard method.

PCR amplification and sequencing

DNA fragments were amplified by PCR using Ex-Taq or
LA-Taq polymerase (Takara, Kusatsu, Japan) followed
by direct sequencing with the primers listed in Table S1
of the Additional file 1. Where indicated, PCR products
were cloned into the pT7 Blue T-vector (Novagen,
Madison, W1, USA) and then sequenced.

Real-time quantitative PCR

Quantitative PCR of the KIT gene was performed on the
StepOnePlus Real-Time PCR system (Thermo Fisher
Scientific, Waltham, MA, USA) using the PowerUp
SYBR Green Master Mix (Thermo Fisher Scientific) with
the primers listed in Table S1 of the Additional file 1.
The DROSHA gene was used as an internal control.

Whole-exome sequencing

Whole-exome sequencing of the PB and BM specimens
was performed as described previously [10]. The sequen-
cing data were analyzed with Variant Studio 2.3 (Illu-
mina, San Diego, CA, USA), Integrative Genomics
Viewer ver.2.4.19 (Broad Institute, Cambridge, MA,
USA) and Mutect2 software (Broad Institute). The list of
known cancer genes in the Cancer Gene Census [11]
was used to identify mutations in the study patient.

Cytogenetic microarray

Whole genomic microarray analysis of the BM sample
was performed using the CytoScan 750 K array (Affyme-
trix, Santa Clara, CA) and analyzed using R package
Rawcopy [12].
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Results

Case presentation

The study case was affected with ovarian dysgerminoma
when she was 13years old. She received 4 cycles of
chemotherapy, consisting of bleomycin, etoposide and
cisplatin, followed by complete surgical resection of the
tumor. After this resection, the patient’s a-fetoprotein
(AFP) level fell from 1053 ng/ml (normal range, 0-10.5
ng/ml) to normal levels and she received 2 cycles of
postoperative chemotherapy consisting of carboplatin
and etoposide.

She had been in complete remission for 2 years but de-
veloped recurring episodes of skin rash, bone pain, peri-
odic fever and anaphylactic reactions when she was 16
years old (Fig. 1). A computed tomography scan suggested
skeletal involvement with osteosclerosis mainly affecting
the spine and osteolysis in a limited area of bones, but no
tumor mass was observed suggesting that ovarian dysger-
minoma recurrence was unlikely. BM examination of the
osteolytic lesions revealed multifocal, dense infiltrates of
mast cells that showed positive immunohistochemical
staining for mast cell tryptase, CD25, CD33, and c¢-KIT,
but no dysgerminoma cell was observed. A mutation at
codon 816 of the KIT gene was further revealed in these
cells, as detailed later. In addition, the serum tryptase level
was markedly elevated at 276 pg/L (normal range, 1-
15 pg/L), but AFP level was normal. The patient was sub-
sequently diagnosed with ASM in accordance with the
2016 WHO classification of mastocytosis. The initial
therapeutic intervention, including prednisolone, and his-
tamine H1- and H2- receptor antagonists, improved her
general condition, but the frequency of anaphylaxis did
not decrease significantly and she became steroid depend-
ence. Furthermore, her serum alkaline phosphatase level,
which is indicative of disease activity, temporarily de-
creased and then rose again from 595 to 2857 U/L (nor-
mal range, 115-359 U/L). Mast cell accumulation in the
BM was reevaluated before applying a second-line therapy.
At that time, the proportion of the mast cells identified by
¢-KIT staining had decreased to 5% of all nucleated cells.
The karyotype of the BM was normal (46,XX). After intro-
ducing nilotinib, a potent tyrosine kinase inhibitor for pa-
tients harboring a KIT codon 816 mutation, her clinical
symptoms that had been occurring on an almost daily
basis improved moderately and the prednisolone dose
could therefore be reduced. Her serum alkaline phosphat-
ase level was also normalized. However, she still suffered
with anaphylactic reactions almost once per month, which
suggested the existence of uncontrolled residual and react-
ive mast cells.

Detection of a KIT mutation
To make a definitive diagnosis of ASM in our study pa-
tient, the codon 816 region of the KIT gene was
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amplified by PCR and directly sequenced (Fig. 2a;
Additional file 2: Fig. S1A). A somatic mutation, D816A
(NM_000222.2:¢.2447A > C, COSM24675) was identified
in the patient’s BM that had been sampled at the onset
of the ASM-associated symptoms (BM-1). This mutation
was not detectable in the PB, nor in the BM obtained
after the initial treatment (BM-2). The percentage of
mast cells in the BM-1 and BM-2 smears determined by
microscopic examination was 50 and 5%, respectively.
The variant allele frequency (VAF) in the BM-1 sample
was 0.34, which may have been due to contamination by
normal cells.

D816 mutations in the KIT gene are common to germ
cell tumors [13] and we thus tested a biopsy specimen that
was obtained from the dysgerminoma lesion in our study
case prior to chemotherapy. The same D816A KIT muta-
tion was detected. Notably also, the mutant allele ratio in
the dysgerminoma was considerably higher than that of
the normal allele (VAF=0.75). KIT gene amplification
was not evident by quantitative PCR (Additional file 2:
Fig. S1B), suggesting that the normal allele had been de-
leted in the dysgerminoma cells. Indeed, the ratio between
the two alleles of a heterozygous common single nucleo-
tide polymorphism (SNP), C> T (rs1008658), located 115
bp downstream of the mutation site, was also skewed in
samples carrying the D816A variant. PCR products in-
cluding both the KIT D816 and rs1008658 sites were

cloned and sequenced individually (Additional file 2: Fig.
S1C). The KIT D816A mutation was found to be linked to
the T allele of the SNP. Since the VAF in the BM-1 sam-
ple was 0.64, the normal allele was thought be also lost in
the ASM cells.

Genome-wide analysis of genetic alterations

We next explored the additional mutations associated
with ASM development in our patient as ASM cells
often carry mutations in cancer-related genes in addition
to KIT [2]. Whole-exome sequencing of the genomic
DNA from BM-1 and PB samples was performed and re-
vealed a nonsense mutation in 7P53 and a missense mu-
tation in TET2 (Additional file 1: Tables S2 and S3). The
nonsense mutation in 7TP53, E62X, (NM_000546:
c.184G > T) was detected in BM-1, but not in the dys-
germinoma nor the other samples (Fig. 2b). Normal cell
contamination prevented us from determining the status
of the normal allele (VAF =0.31). When we examined
for the presence of a common heterozygous SNP
(rs1042522), located 31 bp downstream of the mutation
site, an allelic imbalance was found in the BM-1 cells
(Fig. 2b). Next-generation sequencing reads demon-
strated that the mutant allele was present in the G allele
of the SNP (Additional file 3: Fig. S2). From this phasing
data, loss of heterozygosity (LOH) at this locus was evi-
dent in the BM-1 sample, suggesting a biallelic
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inactivation of the TP53 gene in the ASM cells. To next
determine whether the normal allele of the TP53 gene
had been deleted, its copy number was analyzed by
whole-genomic microarray. LOH spanning the 17p13.1
region that incorporates the TP53 locus was demon-
strated in the BM-1 cell genomes, although the copy
number of this region was normal (Fig. 2c). This copy-
number-neutral LOH (CN-LOH) suggested that second
hit was not the deletion, but that both alleles of the
TP53 gene in the ASM cells carried an E62X mutation,
possibly due to mitotic recombination. Surprisingly, an
LOH of the rs1042522 SNP was also found in the dys-
germinoma cells without the E62X mutation (Fig. 2b).
The V1846F missense variant of TET2 (NM_
001127208.3:c.5536G > T) was found from our analysis of
a buccal mucosal sample from the current study patient to
be a germline variant (Additional file 4: Fig. S3). In silico
analysis further predicted this to be a deleterious variation
(PolyPhen-2 = 0.852, SIFT =0.034) that did not appear in

the databases (Additional file 1: Table S3). Notably, TET2
is one of the tumor suppressor genes associated with
ASM [14-16]. Both TET2 and KIT are located on the
chromosome 4 and we found by microarray analysis that
the copy number of chromosome 4 was decreased in BM-
1 (Fig. 2¢). To then investigate whether the inactivation of
the TET?2 gene is involved in development of ASM, we ex-
amined the phase of the TET2 variant and the rs1008658
SNP. According to the determined allele frequencies, the
TET?2 mutation was linked to the chromosome harboring
the C allele of rs1008658 and was lost in the tumor cells.
We thus concluded that the TET2 variant was not associ-
ated with the development of ASM, since this rare muta-
tion had been lost in the ASM cells. Further to this, the
presence of this rare TET?2 variant in the healthy father of
our patient was consistent with it having a benign nature
(Additional file 4: Fig. S3).

In addition to chromosomes 4 and 17, copy-number
aberrations or LOHs were detected in chromosomes 1,
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2,6,9, 12, 13, 14, 16, 18, 20, 21 and X in the BM-1 cells
from our patient (Fig. 2c). No other mutations with the
potential to be cancer driver candidates were detected
by whole-exome sequencing of the affected regions of
these chromosomes (Additional file 1: Table S3).

Discussion

We have here presented an adolescent case of ASM
which is a rare neoplasm at such a young age. Our fe-
male patient developed the ASM after prior treatment
for a dysgerminoma. Significantly, the pathogenic KIT
gene variant, D816A, was identified in both the dysger-
minoma and BM samples in this case. KIT mutations
are frequently found in the tumor cells of SM patients
and are an important part of the established diagnostic
criteria for ASM, but the most prevalent variant of these
is the D816V mutation, which has been observed in >
60% of ASM patients [7]. The D816A mutation has been
occasionally identified also in SM with an associated
hematologic neoplasm [17-19] but not in ASM. KIT
D816 mutations are also commonly observed in germ
cell tumors, and have been found in one-third of ovarian
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dysgerminomas [13]. Notably however, the D816A mu-
tation has not been reported previously in these tumors.
Thus, the presence of the KIT D816A variant in both
the ASM and dysgerminoma cells in our present patient
is unlikely to be a coincidence. There are considerable
number of reports describing the association between
mastocytosis and germ cell tumor [20-24]. The etio-
logical linkage between ASM and a preceding germ cell
tumor caused by a KIT D816 mutation is further sup-
ported by a similar prior report of an ASM patient carry-
ing KIT D816V who had previously had an ovarian germ
cell tumor harboring this same mutation [25]. Another
similar case of an ovarian germ cell tumor carrying a
KIT D816H mutation was also recently reported in
which the chemotherapy was complicated by the devel-
opment of SM with chronic myelomonocytic leukemia
harboring this same mutation [26].

One simple hypothesis to explain our current findings
is clonal evolution (Fig. 3a). In brief, the KIT D816A
variation initially induces the development of ovarian
dysgerminoma. Although the tumor was removed by
surgical resection, minimally residual cells that
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Fig. 3 Schema for two possible mechanisms of ASM development in the study patient. a The first CN-LOH of 17p occurred as an incidental
event in the PGCs. Subsequently, a cell which acquired the KIT mutation and lost one copy of chromosome 4 without that mutation was selected
and gave rise to a dysgerminoma. After treatment for that lesion, a residual tumor cell differentiated into a mast cell and acquired the TP53
mutation in one allele. Finally, a second CN-LOH event involving 17p led to the inactivation of the TP53 gene in both alleles and caused the ASM.
b A cancer stem cell carrying the KIT mutation arose from the PGCs. One of these cancer stem cells was fated to become the lineage for the
dysgerminoma, which underwent a 17p LOH. Another cancer stem cell which acquired the TP53 mutation was fated to cause the ASM. A cell of
this tumor lineage underwent a 17p CN-LOH which inactivated both TP53 alleles
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differentiated into hematologic cells possibly underwent
subsequent biallelic mutation of the TP53 gene, resulting
in malignant transformation. Our microarray analysis in-
dicated a complex karyotype and suggested the mast
cells underwent repeated genetic rearrangements, al-
though an abnormal karyotype is less common in ASM
[5, 27, 28]. TP53 is a less frequently affected gene in ad-
vanced SM [3], but is the most commonly affected gene
in therapy-related myeloid neoplasms [29, 30]. The
chemotherapy for the previous dysgerminoma in our
present patient may have contributed to the mutation
induction in a residual tumor cell and then expansion of
these mutated mast cells, resulting in the younger onset
of ASM in this case.

It is noteworthy that the LOH at the TP53 locus was
present both in the dysgerminoma and ASM, but that
the ASM had the CN-LOH. The ASM cells were found
to carry a biallelic homozygous E62X mutation of the
TP53 gene, suggesting that the CN-LOH was established
by mitotic recombination after acquisition of the TP53
mutation. However, the dysgerminoma was found to
carry a 17p LOH without 7P53 mutation, suggesting
that the 17p LOH in the dysgerminoma and ASM were
independent events. A possible alternative hypothesis
therefore is that the dysgerminoma and ASM originated
from a common cancer stem cell harboring the KIT
D816A mutation and developed independently (Fig. 3b).
Briefly, the deletion of 17p possibly occurred in the dys-
germinoma lineage. After treatment for this lesion, an-
other cancer stem cell acquired the TP53 mutation and
underwent chromosome rearrangements, which evolved
into the origin of another tumor lineage and caused the
ASM.

Previously reported experiments using murine cells ex-
pressing pathogenic KIT mutants have demonstrated
that the loss of one copy of Tet2 accelerates mast cell
growth [15, 31]. Although the effect of the TET2
V1846F variation in tumorigenesis is not clear, cells with
only one normal TET2 allele may have a growth advan-
tage under KIT D816A expression, even after deletion of
the TET2 V1846F allele in our current patient, suggest-
ing that the TET2 V1846F variant was unlikely to have
affected the tumor progression.

Our current genetic analyses were useful in not only
reaching a conclusive diagnosis but also for determining
the treatment strategies in our study patient. Although
the patient’s condition had not progressed during the
current treatment and the genetic alternations in her
bone marrow were not among the negative prognostic
indicators reported previously [32], the comprehensive
cancer-related genetic alterations that were detected in
this case in addition to the KIT mutation suggested that
a tyrosine kinase inhibitor would not be sufficient to
achieve remission. Notably in this regard, the
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multikinase inhibitor midostaurin is not currently avail-
able in Japan. An allogenic bone marrow transplantation
from an HLA 1-locus mismatched sibling donor is being
planned for our study patient.

Conclusions

Our current cytogenomic analyses demonstrated that
mast cells causing the ASM shared a common origin
with the dysgerminoma, suggesting that a careful follow-
up should be required for the dysgerminoma patients
after treatment.
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1 | INTRODUCTION

Incontinentia pigmenti (IP; MIM #308300) is a rare
X-linked genodermatosis with an estimated prevalence at

Abstract

Background: Incontinentia pigmenti (IP) is a rare X-linked disorder affecting the
skin and other ectodermal tissues that is caused by mutation of the /IKBKG/NEMO
gene. Previous studies have reported that the overall mutation detection rate in IP is
~75%. We hypothesized that a low-level mosaicism existed in the remaining cases.
Methods: Genomic variations in the /[KBKG gene were examined in 30 IP probands
and their family members. Standard mutational analyses were performed to detect
common deletions, nucleotide alterations, and copy number variations. To assess
skewing of the X chromosome inactivation (XCI) pattern, a HUMARA assay was
performed. We compared the results of this analysis with phenotype severity.
Results: Pathogenic variants were identified in 20 probands (66.7%), the rate of de-
tection was suboptimal. The remaining 10 probands tended to manifest a mild phe-
notype with no skewed X chromosome inactivation that is generally observed in IP
patients. Quantitative nested PCR and digital droplet PCR were performed for the
10 patients and mosaicism of the common /KBKG deletion were identified in five
patients.

Conclusion: Overall, we detected 25 IKBKG mutations (83.3%). Determination of
the XCI value in advance of mutational analyses for IP could improve the mutation
detection rate. Our improved detection rate for these mutations, particularly those with

a low-level mosaicism, may present opportunities for appropriate genetic counseling.

KEYWORDS

IKBKG, incontinentia pigmenti, mosaicism, X chromosome inactivation

birth of 1.2/100,000 (Orphanet, 2018). This disorder af-
fects the skin and other ectodermal tissues including the
eyes, teeth, hair, nail, and central nervous system (CNS).
Skin lesions are the first diagnostic manifestations of IP
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that appear in the neonatal period and comprise a vesicu-
bullous stage (stage I) followed by a verrucous stage (stage
II) persisting for months to years, a hyperpigmented stage
(stage III), and finally a hypopigmented stage (stage IV)
usually continuing throughout life. These skin defects fol-
low Blaschko lines and present in almost all IP patients,
thus constituting the principal diagnostic IP criteria for
this condition (Landy & Donnai, 1993; Mini¢ et al., 2014).
Systemic involvement includes ocular and neurologic im-
pairment. Although IP is X-linked dominant and is usually
lethal in males, some affected males have been reported,
representing approximately 10% (Fusco et al., 2014) of the
patient population. Affected males present with somatic
mosaicism and in some reported cases a concomitant diag-
nosis of Klinefelter syndrome (Conte et al., 2014).

IP is caused by a mutation of the /[KBKG/NEMO gene
(Inhibitor of Kappa polypeptide gene enhancer in B-cells,
Kinase Gamma/Nuclear Factor kB, Essential Modulator,
GenBank NM_003639.3, OMIM#300248). This gene en-
codes NEMO/IKKY which is required for the activation of
the nuclear factor-kappa B (NF-kB) transcription factor.
NEMO/IKKY acts as a regulatory subunit of the inhibi-
tor of the kB (IkB) kinase (IKK) complex. The absence of
NEMO/IKKYy protein renders the cells sensitive to apop-
tosis, leading to lethality in males (Aradhya, et al., 2001)
and selective skewed X-inactivation in females (Fusco
et al., 2004). In most patients, IP onset is due to loss-of-
function (LoF) mutations, although in some case /IKBKG
hypomorphic mutations have been reported (Fusco et al.,
2008) that reduce but do not eliminate NF-kB activation,
thus explaining why some affected male patients survive
(Doffinger et al., 2001). Female patients carrying these
hypomorphic mutations show mild signs of IP (Aradhya,
et al., 2001).

IKBKG is a 23-kb gene composed of nine coding exons,
four alternative noncoding first exons (from exons 1A to
1D), and two promoters. The /KBKG gene also shares a
part of a 35.7 kb segmental duplication arranged in the
opposite direction, one covering the genuine gene and
the other a part of a pseudogene copy. The non-functional
IKBKGP spans the region between exon 3 to 10. The most
frequent IP mutation is a recurrent deletion produced by
non-allelic homologous recombination (NAHR) due to a
misalignment between approximately two 650 bp short in-
terspersed nuclear element (SINE) of a medium reiterated
67B (MER67B), one of which is located in intron 3 and
the other distally to exon 10. This deletion removes exons
4-10, spanning 11.7 kb. In addition, the NAHR mechanism
can also generate benign copy number variations (CNVs)
through an exon 4-10 deletion in /KBKGP or an exon 4-10
duplication in the /IKBKG gene. However, both benign
CNVs are risk alleles for de novo generation of a patho-
logical IKBKG exon 4-10 deletion (Fusco et al., 2009). The

IKBKG region contains many repeat sequences and is con-
sidered to be prone to rearrangement.

Previous studies have reported that the overall mutation
detection rate in IP is 77.6%. IKBKG gene targeted anal-
ysis of the exon 4-10 deletion can detect 65% of affected
patients, single-nucleotide variant (SNV) analysis can de-
tect 8.6%, and large duplication and deletion analysis can
detect 4% of clinically affected individuals (Fusco et al.,
2008; Fusco et al., 2007; Fusco et al., 2012). As IKBKG
is the only gene responsible for IP, these rates are low in
comparison with other genetic diseases, even when taking
into consideration that the IKBKG locus has a complex ge-
nomic structure. In the course of the mutational analyses
of our own IP patients, we observed that patients with no
detectable mutation showed a mild phenotype. We hypoth-
esized that a low-level mosaicism existed in these cases
which would have made it difficult to detect the mutations
in blood samples.

In this study, we conducted /KBKG gene mutational anal-
ysis in 30 IP patients. We compared the results of this analy-
sis with phenotype severity and also with the X chromosome
inactivation (XCI) pattern that would not appear skewed in
patients with mosaicism due to the presence of normal cells
presenting with a random XCI pattern. We describe observed
relationships between phenotype severity, XCI pattern and
somatic mosaicism. We also discuss the clinical implications
of our results for future genetic testing and counseling.

2 | MATERIALS AND METHODS

2.1 | DNA samples
All research was performed in accordance with the principles
of the Declaration of Helsinki, and the Ethical Guidelines for
Human Genome/Gene Analysis Research by the Ministry of
Education, Culture, Science, and Technology, the Ministry
of Health, Labor, and Welfare, and the Ministry of Economy,
Trade, and Industry of Japan.

Peripheral blood samples were obtained from 30 Japanese
IP patients (28 females) in accordance with the research
protocol approved by the local ethics committee of Fujita
Health University. The IP patients enrolled in our study
were selected on the basis of the previous Landy and Donnai
(Landy & Donnai, 1993) diagnostic criteria, and also because
they met the recently updated criteria (Mini¢ et al., 2014).
The severity of disease in each patient was evaluated using
manifestation score of skin leision, nervous system defect,
ocular system defect, dental system defect, hair defect, and
nail defect (Table S1). We collected DNA samples from both
parents in 10 cases and a single parent in six cases. Written in-
formed consent to participate in the study was obtained from
the patients or their parents. Genomic DNA from peripheral
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blood was extracted using a conventional salt precipitation
technique.

2.2 | Analysis of common Incontinentia
Pigmenti deletions

Common IP deletions have previously been characterized
(Bardaro et al., 2003). Long-range PCR was performed in
our current analysis to detect the specific /IKBKG exon 4-10
deletion using the primers listed in Table S3. The PCR reac-
tions were performed in 25 pl volumes containing 1 pl of
sample, 2.5 U of LA Taq Polymerase (Takara Bio Inc.), LA
Taq buffer II, 200 pM dNTPs, 2 mM MgCl, and 10 pmol of
each primer. The amplification protocol comprised 30 cycles
of 10 seconds at 98°C and 3 min at 65°C. To detect [IKBKGP,
PCR was performed as described above with the previously
reported Rev-2 and JF3R primers (Bardaro et al., 2003).

Nested PCR was performed to detect low-level mosaic
deletions. The primers used for these second amplifications
are also listed in Table S3. The resulting PCR products were
diluted 1:100 with Tris-EDTA Buffer (TE). These nested re-
actions contained 1 pl of template DNA in an identical reac-
tion mixture for 20 cycles of 10 seconds at 98°C and 1 min
at 60°C. PCR products were visualized on a 2% agarose gel,
quantified using an image analyzer, and compared with the
products amplified from serial dilutions of genomic DNA
from patients harboring the common /KBKG deletion.

To detect mosaic deletions, we performed droplet digital
PCR using the custom probes listed in Table S4. Droplet gener-
ation, PCR cycling, and droplet reading were performed in ac-
cordance with the manufacturer's protocol (Bio-Rad). The first
PCR was performed over 13 cycles with 10 ng of DNA sample
as the template. The resulting PCR products were diluted 1:10
with Tris-EDTA Buffer. Probes and primers were mixed with a
2x ddPCR supermix and with 1 pl of template DNA. In total,
22 pl volume reactions were loaded into an 8-channel droplet
generator cartridge (Bio-Rad) and droplets were then generated
with 70 pl of droplet generation oil (Bio-Rad) using a manual
QX200 Droplet Generator. Following droplet generation, sam-
ples were transferred to a 96-well PCR plate, heat sealed and
then amplified on a thermal cycler using the following cycling
conditions: 95°C for 10 min followed by 40 cycles at 95°C for
30 seconds and 60°C for 10 min, one cycle at 98°C for 10 min,
and maintenance at 12°C. Post-PCR products were analyzed on
the QX200 droplet reader (Bio-Rad) using QuantaSoft software.

2.3 | Analysis of structural variants

Copy number variations were analyzed at the IP locus, includ-
ing the IKBKG gene and IKBKGP, by applying the SALSA
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MLPA probemix P073-A1 (MRC-Holland). Test fragments
have been designed previously to evaluate the /IKBKG gene
and the sizes and locations of most of these test probes as
well as reference probes have been defined. MLPA and cap-
illary electrophoresis-based amplification product separation
(ABI3130, Life Technologies) was performed in accordance
with the manufacturer's instructions. Relative copy numbers
were obtained after normalization of the peaks against blood-
derived controls. Sequences were analyzed using Gene map-
per software.

2.4 | Analysis of nucleotide alterations
To detect SNVs within /KBKG coding sequences, the
coding exons were amplified using nested PCR without
amplification of /IKBKGP. Electropherograms were then
obtained by Sanger sequencing using Big Dye Terminator
Cycle Sequencing Reactions on an ABI 3100 device (PE
Applied Biosystems) and were compared with those for
genomic sequences from control samples. To evaluate the
low-level mosaicism of the SNVs, we performed deep se-
quencing of the JKBKGP region using next generation se-
quencer (NGS). We performed long-range PCR for three
regions including the entire /JKBKG gene and pseudogene.
The primers used are listed in Table S5. Three PCR reac-
tions were performed under the following cycling condi-
tions: an initial denaturation of 94°C for 2 min followed
by 5 cycles of 98°C for 10 s and 74°C for 5 min, 5 cy-
cles of 98°C for 10 s and 72°C for 5 min, 5 cycles of 98°C
for 10 s and 70°C for 5 min, and 20 cycles of 98°C for
10 s and 68°C for 5 min. Successful amplification of the
three PCR products was confirmed by agarose gel elec-
trophoresis. Pooled DNA libraries were prepared using a
Nextera XT DNA Sample Preparation Kit in accordance
with the manufacturer's protocol (Illumina). Paired ends
were sequenced for 150 bp using a Miseq Reagent Kit
v2 (Illumina). The sequence reads were aligned with the
human genome (hg38) reference sequence after manual
editing to use between chrX:154541001-154567000 with
BWA aligner. Approximately 10,000 reads from a sin-
gle patient were obtained and analyzed for genotyping.
Downstream processing was carried out with the Genome
analysis toolkit (GATK), SAMtools (http://samtools.sourc
eforge.net/) and Picard Tools (http://broadinstitute.github.
io/picard/). Substitution and Indel calls were made with
a GATK HaplotypeCaller and GenotypeGVCF (Boisson
et al., 2019). Approximately 10,000 reads from a single pa-
tient were obtained and analyzed for genotyping.

Variants that have not been registered in any database, are
submitted as a new variant in Leiden Open variation Database
(http://www.lovd.nl/3.0/home).
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2.5 | X chromosome inactivation studies

To examine the X chromosome inactivation (XCI) pattern,
we performed a HUMARA assay according to a previously
described protocol (Beever et al., 2003) to assess skewing
of the X chromosome inactivation. We first digested the
genomic DNA with the methylation-sensitive restriction en-
zyme Hpall. PCR primers, one of which was labeled with
FAM, were designed across the polymorphic CAG repeat and
two Hpall sites in the androgen receptor (AR) gene on the X
chromosome. In addition to the AR locus, the SLITRK4 and
PCSKIN loci were used in case the AR locus was not inform-
ative (Bertelsen & Tiimer, 2011). PCR amplification would
be achieved only from the inactivated allele harboring meth-
ylated Hpall sites. PCR products were analyzed by capillary
electrophoresis (ABI3730 Genetic Analyzer) and quantified
via the area under the curve using GeneMapper software. A

skewed XCI was determined when the inactivated allele was
biased at more than 90% (Beever et al., 2003).

2.6 | Statistical analysis

Intergroup comparisons were made using the Student's #-test
or one way analysis of variance method and P values of less
than 0.05 were considered statistically significant.

3 | RESULTS

In our current IP cohort, we detected the /IKBKG exon 4-10
common deletion in 13 patients (03f, 05f, 06f, 08f, 13f, 14f,
16f, 18f, 21f, 22f, 28f, 29f, and 30f; Figure 1a) which was a
prevalence (detection rate) of 43.3% among the total series
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FIGURE 1 Mutational analysis of the IKBKG gene in the IP study patients. (a) PCR analysis of the IP patient blood samples. Lane 1, IKBKG
deletion exon 4-10 control. Lane 2, patient 18f. The IKBKG deletion was detected. Lanes 3 and 4 are the father and mother of 18f. Lanes 5 and 6
are a healthy control and distilled water (DW). (b) Sanger sequencing of patient 11f and her affected mother. Coding exons for the /IKBKG gene
were amplified by PCR, being not amplified together with IKBKGP.NM_001099857.2:c.268A>T, NP_001093327.1: p.Lys90X is confirmed. (c)
Pseudogene-specific sequencing. Sequencing of 11f and her mother did not show the pathogenic variant at chrX:154648193 on IKBKGP.
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Age at genetic Exon/ Phenotype” XCI

Patient testing Female/male  Mutation® intron Inheritance  Score pattern
01f 0 F ND — Sporadic 2 91.8%
02f 3 E ND — Sporadic 2 79.0%
03f 0 F ex 4-10 deletion ex 4-10 Familial 4 91.3%
04m 0 M ND — Sporadic 2 (male)
05f 0 F ex 4-10 deletion ex 4-10 Sporadic 3 NI

06f 0 I ex 4-10 deletion ex 4-10 Sporadic 3 99.0%
07f 0 F ¢.343A>T (K115X) ex 3-10 Familial 3 82.4%
08f 3 B ex 4-10 deletion ex 4-10 Sporadic 3 100.0%
09f 0 F ¢.896delC (P299RfsX3)  ex 7-10 Familial 4 99.1%
10f 0 F 94 kb deletion ex 3-10 Familial 4 97.3%
11f 0 F ¢.268A>T (K90X) ex 3-10 Familial 3 98.4%
12f 2 F Mosaic ex 4-10 deletion ~ ex 4-10 Sporadic 2 67.1%
13f 0 F ex 4-10 deletion ex 4-10 Sporadic 3 100.0%
14f 48 E ex 4-10 deletion ex 4-10 Familial 5 100.0%
15f 0 F ND — Sporadic 2 72.2%
16f 0 B ex 4-10 deletion ex 4-10 Familial 3 100.0%
17f 0 F ¢.184C>T (R62X) ex 2 ND 3 97.4%
18f 0 I ex 4-10 deletion ex 4-10 Sporadic 5 NI

19f 0 F Mosaic ex 4-10 deletion ex 4-10 Sporadic 1 50.0%
20f 0 F Mosaic ex 4-10 deletion  ex 4-10 Sporadic 1 58.4%
21f 2 F ex 4-10 deletion ex 4-10 Sporadic 3 100.0%
22f 34 E ex 4-10 deletion ex 4-10 ND 3 100.0%
23f 44 F c.913-2A>G (p.spl) int 7 Familial 5 100.0%
24m M Mosaic ex 4-10 deletion ex 4-10 Sporadic 2 (male)
25f F Mosaic ex 4-10 deletion  ex 4-10 Sporadic 2 65.3%
26f E ¢.976_978delAAG ex 8 ND 3 75.7%

(K326del)

27f 33 F ND — Sporadic 2 92.8%
28f 30’s E ex 4-10 deletion ex 4-10 ND 5 98.5%
29f 1 F ex 4-10 deletion ex 4-10 Sporadic 3 51.3%
30f 1 ex 4-10 deletion ex 4-10 Sporadic 3 98.3%

Note: Homozygote for the polymorphic CAG repeat in the AR gene.

Abbreviations: ND, not determined. NI, not informative.

“The mutation numbering is based on the IKBKG ¢cDNA sequence according to the GenBank Accession number NM_003639.3. Codon numbering starts from the

translation initiation codon 1 according to the GenBank Accession number NP_003630.1.

bPhenotype score was allocated from Table S2.

of 30 patients (Table 1). Among these 13 patients with the
common deletion, three were familial cases (03f, 14f, 16f)
and we confirmed in one case that the same deletion was
present in the mother (03f). We next performed Sanger se-
quencing in the 17 IP patients who did not carry the recur-
rent deletion. Pathogenic SNVs were detected in 6 cases
[07f, ¢.343A>T (p.K115X); 091, c.896delC (p.P299RfsX3);
11f, c.268A>T (p.K90X; Figure 1b,c); 17f, c.184C>T
(p-R62X); 23f, c.913-2A>G; 26f, c¢.976_978delAAG
(p-K326del)]. These identified mutations included three

nonsense mutations (07f, 11f, 17f), one frameshift mutation
(09f), one in-frame amino acid deletion (26f), and one splic-
ing mutation (23f). To identify structural rearrangements
caused by large deletions or duplications at the IP locus,
including IKBKG and neighboring genes, we performed
MLPA analysis to investigate copy number variation in the
region. We thereby identified a large deletion including the
IKBKGP pseudogene (10f). Although we identified patho-
genic variants in 20 of the 30 study patients (66.7%), this
rate of detection was suboptimal.
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In the remaining 10 patients with no detectable muta-
tions via standard analyses, we observed that their skin
symptoms were less severe than the patient with detect-
able /KBKG mutations. In the evaluations of phenotype
severity using our scoring system, the detected mutation
cases had a score of 3.55 (n = 20), and those without a
detectable mutation had a score of 1.8 (n = 10), which was
significantly low (p < 0.01; Table 1, Table S1). To exclude
the possibility that these patients had another autosomal
disease that mimics IP, their XCI status was analyzed
using a HUMARA assay since female X-linked IP patients

generally manifest a selective skewed X-inactivation. We
performed the HUMARA assay on all of the female pa-
tients in our current IP cohort (n = 28) as well as some
of their female family members (n = 16; Figure 2a, Table
S2). We could not however determine the allelic status in
some of the cases since the polymorphic CAG repeat in the
AR gene was homozygous in five of the women, including
the mother of 03f, whose values of XCI pattern was deter-
mined by the other method (described later). We obtained
the values of XCI pattern of 40 females (31 patients and 9
unaffected family members).
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FIGURE 2 XCI patterns among IP patients in the study cohort. (a) Electropherogram of the HUMARA assay data showing the fragment
analysis of PCR products amplified from undigested and digested DNA of patient 01f and her mother. The two major peaks represent two alleles
with different numbers of short tandem repeats at the HUMARA locus (red arrows). After digestion, the DNA of the mother displayed a matching
pattern of preferential loss of the short alleles. (b) Scatter plot of the informative XCI pattern of female IP probands and their mothers. “Detected”
represents 18 probands, 4 carrier mothers, and 1 carrier sisters in whom an /KBKG mutation was detected. The median XCI value was 98.5% in
these 23 cases. “Undetected” represents 8 probands with a median XCI value of 69.7%. The median XCI value of the healthy controls was 60.2%.
Mosaic mutations are denoted by red dots. 11 probands, 1 carrier mother and 1 carrier sister carried the exon 4-10 deletion; one patient harbored
a 94 kb deleted rearrangement; six probands and their three carrier mothers harbored SNVs; eight female probands had unknown mutations.

The median age of the patients was 0 years and of the healthy controls was 40 years. (c) Median XCI values at the AR, ZDHHC15, SLITRK4,

and PCSKIN loci. A lower XCI level in the mother may indicate somatic and germline mosaicism. (d) Common deletion-specific PCR analysis.
2.8 kb PCR products indicate the common exon 4-10 deletion of the IKBKG gene. Lanes 1-3 represent the mother of 03f, the sister of 03f and
03f, respectively. Lane 4 is a healthy control. Lane 5 is an JKBKG exon 4-10 deletion control and lane 6 is DW. (e) Internal standard for semi-
quantitative PCR. The same DNA samples were used as templates for control PCR to amplify intron 45 of the DMD gene. (f) Semi-quantitative
PCR. Using image analyzer, measurements of deletion specific PCR products were divided by that of internal control PCR products (lane 5).
Mother of 03f is likely to have a mosaic deletion since the amount of the PCR products was less than that of 03f and her sister with heterozygous
deletion.
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Among the informative 31 patients, the skewed XCI whereas those for the mother were 67.7% in the ZDHHC15
values ranged from 50% to 100%, indicating that some pa- locus; 73.3% in SLITRK4; 82.5% in PCSKIN, a median of
tients showed a selectively skewed XCI pattern while others 73.7% (Figure 2c, Table 3). These data indicated that patient
showed a random XCI pattern. We divided the patients into 03f manifests a selective skewed pattern, but that her mildly
two categories: patients with an already detected or unde- affected mother does not. Retrospectively, the amount of de-
tected IKBKG mutation. The mean value for the XCI patterns letion-specific PCR products in the mother was less than that
of the patients with a detected mutation was 98.5% (n = 23). of the proband (Figure 2d). This finding indicated that the
In contrast, the XCI pattern values of the patients without a mother, who had a mild phenotype, may have somatic mosa-
detected mutation (n = 8) ranged from 50% to 92.8% (mean icism of the common /KBKG deletion.

69.7%), which was significantly low (p < 0.01; Figure 2b, This means that the patients who are positive in PCR for
Table S2). The mean value for the unaffected family mem- common /KBKG deletion might possibly include those with
bers was 60.2% (n = 9; Figure 2b). It is possible that our somatic mosaicism. We reanalyzed the PCR-positive patients
remaining 10 patients without a detected mutation and with (031, 05f, 06f, 08f, 151, 17f, 28f, 29f, 30f, mother of 03f) by
a mild IP phenotype might have had a disorder other than less sensitive MLPA. MLPA detected the common /KBKG
X-linked IP. However, one of our patients with an in-frame deletion in all patients except for 29 f. Although the possi-
deletion of a single amino acid (p.K326del) in the /IKBKG bility of the effect of duplication polymorphism has not been
gene (26f) had an XCI value of 75.7%, indicating that a hy- ruled out, this results suggest that 29f might also harbor so-

pomorphic variant does not lead to a selectively skewed XCI. matic mosaicism since the XCI pattern of 29f (51.3%) sup-
Although the K326 residue in the /IKBKG gene product is lo- port this speculation.

cated at a linear polyubiquitinated site (Ikeda et al., 2011) and A nested PCR assay in the remaining 10 patients revealed
is an evolutionarily conserved position, protein products with low-level mosaicisms of the common deletion in five cases (12f,
an in-frame deletion may possibly have some residual activ- 191, 20f, 24m, 25f; Figure 3a-d). Using an image analyzer, the

ity that prevents cellular lethality. Hence, it is likely that the mosaic ratios in 12f, 19f, 20f, 24m and 25f were found to be 1/70,
patients with a mild phenotype and with an almost random 1/20, 1/43, 1/20, and 1/62, respectively. With the ddPCR assay,
XCT pattern harbor weak variants such as somatic mosaicism. the mosaic ratios in those patients were 1/75, 1/57, 1/39, 1/76,

Further evidence of the relationship between phenotype and 1/56, respectively (Figure 3e). Except for one male patient,
severity and the XCI pattern was observed in patient 03f and we reviewed the XCI pattern in four of the female IP patients
her mildly affected mother, both of whom carried the com- with a mosaic deletion and found XCI patterns of 67.1%, 50%,
mon /KBKG deletion (Table 2). Since the polymorphic CAG 58.4%, and 65.3%, respectively, with a mean value of 61.9%. The
repeat in the AR gene was homozygous in the mother, we in- mean XCI value of the remaining four cases with undetected mu-
stead assessed three alternative methylation—sensitive restric- tations was 79.0%, compared to 60.2% in the healthy controls.
tion enzyme sites in the ZDHHC15, SLITRK4 and PCSKIN These XCI values thus showed distinct differences. Hence, as the
genes, respectively. The XCI patterns for patient 03f were XCT pattern of the mother, who had clinical symptoms, of 03f
89.2% in SLITRK4; 93.1% in PCSKIN, a median of 91.3%, was 73.3%, this lower XCI may indicate a somatic and germline

TABLE 2 Phenotype score of the 03f family.

Age at
ge}ietic Female/  Skin Nervous system  Ocular system Dental system  Hair Nails Phenotype
Patient testing  male leision®  defect” defect* defect* defect®  defect’ score®
03f (proband) 0 F 3 1 ND ND ND ND 4
Sister of 03f 3 B 3 0 0 0 1 0 4
Mother of 03f 38 F 2 0 0 0 0 0 2

Note: 1P phenotype score analysis. A phenotype score of clinical severity was derived when possible in IP patients whose clinical data were available.
Abbreviation: ND, not determined.
Phenotype score represents the addition of the single score values for each system/organ.

“We assigned a score 1 for little skin abnormality in limbs; a score 2 for skin abnormality in some parts of limbs or trunk; a score of 3 for skin abnormality in all limbs
and trunk. All IP reported patients suffered skin abnormality.

YA score of 1 was added for each nervous system (NS) defect (seizures, or spastic paresis, or motor retardation, or mental retardation or microcephaly).

A score of 1 was added for each ocular system defect (strabismus, or cataracts, or optic atrophy, or retinal vascular pigmentary abnormalities, ormicrophthalmos, or
pseudogliomas).

9A score of 1 was added for each Dental System defect (partial anodontia, or delayed dentition, or cone/peg shaped teeth, or impactions).
A score of 1 was added for each Hair defect (vertex alopecia, or wooly hair nevus, or eyelash and eyebrow hypogenesis).
fA score of 1 was added for each Nails defect (onychogryposis, or pitting, or ridging).

£Phenotype score represents the addition of the single score values for each system/organ.
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TABLE 3 XCI value of AR and three

Median . . L. ..
AR ZDHHCIS SLITRK4 PCSKIN %) alternatlv.e methylation-sensitive restriction
enzyme site.
03f 91.3 NI 89.2 93.1 91.3
Sister of 03f 98.3 — — — 98.3
Mother of 03f NI 67.7 73.7 82.5 73.7
Abbreviation: NI, not informative.
(@) exon 4-10 deletion
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FIGURE 3 Mosaic analysis of the IKBKG gene. (a) Schematic showing the relative location of the IKBKG gene and its exons 4-10. The
position of the common exon 4-10 deletion in IP is indicated by red arrows. The green line denotes the region of the first PCR and the blue line

the second PCR. (b) First PCR. A 2.8 kb amplified product indicates an /KBKG exon 4-10 deletion. Lanes 1-5 represent 12f, 19f, 20f, 20m, and
25f, respectively. Lane 6, IKBKG exon 4-10 deletion control; lane 7, healthy control; lane 8; DW. (c) Internal standard for semi-quantitative PCR.
The same DNA samples were used as templates for control PCR to amplify intron 45 of the DMD gene. (d) Second PCR. A 1.0 kb amplified
product indicates a mosaic deletion, which was evident in lanes 1-5. Lanes 6-8 are as described in (b). (¢) ddPCR. Plots show a quantification of
fluorescence signal of droplet. Green dots indicate fluorescence-positive droplets, while black dots indicate negative droplets. Lane 1 represent
IKBKG exon 4-10 deletion control. Lane 2, 3, 4, 5, 6, 7 represent the mother of 03f, 12f, 19f, 20f, 24m, 25f, respectively. Lane 8,9 represent healthy
control and DW, respectively.

mosaicism. Our result of PCR assay and ddPCR assay revealed swab sample was obtained only from 24 m, which did not show
a mosaic ratio of 1/4 and 1/5 for the mother of 03f, respectively the common deletion by the nested PCR (data not shown).

(Figure 3e). To confirm the somatic mosaicism, we attempted to We finally performed NGS analysis to detect mosaic
obtain somatic tissues other than blood in these patients. Cheek SNVs in the remaining subjects (O1f, 02f, 04m, and 15f).
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Approximately, 90% of the cumulative target region was cov-
ered with a sequence depth of more than 200X. We evaluate
SNVs and indels at a greater than 1% frequency in the cod-
ing exons of the /KBKG gene and IKBKGP pseudogene. No
SNVs that indicated low-level mosaicism were identified in
these patients. These data are summarized in Table 1. When
including the low-level mosaic mutations, we detected a total
of 25 IKBKG mutations in 30 samples (83.3%).

4 | DISCUSSION
In our current study of 30 unrelated IP families from Japan,
we identified /KBKG mutations in 25 families, including 5
low-level mosaic mutations. In a previous large-scale study
of IP, 65% of the cases had the common exon 4-10 dele-
tion in the IKBKG gene (Fusco et al., 2008), 8.6% harbored
SNVs (Fusco et al., 2007), and 4% had a larger deletion at
the IKBKG locus (Conte et al., 2014). In our current standard
protocol, we initially identified the common /KBKG deletion
at a much reduced frequency of 43.3% (13/30), which made
our initial mutation detection efficiency low (20/30, 66.7%)
in comparison to previous studies. This outcome might have
partly been due to ethnic differences. Another possible rea-
son may be that there was a bias in the patients referred to
our institute, that is, they were mainly non-deleted cases that
came via deletion screening in a prior facility. We finally
identified a total of 25 mutations in 30 IP patients after intro-
ducing a detection system for low-level mosaicism (83.3%).

We identified low-level mosaicism of the common IKBKG
deletion in 16.7% of our current IP cases (5/30). Thus, as
much as 27.8% of the common deletions in our current study
series were mosaic (5/18). This suggested that our diagnosis
system, semi-quantitative nested PCR and ddPCR, could ef-
ficiently detect low-level mosaicism. We conclude from this
that clinical geneticists should become aware of the high in-
cidence of low-level mosaicism in this disorder. Our present
data have indicated that IP patients with mild symptoms only
affecting the skin and those with low XCI values tended to
include cases of low-level mosaic mutations in the /IKBKG
gene. It is well documented that XCI values are elevated with
age (Hatakeyama et al., 2004). Our current patients median
age was 0 years old in both groups (no significant differ-
ence), although that of the unaffected family members was
38.5 years. Thus, these are likely predictors of a low-level
mosaicism when a mutation survey fails to detect mutations
in the IKBKG gene. Hence, a HUMARA assay may be a pow-
erful method of differentiating the mutational status of the
IKBKG gene in IP patients. We recommend the use of this
assay when the standard mutational analyses fail to detect
mutations in the /KBKG gene in IP patients.

It is well acknowledged that random XCI in humans oc-
curs in early embryogenesis after the blastocyst stage (Lee &

Molecul . ic Medici
olecular Genetics & Genomic e.l_wl LEY

Bartolomei, 2013). If a zygote with a germinal mutation in the
IKBKG gene undergoes random XCI, about half of the cells
carry the mutation on the activated X chromosome and the
other half carry the mutation on the inactive X. During early
embryogenesis, the cells with the mutation on the activated
X chromosome would undergo apoptosis and be negatively
selected. Thus, a skewed XCI pattern would be established. A
small number of surviving cells harboring the /[KBKG muta-
tion on the activated X chromosome would then induce local
mild symptoms. In contrast, if the mutation in the /KBKG
gene arises in the very early embryonic stages prior to XCI
determination, most of the cells would be normal and lack the
mutation. Even if the cells with the mutation on the activated
X chromosome would be negatively selected, XCI data would
show a random XCI pattern reflecting a majority of normal
cells. Finally, if the mutation in the /KBKG gene arises after
XCI determination, XCI data would show a random XCI
pattern reflecting the majority of normal cells regardless of
whether the mutation occurred on the activated or inactivated
X chromosome. According to their mosaic ratio, our current
study probands were found to have undergone the somatic
mutation event at the embryonic stage from the end of the
morula stage, which consists of 16-36 cells, to the blastocyst
stage. However, whether these mutations occurred before or
after the XCI patterns are determined, patients with low-level
mosaicism would not manifest skewed XCI patterns.

We did not detect any mutations in the /KBKG gene in
four patients (01f, 02f, 04m, 15f and 27f). One of these cases
(27f) showed a skewed XCI pattern (92.8%), suggesting that
she had a germline mutation that we could not detect with
our methods. Two of our current study patients (02f and 15f)
did not show a skewed XCI pattern (79.0% and 72.2%, re-
spectively). The other case (04m) was a male patient with a
normal karyotype. These three IP patients may therefore have
low-level mosaic mutations not of the common deletion, but
at the nucleotide level. The detection sensitivity of the deep
sequencing we used prevented us from identifying mosaic
nucleotide mutations. With a read depth of 200-400, up to
a 1% mutation frequency in the coding exons of the IKBKG
gene could be theoretically detected in spite of the presence
of random artifacts such as misincorporations during DNA
synthesis. However, a level of mosaicism below 1% could not
be detected even when this deep sequencing was performed.
Further investigations using ultra deep sequencing might elu-
cidate the mutations of these remaining patients.

IP females have a risk of having an affected baby, with
the risk of inheritance generally thought to be 50%, that is,
male embryonic lethality and the birth of affected females.
However, our current analyses indicate that the apparently
affected IP females include those harboring germline mu-
tations and those with a low level of mosaicism. Given that
IP females can have low-level mosaic somatic mutations,
the risk of inheritance becomes very small. In sporadic IP
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cases, a mother with an apparently normal phenotype may
have a hidden low level of mosaicism. Among the IP pa-
tients who carry the IKBKG exon 4-10 deletion, 65% are
sporadic cases (Fusco et al., 2009). In addition, 3.8% of 1P
offspring with a de novo mutation have parents who shows
1% mosaicism in their blood cells (Rahbari et al., 2015).
Clinical symptoms of IP appearing in patients with low-
level mosaic mutations might be too mild to be diagnosed
properly. Our current findings suggest that most mothers of
sporadic cases may have no germline mutation, but some
might show a low level of mosaicism when a highly sensi-
tive mutation search is performed. Furthermore, even when
the mother of a child with IP is correctly diagnosed with a
low level of mosaicism, they would not necessarily have a
small risk of having affected children. The mother of our
current study patient 03f showed a 1/4 mosaic mutation,
but was a parent of three girls of which two were affected
with IP. A noteworthy limitation of our current analysis is
that we only have the mosaicism information from blood
samples and not from the germinal cells. In any event, a
correct diagnosis of germline or somatic mosaicism in rela-
tion to IP will facilitate more informed genetic counseling
for family planning purposes.

In conclusion, we have here identified five patients with
low level of mosaicism of the common /KBKG exon 4-10
deletion that causes IP. These patients manifest a mild IP phe-
notype only and no skewed XCI pattern, suggesting that XCI
pattern values can predict the possibility of mosaicism for
this disorder. Determination of the XCI value in advance of
mutational analyses for IP could improve the mutation detec-
tion rate. Detecting mosaic mutations will also be beneficial
for genetic counseling of affected individuals.
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Abstract

Cancer treatment with a fluoropyrimidine (FP) is often accompanied by severe tox-
icity that may be dependent on the activity of catalytic enzymes encoded by the
DPYD, DPYS, and UPB1 genes. Genotype-guided dose individualization of FP therapy
has been proposed in western countries, but our knowledge of the relevant genetic
variants in East Asian populations is presently limited. To investigate the association
between these genetic variations and FP-related high toxicity in a Japanese popula-
tion, we obtained blood samples from 301 patients who received this chemotherapy
and sequenced the coding exons and flanking intron regions of their DPYD, DPYS, and
UPB1 genes. In total, 24 single nucleotide variants (15 in DPYD, 7 in DPYS and 2 in
UPB1) were identified including 3 novel variants in DPYD and 1 novel variant in DPYS.
We did not find a significant association between FP-related high toxicity and each
of these individual variants, although a certain trend toward significance was ob-
served for p.Arg181Trp and p.GIn334Arg in DPYS (P = .0813 and .087). When we fo-
cused on 7 DPYD rare variants (p.Ser199Asn, p.lle245Phe, p.Thr305Lys, p.Glu386Ter,
p.Ser556Arg, p.Ala571Asp, p.Trp621Cys) which have an allele frequency of less than
0.01% in the Japanese population and are predicted to be loss-of-function mutations
by in silico analysis, the group of patients who were heterozygous carriers of at least
one these rare variants showed a strong association with FP-related high toxicity
(P = .003). Although the availability of screening of these rare loss-of-function vari-
ants is still unknown, our data provide useful information that may help to alleviate

FP-related toxicity in Japanese patients with cancer.
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1 | INTRODUCTION

Fluoropyrimidines including 5 5FU and its prodrugs are widely
used in the treatment of various malignancies including head
and neck, gastrointestinal, or breast cancers.'™ FPs have a
narrow therapeutic index and up to 30% of treated patients
develop early-onset severe toxicity such as diarrhea, nausea,
mucositis, stomatitis, myelosuppression, neurotoxicity, and
hand-foot syndrome.*® FP toxicity is largely dependent on its
catabolism. Most FP molecules are inactivated by DPD and FP-
related toxicity is often caused by an inherited reduced activ-
ity of this enzyme.7’9 Patients with a DPD deficiency have an
increased risk of developing severe treatment-related toxicity
from a standard dose of FP.1° A partial DPD deficiency is pres-
ent in 3%-5% of the North American and European general
population.

The DPD gene, DPYD, is located on chromosome 1p21 and
is comprised of 23 exons.'* The 4 DPYD variants considered
most clinically relevant with statistically significant associations
with severe toxicity are ¢.1905 + 1G>A (DPYD*2A, rs3918290,
IVS14 + 1G>A), c.2846A>T (rs67376798, D949V), c.1679T>G
(rs55886062, DPYD13, 1560S) and c.1236G>A (rs56038477,
E412E, in haplotype B3).221% Hence, DPYD genotype-guided dose
individualization of FP therapy has now been conducted in some
western countries.’® However, to our knowledge it has not been
performed yet in Japan, possibly because none of these DPYD
variants have been identified in the Asian population.** Recently,
21 DPYD allelic variants were identified in 1070 healthy Japanese
individuals.'® The functional alterations caused by these variants
were analyzed in vitro and their enzyme activities were char-
acterized.' However, there has been no report to date on the
clinical relevance of DPYD variants as predictors of FP-associated
toxicity in Japanese people.

It is thought that decreased activity of the enzymes DHP
and BUP, which are located downstream of DPD in FP catabo-
lism, may also play a role in FP-associated toxicity.16 The DHP-
encoding gene, DPYS, is located on chromosome 822, and the
BUP-encoding gene, UPB1, is located on chromosome 22q11.18
A relationship between DPYS and UPB1 gene variations and se-
vere FP-related toxicity has been reported,'® but no other data
currently support this association, which thus remains to be fully
elucidated. It is known that the Japanese prevalence of BUP de-
ficiency is relatively high (1 per 6000 newborns).’” We have also
reported that some DPYS variants may be more common than
expected in East Asian groups.?° These findings have prompted
us to screen for variants of the genes associated with FP-related
toxicity in Japanese subjects.

We have here evaluated the association between DPYD, DPYS,
and UPB1 gene variations and severe FP-related toxicity in Japanese
patients with cancer. This is the first report to assess the clinical rel-
evance of DPYD, DPYS, and UPB1 variants as predictors of severe

FP-associated toxicity in East Asians.

2 | MATERIALS AND METHODS
2.1 | Patients and sample collection

Blood samples of 301 consenting patients who received or were receiv-
ing FP-based chemotherapy were collected between 2018 and 2020.
All patients were of East Asian origin. These 301 patients were recruited
at Fujita Health University. All treatments, patient characteristics, con-
current therapy and adverse effects (gastrointestinal [nausea, vomit-
ing, diarrhea, oral mucositis], neutropenia, hand-foot syndrome, acute
kidney injury) developed within the first 2 cycles of treatment in this
cohort and were classified according to the CTCAE v4.0. We divided
these subjects into 2 groups in accordance with the grade of toxicity
for statistical purposes. The high-toxicity group included patients who
experienced severe toxicity presenting with CTCAE grade 3-5 adverse
events in any category. The low-toxicity group included patients who

experienced low toxicity involving CTCAE grade 0-2 adverse events.

2.2 | DPYD, DPYS, UPB1 sequencing analysis

Genomic DNA was extracted from aliquots of the study patient
blood specimens using a standard procedure. We designed a cus-
tom AmpliSeq panel for the sequencing of coding exons and flanking
intron regions (+ 10 bp) of DPYD, DPYS, and UPBI1. Library prepara-
tion for amplicon sequencing was performed using AmpliSeq Library
PLUS for Illumina. Libraries were sequenced on the MiSeq platform
with 150 bp paired-end reads (lllumina, San Diego, CA). Sequencing
data were analyzed with lllumina Basespace DNA Amplicon App.
We used the UCSC genome browser (http://genome-asia.ucsc.edu/
human GRCh37/hg19) as the human genome assembly. Illumina
Variant Studio was used for annotation and filtration of genomic
variants with a Pass Filter read depth > 50x. Allele frequency was
investigated with gnomAD browser beta (http://gnomad.broadinsti
tute.org/) and Jmorp https://jmorp.megabank.tohoku.ac.jp).

The in silico analysis of each variant was performed using
Polymorphism Phenotyping ver. 2 (PolyPhen-2; http://genetics.bwh.
harvard.edu/pph2) and SIFT (http://sift-dna.org) to predict the func-
tional impact on the protein product. In the PolyPhen-2 program, the
investigated variant is categorized as probably damaging (probability
score > 0.85), possibly damaging (probability score between 0.16 and
0.85), or benign (probability score less than or equal to 0.15). SIFT is
a tool for sorting intolerant from tolerant amino acids. The evaluated
amino acid substitution is predicted as damaging if the score is <.05 and

is predicted to be tolerated if the score is greater than or equal to .05.

2.3 | Statistical analyses

The study patient characteristics were presented using median and range
for continuous variables, and frequencies and proportions for categorical

variables. The Fisher exact test was used to identify the association of
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DPYD, DPYS, and UPB1 variations with FP-related high toxicity because
some categories would have an expected count of 5 or less. The frequen-
cies of high-toxicity and low-toxicity groups were compared between
each genotype. Due to the exploratory nature of this study, a P-value less
than .05 was considered statistically significant, and .05 < P < .1 was rec-
ognized as indicating a certain trend toward significance. Statistical analy-
ses were conducted using R software version 3.6.2 (www.r-project.org).

3 | RESULTS

3.1 | Patient characteristics

The age, treatments, and cancer types of the 301 patients are listed
in Table 1. The most commonly used regimen in this cohort was
5FU + L-OHP/CPT-11 + a(molecular target) (54.5%, n = 164), fol-
lowed by 5FU monotherapy (28.9%, n = 87). A majority of patients
(68.1%) had a colorectal tumor (n = 205). During the first 2 cycles
of chemotherapy, 18.3% (n = 55) of the patients developed high-
toxicity responses (CTCAE grade 3-4), and 81.7% (n = 246) showed
low toxicity (CTCAE grade 0-2). No patient in our current series de-
veloped a grade 5 adverse event. The most frequent adverse event
category observed in the high-toxicity group was neutropenia, fol-
lowed by gastrointestinal-related issues (Table 2).

Toxicity rates varied and significantly depended on the FP regimen
(Table 1). 80% (n = 4/5) and 53.8% (n = 7/13) of patients who received

TABLE 1 Baseline characteristics of
the study population: n = 301

Total

Age
Median
Range

Sex
Male
Female

Tumor
Stomach
Colorectal
Other tumors
5FU + CDDP
5FU + L-OHP/CPT-

= 3361
Cancer Science RIS aE-

DTX + CDDP+5FU and FOLFOXIRI + a, respectively, developed high tox-
icity, while, only 1 patient (1.8%) showed high toxicity in 5FU monotherapy.

3.2 | Variant analysis of the DPYD, DPYS, and
UPB1 genes

In total, 24 non-synonymous single nucleotide variants (15 DPYD, 7
DPYS and 2 UPB1) were identified in our present study population in-
cluding 3 novel variants in DPYD and 1 novel variant in DPYS. (Table 3)
Seven DPYD variants and 2 DPYS variants were rare variants with a
minor allele frequency in the Japanese population of less than 0.01%
(Jmorp). (Table 3) Out of the 24 variants identified, we excluded 1 DPYD
nonsense variant and one DPYS noncoding variant and analyzed the re-
maining 22 by PolyPhen-2 and SIFT. The results indicated that 18 vari-
ants, including all of the rare variants, were predicted to be probably
damaging by PolyPhen-2 and/or damaging by SIFT (Table 3). The num-
ber of heterozygous and homozygous individuals in the high-toxicity
and low-toxicity groups for each of the 24 variants is shown in Table S1.

3.3 | Association of DPYD, DPYS, and UPB1
variations with FP-related high toxicity

The P-values for each of the variants in relation to an association
with FP-related high toxicity are shown in Table 4. In the single

Low toxicity (grade High toxicity

11 + a(molecular target)

5FU mono

DTX + CDDP+5FU
FOLFOXIRI + o
5FU + PTX

5FU + GEM/DTX

Total sample 0-2) n (%) (grade 3-4) n (%)
301 246 55

67 66 68

22-85 25-85 22-81

179 155 (86.6%) 24 (13.4%)
122 91 (74.6%) 31 (25.4%)
70 59 (84.3%) 11 (15.7%)
205 167 (81.5%) 38 (18.5%)
26 20 (76.9%) 6(23.1%)
17 15 (88.2%) 2(11.8%)
164 127 (77.4%) 37 (22.6%)
87 86 (98.9%) 1(1.1%)

5 1(20%) 4 (80%)
13 6(46.2%) 7 (53.8%)
1 1 (100%) 0 (0%)

14 10 (71.4%) 4 (28.6%)

Abbreviations: 5FU, 5 fluorouracil; CDDP, cisplatin; L-OHP, oxaliplatin; CPT-11, irinotecan
hydrochloride hydrate; DTX, docetaxel hydrate; PTX, paclitaxel; GEM, gemcitabine hydrochloride.
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Total sample
(n=301) n (%)

Low toxicity (grade 1-2)

Toxicity category (n =246)n (%)

Gastrointestinal

Nausea 61 (20.3%) 58 (23.6%)
Vomiting 21 (7%) 18 (7.3%)
Diarrhea 43 (14.3%) 36 (14.6%)
Oral Mucositis 29 (9.6%) 28 (11.4%)
Neutropenia 125 (41.5%) 82 (33.3%)
Hand-foot 30 (10%) 30(12.2%)
syndrome
Acute kidney 10 (3.3%) 10 (4.1%)

injury

variant analysis, in which we analyzed each variant individually, we
did not find any significant association with high toxicity, although a
certain trend toward significance was observed for p.Arg181Trp and
p.GIn334Arg of DPYS (P = .081 and .087). DPYS p.Arg181Trp was
a common variant and was heterozygous in 14 patients who were
all classified as low-toxicity group cases. In contrast, heterozygosity
for DPYS p.GIn334Arg was observed in only 3 patients, 2 of whom
developed high toxicity (Table 4). Clinical and genetic information
for these 2 heterozygous DPYS p.GIn334Arg patients with high tox-
icity are provided in Table 5. Both patients received 5FU + L-OHP
and developed grade 3 neutropenia. In addition, 1 patient presented
with grade 1 vomiting and the other presented with grade 2 nausea.
Although both patients were simultaneous carriers of other variants
including DPYD p.Arg29Cys, DPYD p.lle543Val and DPYS c.-1T>C,
these additional variants are common benign variants found in the
total cohort with an allele frequency of 96%, 27% and 68%, respec-
tively. Hence, our results suggested that p.GIn334Arg may contrib-
ute to the susceptibility to severe FP-related toxicity.

We next focused on 7 rare DPYD variants that have an allele fre-
quency in the Japanese population of less than 0.01%. Six show loss-
of-function by in silico analysis ie probably damaging by PolyPhen-2
and/or deleterious by SIFT (p.Ser199Asn, p.lle245Phe, p.Thr305Lys,
p.Ser556Arg, p.Ala571Asp, p.Trp621Cys), and one is a nonsense mu-
tation (p.Glu386Ter). We divided our patients into a rare pathogenic
DPYD variant group consisting of individuals heterozygous for these
7 rare variants (n = 7), and a group of all other individuals without
these rare variants (n = 294). Using the Fisher exact test, we found
that the rare pathogenic DPYD variant group showed a significant
association with FP-related high toxicity (P = .003; Table 4). Detail
information on the 7 patients in the rare DPYD variant group is
presented in Table 6. Although these 7 patients also carried other
variants (DPYD p.Arg29Cys, DPYD p.Met166Val, DPYD p.lle543Val,
DPYD p.Thr768Lys and DPYS c.-1T>C), these additional variants
showed a frequency of more than 1% and appeared benign. In the
rare DPYD variant group also, 1 patient carrying a heterozygous
DPYD p.Ala571Asp variant received 5FU monotherapy which is
known as a more tolerable chemotherapy protocol, but developed
severe toxicity including grade 3 nausea, grade 3 diarrhea, and grade

1 neutropenia.

TABLE 2 Numbers and proportions
(%) of patients experiencing different
categories of toxicity during the first 2
therapy cycles

High toxicity (grade
3-4) (n = 55) n (%)

3(5.5%)
3(5.5%)

7 (12.7%)
1(1.8%)
43(78.2%)
0 (0%)

0 (0%)

4 | DISCUSSION

More than 450 DPYD variants have been identified to date as a cause
of 5FU-related toxicity in patients with cancer.!* In the context of
5FU, 4 DPYD variants identified in the White population are known
to have an impact on enzyme function and FP-related toxicity risk.2*
However, none of these DPYD variants has been identified to date
in an Asian population.?? Prospective DPYD genotyping has thus
proved feasible and effective in White but not in Japanese cases. In
our present study, we revealed that DPYD nonsynonymous variants
with allele frequencies of less than 0.01% in the Japanese popula-
tion, and with an in silico analysis prediction of loss of function, may
be associated with severe FP-related toxicity. Our data lend support
to the concept that DPYD variants exist also in East Asian popula-
tions that affect the enzymatic activity of the protein product and
thereby the severity of FP-related toxicity. In this study, we found
7 rare DPYD variants that were not found in Japanese genome
variation databases. For Japanese allele frequency, we used the
Jmorp database, which is based on the data of approximately 4000
Japanese individuals mainly living in the northeastern area of Japan.
Since our 301 patients were recruited at our hospital at the central
area of Japan, the discordance might be due to regional difference in
the allele frequency.

The aim of our present study was the establishment of DPYD
genotype-guided dose individualization of FP therapy in Japanese
patients with cancer that have been performed in some western
countries. However, we could not find a specific common variant
in our present Japanese cohort that was highly associated with FP-
related high toxicity. Sequencing of all coding DNA in the DPYD gene
has some advantages in relation to screening high-risk individuals for
severe FP-related toxicity, although it would not seem reasonable to
reduce an FP treatment dose based on insufficient in silico findings.
It may therefore be difficult to introduce DPYD genotyping as useful
prospective screening in Japan. Previously, analysis of DPD enzyme
activity has been proposed to be the most reliable method for iden-
tifying at-risk patients.?® For the interpretation of a novel or very
rare DPYD variant, it is useful to measure the DPD activity in the

individuals who carry the variants.
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TABLE 3 Information and P-values for the variants examined in this study

In silico function In silico function Allele frequency (%)
Genotype dbSNP (PolyPhen-2) (SIFT) (Japanese/east Asian/Total) P-value
DPYD
NM_000110.3:c.85C>T rs1801265 Benign ( 0) Tolerated (0.18) 96.85/92.8/76.6 .507
NP_000101.2:p.Arg29Cys
NM_000110.3:c.496A>G rs2297595 Probably damaging (1) Tolerated (0.07) 2.18/1.524/8.585 146
NP_000101.2:p.Met166Val
NM_000110.3:c.596G>A rs776973423 Probably damaging (1) Damaging (0.02) No data/0/0.006371 .183
NP_000101.2:p.Ser199Asn
NM_000110.3:c.733A>T rs767836989 Possibly damaging (0.853) Damaging (0) No data/0/0.004376 .183
NP_000101.2:p.lle245Phe
NM_000110.3:c.914C>A No number Probably damaging (0.999)  Damaging (0.01) No data/no data/no data 1
NP_000101.2:p.Thr305Lys
NM_000110.3:c.1003G>A rs72549306 Probably damaging (1) Damaging (0) 0.12/0.01632/0.001989 1
NP_000101.2:p.Val335Met
NM_000110.3:c.1156G>T rs78060119 No data/0/0.0007974 .183
NP_000101.2:p.Glu386Ter
NM_000110.3:c.1627A>G rs1801159 Benign (0) Tolerated (0.44) 27.62/25.34/19.52 974
NP_000101.2:p.lle543Val
NM_000110.3:c.1666A>C rs755407188 Probably damaging (1) Damaging (0) No data/0.02176/0.001596 1
NP_000101.2:p.Ser556Arg
NM_000110.3:c.1712C>A No number Probably damaging (1) Damaging (0) No data/no data/no data .183
NP_000101.2:p.Ala571Asp
NM_000110.3:c.1863G>T No number Probably damaging (1) Damaging (0) No data/no data/no data .183
NP_000101.2:p.Trp621Cys
NM_000110.3:c.2194G>A rs1801160 Probably damaging (0.999)  Damaging (0) 19.7/1.887/4.531 266
NP_000101.2:p.Val732lle
NM_000110.3:c.2303C>A rs56005131 Possibly damaging (0.579) Damaging (0) 24.1/0.236/0.01948 429
NP_000101.2:p.Thr768Lys
NM_000110.3:¢c.2476G>A No number Probably damaging (0.975)  Damaging (0) 0.14/no data/no data 1
NP_000101.2:p.Val826Met
NM_000110.3:c.2678A>G rs188052243 Benign (0) Tolerated (0.41) 0.22/0.04903/0.003989 1
NP_000101.2:p.Asn893Ser
DPYS
NM_001385.2:c.-1T>C rs2959023 69.14/70.45/59.17 45
NM_001385.2:c.17G>A rs199618701 Benign (0.028) Damaging (0.02) 0.13/0.3628/0.05538 1
NP_001376.1:p.Arg6GIn
NM_001385.2:c.541C>T rs36027551 Benign (0.024) Tolerated (0.18) 3.02/5.928/0.9123 .0813
NP_001376.1:p.Arg181Trp
NM_001385.2:c.884A>G rs996605020 Probably damaging (0.985)  Tolerated (0.27) No data/no data/no data 1
NP_001376.1:p.His295Arg
NM_001385.2:c.1001A>G rs121964923 Probably damaging (1) Damaging (0) 0.41/0.06516/0.004597 .087
NP_001376.1:p.GIn334Arg
NM_001385.2:¢.1253C>T No number Probably damaging (1) Damaging (0) 0.01/no data/no data 1
NP_001376.1:p.Thr418lle
NM_001385.2:c.1469G>A rs189448963 Probably damaging (1) Damaging (0) 0.06/0.01504/0.02369 1
NP_001376.1:p.Arg490His
UPB1
NM_016327.2:c.91G>A rs200145797 Probably damaging (1) Damaging (0) 0.12/0.4612/0.03339 1
NP_057411.1:p.Gly31Ser
NM_016327.2:c.977G>A rs118163237 Probably damaging (1) Tolerated (0.29) 0.85/2.611/0.192 671

NP_057411.1:p.Arg326GIn
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A recent study has reported the functional characterization of
21 allelic variants of DPYD identified in 1070 Japanese individu-
als.’ Five of the variants (p.Val335Met, p.lle543Val, p.Val732lle,
p.Thr768Lys, p.Asn893Ser) identified in our present analysis were
among those described in that earlier study. Among these 5 vari-
ants, the activity of the p.Val335Met and p.Thr768Lys mutant DPDs
exhibited significantly lower intrinsic clearance (CLint = Vmax/Km)
values compared to the wild-type enzyme (47.4% and 47.9% re-
spectively). However, our present analysis did not find an asso-
ciation between any of these previously reported DPYD single
variants and severe FP-related toxicity. This may be due to the
small number of subjects we analyzed and a further investigation
with an increased number of patients is thus warranted to further
clarify this issue.

DHP is the second enzyme in the catabolic pathway of ura-
cil and thymine. There are some reports of variants in DPYS that

may explain the occurrence of severe toxicity from FP-based

TABLE 4 Frequency of DPYS p.Argl81Trp, DPYS p.GIn334Arg
and rare pathogenic DPYD variants found in the high-toxicity and
low-toxicity groups

Low toxicity High toxicity

Genotype (grade 0-2) (grade 3-4) Total

DPYS ¢.541C>T (p.Argl81Trp)
TT 0 0 0
CT 14 0 14
cc 232 55 287
Total 246 55 301
P-value =.0813

DPYS c.1001A>G (p.GIn334Arg)
GG 0 0 0
AG 1 2 S
AA 245 53 298
Total 246 55 301
P-value = .087

Frequency of patients who had a rare and pathogenic variant of
DPYD

Hetero 2 5 7
Reference 244 50 294
Total 246 55 301
P-value =.0271

chemotherapy. For example, c.-1T>C is a common noncoding vari-
ant in this gene reported to have an impact on toxicity in patients
receiving FP.24 Our current results have also revealed a high allele
frequency of 68% for c.-1T>C, but did not demonstrate a clear re-
lationship between FP-related high toxicity and this variant. With
regard to DPYS gene coding regions, a prior study has described a
patient with severe adverse events from FP therapy harboring the
DPYS compound heterozygous missense and nonsense variants
p.Gly334Arg and p.Arg465Ter.” The p.GIn334Arg variant had been
previously identified in Japanese patients with DHP deficiency and
functional analysis revealed that the corresponding mutant en-
zyme had only 2.5% residual activity.17 Until now, it was unknown
whether a heterozygous p.Gly334Arg patient would be at a high
risk for severe FP-related toxicity, but our current findings have
suggested that this might be a possibility. Because the frequency
of the p.Gly334Arg is higher in Japanese people than in other eth-
nic groups (0.41% vs 0.004597% Jmorp, genomeAD), genetic anal-
ysis of the DPYS gene is important, at least in Japanese patients.
Conversely, our present data have indicated that no patients who
are heterozygous for DPYS p.Argl81Trp developed a severe ad-
verse event following FP treatment. The kinetic parameters of the
corresponding mutant enzyme were assessed in a previous report
and no markedly reduced activity relative to wild-type DHP was
evident.?® This variant may have protective effects against the
development of FP-related toxicity in vivo, but the mechanism is
unknown.

The contribution of the some UPB1 gene alterations to the devel-
opment of FP-related toxicity was also analyzed previously in White
patients with cancer.! There have been few reports to date how-
ever on coding region variants in this gene. In our previous study, we
revealed that the UPB1 pathogenic variant c.977G>A p.Arg326GIn
was prevalent in the Japanese population at a rate of 1.8% but was
not found in more than 8000 European and more than 4000 African
American alleles.?® However, the association of this variant with
FP-related toxicity is unknown. Our current results found no clear
association between this UPB1 variant and FP-related toxicity, sug-
gesting that a standard regimen with this chemotherapeutic would
be tolerated by heterozygous carriers of this pathogenic variant.

Rare DPYD variants that cause loss of function in silico and a
DPYS pathogenic variant p.Gly334Arg may be associated with se-
vere FP-related toxicity in Japanese patients with cancer. However,
the common UPB1 pathogenic variant p.Arg326GIn in the Japanese
population does not show a clear association with toxicity in hetero-
zygous individuals.

TABLE 5 Clinical and genetic information for 2 heterozygous DPYS p.GIn334Arg patients with high toxicity

Other DPYD Other DPYS Other UPB1
Patient no. Age  Sex Cancer Regimen Side effects variants variants variants
Patient 1 68 Female Colorectal 5FU + L-OHP Vomiting Grade 1 p.lle543Val het c.-1T>C hom No variant
Neutropenia Grade 3 p.Arg29Cys hom
Patient 2 81 Female Colorectal 5FU + L-OHP Nausea Grade 2 p.Arg29Cys het c.-1T>C hom No variant

Neutropenia Grade 3
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TABLE 6 Detailed information on the 7 patients in the rare pathogenic DPYD variant group
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Rare pathogenic Other DPYD Other DPYS Other UPB1
variant Age Sex Cancer Regimen Side effects variants variants variants
c.596G>A 67 Female Colorectal 5FU + L-OHP Vomiting Grade 3 p.lle543Val hom c.-1T>C het No variant

(p.Ser199Asn) Diarrhea Grade 3 p.Arg29Cys hom

Neutropenia Grade 3
c.733A>T 63 Female Stomach 5FU + L-OHP Nausea Grade 2 p.lle543Val het c.-1T>C hom No variant
(p.lle245Phe) Vomiting Grade 2 p.Met166Val het
Diarrhea Grade 3 p.Arg29Cys hom
c.914C>A 66 Female Colorectal 5FU + L-OHP Diarrhea Grade 1 p.Arg29Cys hom c.-1T>C het No variant
(p.Thr305Lys) Oral Mucositis Grade 1
Hand-foot syndrome
Grade 1
Neutropenia Grade 2

c.1156G>T 48 Male Colorectal FOLFOXIRI+« Nausea Grade 1 p.Arg29Cys hom c.-1T>C hom No variant

(p.Glu386Ter) Neutropenia Grade 3

c.1666A>C 25 Male Colorectal 5FU + L-OHP Nausea Grade 1 p.Arg29Cys hom c-1T>Chom  No variant

(p.Ser556Arg) Vomiting Grade 1

Oral Mucositis Grade 1
Neutropenia Grade 1
c.1712C>A 70 Female Colorectal 5FU mono Nausea Grade 3 p.Arg29Cys het c.-1T>C hom No variant
(p.Ala571Asp) Diarrhea Grade 3
Neutropenia Grade 1
c.1863G>T 72 Female Colorectal 5FU + L-OHP Nausea Grade 1 p.lle543Val het c.-1T>C hom No variant
(p.Trp621Cys) Neutropenia Grade 3 p.Arg29Cys hom
p.Thr768Lys het
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Inherited Chromosomally Integrated Human Herpesvirus
6 Is a Risk Factor for Spontaneous Abortion
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Background. Human herpesvirus 6 (HHV-6) can be genetically transmitted from parent to child as inherited chromosomally
integrated HHV-6 (iciHHV-6). HHV-6 reactivation occurs in pregnant women with iciHHV-6. We found no sex differences in the
frequency of index cases with iciHHV-6 but inheritance from the father was more common. We evaluated the association between
iciHHV-6 status and spontaneous abortion.

Methods.
viral genome, paternal or maternal, was examined using the same method. The pregnancy history of 23 mothers in families with
iciHHV-6 and 285 mothers in families without ictHHV-6 was abstracted.

Results.  Of 23 iciHHV-6 index cases, 8 mothers and 15 fathers had iciHHV-6. Spontaneous abortion rates in mothers with
and mothers without/fathers with iciHHV-6 and mothers in families without iciHHV-6 were 27.6%, 10.3%, and 14.8%, respectively
(P =.012). Mothers with iciHHV-6 (odds ratio [OR], 6.41; 95% confidence interval [CI], 1.10-37.4) and maternal age at the most

iciHHV-6 was confirmed by high viral DNA copy numbers in whole blood and somatic cells. The origin of integrated

recent pregnancy >40 years (OR, 3.91; 95% CI, 1.30-11.8) were associated with 2 or more spontaneous abortions.

Conclusions. Mothers with iciHHV-6 is a risk factor for spontaneous abortion.

Keywords. iciHHV-6; spontaneous abortion; pregnancy.

Human herpesvirus 6 (HHV-6) was the sixth human herpes-
virus discovered. It belongs to the p-Herpesvirinae subfamily.
This virus is categorized into 2 distinct species (HHV-6A and
HHV-6B) with 90% overall nucleotide sequence identity [1, 2].
Primary HHV-6B infection generally occurs in infancy and
causes exanthema subitum, a common febrile exanthematous
disease [3, 4]. In contrast to HHV-6B, the clinical features of pri-
mary HHV-6A infection remain unclear. Although HHV-6B is
a ubiquitous virus throughout the world, HHV-6A infection is
considered to be endemic only in a limited geographical area [5].

Although horizontal transmission is considered to be the
main route of HHV-6 infection, it can be genetically trans-
mitted from parent to child as inherited chromosomally inte-
grated HHV-6 (iciHHV-6) [6, 7]. The complete HHV-6 genome
is integrated into every nucleated cell of an individual with
iciHHV-6. Extremely high copy numbers of HHV-6 DNA can
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be detected in clinical specimens containing nucleated cells,
which can lead to a misdiagnosis of active viral infection [8].
The frequency of iciHHV-6 in the general population is approx-
imately 0.8%-1.5% in the United Kingdom [9, 10] compared
with 0.2%-0.6% in Japan [6, 7]. This low frequency has ham-
pered the elucidation of the link between iciHHV-6 and disease.

Previous studies have suggested that iciHHV-6 is associated
with clinical manifestations such as encephalitis [11, 12], cog-
nitive dysfunction, fatigue [13, 14], and angina pectoris [15].
However, the precise relationship between iciHHV-6 and these
conditions remains under investigation. In addition, viral re-
activation from the integrated viral genome has been dem-
onstrated in an immunocompromised patient with iciHHV-6
[16] and pregnant women with iciHHV-6 [17, 18]. Moreover,
viral reactivation can be induced in iciHHV-6 cells by some
chemical compound treatments [19]. These findings suggest
that iciHHV-6 may cause physiological changes in the host
through viral reactivation from the integrated viral genome.
For example, hematopoietic stem cell transplant recipients with
iciHHV-6 have been shown to have an increased frequency of
acute graft-versus-host disease [20].

Theoretically, a parent with iciHHV-6 has a 50% chance of
transmitting the integrated HHV-6 genome to the next genera-
tion. Our previous study demonstrated no sex difference among
index cases with iciHHV-6. However, when we examined the
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origin of the viral genome, we noticed that there are many cases
of paternal origin [21]. Therefore, to determine if paternal or-
igin is more common than maternal origin and to evaluate the
association between iciHHV-6 and spontaneous abortion, we
sought to examine the origin of the HHV-6 genome and preg-
nancy history of mothers in families with iciHHV-6.

METHODS

Subjects and Samples

Individuals with iciHHV-6 with a confirmed origin of the viral
genome were enrolled in this study. Index cases were diagnosed
with iciHHV-6 based on the following procedures. Screening for
HHV-6 was performed using peripheral whole blood or serum
obtained from patients with febrile illness enrolled in another
clinical study at Fujita Health University (ethics committee ac-
cession number 14-096). In addition, harvested cord blood from
healthy neonates born at Fujita Health University Hospital un-
derwent HHV-6 screening. Furthermore, whole blood or serum
samples obtained from patients with suspected iciHHV-6 at
other hospitals were also analyzed.

Screening and Criteria for iciHHV-6

To screen for HHV-6 infection, DNA was extracted from 200 pL
of whole blood or serum samples using the QIAamp DNA
Blood Mini kit (QIAGEN). DNA samples were stored at —30°C
until polymerase chain reaction (PCR) analysis. HHV-6 DNA
loads were measured in these samples using real-time PCR [22].
If a high copy number of HHV-6 DNA (whole blood, >5.5 X 10
copies/mL; serum, >1.0 X 10° copies/mL) was detected, the sub-
ject was suspected of having iciHHV-6. HHV-6 species were de-
termined by restriction fragment length polymorphism (RFLP)
analysis of loop-mediated isothermal amplification products as
previously described [23].

If a subject was suspected of having iciHHV-6, additional
whole blood, hair follicle, or buccal mucosa swab samples were
collected for further investigation. Whole blood, hair follicle,
or buccal mucosa swab samples were used to measure HHV-6
DNA load with real-time PCR analysis. Whole blood samples
were used for fluorescent in situ hybridization (FISH) assays
to identify the integration site. A subject was defined as having
iciHHV-6 if either of the following 2 criteria was fulfilled: (1)
detection of more than 5.5 X 10° copies/mL of HHV-6 DNA
in whole blood and HHV-6 DNA in somatic cells (hair follicle
or buccal mucosa swab samples) or (2) confirmation of HHV-6
DNA integration in a chromosome by FISH.

To determine the origin of the endogenous HHV-6 genome,
whole blood, hair follicle, or buccal mucosa swab samples
were collected from the parents of the index cases. The sam-
ples were used to measure HHV-6 DNA load and for FISH
analysis. The origin of iciHHV-6 was confirmed using the cri-
teria described above.

FISH Analysis for Integration Site Determination

To identify the site of chromosomal integration, 5 mL of hep-
arinized peripheral blood was collected from subjects with
iciHHV-6 to perform FISH analysis as previously described
[24]. Briefly, phytohemagglutinin-stimulated lymphocytes
or Epstein-Barr virus-transformed lymphoblasts were ar-
rested by treatment with colcemid. Metaphase prepar-
ations were obtained via hypotonic treatment with 0.075
M KCl followed by methanol and acetate fixation. PCR
products from HHV-6 sequences were used as probes for
FISH, which were labelled by nick translation with biotin-
16-dUTP or digoxigenin-11-dUTP. After hybridization, the
probes were detected using either Alexa Fluor 488-conju-
gated streptavidin or rhodamine-conjugated antidigoxigenin
and visualized through counter-staining with 4/,6-diamino-
2-phenylindole. Chromosome-specific probes were used as
reference standards.

Pregnancy History of Mothers in Families with iciHHV-6

Pregnancy history was obtained from mothers in families
with icHHV-6 and 285 women in families without iciHHV-6
as a control group for comparison of the incidence of spon-
taneous abortion. Control subjects had given birth at Fujita
Health University Hospital between December 2017 and
March 2019. Pregnancy histories of cases and controls who
could be reviewed from medical records were abstracted
and those of the others were elicited by telephone interview.
These reviews and interviews were performed by a person
blinded to the subjects’ iciHHV-6 status. All cord blood sam-
ples obtained from control subjects did not contain HHV-6
DNA.

Statistical Analysis

The sex of iciHHV-6 index cases and the maternal/paternal or-
igin were compared using the binomial test for differences in
proportion. The number of spontaneous abortions per mother
and maternal age at the most recent pregnancy in the iciHHV-6
versus non-iciHHV-6 groups were evaluated using the Kruskal-
Wallis test. The proportion of mothers having 2 or more spon-
taneous abortions in the 2 groups was evaluated using Fisher
exact test. Univariable associations between potential factors
described below and history of spontaneous abortion were
evaluated using Fisher exact test. We analyzed the association
between 2 or more spontaneous abortion and the following fac-
tors: iciHHV-6 family, iciHHV-6 species, iciHHV-6 integration
site, mother with iciHHV-6, and maternal age at the most recent
pregnancy. Variables that were statistically significantly associ-
ated with spontaneous abortion in univariable analyses were in-
cluded in multivariable logistic regression analyses. Statistical
significance was defined as a 2-sided P < .05. JMP version 13.1
(SAS Institute) was used for analyses.
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Ethics Approval

This study was approved by the Ethics Review Board for
Human Genome Studies at Fujita Health University (accession
number HG19-006), 12 June 2019. If the subjects had suspected
iciHHV-6 based on HHV-6 DNA loads in blood samples,
written informed consent was obtained from subjects or their
guardians to carry out examinations for definitive diagnosis of
iciHHV-6 and collection of clinical information.

RESULTS

Characteristics of Index Cases With iciHHV-6

Twenty-three iciHHV-6 index cases were enrolled in this study.
Sex, iciHHV-6 origin, iciHHV-6 integration site, iciHHV-6
species, and maternal pregnancy history are summarized in
Table 1. No sex difference was observed among index cases
(P = .84) but paternal origin accounted for 68% of iciHHV-6
cases (P = .088). The site of integration was determined in 21 of
23 subjects with iciHHV-6 using FISH analysis. One copy of the
HHYV-6 genome was integrated in 20 of 21 cases (22q, 11 cases;
Xp, 2 cases; Yp, 2 cases; 1q, 2 cases; 16q, 1 case; 17p, 1 case; and
20p, 1 case). Two copies of the HHV-6 genome were integrated
in patient 8; 1 copy was derived from each parent. The copy
integrated on chromosome 20p was of paternal origin whereas
the copy integrated on chromosome 22q was of maternal origin.

RFLP analysis indicated that 11 (48%) of the 23 iciHHV-6 cases
were HHV-6A and 12 (52%) were HHV-6B.

Regarding the birth history of the 8 index cases whose
mothers had iciHHV-6, 1 was preterm, 1 had low birth weight,
and 1 was preterm and had low birth weight. The remaining 5
index cases had no abnormalities at the time of birth. In the 15
index cases whose mothers did not have iciHHV-6, 1 was pre-
term and had low birth weight and another was born through
emergency cesarean delivery because of reduced baseline varia-
bility. The remaining 13 index cases had no abnormalities.

Maternal Pregnancy History by iciHHV-6 Status

In 23 families with iciHHV-6, 8 mothers with iciHHV-6 (pa-
tients 1 to 8) had 8 spontaneous abortions in 29 pregnancies
whereas 15 mothers without/fathers with iciHHV-6 (patients 9
to 23) had 3 spontaneous abortions in 29 pregnancies (Table 1).
In the control group, 285 mothers in families without iciHHV-6
had 87 spontaneous abortions in 589 pregnancies. The spon-
taneous abortion rate and numbers of mothers having 2 or
more spontaneous abortions were compared among 3 groups
(mothers with iciHHV-6, mothers without/fathers with
iciHHV-6, and control mothers in families without iciHHV-6)
(Table 2). Spontaneous abortion rates among mothers with
iciHHV-6, mothers without/fathers with iciHHV-6 and control

Table 1. Characteristics of Index Cases With iciHHV-6 and Maternal Pregnancy History

Maternal Pregnancy History

iciHHV6 No. of Spontaneous  Maternal Age at Most
Patient Sex Origin® Integration Site Species No. of Pregnancies Abortions Recent Pregnancy, y
1 M Maternal 22q HHV-6A (5 2 NA
2 F Maternal 22q HHV-6A 3 1 35
3 F Maternal 22q HHV-6A 4 1 25
4 F Maternal 22q HHV-6A 2 0 34
5 M Maternal 22q HHV-6A 2 0 33
6 M Maternal 16p HHV-6B 2 0 32
7 M Maternal 20p HHV-6B 6 2 40
8 F Paternal and 20p and 22q HHV-6B 5 2 32
maternal
9 F Paternal 22q HHV-6A 3 0 34
10 F Paternal 22q HHV-6A 1 0 25
1 F Paternal 22q HHV-6A 2 0 25
12 M Paternal 22q HHV-6A 2 0 NA
13 M Paternal 22q HHV-6B 2 1 30
14 F Paternal 22q HHV-6B 1 0 NA
15 F Paternal Xp HHV-6B 2 0 27
16 M Paternal Xp HHV-6B 2 0 NA
17 M Paternal Yp HHV-6B 4 1 34
18 M Paternal Yp HHV-6B 2 0 39
19 F Paternal 1q HHV-6B 2 1 26
20 M Paternal 1q HHV-6B 2 0 NA
21 M Paternal 17p HHV-6A 1 0 30
22 M Paternal ND HHV-6A 1 0 36
23 M Paternal ND HHV-6B 2 0 32

Abbreviations: ®Paternal or maternal origin of chromosomally integrated HHV-6.
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Table 2. Prevalence of Spontaneous Abortion by iciHHV-6 Status

Spontaneous No. of Mothers With 2 or Maternal Age at Most Recent
Status Abortion Rate, % More Spontaneous Abortions, n (%) Pregnancy, y, Median (IQR)
Mother with iciHHV-6 (n = 8) 276 3(375) 33.0 (28.0-36.0)
Mother without/father with iciHHV-6 (n = 15) 10.3 0(.0) 30.0 (26.5-34.0)
Mother in family without iciHHV-6 (n = 285) 14.8 18 (6.3) 33.0 (32.0-34.5)
P value .012 .002 46

Bold values are statistically significant.

Abbreviations: iciHHV-6, inherited chromosomally integrated human herpesvirus 6; IQR, interquartile range.

mothers in families without iciHHV-6 were 27.6% (8/29), 10.3%
(3/29), and 14.8% (87/589), respectively (P =.012). Because
recurrent pregnancy loss is defined as 2 or more spontaneous
abortions, the number of mothers with a history of 2 or more
abortions was compared among the 3 groups. Of 8 mothers
with iciHHV-6, 3 (37.5%) had repeated spontaneous abortions.
None (0%) of the mothers without/fathers with iciHHV-6 had
repeated spontaneous abortions and 18 of 285 (6.3%) mothers
in the control group had repeated spontaneous abortions. There
was a statistically significant difference among the 3 groups
(P =.002). Maternal age at the most recent pregnancy was not
significantly different among the 3 groups (P = .46).

Risk Factors for Spontaneous Abortion

To elucidate potential risk factors for 2 or more sponta-
neous abortions, we examined characteristics associated with
iciHHV-6 status and maternal age at the most recent pregnancy
(Table 3). Univariable analyses indicated that icitHHV-6 family
status did not affect the risk of spontaneous abortion (P = .20),
but mother with iciHHV-6 and maternal age at the most recent

pregnancy of 40 years or older were associated with 2 or more
spontaneous abortions (P =.012 and P =.021, respectively).
Among 23 families with iciHHV-6, there was no correlation be-
tween spontaneous abortion and HHV-6 species (P = 1.00) and
HHV-6 integration site (P = 1.00). Multivariable analyses re-
vealed that mother with iciHHV-6 (odds ratio [OR], 6.41; 95%
confidence interval [CI], 1.10-37.4; P = .001) and maternal age
at the most recent pregnancy of 40 years or older (OR, 3.91; 95%
CI, 1.30-11.8; P = .016) were significantly associated with 2 or
more spontaneous abortions (Table 3).

DISCUSSION

Similar to our previous study [7], there was no sex difference
in index cases with iciHHV-6, but iciHHV-6 of maternal or-
igin was lower than expected (32% instead of 50%) in this
study. In contrast to our studies, Hall et al [25] (who first
demonstrated that HHV-6 can be genetically transmitted
from parent to child) reported that 60% (18/30) of children
with iciHHV-6 inherited it from their mother. An insuf-
ficient number of cases may be the main reason for this

Table 3. Risk Factors for 2 or More Spontaneous Abortions

Univariable Multivariable

Risk Factor Odds Ratio (95% Cl) PValue Odds Ratio (95% Cl) PValue
iciHHV-6 family

No (n = 285) Ref

Yes (n = 23) 2.23 (.60-8.20) .20
iciHHV-6 species

iciHHV-6A (n = 11) Ref

iciHHV-6B (n = 12) 2.00 (.16-25.8) 1.00
iciHHV-6 integration site

Other (n=9) Ref

22q9 (n=12) 2.00 (.16-25.8) 1.00
Mother with iciHHV-6

No (n = 300) Ref Ref

Yes (n =8) 9.40 (2.08-42.5) .012 6.41 (1.10-374) .040
Maternal age at most recent pregnancy, y

<35 (n = 194) Ref Ref

35-39 (n = 74) 1.05 (.32-3.46) 1.00 1.11 (.33-3.68) .87

>40 (n = 35) 3.81 (1.29-11.3) .021 3.91 (1.30-11.8) .016

Bold values are statistically significant.

Abbreviations: Cl, confidence interval; iciHHV-6, inherited chromosomally integrated human herpesvirus 6; Ref, reference.
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discrepancy, but the exact reason is unknown. Common viral
genome integration sites are different between Japan and
Western countries; 22q is the most common site in Japan and
17p is the most common site in Western countries [7, 26].
Nine of 10 index case of iciHHV-6A had the 22q integra-
tion site in this study. This pattern has been found in the ma-
jority of Japanese cases and our previous study suggested that
iciHH-6A in 22q likely derived from a common ancestor [27].
Furthermore, genetic diversity of the viral genome in each
region has been demonstrated by phylogenetic tree analysis of
integrated viral genomes from different regions [28]. Thus, it is
possible that differences in chromosome of integration and ge-
netic diversity of the integrated viral genome may be associated
with different patterns of inheritance between Japanese and the
Western populations.

Spontaneous abortion rates in mothers without/fathers with
iciHHV-6 and mothers in families without iciHHV-6 were
10.3% and 14.8%, respectively, which is consistent with findings
from previous studies [29, 30]. The spontaneous abortion rate
and number of mothers with repeated spontaneous abortions
were significantly higher in mothers with iciHHV-6 than in the
other 2 groups (P = .012 and P = .002). In addition, univariable
analyses showed that iciHHV-6 family status, integration in
chromosome 22q, and HHV-6 species did not increase the risk
of spontaneous abortion, but maternal age at the most recent
pregnancy of 40 years or older and mother with iciHHV-6 were
the only risk factors for 2 or more spontaneous abortions iden-
tified by multivariable analyses. Because older maternal age is
an expected risk factor for spontaneous abortion [31], the re-
liability of this study is considered to be high. Furthermore, it
is well known that older maternal age, genetic abnormalities,
selected maternal autoantibodies, endocrine dysfunction, and
uterine abnormalities are risk factors for spontaneous abortion
[32]. However, the cause of approximately 50% of recurrent
spontaneous abortions is unknown. Therefore, the present find-
ings may help explain the cause of some unexplained recurrent
pregnancy loss.

It is necessary to elucidate mechanisms by which iciHHV-6
increases the risk of spontaneous abortion. This study sug-
gests that mother with iciHHV-6 can be a risk factor for
spontaneous abortion but fetal iciHHV-6 is not, because in
families with iciHHV-6, father with iciHHV-6 was not a risk
factor. Thus, maternal factors may play an important role in
iciHHV-6-related spontaneous abortion. Results of previous
studies on the association between maternal HHV-6 infec-
tion and spontaneous abortion may be helpful for future re-
search. It has been suggested that active HHV-6 infection
during pregnancy may cause spontaneous abortion [33, 34]
as well as premature delivery with neonatal hypotonia [35].
Furthermore, a series of Italian studies has demonstrated
that some infertile women have HHV-6A infection in en-
dometrial epithelial cells accompanied by alterations in the

maternal immune system [36-38]. Their in vitro study dem-
onstrated that endometrial cells infected with HHV-6A are
less permissive to the attachment of trophoblast cells and mi-
croRNA expression patterns of endometrial cells were altered
by HHV-6A infection [39].

As described above, HHV-6 reactivation from integrated
viral genomes has been demonstrated in both in vivo and in
vitro studies [16-19]. Recently, HHV-6 transcripts have been
detected in placentas of pregnant women with iciHHV-6 and
preeclampsia, and the risk of preeclampsia was significantly
higher in mothers with iciHHV-6 than control mothers [40].
Detection of HHV-6 mRNA in placentas with iciHHV-6 sug-
gests viral reactivation in placental tissue. Taken together
with the results of this study, HHV-6 reactivation in pregnant
women with iciHHV-6 may cause spontaneous abortion or pre-
eclampsia. There are 2 possible mechanisms by which reactiv-
ation of HHV-6 from an integrated viral genome can affect the
host cells: direct cellular damage induced by viral infection and
bystander effects induced by viral reactivation. Recent studies
have suggested that iccHHV-6 can exacerbate acute graft-versus-
host disease via upregulation of inflammatory cytokines [41].
Furthermore, Kumata et al reported that host transcripts in the
certain tissues are modified by iciHHV-6 [42]. Although a pro-
spective study might be difficult because of the limited number
of cases, a study following pregnant women with iciHHV-6 is
necessary to explore the mechanisms underlying iciHHV-6-
related spontaneous abortion. In addition, although no no-
table clinical manifestations were observed in neonates with
iciHHV-6 delivered from mothers with iciHHV-6 in this study,
more neonates with iciHHV-6 should be examined and fol-
lowed for longer periods to understand the effects of iciHHV-6
during the embryonic period.

In conclusion, although there was no sex difference among
iciHHV-6 index cases, the frequency of iciHHV-6 inherited
from the mother was lower than expected in this study. In ad-
dition to maternal age at the most recent pregnancy of 40 years
or older, mother with iciHHV-6 was a risk factor for 2 or more
spontaneous abortions. Therefore, careful management may be
required for pregnant women with iciHHV-6, who may be pre-
disposed to spontaneous abortion.
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Myotonic dystrophy type 1 is the most common type of adult-
onset muscular dystrophy. This is an autosomal dominant dis-
order and caused by the expansion of the CTG repeat in the 3’
untranslated region of the dystrophia myotonica protein ki-
nase (DMPK) gene. Messenger RNAs containing these
expanded repeats form aggregates as nuclear RNA foci. Then,
RNA binding proteins, including muscleblind-like 1, are
sequestered to the RNA foci, leading to systemic abnormal
RNA splicing. In this study, we used CRISPR-Cas9 genome ed-
iting to excise this CTG repeat. Dual cleavage at the 5’ and 3’
regions of the repeat using a conventional Cas9 nuclease and
a double nicking with Cas9 nickase successfully excised the
CTG repeat. Subsequently, the formation of the RNA foci
was markedly reduced in patient-derived fibroblasts. However,
contrary to expectations, a considerable amount of off-target
digestions and on-target genomic rearrangements were
observed using high-throughput genome-wide translocation
sequencing. Finally, the suppression of DMPK transcripts us-
ing CRISPR interference significantly decreased the intensity
of RNA foci. Our results indicate that close attention should
be paid to the unintended mutations when double-strand
breaks are generated by CRISPR-Cas9 for therapeutic pur-
poses. Alternative approaches independent of double-strand
breaks, including CRISPR interference, may be considered.

INTRODUCTION

Myotonic dystrophy type 1 (DM1) is the most common type of adult-
onset muscular dystrophy, affecting 1 in 8,000 individuals." DMI is
an autosomal dominant disorder that is characterized by systemic
symptoms, including progressive muscular atrophy, muscular weak-
ness, myotonia, cardiac arrhythmia, insulin resistance, gastrointes-
tinal dysfunctions, cataract, and cognitive impairment." It is caused
by the expansion of the CTG repeat in the 3’ untranslated region
(UTR) of the dystrophia myotonica protein kinase (DMPK) gene.z’3
Healthy subjects have 5-37 CTG repeats, whereas DM1 symptoms

are identified in individuals with more than 50 CTG repeats.” * The
larger repeat sizes tend to be associated with worse clinical manifes-
tations, and several thousand repeats are typically observed in severe
congenital DM1 patients.”® The expanded CTG repeats exhibit
somatic and intergenerational instability with a bias toward
expansion.”®

The expanded CTG repeats in the 3’ UTR of DMPK are transcribed to
mRNA as CUG repeats. It was previously demonstrated that the
expanded CUG repeat forms stable hairpin structures that aggregate
as RNA foci.”™"" The intranuclear RNA foci sequester RNA binding
proteins, including muscleblind-like 1 (MBNL1), a known splicing
regulator."””'* This in turn leads to the depletion of soluble
MBNLI with normal regulatory function.”” In addition, the RNA
foci upregulate the activity of another splicing regulator, CUGBP
Elav-like family member 1 (CELF1), by activating the protein kinase
C pathway and suppressing the expression of specific microRNAs for
CELF1.'®" The altered function of these splicing regulators results in
the abnormal splicing of many genes, including CLCN1, BIN1, or IR«
which account for some aspects of the systemic features of DM1,'%*'

The CRISPR-Cas9 system was first discovered as a microbial adaptive
immune system.”” It has since been successfully applied in the
genome editing of eukaryotic cells and in a variety of research
fields.”” > The most basic CRISPR-Cas9 system uses Cas9 nuclease
derived from Streptococcus pyogenes and a single-guide RNA
(sgRNA) with a complementary sequence to the target region of inter-
est. These two components form a complex that is able to induce
double-strand breaks (DSBs) at the target site. After cleavage, the
DSBs are repaired by one of the two major repair pathways, that is,
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non-homologous end joining (NHE]) or homology-directed repair
(HDR).*® This powerful tool has been adapted for medical therapeu-
tics, including DM1. Thus far, several groups have successfully
excised the CTG repeat of the DMPK gene using the conventional
Cas9 nuclease system in cultured cells and model mice.”” "

Although CRISPR-Cas9 is an innovative technology, care must be
taken to avoid causing undesirable mutations when used for thera-
peutic purposes.’’ One way to avoid this lies in the use of the double
nicking strategy.’ In this system, Cas9 nickase, a D10A mutant of
Cas9, is utilized with a pair of offset sgRNAs complementary to
opposite strands of the target site. The nicks of both of the DNA
strands lead to a DSB with a 5’ overhang. A large reduction in off-
target cutting is expected due to the need for two sgRNAs, since it
is unlikely that two off-target nicks will be generated by chance in
close proximity.’>** Importantly, by dual DSBs, the region encom-
passed by up to several Mb can be removed and the 5’ and 3’ cut ends
can be rejoined using the NHE] or HDR repair systems.’* Another
candidate is CRISPR interference (CRISPRIi), a strategy in which the
transcription of any gene is downregulated without inducing
DSBs.*>*° This strategy utilizes catalytically inactive Cas9 (dCas9)
fused with a transcription suppressor, KRAB, and sgRNA designed
at the vicinity of transcription start sites (TSSs). This DSB-free
method is expected to be much safer than DSB-dependent genome
editing.

In the present study, we demonstrated that both a conventional
Cas9 nuclease and a double nicking strategy using Cas9 nickase
successfully excised the CTG repeat tract by designing sgRNAs
at the 5" and 3’ flanking regions. Using these procedures, the for-
mation of RNA foci was markedly inhibited. However, the unbi-
ased detection of genomic alterations using linear amplification-
mediated high-throughput genome-wide translocation sequencing
(LAM-HTGTS)”*® revealed unexpected on- and off-target muta-
tions as a result of using these procedures. Lastly, we showed that
the downregulation of DMPK transcription by CRISPRi signifi-
cantly suppressed the formation of RNA foci. Based on these ob-
servations, we propose that approaches that are independent of a
DSB formation, such as CRISPRi, should be considered when
applying the CRISPR-Cas9 technologies for therapeutic purposes
in the future.

RESULTS

Excision of DMPK CTG Repeat by Cas9 Nuclease

First, we tested whether the conventional CRISPR-Cas9 system using
Cas9 nuclease and a pair of sgRNAs designed at the 5" and 3’ region of
the CTG repeat could be used to remove the repeat sequence in
HEK293 cells. We confirmed by Sanger sequencing that the strain
of HEK293 cells we used contained five CTG repeats (data not
shown). As shown in Figure 1A, three sgRNAs were designed on
both the 5 and the 3’ regions of the CTG repeats. Each sgRNA was
expressed with Cas9 nuclease in HEK293 cells and showed similar in-
del frequencies, according to the result of a T7 endonuclease 1 assay
(Figure S1). Then, Cas9 nuclease and two sgRNAs, one targeting the
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5’ region and another targeting the 3’ region of the repeat, were co-
transfected. Three days after transfection, genomic PCR was per-
formed using primers designed at the outer sites of the sgRNA target-
ing loci (Figure 1A). Upon these co-expressions, lower molecular
weight bands were observed (Figure 1B), suggesting the excision of
the CTG repeats.

We investigated whether similar events could be observed in the fi-
broblasts of DM1, denoted as GMO03991, which contains 50-80
CTG repeats. Using PCR amplification, the control fibroblasts
(mock electroporation) exhibited two distinct bands at 400 and
700 bp, corresponding to the wild-type and mutant allele, respec-
tively. Based on the CRISPR design tool score, we chose two combi-
nations of sgRNA pairs: (1) 5 guide 2/3’ guide 2 and (2) 5’ guide 3/3’
guide 2. These showed the lowest likelihood of off-target digestion. By
electroporation with these sgRNAs, the lower molecular weight bands
appeared above 200 bp (Figure 1C). Sanger sequencing confirmed
that these bands consisted of amplicons lacking the CTG repeat (Fig-
ures 1D, S2A, and S2B). Although several junctional sequences were
obtained, they were mostly homogeneous (57.1% for type deletion
[del] 2 in HEK293 cells and 83.3% for type del 1 in fibroblasts; Fig-
ure S2C). In the following experiments, we used the sgRNA pair 5’
guide 3/3’ guide 2 for Cas9 nuclease cleavage. The T7 endonuclease
1 assay did not reveal any obvious off-target mutations at the top
five sites predicted by the CRISPR design tool in fibroblasts
(Figure S3).

When designing in vivo gene therapy for DM1 using CRISPR-
Cas9 technology, it is of particular importance to remove the
CTG repeats from as many cells as possible. To this purpose,
we investigated whether repeated genome editing may facilitate
the excision. The repeated genome editing of HEK293 cells and
fibroblasts using Cas9 nuclease increased the intensity of the
lower bands gradually, indicating it facilitated repeat excision
(Figure 1E).

Excision of DMPK CTG Repeat by Cas9 Nickase

In order to adapt the CRISPR-Cas9 technology for clinical usage, it
is critical to reduce the potential for off-target effects. For this pur-
pose, we tested whether the CTG repeat was excised using the
CRISPR-Cas9 double nicking strategy. We designed seven (Nick
1, 2,5 6,7 8, and 9) and two (Nick 3 and 4) nicking pairs of
sgRNAs on the 5" and 3’ regions of the CTG repeat, respectively
(Figure 2A). Upon transfection of these nicking pairs into
HEK293 cells, a T7 endonuclease 1 assay demonstrated indel fre-
quencies ranging from 30% to 40% or more (Figure S4). We then
co-transfected HEK293 cells with Cas9 nickase and two pairs of
sgRNAs, one targeting the 5 region and another the 3’ region of
the repeat. Genomic PCR showed lower molecular weight bands
in all of the combinations of sgRNA pairs (Figure 2B). Among
them, we chose the nicking pairs of Nick 1 and Nick 3 for the sub-
sequent experiments, since the lower band was robust and the
decrease in molecular weight was small, and the latter may only
minimally affect the 3’ UTR structure of the DMPK gene. Sanger
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sequencing demonstrated that the lower band consisted of ampli-
cons lacking the CTG repeat (Figures 2C, S5A, and S5B). By align-
ing the sequence data, it was evident that the junctional sequences
were heterogeneous, compared to those observed using the con-
ventional Cas9 nuclease (Figures S2B and S5B). No identical junc-
tional sequence was observed among the clones we tested (Fig-
ure S5C). Repeated genome editing of HEK293 cells using the
double nicking strategy gradually increased the intensity of the

(Figure 3A).
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Figure 1. Excision of DMPK CTG Repeat Using Cas9
Nuclease

(A) Schematic representation of 3’ UTR of the DMPK gene
is shown. The CTG repeat sequence is indicated in red
characters. Three guide RNAs were designed at the 5" and
3’ region of the CTG repeat (guide 1, 2, and 3). This region
was amplified by PCR using the primers flanking the target
sequence. (B) HEK293 cells were co-transfected with
guide RNAs designed at the 5’ and 3 regions with Cas9
nuclease, and genomic PCR was performed. By mock
transfection, i.e., 5’ guide (-), 3’ guide (-), a PCR product of
400 bp was observed (arrow). Upon transfection with each
combination of guide RNA, lower molecular weight bands
were observed (asterisk). (C) Genomic PCR of DM1 pa-
tient-derived fibroblasts GM03991, harboring 50-80 CTG
repeats, showed two distinct bands with an apparent
molecular mass of 400 and 700 bp, corresponding to the
wild-type and the mutant allele with an expanded CTG
repeat, respectively. By genome editing using 5’ guide 2/3'
guide 2 and 5’ guide 3/3' guide 2, the bands with a lower
molecular mass above 200 bp were observed. (D) Sanger
sequencing revealed that the lower molecular weight
bands consisted of amplicons in which the CTG repeat
region was excised. A typical junctional sequence is shown
here. The blue, green, and red characters represent the
position of the &' guide 2, 3’ guide 2, and CTG repeat,
respectively. Arrowheads indicate the position of the ex-
pected DSBs. (E) Genome editing was repeated five times
with an interval of 3 days to HEK293 cells (upper panel) and
three times with an interval of 7 days to DM1-derived fi-
broblasts (lower panel). The CTG repeat excision was
facilitated by repeating the genome editing (arrow).

lower bands, indicating that it facilitated the
excision of the repeat (Figures 2D and 2E).

Suppression of RNA Foci Formation by
CRISPR-Cas9 Genome Editing

As described above, the fibroblast GM03991,
harboring 50-80 CTG repeats, was found to
contain a wild-type allele at 400 bp and a mutant
allele at 700 bp, according to the PCR results. In
contrast, the fibroblast GM05163, harboring 400
repeats, showed only a wild-type allele, suggest-
ing that the PCR failed to amplify the large
mutant allele (Figure 3A, mock). Upon the
genome editing of these fibroblasts using con-
ventional Cas9 nuclease or double nicking with

Cas9 nickase, the lower molecular weight bands appeared above
200 bp, indicating the successful excision of the CTG repeat

RNA foci were not detected in GM03991 using the RNA-fluores-
cence in situ hybridization (FISH) assay. As such, we studied
GMO05163 to evaluate the formation of RNA foci, one of the major
pathological hallmarks of DM1 (Figure S6). To determine whether
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Figure 2. Excision of DMPK CTG Repeat Using Cas9
Nickase

(A) Schematic representation of the 3" UTR of the DMPK gene.
The CTG repeat sequence is indicated in red characters.
Seven (Nick 1, 2, 5, 6, 7, 8, and 9) and two (Nick 1 and 2)
nicking pairs of guide RNAs were designed at the 5" and &
regions of the CTG repeat, respectively. This region was
amplified by PCR using the primers flanking the target
sequence. (B) HEK293 cells were co-transfected with two
pairs of guide RNAs, one against the 5 region and another
against the 3’ region of the repeat together with Cas9 nickase.
Genomic PCR showed a PCR product of 400 bp by mock
transfection i.e., 5’ Nick (=), 3 Nick (-) (arrow). Upon trans-
fection with each combination of nicking pairs of guide RNAs,
lower molecular weight bands were observed (asterisk). (C)
Sanger sequencing of the lower molecular weight band
observed in Figure 3B by &’ Nick 1 and 3’ Nick 3 revealed that it
consisted of amplicons lacking the CTG repeat. A few junc-
tional sequences are shown here. The blue, green, and red
characters represent the position of Nick 1, Nick 3, and the
CTG repeat, respectively. Arrowheads indicate the position of
expected nicks. (D) Genome editing with Cas9 nickase was
repeated five times with an interval of 3 days to HEK293 cells.
The CTG repeat excision was facilitated by repeating the
genome editing. (E) Quantitative densitometric analyses of the
lower bands in (B) confirmed that the repeated genome editing
increases the efficiency of repeat excision. The results are
expressed as the mean + SEM (n = 3).
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Figure 3. Suppression of RNA Foci Formation by the
Repeat Excision

(A) Fibroblast GM03991, harboring 50-80 CTG repeats,
was found to consist of a wild-type allele at 400 bp and a
mutant allele at 700 bp by PCR. However, fibroblast
GMO05163, with 400 CTG repeats, exhibited only the wild-
type allele, presumably because the PCR failed to amplify
the highly repetitive sequence of the mutant allele. Genome
editing was performed to these cells using conventional
Cas9 nuclease and two sgRNAs (5" guide 3 and 3’ guide 2)
or the double nicking strategy with Cas9 nickase and four
sgRNAs (Nick 1 and Nick 3 pairs). Using both of the pro-
cedures, lower molecular weight bands were observed
above 200 bp (arrow), indicating the successful excision of
the CTG repeat. (B) Fibroblast GM05163 was co-trans-
fected with GFP-tagged Cas9 nuclease or Cas9 nickase
together with sgRNAs. The RNA-FISH image shows
intense RNA fociin the GFP-negative fibroblast (left) but not
in the GFP-positive Cas9 nuclease-expressing cell (right).
(C) In the nuclei of the control fibroblasts (no plasmids),
several RNA foci were consistently observed. However, the
RNA foci were mostly undetectable in fibroblasts ex-
pressing Cas9 nuclease or nickase. (D) Quantitative ana-
lyses of the number and the total intensity of intranuclear
RNA foci were performed. Histograms of both the number
(upper panel) and the intensity (lower panel) with a left-side
skew were obtained for Cas9 nuclease and nickase. (E)
The average number of RNA foci was significantly reduced
by both Cas9 nuclease and nickase. When compared
between Cas9 nuclease and nickase, the nuclease-treated
cells exhibited significantly fewer foci (upper panel). The
average intensity of RNA foci was significantly decreased
by both Cas9 nuclease and nickase. There was no signif-
icant difference between the nuclease and nickase by this
parameter (lower panel). The results are expressed as the
mean = SEM.

22

nuclease and nickase (Figure 3C). Further-
more, to ascertain the sequestration of
MBNLI1 to the RNA foci, an RNA-FISH assay
was performed, followed by immunofluores-
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the removal of the CTG repeat affected the formation of foci, fi-
broblasts were co-transfected with GFP-tagged Cas9 nuclease or
Cas9 nickase together with sgRNAs targeting the 5" and 3’ regions
flanking the CTG repeat. A typical RNA-FISH image 3 days after
genome editing is provided in Figure 3B. In the nucleus of the
GFP-negative fibroblasts (Figure 3B, left), several intense dot-
shaped RNA foci were detected, which were not observed in
GFP-positive Cas9-expressing fibroblasts (Figure 3B, right). In
the nuclei of the control fibroblasts (mock electroporation), several
RNA foci were consistently observed. However, the RNA foci were
mostly undetectable in the nuclei of fibroblasts expressing Cas9
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cent analysis using anti-MBNL1 antibody. As
a result, we found that MBNLI colocalized
with RNA foci in the DM1 patient-derived fi-
broblasts. Upon genome editing using Cas9
nuclease, both of the signals of the RNA foci
and MBNL1 were abolished, indicating that the trapped MBNL1
was released from the foci (Figure S7).

Subsequently, we obtained more than 100 images of the nuclei from
each group to quantitatively analyze the formation of the RNA foci.
The number of RNA foci and the total intensity of RNA foci in
each nucleus were measured. Histograms of both the number (Fig-
ure 3D, upper panel) and the total intensity (Figure 3D, lower panel)
showed a left-sided skew resulting from Cas9 nuclease and nickase
compared to the control. These data demonstrated that both genome
editing strategies suppressed the formation of RNA foci.
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Furthermore, the average number of RNA foci was significantly
reduced by both Cas9 nuclease and nickase. When comparing Cas9
nuclease and nickase, the nuclease-treated cells exhibited significantly
fewer foci (Figure 3E, upper panel). The average intensity of the RNA
foci was also significantly decreased by these procedures. There was
no significant difference between the nuclease and nickase with re-
gard to this parameter (Figure 3E, lower panel).

Unbiased Genome-wide Detection of On- and Off-Target
Mutations

To evaluate the unexpected mutations caused by CRISPR-Cas9, we
performed LAM-HTGTS. Generally, DSBs generated by genome ed-
iting are rejoined via the classic NHE] pathway, with occasional indels
at the break site, and rarely by HDR. However, some DSBs, which are
not rejoined immediately at the original loci, are fused with the sepa-
rate cut ends when the other DSBs occur due to off-target cleavage.
This leads to translocations to other chromosomes or intra-chromo-
somal deletions. By designing the sequence-specific primers at the
fixed “bait” (DMPK locus in this case), LAM-HTGTS analyzes the
genome-wide off-target “prey” DSBs captured by the on-target bait
DSBs using next-generation sequencing (Figure 4A).

First, as a positive control, we induced a DSB using Cas9 nuclease and
one sgRNA at the RAGI locus in HEK293 cells. Using this single DSB,
the translocation hotspots were identified in chromosomes 7, 12, 15,
and 19, as shown in a Circos plot (Figure 4B). This pattern of hotspots
was consistent with that reported in a previous study.”” Next, we per-
formed genome editing to the DMPK 3’ UTR using Cas9 nuclease and
two sgRNAs to excise the CTG repeat, and detected translocations us-
ing DMPK as a bait. Although no hotspots were found in the negative
control (no editing) (Figure 4C), six translocation hotspots were
observed in chromosomes 1, 14, 15, 17, 19, and X by the dual DSBs
(Figure 4D). Furthermore, we attempted the double nicking strategy
using Cas9 nickase and four sgRNAs to generate dual DSBs in the
DMPK locus. We anticipated that off-target effects would be strik-
ingly reduced by this procedure. However, contrary to our expecta-
tion, as many as 25 translocation hotspots were identified using dou-
ble nicking genome editing (Figures 4E and 4F). The frequency of
translocation to each hotspot is shown in Table S1. The total fre-
quency of these translocations in total mapped reads by a DSB at
the RAGI locus with Cas9 nuclease was 0.002625%. Comparably,
the total frequencies by DSBs at the DMPK locus using Cas9 nuclease
and Cas9 nickase were 0.001592% and 0.002169%, respectively.

Furthermore, to evaluate the on-target mutations neighboring the
cutting sites, we mapped the paired reads obtained by LAM-HTGTS
using integrative genomics viewer software.”” Upon generation of a
single DSB at the RAGI locus, the left-sided reads of some of the
paired reads were mapped several kb apart from the breakpoint (Fig-
ure S8A). The non-edited samples using DMPK as a bait, which were
used as negative controls for Cas9 nuclease and Cas9 nickase, ex-
hibited only minimal gaps between the paired reads (Figures S8B
and S8C). However, dual DSBs, generated by both Cas9 nuclease
and Cas9 nickase, resulted in much larger gaps between the paired
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reads. These large gaps indicate that genomic rearrangements
occurred including large deletions. Among them, paired reads with
opposite orientations facing each other and with inferred insert sizes
larger than expected, such as several hundred bp or larger, represent
possible deletions. We extracted the paired reads with these possible
deletions and ranked the top 20 according to their size (Figure 4G; Ta-
ble S2). Using RAGI cleavage with a single sgRNA, potential on-target
deletions ranging from several hundred bp to several kb were
observed. However, the dual digestion at DMPK by Cas9 nuclease
and nickase led to the generation of much larger deletions spanning
beyond 20 and 60 kb, respectively.

Suppression of RNA Foci by CRISPRi

The generation of unexpected mutagenesis is of great concern when
DSBs are generated using CRISPR-Cas9, as described above. There-
fore, we examined whether the RNA foci were suppressed by the
downregulation of DMPK transcription using CRISPRi, a DSB-free
method. We searched the TSS of the human DMPK gene using the
FANTOMS5 database and identified the most enriched peak at chro-
mosome 19 (ch19), 46,285,748 (hgl9). Then, three sgRNAs neigh-
boring the peak were designed (Figure 5A). Three days after the
transfection of HEK293 cells with dCas9-KRAB and each sgRNA,
the RNA was extracted from the whole cell population without selec-
tion. Quantitative RT-PCR revealed a significant reduction in the
level of DMPK mRNA by guide 2 (Figure 5B). Next, to evaluate the
formation of RNA foci, an RNA-FISH assay was performed using
the fibroblast GM05163. Several RNA foci were clearly observed in
the control fibroblasts, whereas RNA foci were mostly inconspicuous
in the transfected cells with the guide 2, according to the red fluores-
cent protein (RFP) fluorescence of EF1-RFP-U6-gRNA plasmid (Fig-
ure 5C). Finally, the number and total intensity of the RNA foci were
quantitatively analyzed. Histograms of both the number (Figure 5D,
upper panel) and the total intensity (Figure 5D, lower panel) of RNA
foci with a left-sided skew were obtained using CRISPRi. Although
the average foci number was not significantly different (Figure 5E, up-
per panel), the average intensity of foci was significantly decreased by
CRISPRI (Figure 5E, lower panel).

DISCUSSION

Thus far, no therapeutic strategy has been successfully applied in clin-
ical use for the treatment of DM1, although many experimental ap-
proaches have been attempted in the past two decades. These include
small molecular therapeutic strategies and posttranscriptional
silencing using nucleotide sequences. For example, small molecules,
such as erythromycin, and several designer small molecular com-
pounds have been reported to block the interaction between CUG
repeat and MBNLL.*>*" It was also demonstrated that RNase-H
active gapmer antisense oligonucleotides (ASOs) modified by 2'-O-
methoxyethyl and 2'-4'-constrained ethyl effectively corrected the
phenotype of DMI in model mice.*>" Note that a gapmer ASO
developed by Ionis Pharmaceuticals (IONIS-DMPKRX) entered a
phase I/IIa trial, but enough concentration of the drug was not
achieved in skeletal muscle to provide a therapeutic benefit (Clinical-
Trials.gov: NCT02312011). Recently, genome editing technologies
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based on CRISPR-Cas9 have been found to have a robust applicability
in a variety of research fields, including medical therapeutics. Several
groups have reported successful excision of the CTG repeat in DM1
with conventional Cas9 nuclease by designing sgRNAs at the 5’ and
3/ region flanking the repeats.”” >’ In alternative approaches, polyade-
nylation signals were inserted in the 3’ UTR upstream of the CTG
repeat using CRISPR-Cas9 or transcription activator-like effector
nuclease (TALEN).**** This insertion led to the premature termina-
tion of transcription and the reversal of aberrant splicing. In terms of
the delivery method for in vivo gene targeting, one of the most attrac-
tive vectors is the adeno-associated virus (AAV).** AAV does not
integrate into the genome and produces high levels of long-term
gene expression. A variety of serotypes are available that provide
increased delivery efficiencies for the specific cell/tissue types. How-
ever, AAV has some disadvantages, including (1) a prolonged and un-
controllable expression that potentially increases the off-target muta-
genesis, (2) a production of antibodies against AAV that may reduce
the therapeutic effectiveness, and (3) a limited packing capacity that
sometimes requires separate vector systems. Alternatively, CRISPR-
Cas9 components can be delivered as a ribonucleoprotein (RNP)
complex, which is generally considered to be safe since it is rapidly
degraded. Although a local injection of RNP itself was shown to suc-
cessfully induce genome editing,"”” many non-viral delivery systems
are currently under development for more efficient RNP delivery.
These include lipid nanoparticles,”® gold nanoparticles,* cell-pene-
trating peptides,” and extracellular nanovesicles.”'

In this study, we tried to validate the excision of expanded CTG re-
peats using a conventional CRISPR-Cas9 system. By designing
sgRNAs at the 5’ and 3’ region of the repeats, Cas9 nuclease success-
fully removed the targeted region. Upon this procedure, RNA foci
were suppressed, and trapped MBNL1 was released from the foci.
Although we have not examined the correction of the mis-splicing
of mRNAs, including CLCN1, BIN1, or IR, it is presumed to be diffi-
cult to validate this using fibroblasts.”" CRISPR-Cas9 is an innovative
tool that has potential applications in clinical use in the future; how-
ever, it can lead to unintended mutagenesis. To reduce this possibility,
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we excised the CTG repeats using the double nicking strategy, by
which the off-target cuttings are considered to be strictly inhibited.
We found that the repeat sequence was successfully deleted in
HEK293 cells and DMI fibroblasts using this procedure. Note that
on-target junctional sequences were found to be heterogeneous using
Sanger sequencing after double nicking. The breakpoints spanned
widely, from the upstream of 5’ nicking sgRNAs to the downstream
of 3’ sgRNAs. This is in contrast to Cas9 nuclease, which mostly
generated the expected junctions. It is difficult to predict the exact
on-target cutting sites when the double nicking strategy is employed,
which is a potential disadvantage of this procedure. In addition to the
accuracy, a degree of effectiveness is required to apply the genome ed-
iting to clinical use, especially for disorders in which the pathogenic
mechanism is based on the gain of toxic functions, including DM1.
We found that the excision of CTG repeats was facilitated by genome
editing. Thus, several rounds of repeating genome editing therapies
could be used in severe cases to obtain an additive efficacy, such as
in chemotherapy for cancer or immunosuppressive therapies for
autoimmune-related disorders.>”

Although both the conventional Cas9 nuclease and the double nick-
ing strategy with Cas9 nickase significantly reduced the RNA foci,
Cas9 nuclease seems to have a subtle advantage over Cas9 nickase
in terms of its efficiency. One possible reason for this difference
may be that four sgRNAs are necessary to exert an effect simulta-
neously at each targeting loci in the double nicking strategy, in
contrast to Cas9 nuclease, which requires two sgRNAs. Alternatively,
the efficiency of the DSB formation by paired nickase may be lower
than that by Cas9 nuclease. The former is more likely since D10A
Cas9 nickase used in this study was recently reported to have a higher
cutting efficiency than Cas9 nuclease.”

So far, many methodologies for the detection of unintended muta-
tions by genome editing have been reported, and they are grouped
into two categories: “biased” methods and “unbiased” methods.>*
In the biased methods, potential off-target sites are predicted using
in silico homology searches, and the resulting sites are analyzed by

Figure 4. Unbiased Genome-wide Detection of On- and Off-Target Mutations

(A) A diagram of LAM-HTGTS for the detection of unbiased genome-wide off-target effects is shown. The broken end of the DMPK locus generated by on-target DSB works
as a “bait” and captures genome-wide “prey” induced by unintended DSBs in other loci. Following PCR using a biotinylated primer, enrichment with avidin beads, and nested
PCR, the bait-prey hybrid sequences are read using next-generation sequencing. (B) Using Cas9 nuclease and one sgRNA targeting the RAGTA site, a single DSB was
generated in the HEK293 cells as a positive control. With RAGT as a bait, LAM-HTGTS was used to reveal several translocation hotspots. The chromosomal location is
indicated in the outermost part of the Circos plot. Split reads binned into 50-Mb regions (orange bars) have been plotted on alog scale. Colored lines (orange and red) connect
the RAGT bait site on chromosome 11 to the genome-wide prey hotspots binned into 100-bp regions. The orange and red line colors indicate a split-reads frequency of 3-9
and of more than 10, respectively. (C) LAM-HTGTS was performed without genome editing using DMPK as a bait, a negative control for Cas9 nuclease. No translocation
hotspot was detected. (D) Using Cas9 nuclease and two sgRNAs targeting the DMPK locus, dual DSBs were generated. Using DMPK as a bait, six translocation hotspots
were identified. (E) LAM-HTGTS was performed without genome editing using DMPK as a bait, a negative control for the double nicking strategy with Cas9 nickase. (E) differs
from (C) in the filtering process of split reads since the deduced on-target breakpoint is different between them (details are found in Materials and Methods). (F) Using Cas9
nickase and four sgRNAs, dual DSBs were generated. Using DMPK as a bait, as many as 24 translocation hotspots were identified. (G) Split reads obtained by LAM-HTGTS
were mapped in integrative genomics viewer. Possible deletions, jugged from the orientation of the paired reads and their intervals, were extracted and the top 20 were sorted
according to their size. By generating a single DSB on the RAGT locus using Cas9 nuclease, possible on-target deletions ranging from several hundred bp to several kb were
observed (upper panel). By generating dual DSBs on the DMPK locus using Cas9 nuclease and two sgRNAs, larger deletions with an estimated size ranging from several to
20 kb were observed (middle panel). By generating dual DSBs on the DMPK locus using Cas9 nickase and four sgRNA, larger deletions with an estimated size ranging from
20 to 60 kb were observed (lower panel). Arrows indicate the position of sgRNA.
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(A) To suppress the transcription of the DMPK gene by CRISPRI, three
sgRNAs, one upstream and two downstream of the TSS, were de-
signed. (B) After the transfection of the HEK293 cells, total RNA was
extracted from the whole cell population without selection. Quantita-
tive RT-PCR revealed a significant reduction in the level of DMPK
mRNA by guide 2. The results are expressed as the mean + SEM (N =
3). (C) An RNA-FISH assay was performed using fibroblast GM05163
after CRISPRI using guide 2. Several RNA foci were clearly observed in
the control fibroblasts, but they were mostly inconspicuous in the
transfected cells. (D) Quantitative analysis of the number and total
intensity of the intranuclear RNA foci was performed. Histograms of
both the number (upper panel) and the total intensity (lower panel)
shifted toward the left side by CRISPRi compared to control. (E)
Although the fibroblasts transfected for CRISPRi tended to show
fewer foci, the difference in the average foci number was not statisti-
cally significant (upper panel). The average intensity of the RNA foci
was significantly decreased by CRISPRI (lower panel). The results are
expressed as the mean + SEM.
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tively frequent homologous sequences along the genome,
thereby generating DSBs individually without pairing.
Another possibility is that the single-strand breaks
(SSBs; nicks) generated by Cas9 nickase led to the forma-
tion of DSBs during the replication of the chromosome.
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a T7 endonuclease 1 assay or deep sequencing.”® However, these
methods have only a limited capability to detect off-target mutations
and cannot reveal unpredicted genomic alterations. In contrast, the
unbiased methods directly detect mutations at the genome-wide level
independent of i silico prediction tools.”* Therefore, to develop med-
ical therapeutics for human diseases using genome editing, on- and
off-target mutations need to be thoroughly assessed using the unbi-
ased method, although most studies in the context of disease treat-
ment do not use them. Using LAM-HTGTS, we clearly demonstrated
a significant translocation hotspot, even in the case of the double nick-
ing strategy, against our expectations.”” One possible explanation for
the off-target cleavages is that the Cas9 nickase may exert residual
nuclease activity. Indeed, D10A Cas9 nickase with a single sgRNA
(not a double nicking) exhibited low levels of on-target indels.”**

The sgRNAs we used for the double nicking strategy may have rela-
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Apart from the off-target effects, LAM-HTGTS revealed
on-target genomic rearrangements, including possible
large deletions. The largest deletion size estimated was
several kb, resulting from a single DSB at the RAGI locus. However,
this was exceeded by 20 and 60 kb by dual DSBs at the DMPK locus as
a result of Cas9 nuclease and Cas9 nickase, respectively. Recently, on-
target large deletions caused by CRISPR-Cas9 have been reported by
several research groups. They have found deletions ranging from
several hundred bp up to several kb in mouse embryonic stem cells
(ESCs) or cultured cell lines using long PCR and Sanger
sequencing.bo’(’3 However, larger deletions, such as those identified
in our study, are difficult to detect using these strategies, since PCR
primer binding sites are lost. In another report, an unbiased mutation
detection  methodology, UDiTaS targeted
sequencing), was used to detect on-target mutations.”* They gener-
ated dual DSBs using Cas9 nuclease at the DMD locus and found large
deletions of up to several kb in mice.®” The difference in the deletion
size between these studies and our own study (several kb versus

(uni-directional
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several 10s of kb) may be attributed to the differences in the targeting
species, locus, or the procedures used. In our study, the dual DSBs
rather than the single DSB, and the double nicking rather than the
conventional Cas9 nuclease, induced larger deletions. However, no
general conclusions can be currently drawn due to the limited num-
ber of experiments. As such, further investigations will be required to
confirm our findings.

As discussed above, DSBs can exert potential deleterious effects on
genomic structure, even when the double nicking strategy is used.
In addition, recent reports found that DSBs induced by CRISPR-
Cas9 trigger a p53-mediated DNA damage response and cell cycle
arrest.””®” Prompted by these observations, we sought to clarify the
effects of CRISPRi, a methodology independent of a DSB formation,
using dCas9. Since it was demonstrated that the FANTOMS5 pro-
moter atlas represented the most reliable source of TSS annotations,
we used this online database for the prediction of TSSs.”® Although
the position of sgRNA spanning —50 to +150 relative to the TSS is
generally recommended, its functionality also depends on the chro-
matin accessibility of the target site.® In our case, using the sgRNA
designed at +184 relative to the DMPK TSS, the transcription and
the formation of RNA foci were successfully suppressed. Although
this procedure inhibits the transcription of both the normal and
mutant allele of DMPK, serious undesired effects were not presumed
since a targeted deletion of DMPK exhibited no significant pheno-
typic alteration in mice.”” So far, two studies have reported on the
use of dCas9 to inhibit the pathogenic pathway of DM1. The strate-
gies reported in these studies differ from our own in that the CTG
or CUG repeat sequence on the genome or mRNA was directly tar-
geted by sgRNAs.”"”" These approaches allow for the selective reduc-
tion of mutant DMPK mRNA, while non-selectively affecting the
CTG repeat tracts found in the form of microsatellite sequences on
the human genome.

In conclusion, we demonstrated that both a conventional Cas9
nuclease method and a double nicking strategy using Cas9 nickase
can be used to successfully excise CTG repeats in the DM1 locus
and suppress the formation of RNA foci. However, contrary to our
expectations, off-target cleavage and on-target genomic rearrange-
ments were observed as a result of using the double nicking strategy,
to a comparable degree as that observed when using Cas9 nuclease
excision. By reducing the transcription of DMPK using CRISPRi, a
DSB-free procedure, the formation of RNA foci was significantly in-
hibited. We propose that this alternative approach should be used for
the development of a safer therapeutic strategy for the treatment of
DML1 in the future.

MATERIALS AND METHODS

Plasmid Construction

The expression plasmids for Cas9 nuclease (pSpCas9(BB)-2A-GFP)
and Cas9 nickase, a DI0A mutant version of Cas9 nuclease
(pSpCas9n(BB)-2A-GFP), were gifts from Dr. Feng Zhang (Addgene,
plasmid nos. 48138 [http://addgene.org/48138] and 48140 [http://
addgene.org/48140]). The target sites of sgRNA were selected using
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the online CRISPR design tool (http://zlab.bio/guide-design-
resources). Based on the input of the sequences flanking the 5’ and
3 regions of the CTG repeat of the DMPK gene, several targeting sites
were chosen to generate the fewest number of off-target sites as close
to the CTG repeat as possible. The sgRNAs were cloned into the plas-
mids as described previously.*® Briefly, the top and bottom strands of
oligonucleotides with Bbsl restriction sites on their 5 termini were
chemically synthesized at FASMAC (Atsugi, Japan). The oligonucle-
otides were phosphorylated and annealed in a thermal cycler using
the following program: 37°C for 30 min; 95°C for 5 min; ramp
down to 25°C at 5°C/min. Then, pSpCas9(BB)-2A-GFP and
pSpCas9In(BB)-2A-GFP were digested by BbsI (NEB, Ipswich, MA,
USA) and ligated with each sgRNA. The insertions of the sgRNAs
were confirmed by Sanger sequencing. For the CRISPRi experiments,
AAV CMV-dSaCas9-KRAB-bGHpA, gifted by Dr. Charles Gersbach
(Addgene, plasmid no. 106219 [http://addgene.org/106219]) and
EF1-RFP-U6-gRNA (System Biosciences, Palo Alto, CA, USA) were
used to express dCas9 and sgRNA, respectively.”” The TSS of the hu-
man DMPK gene was identified using the online database FANTOMS5
(https://fantom.gsc.riken.jp/5/).”> sgRNAs with a PAM sequence of
NNGRRT or NNGRR were designed in the vicinity using Benchling
software (https://www.benchling.com). The corresponding oligonu-
cleotides were synthesized, annealed, and ligated to the EF1-RFP-
U6-gRNA plasmid according to the manufacturer’s instructions.
The sgRNA sequences used are listed in Table S3.

Cell Culture, Transfection, and Electroporation

HEK293 cells and DMI patient-derived fibroblasts were obtained
from RIKEN BioResource Research Center (BRC) (Tsukuba, Japan)
and the Coriell Institute (Camden, NJ, USA), respectively. The
fibroblast GM03991, harboring 50-80 CTG repeats, was obtained
from a mildly affected patient, while the fibroblast GM05163, with
400 CTG repeats, was obtained from a moderately affected individ-
ual. HEK293 cells were plated on plastic culture dishes or six-well
plates (Corning Life Sciences, Oneonta, NY, USA) and grown in
the Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine serum
and antibiotic-antimycotic (Thermo Fisher Scientific, Waltham,
MA, USA). Fibroblasts were plated on six-well plates and grown
in minimal essential medium (Thermo Fisher Scientific, Waltham,
MA, USA) with 10% fetal bovine serum and antibiotic-antimycotic.
All cells were grown in a humidified 37°C incubator with 5% CO,
and 95% air. The HEK293 cells were transfected with the expression
plasmids using Effectene (QIAGEN, Hilden, Germany). The fibro-
blasts were transfected using electroporation with an Amaxa
4D-Nucleofector (Lonza, Basel, Switzerland) by condition CA-137
according to the manufacturer’s instructions. The cells were
harvested 3 days after the transfection.

PCR Ampilification and T7 Endonuclease 1 Assay

Genomic DNA was extracted from the cultured cells using a DNeasy
Blood & Tissue kit (QIAGEN, Hilden, Germany) and quantified us-
ing a Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA). The PCR amplification of the on-target DMPK locus was
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performed using the extracted genomic DAN as a template with KOD
FX (Toyobo, Osaka, Japan). The PCR primers used are indicated in
Table S3. The following program was used: an initial denaturation
at 94°C for 2 min; 35 cycles at 98°C for 10 s, 68°C for 3 min. After
the separation of the PCR products in 2% agarose gel, the DNA
was extracted using a QIAquick gel extraction kit (QIAGEN, Hilden,
Germany) and analyzed by Sanger sequencing. A T7 endonuclease 1
assay was performed using a Surveyor mutation detection kit (Inte-
grated DNA Technologies, Coralville, IA, USA), according to the
manufacturer’s protocol. Briefly, after genome editing with Cas9
nuclease or Cas9 nickase, the genomic DNA was extracted from
HEK293 cells or fibroblasts. On- and off-target loci were amplified
by PCR using LA Taq DNA polymerase (Takara Bio, Shiga, Japan)
and the primers listed in Table S3. The PCR products were heat-de-
naturated and then re-annealed according to the following program
in a thermal cycler: 95°C for 10 min; ramp down to 25°C at 1°C/15
s; hold at 4°C. Heteroduplex PCR products comprised of wild-type
and mutant alleles were digested by incubating with Surveyor
nuclease at 42°C for 60 min. The PCR products were separated by
4%-20% gradient polyacrylamide gel electrophoresis, and the band
intensities were measured using ImageJ software. Indel occurrence
(indel %) was estimated as previously described.*

Quantitative RT-PCR

The RNA was extracted from cultured cells using an RNeasy mini kit
(QIAGEN, Hilden, Germany) and quantified using a Qubit 2.0 fluo-
rometer (Thermo Fisher Scientific, Waltham, MA, USA). Then, the
cDNA was reverse transcribed using ReverTra Ace (Toyobo, Osaka,
Japan) according to the manufacturer’s instructions. Quantitative
RT-PCR was conducted with a 7500 Fast real-time PCR system
(Thermo Fisher Scientific, Waltham, MA, USA) using the cDNAs
as templates. The gene expression was quantitatively analyzed
by TagMan assay using TagqMan probes Hs01094329_ml and
Hs02786624_g1 for DMPK and GAPDH, where the latter was used
as an internal control.

RNA-FISH and Quantitative Analysis of RNA Foci

For the RNA-FISH assay, a DNA/locked nucleic acid (LNA) chimeric
oligonucleotide labeled with Cy3 or Alexa Fluor 488 was synthesized
as follows (GeneDesign, Osaka, Japan): 5'-Cy3/Alexa 488-CAGCAG
CAGCAGCAGCAGCA-3', where underlining denotes LN As. The fi-
broblasts were grown on non-coated coverslips. The cells were fixed
with cold 4% paraformaldehyde for 30 min at 4°C and permeabilized
for 5 min at 4°C with 2% acetone in PBS pre-chilled at —20°C. Hy-
bridization was performed with 2 ng/uL of DNA/LNA probe in hy-
bridization buffer (30% formamide, 2x SSC, 200 ng/mL single-
stranded DNA [ssDNA], 0.02% BSA, 10% dextran sulfate, and
2 mM vanadyl ribonucleoside) overnight at 37°C. Then, the cells
were washed with 30% formamide in 2x SSC for 30 min at 45°C
and 30% formamide in 1x SSC for 30 min at 37°C. For the immuno-
fluorescence detection of the transfected cells, fibroblasts were
blocked with 3% BSA in PBS for 1 h and incubated with anti-GFP
(Thermo Fisher Scientific, Waltham, MA, USA) or anti-RFP (MBL
International, Nagoya, Japan) antibody. After washing, the coverslips

were mounted with ProLong Diamond antifade mountant with DAPI
(Thermo Fisher Scientific, Waltham, MA, USA), and fluorescent im-
ages were taken using an FSX100 fluorescence microscope (Olympus,
Tokyo, Japan). For the quantitative analysis of the RNA foci, images
of more than 100 nuclei were captured from each group. The numbers
of RNA foci in the nuclei were counted by visual observation, and the
intensities of the RNA foci in the nuclei were measured using Image]
software. Statistical differences were evaluated using Student’s t test. p
values <0.05 were considered statistically significant. For the detection
of MBNLI, the RNA-FISH assay was followed by immunofluorescent
staining with anti-MBNL1 MBla (Developmental Studies Hybrid-
oma Bank, Iowa City, IA, USA), according to the standard protocol.

Unbiased Genome-wide Detection of Off-target DSBs

LAM-HTGTS was performed as previously reported with some mod-
ifications.””*® Briefly, HEK293 cells (6 x 10° cells for each group)
were transfected with Cas9 nuclease or Cas9 nickase with the respec-
tive sgRNAs (5’ guide 3 and 3’ guide 2 for Cas9 nuclease, Nick 1 and
Nick 3 for Cas9 nickase). As a positive control of the off-target effects,
the cells were transfected with Cas9 nuclease and sgRNA targeting
RAGI gene site A (RAG1A) (Table $3).%” Three days after the trans-
fection, genomic DNA was extracted from the cells with a DNeasy
Blood & Tissue kit (QIAGEN, Hilden, Germany) and incubated over-
night at 56°C. Then, the genomic DNA was sheared using a Covaris
Focused-ultrasonicator (Covaris, Woburn, MA, USA). After purifica-
tion using Agencourt AMPure XP beads (Beckman Coulter, Brea, CA,
USA), the sheared DNA was amplified by LAM-PCR using KOD FX
(Toyobo, Osaka, Japan) and sequence-specific biotinylated primers
for DMPK and RAGI (Table S4) under the following conditions: an
initial denaturation at 98°C for 2 min; 80 cycles at 95°C for 30 s,
58°C for 30 s, 72°C for 90 s; a final extension at 72°C for 2 min.
The PCR products were incubated with Dynabeads MyONE strepta-
vidin C1 beads (Thermo Fisher Scientific, Waltham, MA, USA) for 4
h. The DNA-beads complex was then captured by the magnetic stand.
After annealing the upper and lower strands of the oligonucleotides
for the bridge adaptor (Table S4), this was ligated to the DNA-beads
complex using T4 DNA ligase (Promega, Madison, WI, USA) by
incubating at 25°C for 1 h, 92°C for 2 h, and 16°C for 1 h. The on-
beads ligation products were again captured by the magnetic stand
and washed twice. Nested PCR was performed using the on-beads
ligation products as templates with the primers indicated in Table
S4. The PCR conditions were as follows: an initial denaturation at
95°C for 5 min; 15 cycles at 95°C for 60 s, 60°C for 30 s, 72°C for
60 s; a final extension at 72°C for 6 min. The PCR products were
centrifuged at 15,000 x g for 5 min and the supernatants were
concentrated using a QIAquick gel extraction kit (QIAGEN, Hilden,
Germany). The DNA samples were barcoded for multiplexing using
dual index primer sets (Illumina, San Diego, CA, USA) (Table S4) us-
ing the following conditions: an initial denaturation at 95°C for 3 min;
16 cycles at 95°C for 30 s, 62°C for 30 s, 72°C for 60 s; a final extension
at 72°C for 6 min. The PCR products were run on a 1% agarose gel
and the DNA was extracted from an area ranging from 500 to
1,000 bp using a QIAquick gel extraction kit. After barcoding, the
samples were pooled in equal mass ratios. A denatured and diluted
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library pool of 600 pL of PhiX control was sequenced with the 300-bp
paired-end sequencing reactions on the MiSeq sequencer using the a
V3 600 cycle kit (Illumina, San Diego, CA, USA). After trimming the
adaptor sequences, the sequence reads were mapped to the hgl9
reference genome, and any PCR duplicates were removed. The reads,
which contain 20 bp of an adjacent to on-target breakpoint locus and
at least 10 bp of uncertain nucleotides beyond the breakpoint, were
specifically extracted for subsequent analysis. Off-target digestion
and genomic rearrangements were detected as split reads, which map-
ped more than two different genomic loci in the same reads. Split
reads were counted in a series of 100-bp equal-sized bins of entire
genome. Off-target sites and the number of split reads were drawn us-
ing a Circos plot.”*
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