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samples from women with EP/SA compared with plasma
samples from women with NP.

This finding is consistent with previously reported data
regarding cell-free pregnancy-associated placenta-specific
miRNAs (miR-517a, miR-519d, and miR-525-3p) in EP
(4). A source of cell-free pregnancy-associated placenta-
specific miRNAs in maternal plasma is the villous tropho-
blast, which can release exosomes containing miRNAs
into the maternal circulation (11, 12). The placenta-
specific miRNAs (miR-515-3p, miR-517a, and miR-517c)
analyzed in this study were located in the C19MC region,
which is imprinted in the placenta with expression from
the paternally inherited chromosome (17). MicroRNAs are
small, nonprotein coding RNAs (21-25 nucleotides) that
function as regulators of gene expression by antisense
complimentarily to specific messenger RNAs (18-20).
Therefore, our results suggest that the circulating levels
of cell-free pregnancy-associated placenta-specific miR-
NAs from the C19MC region in maternal plasma may
reflect the functional status of the villi, and that these
molecules in plasma samples have potential as molecular
markers for discriminating abnormal placentation (or
nonviable pregnancy) from normal placentation (or viable
pregnancy) in the first trimester.
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Plasma concentrations of cell-free pregnancy-associated
but not placenta-specific miRNA (miR-323-3p) have been
confirmed to have significantly different plasma concentra-
tions in women with EP, SA, or NP. We could also confirm
the previously reported data that miR-323-3p was the candi-
date marker that showed a significant difference among the
three groups (4). Additionally, a previous study reported
higher circulating levels of miR-323-3p in an EP group rela-
tive to SA and NP groups (4}, and our study showed that the
plasma concentrations of cell-free miR-323-3p could distin-
guish EP from SA, yielding the highest AUC, which suggests
that the circulating level of cell-free miR-323-3p in plasma
is one of potential biomarkers for the diagnosis of EP.

However, because of the small sample size, our data
showed no statistically significant difference in plasma con-
centrations of cell-free miR-323-3p between the EP and SA
groups, or between the EP and NP groups. In our study, the
SA group included two cases of pregnancy of unknown
location, which indicates a situation of complete abortion
or early EP loss. Therefore, it is possible that our study could
not detect a statistically significant difference in circulating
miR-323-3p levels between the EP and SA groups.

Furthermore, Lozoya et al. (21) reported that the expres-
sion of miR-323-3p is lower in EP tissues than in normal
human embryonic tissues at 7 to 9 weeks of gestation. Our
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previous study also identified miR-323-3p as a pregnancy-
associated miRNA in maternal plasma (7). The expression
pattern of miR-323-3p, which is located on the chromosome
14 miRNA cluster region {C14MC), is imprinted in embryonic
and placental tissues, and in adults is restricted to the brain
with expression from the maternally inherited chromosome
(22). Thus, in maternal plasma during the first trimester, the
source of circulating miR-323-3p on C14MC seems to be of
maternal origin from brain tissue of the pregnant women
herself, and of fetal origin from embryonic and villus tissues.
Depending on the specifics of each case of EP, the ratio of
villus and embryonic tissues in pregnant products can vary,
and the imprinting status in tissues in women with EP may
also vary. Also, EP is an emergency condition that can prompt
a variety of problems in pregnant women, so various factors
from the pregnant woman also may influence the circulating
levels of miR-323-3p on C14MC in plasma.

In consequence, the small sample size in our study and
other studies may be the reason for the discrepancy regarding
circulating levels of cell-free miR-323-3p among the studies
{4, 21). A larger study is necessary to determine whether
cell-free miR-323-3p is a universal biomarker for the identi-
fication of EP (4).

Subsequently, we analyzed the diagnostic value of
circulating pregnancy-associated miRNAs levels in plasma
for the identification of EP. The correction coefficient
analysis showed no association between the serum concen-
tration of hCG and the plasma concentration of cell-free
pregnancy-associated miRNAs in pregnant women, sug-
gesting that cell-free pregnancy-associated miRNAs may
be independent of serum hCG as a biomarker for EP (see
Table 2). The ROC curve analysis revealed that four single
pregnancy-associated placenta-specific miRNAs (miR-
517a, miR-517¢, miR-518b, and miR-515-3p) in plasma
could discriminate EP/SA from NP, yielding high AUCs
(see Fig. 1). Furthermore, the plasma concentrations of
cell-free miR-323-3p could distinguish EP from SA,
yielding the highest AUC.

Serum hCG is currently used as a biomarker for early
pregnancy; it can be measured simply and noninvasively,
and it can serve as a useful indicator of pregnant status
(1-3). However, the sensitivity and positive predictive
values of serum hCG level are relatively low for detecting
EP (1-4). In our analysis, which used the independent
population of a previous study (4), we were able to confirm
that pregnancy-associated miRNAs are differentially
expressed in EP and NP. Moreover, plasma cell-free preg-
nancy-associated miRNAs are a possible independent marker
of serum hCG.

As for the possible clinical application of pregnancy-
associated miRNAs for the diagnosis of EP, the plasma
concentration of cell-free pregnancy-associated placenta-
specific miRNAs (miR-517a, miR-517¢, miR-518b, and miR-
515-3p on C19MC) discriminates EP/SA from NP, so the
plasma concentrations of cell-free miR-323-3p on C14MC
could distinguish between EP and SA. Thus, the advent of
a noninvasive predictive procedure using maternal plasma
concentrations of cell-free pregnancy-associated miRNAs
would undoubtedly be a great advance in the clinical

Fertility and Sterility®

management of abnormal pregnancies in the first trimester.
This measurement could allow obstetricians and gynecolo-
gists to discriminate EP from SA/NP in early gestation.

Cell-free pregnancy-associated miRNA measurements
combined with an ultrasonographic examination and serial
quantitative hCG tests could be used to generate a noninva-
sive diagnosis of EP. In turn, this could result in a reduction
in perinatal maternal mortality not only from EP but also
from other conditions of abnormal placentation, including
placenta previa and abruption placenta. However, it should
be noted that our study was performed on EP that was
already sufficiently advanced to be diagnosed via ultra-
sound (6-10 weeks of gestation). It is not clear whether
pregnancy-associated miRNAs are expressed at an earlier
stage of EP (before 6 weeks of gestation). Therefore, further
study should confirm whether pregnancy-associated miR-
NAs are useful to diagnosis early EP.

In conclusion, we confirmed the clinical significance
of cell-free pregnancy-associated miRNAs (miR-517a,
miR-517¢, miR-518b, and miR-515-3p on C19MC and
miR-323-3p on C14 MC) in plasma as potential biomarkers
for the diagnosis of ectopic pregnancies. Circulating levels
of cell-free pregnancy-associated placenta specific miRNAs
in plasma can distinguish EP/SA from NP with high accu-
racy. Compared with serum hCG levels, the circulating levels
of cell-free miR-323-3p in plasma can distinguish EP from
SA with higher accuracy. Although our data are still prelim-
inary because of our small sample size, the measurement of
cell-free pregnancy-associated miRNAs in plasma has poten-
tial as a diagnostic and a follow-up test for EP. Future studies
on the biologic pathway of cell-free pregnancy-associated
miRNAs in plasma may contribute to the elucidation of the
molecular pathogenesis of EP (23} and the discovery of
targets to prevent EP.
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Autosomal recessive cystinuria caused by
genome-wide paternal uniparental isodisomy
in a patient with Beckwith—Wiedemann

syndrome

Ohtsuka Y, Higashimoto K, Sasaki K, Jozaki K, Yoshinaga H, Okamoto N,
Takama Y, Kubota A, Nakayama M, Yatsuki H, Nishioka K, Joh K, Mukai
T, Yoshiura K-i, Soejima H. Autosomal recessive cystinuria caused by
genome-wide paternal uniparental isodisomy in a patient with
Beckwith—Wiedemann syndrome.

Clin Genet 2015: 88: 261-266. © John Wiley & Sons A/S. Published by
John Wiley & Sons Ltd, 2014

Approximately 20% of Beckwith—Wiedemann syndrome (BWS) cases are
caused by mosaic paternal uniparental disomy of chromosome 11 (pUPDI11).
Although pUPD11 is usually limited to the short arm of chromosome 11, a
small minority of BWS cases show genome-wide mosaic pUPD (GWpUPD).
These patients show variable clinical features depending on mosaic ratio,
imprinting status of other chromosomes, and paternally inherited recessive
mutations. To date, there have been no reports of a mosaic GWpUPD patient
with an autosomal recessive disease caused by a paternally inherited
recessive mutation. Here, we describe a patient concurrently showing the
clinical features of BWS and autosomal recessive cystinuria. Genetic
analyses revealed that the patient has mosaic GWpUPD and an inherited
paternal homozygous mutation in SLC7A9. This is the first report indicating
that a paternally inherited recessive mutation can cause an autosomal
recessive disease in cases of GWpUPD mosaicism. Investigation into
recessive mutations and the dysregulation of imprinting domains is critical in
understanding precise clinical conditions of patients with mosaic GWpUPD.
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Beckwith—Wiedemann syndrome (BWS) (OMIM
#130650) is an imprinting disorder characterized by
peculiar prenatal and postnatal macrosomia, macroglos-
sia, and abdominal wall defects. There are various
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genetic and epigenetic abnormalities that can cause
BWS, although paternal uniparental disomy of 11pl5
(pUPD11) accounts for around 20% of cases (1, 2).
The minimum pUPD size is approximately 2.7 Mb from
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the telomere of 11p, including both imprinting control
regions, HI9DMR and KvDMR1 (3). pUPDI11 causes
hypermethylation of H/9DMR and hypomethylation of
KvDMRI1, which leads to overexpression of IGF2 and
reduced expression of H19 and CDKNIC. In its most
wide-reaching variety, pUPD acts on the whole genome,
and is denoted as genome-wide pUPD (GWpUPD).
Non-mosaic GWpUPD results in the formation of a
hydatidiform mole, while individuals with GWpUPD
mosaicism are born alive (2). GWpUPD patients usually
show clinical features of BWS and other variable features
thought to depend on the mosaic ratio, the imprinting
status of other chromosomes such as chromosomes 6,
14, 15, and 20 (pUPDs of these chromosomes cause
other imprinting disorders), and paternally inherited
recessive mutations (4). However, to date, there have
been no reports of a mosaic GWpUPD patient with
an autosomal recessive disease caused by a paternally
inherited recessive mutation.

Cystinuria (OMIM #220100) is an autosomal recessive
disorder characterized by impaired epithelial cell trans-
port of cystine and dibasic amino acids (lysine, ornithine,
and arginine) in the proximal renal tubule and gastroin-
testinal tract. The impaired renal reabsorption and the
low solubility of cystine cause the formation of calculi
in the urinary tract (5). Causative genes for cystinuria
include SLC3A1 and SLC7A9. These genes encode pro-
teins that comprise the rBAT/b%* AT heterodimer, which
mediates the exchange of extracellular cationic amino
acids and cystine for intracellular neutral amino acids (6).

We investigated a patient with clinical features of
both BWS and cystinuria. Genetic analyses revealed that
the patient harbored mosaic GWpUPD and inherited
a homozygous mutation of SLC7A9 paternally. This is
the first reported case of a patient with these features
exhibited concurrently.

Materials and methods
Patient report

The female infant with a karyotype of 46,XX was the
first-born baby to non-consanguineous, healthy, Japanese
parents after 34 weeks and 6 days of gestation. Her birth
weight was 4254 g [+6.8 SD (standard deviation)], and
she exhibited omphalocele, macroglossia, and nevus
flammeus on her forehead. These conditions satisfy the
diagnostic criteria for BWS as described by Weksberg
etal. (7). After birth, she also manifested persistent
hyperinsulinemic hypoglycemia and an extremely high
level of serum alpha-fetoprotein (300,000 ng/ml). She
was diagnosed with diffuse nesidioblastosis in the pan-
creatic body, and a partial pancreatectomy was per-
formed twice, at 2 months and at 8 years of age (8). In
addition, at puberty she had bilateral breast fibroadeno-
mas and an ovarian adenofibroma, as recently reported
(9). She did not develop any mental or motor delay.
Atrophy of the left kidney and enlargement of the
right kidney were detected at birth, and urinary stones
in the bladder and medullary calcinosis in both kid-
neys were detected at 10 months of age (Fig. 1). The
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Fig. 1. Sonography of urolithiasis. Ultrasound images of the patient
at one year of age shows a 1cm stone in the bladder and medullary
calcinosis in both kidneys. Atrophy of the left kidney was diagnosed at
birth.

urinary amino acid analysis revealed high concentrations
of cystine (551 pmol/l), lysine (5175 pmol/l), and argi-
nine (3837 pmol/l), and cystine crystals were visible in
a urine sample. Therefore, she was also diagnosed with
cystinuria. Her parents had no history of urolithiasis;
however, cystine and lysine in the father’s urine were
moderately elevated (296 pmol/l and 850 pmol/l, respec-
tively).

This study was approved by the Ethics Committee for
Human Genome and Gene Analyses of the Faculty of
Medicine, Saga University.

DNA isolation

" Genomic DNA was extracted from the peripheral blood

of the patient and her parents, the patient’s pancreas, and
urine using commercially available DNA extraction kits.

SNP array analysis

Single nucleotide polymorphism (SNP) array analy-
sis was performed with Genome-Wide Human SNP
Array 5.0 (Affymetrix, Santa Clara, CA) according to
the manufacturer’s protocol. The genotype was ana-
lyzed using GENOTYPING CONSOLE (GTC) 4.1 soft-
ware (Affymetrix). Copy number, allele ratio, and trio
SNP analyses were performed using PARTEK GENOMICS
SUITE version 6.6 beta (Partek Inc., St. Louis, MO).
A reference generated from 89 Japanese samples was
used. The genomic positions of the SNPs corresponded
to GRCh37/hg19.

Mutation analyses of SLC3A7 and SLC7A9 genes

All coding exons and flanking intronic regions of
SLC3A1 and SLC7A9 genes were amplified by poly-
merase chain reaction (PCR) and directly sequenced.

—360—



Autosomal recessive cystinuria caused by genome-wide paternal uniparental isodisomy
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Fig. 2. Results of single nucleotide polymorphism (SNP) array analysis and mutation analysis of a cystinuria causative gene, SLC7A9. (a, b) Results
of patient SNP array analysis. Genotyping (a) showed homozygous (AA or BB) results for almost all SNPs throughout all chromosomes, and absence
of aberrant copy number variation (b); this evidence supports the notion of mosaicism for genome-wide paternal uniparental disomy (GWpUPD) of
isodisomic androgenetic cells and normal biparental cells. (¢) Results of mutation analysis of a cystinuria causative gene, SLC7A9. Sanger sequencing
revealed a single-base deletion in exon 10 in both the father and the patient. Polymerase chain reaction (PCR)-cloning-sequencing revealed four wild-type
clones and nine mutant clones in the father, indicating heterozygosity for the mutation. PCR direct sequencing showed that the patient seemed to be
homozygous for the mutation because of a high mosaic ratio for GWpUPD. The mother did not have the mutation. (d) Patient’s family pedigree.
The SLC7A9 mutation found in the patient was paternally inherited. In the patient, cells with GWpUPD were homozygous for the mutation, whereas
biparental cells were heterozygous, containing both the mutation and the maternally inherited wild-type allele.

The PCR product of SLC7A9 exon 10 in the father was
cloned into a pT7Blue T-Vector (Novagen, San Diego,
CA), and individual clones were sequenced. Primers for
the mutation analyses are listed in Table S1, Supporting
Information.

Results

To identify the potential cause of the BWS, we first
performed methylation-sensitive Southern blots of two
imprinting control regions at 11p15, HI9DMR, and
KvDMRI1. The methylation index (MI) was 99% at
HI9DMR and 2% at KvDMRI1 (Fig. S1). Because
HI9DMR is methylated on the paternal allele and
KvDMR1 is methylated on the maternal allele, pUPD
of the region with a high mosaic ratio was strongly sug-
gested.

We then performed microarray analysis of the patient,
father, and mother SNP trios using SNP Array 5.0. The
results showed two normal copies in the patient and

her parents; however, the patient’s genotype contained
homozygous (AA or BB) results for almost all SNPs
throughout all chromosomes (Fig. 2a,b). The genotyp-
ing of the trios indicated that the informative SNPs in
the patient had been transmitted via paternal uniparental
inheritance (data of chromosomes 2 and 19 are shown in
Fig. §2). To calculate the mosaic ratio, we quantitatively
analyzed microsatellite markers across all chromosomes
except chromosome Y. In the patient, the average mosaic
ratio of all informative markers was 91% in the peripheral
blood and 83% in the pancreas (Table S2). These results
indicated GWpUPD mosaicism of isodisomic androge-
netic cells and normal biparental cells. Because mosaic
GWpUPD necessarily includes 11p15.4-p15.5, we con-
cluded that the causative abnormality for the BWS phe-
notype was pUPD11.

Finally, because the patient was diagnosed with auto-
somal recessive cystinuria, we performed mutation
analyses of the supposed causative genes for cystin-
uria, SLC3AI at 2p21 and SLC7A9 at 19ql13.1. The
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Table 1. Literature review of live-born patients with genome-wide paternal UPD?

Gogiel Inbar-Feigenberg Yamazawa Romanelii Reed Giurgea Bryke and Hoban
Johnson etal etal. etal etal etal etal Garber etal
Our patient  etal. (13) Kalish et al. (12) (15) (14) 4 (16) Wilson et al. (17) (18) (19) (20) (21)
Patient Patient Patient Patient Patient
#1 #2 #3 #1 #2
34weeks 30weeks 31weeks 30weeks 24 weeks 29weeks  30weeks
Gestational age 6days 6 days 5days 6 days 1days 37 weeks 33 weeks 34 weeks 36 weeks 6days 4 days 35 weeks 42 weeks
Birth weight (g) 4254 2460 3850 2270 3730 3750 1110 2260
Weight percentile >97th >97th 85th 95th 50th >90th 75th >97th >g7th >90th 25-50th
Magcroglossia + + + + +
Abdominal wall + + + + + + + + + +
defect
Visceromegaly + + + + + + + + + +
Hemihyperplasia + + + + + + + + + + +
Hypoglycemia + + + + + + + + + + + +
| Cutaneous + + + + + + +
w abnormality
[*2] Cardiac abnormality + + + + + +
L\‘D Neurological + + + + + + +
abnormality
Tumor development + + + + + + + + + + + + + +
Failure to thrive + + + + +
Placental abnormality + + + + + + + +
Other abnormality + + + + + + + + + +
Features estimated UPD11 UPD11  UPD11,14  UPD11 uPD11 UPD11, 14 UPD11, 15,20 UPD11, 14, UPD11, 15 UPD11 UPD11 UPD11  UPDS, 14, 15, UPD11
paternal UPD 15 20
Other findings Cystinuria  Hyperkalemia, Peripheral  Respiratory Cerebral seizure,  Strabismus, Asphyxia Renal stone Respiratory Fetal
(homozy-  abdominal pulmonic distress,  non-obliterating renal dysplasia, insufficiency, distress
gous swelling, stenosis, cliteromegaly, thrombosis of respiratory inflammatory
mutation of  deceased small bowel deceased the inferior vena distress, small condition,
SLC7A9) obstructions cava, multiple  choroid plexus granulocyte
fractures, bleed, low level hyperplasia, arthritis,
tachypnea of 25-hydroxy stenosis of arteries,
vitamin D hemiplegic stroke,
hypertension

UPD, uniparental disomy.
aCutaneous abnormality: hemangioma, cutaneous capillary vascular malformation or pigmentation. Neurological abnormality: developmental and motor delay, hypotonia, convulsion or autism. Other abnormality: ear lobe anomaly, hypertelorism,
abnormal facies, bell-shaped thorax, or others.
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SNP array showed two normal copies of both regions
(Fig. S2). Sanger sequencing revealed a single-base
deletion in exon 10 of SLC7A9, which led to a pre-
viously reported frameshift mutation (c.1017delA,
p.V340fsX21, RefSeq: NM_001126335) (10), whereas
no mutation was found in SLC3A[ (Fig. 2c). The father
was a heterozygous carrier of the mutation showing
moderately elevated cystine and lysine in his urine
without urolithiasis, while the mother was homozygous
for the wild-type allele (Fig. 2c). The patient seemed
to be homozygous for the mutation because of the high
mosaic ratio of GWpUPD (Fig. 2c.d). In silico pre-
diction programs such as MutationTaster (http://www.
mutationtaster.org/) and SIFT-indels (http://sift.bii.a-
star.edu.sg/www/SIFT _indels2.html)  predicted the
SLC7A9 mutation as ‘DISEASE CAUSING’ and
‘DAMAGING?’, respectively. The mutation could not be
found after a comprehensive database search covering
dbSNP  (http://www.ncbi.nlm.nih.gov/projects/SNP/),
1000 Genomes (http://www.1000genomes.org/), Clin-
Var (http://www.ncbi.nlm.nih.gov/clinvar/), the Human
Genome Variation Database (http://www.genome.med.
kyoto-u.ac.jp/SnpDB/index.html), and the Exome
Variant Server (http://evs.gs. washington.edw/EVS/).
Furthermore, we identified the SLC7A9 mutation in
DNA from the patient’s urine (Fig. S3b).

On the basis of these findings we concluded that the
patient was homozygous for the SLC7A9 mutation in
GWpUPD cells and heterozygous in biparental cells.
Because a high ratio of mosaicism was found in the
patient’s urine (average mosaic rate: 76%) (Fig. S3a), we
speculated that the high ratio of mosaicism also occurred
in the patient’s kidneys, which resulted in the observed
cystinuria.

Discussion

In this study, we describe a patient concurrently afflicted
with BWS and autosomal recessive cystinuria. Genetic
analyses revealed that the patient, who possesses mosaic
GWpUPD, is also homozygous for a SLC7A9 mutation
in GWpUPD cells, while her normal biparental cells
are heterozygous. The mutation was inherited from the
patient’s father, who carried the mutation.
Approximately 20% of patients with BWS show
mosaicism for pUPD11 (1). This segmental pUPD is
considered to result from mitotic recombination at an
early embryonic stage (11). A small number of reports
exist that detail GWpUPD patients with BWS phe-
notypes (1). Fifteen patients with live-born mosaic
GWpUPD, including our patient, have been described
so far in 11 reports (Table 1) (4, 12-21). Although
previous assumptions were of low GWpUPD incidence
in pUPDI1 patients, a recent report suggested that
GWpUPD might actually be more frequent than expected
because two GWpUPD patients were found out of 11
pUPDI1 patients (22). All these patients showed only
one paternal haplotype (isodisomy) and no evidence of
any chromosomal crossing-over. This strongly suggests
that a mechanism of mosaic GWpUPD involves nor-
mal fertilization followed by failure of maternal DNA

replication and paternal genome endoreplication (12,
23, 24). These patients frequently show hyperinsuline-
mic hypoglycemia (12/15), often accompanied by nesid-
ioblastosis, for which partial or near-total pancreatec-
tomy may be required. The incidence of tumor develop-
ment is much higher in GWpUPD patients (14/15) than
in segmental pUPD11 (approximately 25%) (Table 1)
(25). Several types of benign and malignant tumors
develop metachronously and ectopically (12). Because
segmental pUPD11 itself is a risk factor for tumor devel-
opment, there may be additional factors in GWpUPD
patients, such as as-yet poorly characterized imprinted
regions and undiscovered recessive loci associated with
cell growth or survival (12). The possibility of GWpUPD
should be tested in patients with pUPD11 as a general, in
particular to guard against their increased tumor risk.

Although other chromosomes, especially chromo-
somes 6, 14, 15, and 20, are also pUPD in GWpUPD
patients, associated clinical features were seen less
frequently with them, suggesting (epi)dominance of
pUPDI11 (Table 1). Yamazawa etal. suggested sev-
eral determination factors for clinical features of mosaic
GWpUPD, including the mosaic ratios in various tissues,
dysregulation of imprinted domains, and unmasking of
paternally inherited recessive mutations (4).

We found that our patient was homozygous for a
one-base deletion mutation of SLC7A9, which is a
causative gene for cystinuria. A GWpUPD patient has
been previously reported to have renal calcium stones.
However, the cause of the renal stones remains unknown
(16). SLC7A9 encodes b+CAT, which is a light subunit
of the rBAT/b%* AT amino acid transporter expressed in
the renal proximal tubule (5, 6). The mutation has been
reported to decrease cystine transport activity drastically
compared with wild-type rBAT/bY+AT in virro (10). The
loss of function of this transporter system leads to the
formation of cystine stones in patients.

In conclusion, we report for the first time a patient con-
currently affected by both BWS and autosomal recessive
cystinuria. The genotype of this patient clearly indicates
that a paternally inherited recessive mutation can cause
a recessive disease in patients with mosaic GWpUPD.
To understand the clinical conditions of patients with
mosaic GWpUPD better, further investigation of dysreg-
ulation of imprinted domains and recessive mutations is
necessary. To this end, whole exome sequencing would
be useful in identifying paternally inherited recessive
mutations.

Supporting Information

Additional supporting information may be found in the online
version of this article at the publisher’s web-site.
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Circulating cell-free microRNA (miRNA) levels in maternal
plasma are involved in, or associated with, pregnancy-associated
disorders, such as preeclampsia, fetal growth restriction, and
preterm delivery. Therefore, they have a strong potential for
use as sensitive and specific biomarkers.’ Recently, aberrant
expression of miR-21 was reported to be associated with
fetal hypoxia, fetal growth restriction, and macrosomia,®™*
suggesting that plasma miR-21 levels may be a candidate
biomarker for fetal status. MiRNA-21 is expressed in maternal
fetal and placenta tissues. Therefore, maternal miR-21, fetal
miR-21, and placental miR-21 are circulating in maternal
plasma. However, which clinical variables (maternal, fetal, or
placental factors) affect the circulating levels of total miRNAs
in maternal plasma remains unknown. In this study, to clarify
the factors affecting the circulating levels of total miRNAs in
maternal plasma, we measured plasma cell-free miR-21 levels
and investigated their association with maternal body mass
index (BMI) as a maternal factor, neonatal birth weight (BW)
and fetal gender as a fetal factor, and placental weight (PW) as
a placental factor.

All samples were obtained after receiving written informed
consent, and the Institutional Review Board of Nagasaki
University approved the study protocol. Women who smoked;
those who had multiple gestations, placenta previa, invasive
placentation, preterm labor, preeclampsia, or infection; and
those with the presence of fetal anomalies or aneuploidy or fetal
growth restriction were excluded. Finally, we obtained maternal
blood from 52 uncomplicated pregnant women with a female
singleton fetus and 30 uncomplicated pregnant women with a
male singleton fetus at 37-38 weeks’ gestation to exclude the
possibility of preterm labor. Gestational age was assessed using
ultrasonography. All of the women had nothing to eat or drink
for 8 h prior to blood collection. Maternal blood samples (7 mL)
were collected within 3 h of elective cesarean section. At the time
of blood sampling, they had no signs of labor. Preparation and

Prenatal Diagnosis 2015, 35, 509-511

extraction of total RNA containing small RNA molecules were
performed as described previously.>”

All specific primers and TagMan probe of miR-21 were
purchased from TagMan MicroRNA Assays (Applied Biosystems,
Warrington, UK). Absolute gRT-PCR of miRNAs in plasma
samples was performed as described previously.>” For each
miRNA assay, we prepared a calibration curve by tenfold serial
dilution of single-stranded cDNA oligonucleotides corresponding
to each miRNA sequence from 1.0 x 10° to 1.0 x 10° copies/mL.
Each sample and each calibration dilution were analyzed
in triplicate. Each assay could detect down to 300 RNA
copies/mL [9,101.>® Every batch of amplifications included
three water blanks as negative controls for each of the reverse
transcription and PCR steps. All of the data were collected
and analyzed using the LightCycler® 480 real-time PCR system
(Roche, Pleasanton, CA, USA). Pearson product-moment corre-
lation coefficients between plasma cell-free miR-21 levels and
clinical variables (BMI, BW, and PW) were analyzed with SPSS
version 19 (IBM Japan, Tokyo, Japan). Significance was defined
as P < 0.05. To eliminate spurious correlations between circulating
cell-free miR-21 levels and BMI, BW, or PW, partial correction
coefficient analysis was performed.

In 52 pregnant women with a female fetus, the median
(minimum-maximum) cell-free miR-21 level in maternal plasma
was 3.23 x 10° copies/mL (6.41 x 10°-4.98 x 10° copies/mL). In 30
pregnant women with a male fetus, the median cell-free
miR-21 level in maternal plasma was 1.73x 10°copies/mL
(1.14x 10°-4.75 x 10° copies/mL). There was no significant
difference in plasma cell-free miR-21 levels between pregnant
women bearing male and female fetuses (Mann-Whitney U-test,
P> 0.05). In 52 pregnant women with a female fetus, the median
(minimum-maximum) BMI, BW, and PW were 20.3 kg/m? (14.7-
37.0kg/m?), 2849g (2274-4040g), and 595g (400-870g),
respectively. No relationship was detected between BMI and
PW (r=0.130 and P=0.358). However, significant associations

© 2014 John Wiley & Sons, lid.
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were observed between BW and PW and between BMI and BW
(r=0.731 and P<0.01; r=0.530 and P<0.01, respectively). In
pregnant women bearing a female fetus, plasma cell-free miR-
21 levels were associated with BMI and BW but not with PW
(Table 1, Figure la and c). In 30 pregnant women with a male
fetus, the median (minimum-maximum) BMI, BW, and PW were
20.7kg/m* (16.0-35.9kg/m%), 3075g (2014-3616g), and 560 g
(390-900 g), respectively. No relationship was detected between
BMI and PW or between BMI and BW (r=0.351 and P=0.057;
r=0.323 and P=0.082, respectively). However, a significant
association was observed between BW and PW (r=0.782 and

P<0.01). In pregnant women bearing a male fetus, plasma
cell-free miR-21 levels were associated with BMI and BW but
not with PW (Table 1, Figure 1b and d).

In this study, in female and male pregnancies, we found that
plasma cell-free miR-21 levels were associated with BMI and
BW but not with PW. And also, circulating cell-free miR-21
levels in maternal plasma were independent of fetal gender.

Our finding of an association between plasma cell-free miR-
21 levels and neonatal BW is consistent with previous data.
Maccani et al. showed that a low expression of miR-21 in the
placenta was associated with infants with growth restriction

Table 1 Summary of correlation coefficient analysis between plasma cell-free miR-21 levels and clinical variables
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Figure 1 Graph showing relationship between plasma concentration of cell-free miR-21 and clinical variables The correlation coefficient
between BMI and cell-free miR-21 levels for {a) female pregnancy is 0.300 (P-value: 0.034) and for {b) male pregnancy is 0.441 (P-value:
0.015). The correlation coefficient between birth weight and cell-free miR-21 levels for (c) female pregnancy is 0.345 {P-value: 0.013) and for

(d) male pregnancy is 0.406 {P-value: 0.029)
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and low BW.® Additionally, Jiang et al. reported that aberrant
upregulation of miR-21 was detected in placental tissues of
macrosomia.* Therefore, miR-21 expression levels in placental
tissues appear to be associated with BW as a fetal factor. Our data
and data from these previous studies®* suggest that BW affects
total circulating levels of cell-free miR-21 in maternal plasma.

Our finding of an association between plasma cell-free
miR-21 levels and maternal BMI is consistent with previous
findings of cell-free DNA in maternal plasma. Vora et al
showed that circulating cell-free DNA levels in maternal
plasma are associated with maternal BMI, suggesting that
maternal BMI affects total cell-free DNA levels in pregnant
women.® In obese women, increased levels of total cell-free
DNA may reflect increased necrosis of adipocytes and
stromal vascular apoptosis.” Therefore, similar to the
association between cell-free DNA and maternal BMI,
increased plasma cell-free miRNA levels may reflect increased
levels of necrosis of adipocytes and stromal vascular
apoptosis. Our previous study showed that circulating levels
of cell-free placenta-specific miRNAs were associated with
PW but not with BMI or BW.!° In the current study,
circulating cell-free miR-21 levels, which are expressed in
maternal, fetal, and placental tissues, were associated with
BMI and BW but not with PW. All of the cell-free placenta-
specific miRNAs in maternal plasma are of placental origin.
However, the majority of total cell-free miRNAs in maternal
plasma is of maternal origin, and some of them have fetal or
placental origins. Therefore, BMI, as a maternal factor, affects
total cell-free miR-21 levels in pregnant women.
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This is the first study to investigate the association between
circulating plasma cell-free miR-21 levels and clinical variables
(BMI, BW, PW, and fetal gender). In female and male
pregnancies, we found that increased BMI and BW were
associated with higher circulating cell-free miR-21 levels in
the plasma of pregnant woman, suggesting that BMI and BW
affect total cell-free miR-21 levels in maternal plasma. When
circulating miR-21 levels are used to estimate fetal growth,
diagnose fetal hypoxia, or quantify its severity,” raw data of
cell-free miR-21 levels in maternal plasma may need to be
adjusted for maternal BMI and neonatal BW.
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Neonatal case of novel KIMT2D mutation in Kabuki syndrome with

severe hypoglycemia
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Abstract

A newborn Japanese girl with Kabuki syndrome had neonatal persistent hyperinsulinemic hypoglycemia, which seemed

to be a rare complication of Kabuki syndrome. On sequence analysis she was found to have a novel heterozygous
KMT2D mutation. Diazoxide therapy was effective for the hypoglycemia. Hypoglycemia should be considered when
Kabuki syndrome patients have convulsion or other non-specific symptoms. Diazoxide may help to improve
hypoglycemia in patients with Kabuki syndrome complicated with hyperinsulinemic hypoglycemia.

Key words diazoxide, hyperinsulinism, hypoglycemia, Kabuki syndrome, KMT2D.

Kabuki syndrome (KS; OMIM 147920) is a rare multiple con-
genital anomaly syndrome characterized by a characteristic
facial anomaly, cardiac anomalies, postnatal short stature, skel-
etal abnormalities, and mild-moderate mental retardation. The
prevalence of KS has been estimated to be 1 in 32 000 Japanese
newborn infants.! Mutations in the KM72D (MLL2) gene,
located on chromosome 12, and the KDM6A (UTX) gene on
chromosome X have been identified in KS patients.>> Severe
hypoglycemia is thought to be a rare complication of KS and
management of this condition has not been established.® We
describe the case of a Japanese girl with KS complicated with
neonatal/persistent hyperinsulinemic hypoglycemia. Consent
was obtained from the patient’s parents for submission of this
case report.

Case report

A female infant was born at 37 weeks gestation by spontaneous
vaginal delivery to a 30-year-old G1P1 mother at a neighboring
obstetrics clinic. The infant did not have asphyxia. Apgar scores
at 1 and 5 min after birth were 8 and 8, respectively. The parents
Correspondence: Yuji Gohda, MD, Department of Pediatrics, Sasebo
Kyosai Hospital, 10-17, Shimati-cho, Sasebo 857-8575, Japan. Email:
ygouda-alg @umin.ac.jp
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were not consanguineous and were healthy. Birthweight, length,
and head circumference were 2544 g (-1.4SD), 46.0cm
(=1.5 SD), and 30.5 cm (=2.0 SD), respectively. Four hours after
birth, she was transferred to hospital because of tachypnea, low
SpO; approximately 90% on room air, and severe hypoglycemia
(<20 mg/dL on blood sugar test from a blood sample obtained at
2 h after birth).

Blood glucose concentration was below 1 mg/dL and vigor
was decreased on admission. She was treated with 10% dextrose
boluses and continuous infusion of 10% dextrose, but the
hypoglycemia persisted. She then received repeated 10% dex-
trose boluses, i.v. injection of glucagon (0.1 mg/kg), i.v. injection
of hydrocortisone (5 mg/kg), and continuous infusion of
15% dextrose. She was diagnosed with hyperinsulinemic
hypoglycemia on subsequent blood examination. Laboratory
data on admission were as follows: red blood cells, 5.44 x 10%
uL; hemoglobin, 21.1 mg/dL; hematocrit (Hct), 72%; white
blood cells, 18 940/uL. (bandform neutrophil, 22%; segmented
neutrophil, 40%; monocyte, 4%; lymphocyte, 34%); platelets,
111 x 10%pL; C-reactive protein, 0.01 mg/dL; 1gG, 663 mg/dL;
IgM, 7 mg/dL; aspartate aminotransferase, 74 U/L; alanine
aminotransferase, 17 U/L; lactate dehydrogenase, 856 IU/L;
blood urea nitrogen, 10.6 mg/dL; creatinine, 0.82 mg/dL; blood
sugar, <l mmol/L; insulin, 5.2 uU/mL; Na, 141.9 mEq/L; K,
4.56 mEg/L; Cl, 107.4 mEqg/L; and Ca, 9.00 mg/dL.. Neonatal
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N T NN
Electropherogram {\‘\//\V(\f YV N LV \
[ it I It I J i
Amino acid reference Glu Llys lle Tyr Glu Glu ..
alternative Thr Lys Ser ..

metabolic mass screening and tandem mass screening were
within the normal range. Thyroid function was also within the
normal range. The patient received partial exchange transfusion
with isotonic saline twice (on days 2 and 3 of admission) because
of polycythemia with Het 80%. On day 2 of admission, insulin,
total acetone, acetoacetic acid, and 3-hydroxybutyric acids were
17.8 uU/mL  (normal range, 2.2-12.4 uU/mL), 17 umol/L
(normal, <131 umol/L), 18 pumol/L. (normal, <55 pmol/L), and
9 wmol/L. (normal, <85 umol/L), respectively. She also received
continuous infusion of 15% dextrose and breast or formula
feeding for severe hypoglycemia, but the hypoglycemia did not
improve. Blood concentration of glucose was also unstable.
Diazoxide treatment, 5 mg/kg/day, was started on day 29 after
birth, and the dose was increased to 10 mg/kg/day on day 44 and
was maintained thereafter. The severe hypoglycemia gradually
improved. Laboratory data on day 44 were as follows: blood
sugar, 2.3 mmol/l; insulin, 2.6 pU/mL; total acetone, 62 pmol/L;
acetoacetic acid, 18 pumol/L; 3-hydroxybutyric acid, 44 pmol/L;
and free fatty acid, 0.24 mEqg/L (normal, 0.10-0.81 mEq/L).

The patient had dysmorphic characteristics including promi-
nent forehead, asymmetric facial appearance, long palpebral fis-
sures, eversion of lower eyelids, broad arched sparse eyebrows,
broad depressed nasal tip, large prominent ears, and a fingertip
pad on all fingers. She also had a septal atrial defect of 7.5 mm x
11.5 mm in area, bilateral breast development, recurrent otitis
media, and bilateral hearing loss. She was diagnosed with KS
from these clinical features. Weight, height, and head circumfer-
ence at 18 months old were 8.2kg (-1.5SD), 76.5cm
(~0.75 SD), and 43.3 cm (-2.2 SD), respectively. Developmental
quotient on Enjoji scale in total, motor, society and speech areas
at 18 months old was 46, 58, 47, and 33, respectively.

Next generation sequencer screening

Genomic DNA was isolated from lymphocytes. DNA extraction
was performed using QlAamp® DNA Mini Kit (Qiagen,

Diisseldorf, Germany) according to the manufacturer’s
protocol.
Ion Proton sequencer and AmpliSeq Custom Panel

(LifeTechnologies, Carlsbad, CA, USA) were used to search for
mutations in KMT2D and KDM6A, which cause KS. A sequence
library was prepared using lon AmpliSeq Library kit 2.0
(LifeTechnologies) according to the manufacturer’s protocol. Ion
One Touch 2 (LifeTechnologies) was used to perform multiplex
emulsion polymerase chain reaction, and sequence data were
obtained using the IonProton sequencer. Next, sequence data

were processed with Torrent Suite (LifeTechnologies), and muta-
tions were called by Variant Caller according to the manufactu-
rer’s protocol. Single-nucleotide variants and insertions/
deletions were annotated with ANNOVAR (hup://www
.openbioinformatics.org/annovar/). The mutation was confirmed
on direct sequencing using capillary sequencer Genetic Analyzer
3130xI (Applied Biosystems, Foster City, CA, USA).

Mutation in KMT2D

A deletion mutation, ¢.16327delT, pY5443fs, was identified in
exon 51 of KMT2D in this patient and was validated on direct
sequencing (Fig. 1). This mutation generates a frameshift and
was classified as the truncation type. Because the mutation found
in KS is often classified as the truncation type, we thought that
this base change was responsible for causing the disease. This is
a novel mutation.

Discussion

Kabuki syndrome is diagnosed clinically on the combination of
five main criteria: (i) postnatal growth retardation; (ii)
developmental/mental disability; (iii) typical facial features; (iv)
skeletal anomalies; and (v) fingertip pads.'** The present patient
had the typical facial features, fingertip pads, and developmental
delay, although growth retardation and skeletal findings were not
clear.

Hypoglycemia is not a major complication of KS, although it
has been noted in some reports.*® Neonatal hypoglycemia is
divided into the transient and persistent types, and the former is
considered non-hereditary.” Hyperinsulinemic hypoglycemia,
caused by dysfunction of the ATP-dependent potassium channel
due to a mutation in ABCC8 or KCNJ11, is the most common
type of persistent hypoglycemia. If adequate treatment is not
carried out, the patient will have serious neurologic sequelae
such as convulsions, developmental delay, and/or cerebral palsy.
Diazoxide therapy is the first choice of treatment for
hyperinsulinemic hypoglycemia and tends to maintain an
adequate blood sugar level, especially in patients with the persis-
tent type of hypoglycemia.

The rate of neonatal hypoglycemia among KS patients is
21/313 (6.7%).* Among these KS patients, four had had persis-
tent hypoglycemia and only one was suspected of having hyper-
insulinism.* Three different KS patients with hyperinsulinemic
hypoglycemia were treated with diazoxide (Table1): two
patients aged 9 months and 3 years old in the reports had con-
tinued diazoxide therapy, and the remaining one patient was able

© 2015 Japan Pediatric Society
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Table 1 Persistent hypoglycemia in patients with Kabuki syndrome

Characteristics Patient™ " Present patient
18 28 38 48 5
Age of onset Day 1 Day 1 Day 1 Day 1 NM Day 1
Symptoms Seizure Jitteriness Poor feeding  Poor feeding NM Vigor defect
Blood sugar 24 2.5 2.3 2.9 NM <1.0
(mmol/L)
Insulin (mU/L) 22 39 423 <2 NM 17.8
Cause of Hyperinsulinism Hyperinsulinism Not known GH deficiency Hyperinsulinism  Hyperinsulinism
hypoglycemia
Treatment Diazoxide+ Diazoxide+ Feeding GH Diazoxide Diazoxide
Chlorothiazide Chlorothiazide regimen
KMT2D mutation  Negative, ¢.12964C>T  ¢.6971dupC, ¢.10101G>T  ¢.5845C>T ¢.2992C>G ¢.9931C>T ¢.16327delT

GH, growth hormone; NM, not mentioned.

to stop this therapy at 5 years old.>® The present patient started
diazoxide therapy on day 29 after birth and has continued to take
this drug at the time of writing. In each case, hypoglycemia was
not seen after diazoxide therapy was started; thus, diazoxide
therapy would be effective in KS patients, although the prognosis
of KS patients with severe hypoglycemia is not known.

On gene analysis of the aforementioned three KS patients, two
patients had KM72D mutations (c.6971dupC [p.D2325X],
heterozygote, and ¢.9931C>T [p.L.3367X)]; Table 1). The third
patient did not have a mutation in KM72D.>® The present
KS patient had a novel heterozygous KMT2D mutation of
¢.16327delT (p.Y5443fs). KMT2D encodes a large protein con-
taining the SET domain. KMT2D is a transcriptional activator
that induces the transcription of target genes by covalent histone
modification and that appears to be involved in the regulation of
adhesion-related cytoskeletal events, which might affect cell
growth and survival.” It is unknown, however, whether the func-
tion of KMT2D is related to pancreatic insulin secretion or not.
Furthermore, the correlation between genotype and
hypoglycemia is not clear because these three KS patients had
different kinds of mutations across KMT2D. Among 20 KS
patients with a KDM6A mutation, hypoglycemia was observed in
six patients and hyperinsulinism in one patient.> KDM6A muta-
tion may also cause hyperinsulinemic hypoglycemia as well as
other KS manifestations of developmental/mental delay, charac-
teristic facies, dermatographic features and so on, because
KMT2D associates with KDM6A and they are important
for the stringent regulation of transcription during cellular
differentiation.'

Conclusion

We have reported a female KS patient with typical dysmorphic
features and developmental delay and a novel KMT2D mutation.
She was complicated with severe hypoglycemia with hyperinsu-
linism that may be an important complication of KS.

© 2015 Japan Pediatric Society

Hypoglycemia should be considered when KS patients have con-
vulsion or other non-specific symptoms, such as jitteriness or
feeding difficulty. Hyperinsulinism may be an important cause of
hypoglycemia. Diazoxide could help to improve hypoglycemia
in patients with KS complicated with hypoglycemia.
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ABSTRACT

We herein describe a case of a 17-year-old boy with intractable common warts, short stature, microcephaly and
slowly-progressing pancytopenia. Simultaneous quantification of T-cell receptor recombination excision circles
(TREC) and immunoglobulin k-deleting recombination excision circles (KREC) suggested very poor generation
of both T-cells and B-cells. By whole exome sequencing, novel compound heterozygous mutations were jdenti-
fied in the patient's DNA ligase IV (LIG4) gene. The diagnosis of LIG4 syndrome was confirmed by delayed DNA
double-strand break repair kinetics in y-irradiated fibroblasts from the patient and their restoration by an intro-
duction of wild-type LIG4. Although the patient received allogeneic hematopoietic stem cell transplantation from
his haploidentical mother, he unfortunately expired due to an insufficiently reconstructed immune system. An
earlier definitive diagnosis using TREC/KREC quantification and whole exome sequencing would thereby allow
earlier intervention, which would be essential for improving long-term survival in similar cases with slowly-
progressing LIG4 syndrome masked in adolescents.

Whole exome sequencing

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Non-homologous DNA end joining (NHEJ) is a pathway that repairs
double-strand DNA breaks (DSB) and consists of 6 components; Ku70,

Abbreviations: DSB, double-strand DNA breaks; G-CSF, granulocyte-colony-stimulating
factor; GvHD, graft-versus host disease; HSCT, hematopoietic stem cell transplantation; Ig, im-~
munoglobulin; KREC, immunoglobulin k-deleting recombination excision circles; LIG4, DNA li-
gase 1V; NHEJ, non-homologous DNA end joining; PCR, polymerase reaction chain; PID,
primary immunodeficiency disease; SCID, severe combined immunodeficiency disease; SNV,
single nucleotide variation; TAC, tacrolimus; TCR, T-cell receptor; TREC, T-cell receptor recombi-
nation excision circles; WHIM, warts, hypogammaglobulinemia, infections and myelokathexis.

* Corresponding author at: Department of Dermatology, Wakayama Medical
University, 811-1 Kimiidera, Wakayama, Japan.
E-mail address: nkanazaw@wakayama-med.ac,jp (N. Kanazawa).
' These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.clim.2015.07.004
1521-6616/© 2015 Elsevier Inc. All rights reserved.

Ku80, DNA-PK, Artemis, XRCC4 and DNA ligase IV (LIG4) [1]. This path-
way is essential for human V(D)J recombination and is involved in the
development of lymphocytes [1-4]. Therefore, patients with mutations
in NHE]J genes are unable to produce functional T-cells and B-cells, and
suffer from primary immunodeficiency disease (PID), especially severe
combined immunodeficiency disease (SCID). In addition, NHE] genetic
mutations lead to oncogenic transformation such as the development
of leukemias and lymphomas [5,6].

Among the NHE] genes, LIG4 plays pivotal roles in lymphocyte
development, maintenance of hematopoietic stem cells and
neurogenesis [7-9]. Loss-of-function mutations in the LIG4 gene
cause a rare SCID called LIG4 syndrome (Online Mendelian Inheritance
in Man #606593), which is typically accompanied by developmental
delays, pancytopenia, and radiosensitivity [10,11]. Twenty-seven cases
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with LIG4 syndrome have been reported so far in the literature [10-14].
The first identified case developed leukemia with radiosensitivity at age
14 without other clinical abnormalities [12}. However, subsequently re-
ported cases have shown growth/developmental delays with micro-
cephaly and unusual facial characteristics, and pancytopenia with
mild immunodeficiency [10]. One of them showed extensive plantar
warts. Recently reported cases have shown extensive growth failure
and pancytopenia with previously unrecognized immunodeficiency
later in childhood [11]. In contrast, some cases with early-onset SCID
were also reported without overt developmental delays [13,14]. Thus,
the clinical features of LIG4 syndrome are highly variable. In cases
with progressive cytopenia and immune dysfunction, the application
of allogeneic hematopoietic stem cell transplantation (HSCT) should
be considered [11].

In this report, we describe an adolescent with LIG4 syndrome
diagnosed using quantification of T-cell receptor recombination exci-
sion circles (TREC) and immunoglobulin (Ig) x-deleting recombination
excision circles (KREC) and whole exome sequencing. Moreover, his
clinical course including a T cell receptor (TCR) a3™ T-cell and CD19"
B-cell depleted haploidentical HSCT from his maternal donor is also pre-
sented herein.

2. Material and methods
2.1. Clinical and laboratory findings of the patient

A 17-year-old male Japanese adolescent consulted a hematologist
because of pancytopenia (Table 1). His physical characteristics included
short stature (— 2 SD) and mild microcephaly, without apparent mental
retardation. He had been diagnosed with an IgA deficiency at 2 years of
age, but had not received treatment or medical follow-up for his condi-
tion. He was vaccinated only with Bacille-Calmette-Guerin and had a
history of severe herpes infections and serous otitis media. Since
8 years of age, warts had expanded on his hands and feet in spite of var-
ious treatments given at a dermatology clinic (Fig. 1, A). Polymerase
chain reaction (PCR)-based genotyping of human papilloma virus re-
vealed the presence of the common 57c variant. He additionally showed
skin-colored slightly elevated annular nodules on his trunk, which
histologically consisted of epithelioid cell granuloma without evi-
dence of infection (Fig. 1, B). A blood test at the initial visit showed
low counts of white blood cells, neutrophils, lymphocytes, and plate-
lets (Table 1). In addition, hypogammaglobulinemia, low counts of T-
cells and B-cells in his blood, and a significantly low level of
phytohaemagglutinin-stimulated lymphocyte blastoid transformation
were also observed. Initially, warts, hypogammaglobulinemia, infec-
tions and myelokathexis (WHIM) syndrome was suspected by his clin-
ical characteristics and also according to the algorithm for the diagnosis

Table 1
Laboratory characteristics of the patient during follow-up.

of PID with warts [15,16). However, T1-weighted magnetic resonance
imaging demonstrated a heterogeneous, mottled appearance of verte-
bral bodies and a bone marrow biopsy showed hypocellular and fatty
changes without chromosomal abnormalities (Fig. 1, C).

2.2, DNA isolation and Sanger sequencing

Qur patient and his mother were enrolled in this study. All experi-
ments were performed after obtaining written informed consent from
both subjects, and were approved by the Institutional Review Board of
Wakayama Medical University, Tokyo Medical and Dental University
and Nagasaki University in accordance with the Declaration of Helsinki.
Genomic DNA was isolated using Wizard Genomic DNA Purification Kits
(Promega Corporation, Fitchburg, WI). Protein-coding exons including
exon-intron junctions for CXCR4, RAG1, RAG2, STAT1, GATA2 and LIG4
genes were amplified by PCR from genomic DNA and subjected to cap-
illary DNA sequencing on ABI 310, 3130 or 3730 genetic analyzer (Ther-
mo Fisher Scientific Inc., Waltham, MA) with the BigDye Terminator
v3.1 Cycle Sequencing Kits (Thermo Fisher Scientific Inc.).

2.3. Quantification of TREC and KREC

TREC and KREC levels in peripheral blood were measured by real-
time PCR as previously described [17,18]. The following primer pairs
and probes were used: TREC forward primer (5'-CAC ATC CCT TTC
AAC CAT GCT-3") and reverse primer (5'-TGC AGG TGC CTA TGC ATC
A-3") with the probe (5’-FAM-ACA CCT CTG GTT TTT GTA AAG GTG
CCC ACT TAMRA-3') and KREC forward primer (5’-TCC CTT AGT GGC
ATT ATT TGT ATC ACT-3') and reverse primer (5-AGG AGC CAG CTC
TTA CCC TAG AGT-3’) with the probe (5’-HEX-TCT GCA CGG GCA GCA
GGT TGG-TAMRA-3"). A range of more or less than 100 copies/ug DNA
is defined as positive or undetectable, respectively.

24. Whole exome sequencing and data analysis

Exon fragments were enriched from genomic DNA samples from
a patient and his mother using the SureSelect Human All Exon
V4 + UTRs kits (Agilent Technologies, Santa Clara, CA), according to
the manufacturer's instructions. Libraries were sequenced by a 5500
SOLiD sequencer (Thermo Fisher Scientific Inc.), to obtain 50 bp and
25 bp paired-end reads. The reads were mapped by NovoalignCSMPI
version 1.02.02 (Novocraft Technologies Sdn Bhd, Selangor, Malaysia)
on the hg19 human reference genome. Base quality scores of the reads
were recalibrated using dbSNP135 single nucleotide variation (SNV) in-
formation during mapping. Mapped reads were subjected to marking of
PCR duplication by the MarkDuplicates tools of the Picard tools package
on http://broadinstitute.github.io/picard/. The Genome Analysis Toolkit

Laboratory characteristics 3 years before first visit 3 months before First visit Just before HSCT 3 months after 1 month before his expiration
(normal range) (14 years old) first visit (17 years old) (18 years old) HSCT (19 years old)
WBC (3.9-9.8 x 10%/L) 2.6 1.2 0.9 2.0° 36 13

Hb (13.5-17.6 g/dL) 12.2 13.5 129 8.5° 11.1 10.3°
Platelets (15-40 x 10°/L) 8.9 7.5 53 1.9° 18.2 4.8

ALC (1.5-4.0 x 10%/L) 0.36 0.38 0.28 0.12 043 0.15

ANC (2.0-7.5 x 10°/L) 1.98 0.76 0.26 1.52 2.26 1.14

CD3* (547-2155/L) NA NA 68 74 NA 2

CD4™" (344-1289/uL) NA NA 33 30 NA 1

CD8™ (110-1066/pL) NA NA 80 50 NA 45

CD19% (77-470/uL) NA NA 1 NA NA 2

1gG (8.48-18.18 g/L) 943 NA 6.71 9.87° 9.06° 5.21°

IgA (1.05-3.92 g/L) <0.15 NA <0.15 <0.15° <0.15° 0.48°

IgM (0.37-1.97 g/L) 0.77 NA 0.30 0.20¢ <0.05¢ 0.21¢

ALC, absolute lymphocyte count; ANC, absolute neutrophil count; NA, not available; Hb, hemoglobin; HSCT, hematopoietic stem cell transplantation; WBC, white blood cells.

2 He was supported by G-CSF subcutaneously.

® He received regular red blood cell and platelet transfusions.
¢ He received regular intravenous immunoglobulin therapy.
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was used for the following local realignment to obtain SNV and small in-
sertion/deletion calls combined with an in-house workflow management
tool [19,20]. Called variants were sorted by comparison of data from the
patient and his mother using an in-house tool and annotated with
ANNOVAR software [21]. Finally, variants meeting the following criteria
were selected as deleterious mutations: 1) causing stop gain, stop loss,
non-synonymous mutation, or splice site mutation; 2) alternative allele
frequencies in databases (Complete Genomics' whole genome data of
69 individuals, the 1000 genomes project, and an in-house database)
are all equal to or less than 0.5%; and 3) not included in Segmental du-
plication region defined in the UCSC genome browser [22,23].

2.5. Gamma-H2AX assay

Primary skin fibroblasts were X-ray irradiated at a dose of 3 Gy and
v-H2AX foci were visualized by staining with monoclonal anti-y-H2AX
(Merk Millipore, Billerica, MA) and subsequent secondary antibodies
(Thermo Fisher Scientific Inc.). Cell nuclei were counterstained with
4,6-diamidino-2-phenylindole and foci were quantified using a high
content cell imaging system at the indicated time points. For comple-
mentation assays, patient-derived fibroblasts were infected with lenti-
virus expressing the wild-type LIG4 ¢cDNA or mock-treated and
provided for irradiation as described elsewhere [24].

3. Results

3.1. Demonstration of a phenotype of T"B™ SCID by TREC/KREC
quantification

Simultaneous measurement of TREC and KREC copy numbers in pe-
ripheral blood can readily identify patients with SCID and other PIDs
[17,18]. In our patient, an absence of mutations in the responsible
(CXCR4 gene finally excluded a diagnosis of WHIM syndrome and quan-
tification of TREC and KREC in his peripheral blood was conducted six
months after the initial visit [15]. The results revealed the titer of TREC
in the lower limit of normal (298 versus 8.2 + 6.3 x 10? copies/ug
DNA in 13 to 18-year-old control children) and an undetectable titer
of KREC (58 versus 3.6 & 3.8 x 10% copies/ug DNA in 7 to 18-year-old
control children), suggesting the presence of SCID with defective T-
cell and B-cell development (Fig. 1, D) [17,18].

3.2. Identification of novel compound heterozygous mutations of the LIG4
gene by whole exome sequencing

The absence of mutations in RAG1, RAG2, STAT1, and GATA2, which
are known as causative genes associated with SCID, in the patient's ge-
nomic DNA led us to perform whole exome sequencing of the patient's
and his mother's genomic DNA. More than 200 novel mutations were
picked up as candidates in both recessive and dominant inheritance
models (Supplementary Table 1). Among them, compound heterozy-
gous mutations in the LIG4 gene, ¢.1237G>T causing the truncation
p.E413* and c.1341G>T causing the substitution p.W447C were identi-
fied in the patient (Fig. 1, E). Only the former truncating mutation was
detected in his mother. Furthermore, only one mutation was detected
in each clone of the PCR-amplified and subcloned patient's DNA frag-
ments containing both nucleotides at 1237 and at 1341 of LIG4, which
confirmed the compound heterozygosity of the two mutations (data
not shown). Indeed, no report has described these two mutations in
the LIG4 gene [11]. However, they arise within the enzymatic domain
and a tryptophan residue at position 447, which is highly conserved
among species, comprises the active site of the adenylation domain of
LIG4 (cd07903 in NCBI's conserved domain database), predicting their
functional significance (Fig. 1, F). Examination of their ligase activities,
which can directly show their functional abnormalities, has not been
performed.

3.3. Delayed DSB repair kinetics in fibroblasts from the patient and their
restoration by an introduction of wild-type LIG4

To reveal the functional significance of these novel mutations, DSB
repair kinetics in primary fibroblasts were analyzed after ionizing irradi-
ation. With this objective, nuclear foci of phosphorylated histone H2AX
called y-H2AX, were visualized and quantified, as H2AX is phosphory-
lated in rapid response to irradiation-induced DSB and recruits DNA re-
pair proteins to form the y-H2AX foci [25]. As shown in Fig. 1, G, delayed
DSB repair kinetics were observed in fibroblasts from the patient, com-
pared with his mother's and wild-type fibroblasts. Furthermore, ectopic
expression of wild-type LIG4 cDNA in the patient cells restored normal
DSB repair kinetics (Fig. 1, H). These results confirmed the pathogenicity
of the newly identified LIG4 mutations and the diagnosis of LIG4 syn-
drome in the patient.

3.4. Unsuccessful HSCT to the patient

The patient's pancytopenia and hypogammaglobulinemia had
steadily progressed, and he required regular blood cell and platelet
transfusions 8 months after the first visit (Table 1). Despite regular ad-
ministration of granulocyte-colony-stimulating factor (G-CSF), high-
dose intravenous Ig and other prophylactic medications, he repeatedly
suffered from either serous otitis media or necrotizing ulcerative gingi-
vitis. Owing to such progressive bone marrow failure and immunodefi-
ciency, a HSCT was planned as curative. As neither an HLA-matched
donor nor suitable cord blood were available, TCRap™ T cell- and
CD19™ B cell-depleted peripheral blood HSCT from his haploidentical
mother (4.65 x 10° CD34™ cells/kg, 5.78 x 10° TCRap ™ cells/kg) was
applied to him when he was 18 years of age. The conditioning regimen
excluded total body irradiation, while including fludarabine, cyclophos-
phamide and anti-thymocyte globulin [26,27]. For prevention of graft-
versus host disease (GvHD), tacrolimus (TAC) was given from day — 1
until day 60 [28]. He showed rapid engraftment without any toxicity
or GvHD and 100% blood chimerism was observed on day 60. He was
discharged safely about 3 months after the HSCT. However, one
month after the termination of TAC, watery diarrhea and hematochezia
appeared and a colonoscopy on day 120 showed localized ulceration
and hemorrhage in the terminal ileumn, which were histologically com-
patible with GVHD. In spite of the administration of TAC and low-dose
prednisolone, pancytopenia gradually developed and regular transfu-
sions, administration of G-CSF, and intravenous Ig were required around
day 180. Ten months after the transplantation, the warts on his hands
and feet gradually worsened. Although his peripheral blood chimerism
was 100% donor-type, the reconstitution of both T-cells and B-cells was
not observed at the same time. At an age of 19 years, about 12 months
posttransplantation, the patient finally died because of an insufficiently
reconstituted immune system followed by a BK viral infection and sub-
sequent acute kidney injury. The temporal change of the patient's labo-
ratory data is summarized in Table 1.

4. Discussion

To date, only 27 cases of LIG4 syndrome have been reported, of
which only four cases described adolescents [11,12,29]. Two adolescent
cases had early-truncating mutations, which occurred in the enzymatic
domain of both alleles. In both cases, hematological malignancies devel-
oped with poor prognoses [12,29]. The other two adolescent cases were
females who survived [11]. Although both cases demonstrated growth
failure and pancytopenia, which are features of LIG4 syndrome, periph-
eral T-cell counts were approximately 600/pL. Therefore, their infections
were mild and these cases were categorized as leaky SCID [11]. In these
cases, only a mutation in one allele was within the enzymatic domain
and the other was a late-truncating mutation in the XRCC4-binding do-
main. Thus, the degree of LIG4 protein truncation is assumed to be relat-
ed to the severity of growth failure and immunodeficiency, and is also
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