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Homozygous c.14576G>A variant of

RNF213 predicts early-onset and severe
form of moyamoya disease

ABSTRACT

Objective: RNF213 was recently reported as a susceptibility gene for moyamoya disease (MMD).
Our aim was to clarify the correlation between the RNF213 genotype and MMD phenotype.

Methods: The entire coding region of the RNF213 gene was sequenced in 204 patients with
MMD, and corresponding variants were checked in 62 pairs of parents, 13 mothers and 4 fathers
of the patients, and 283 normal controls. Clinical information was collected. Genotype-
phenotype correlations were statistically analyzed.

Results: The c.14576G>A variant was identified in 85.1% of patients with familial MMD, 79.2%
of patients with sporadic MMD, and 1.8% of controls, thus confirming its association with MMD,
with an odds ratio of 259 and p < 0.001 for either heterozygotes or homozygotes. Homozygous
¢.14576G>A was observed in 15 patients but not in the controls and unaffected parents. The
incidence rate for homozygotes was calculated to be >78%. Homozygotes had a significantly
earlier age at onset compared with heterozygotes or wild types (median age at onset 3, 7, and 8
years, respectively). Of homozygotes, 60% were diagnosed with MMD before age 4, and all had
infarctions as the first symptom. Infarctions at initial presentation and involvement of posterior
cerebral arteries, both known as poor prognostic factors for MMD, were of significantly higher
frequency in homozygotes than in heterozygotes and wild types. Variants other than
¢.14576G>A were not associated with clinical phenotypes.

Conclusions: The homozygous ¢.14576G>A variant in RNF213 could be a good DNA biomarker

for predicting the severe type of MMD, for which early medical/surgical intervention is recommended,
and may provide a better monitoring and prevention strategy. Neurology™ 2012;78:803-810

GLOSSARY

Cl = confidence interval; HRM = high-resolution melting; MMD = moyamoya disease; OR = odds ratio; PCA = posterior
cerebral artery.

Moyamoya disease (MMD) is a cerebrovascular disease, which is now a relatively common
cause of pediatric strokes.'? Annual incidence is estimated to be 0.35-0.54 per 100,000
person-years in Japan®? and about one tenth of that in Europe.>* MMD can lead to devastating
neurologic deficits and intellectual impairments if left untreated.

Although MMD is a progressive disease, its natural history varies from slow progression to rapid
neurologic decline.” Preoperative infarctions, early age at onset, intellectual impairment, seizure, and
progressive posterior cerebral artery (PCA) stenosis are known prognostic factors.?-1! Surgical revas-
cularization can improve the cerebrovascular hemodynamics and prevent subsequent attacks in the
ischemic type of MMD.® Thus, early diagnosis and surgical intervention are very important.

Genetic factors underlying MMD are of clinical relevance. Epidemiologic studies have
shown that about 15% of patients had a family history.'? Anticipation of the disease is
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[ Table 1 Sample demographics of patients with
§ moyamoya disease and controls®

s

s ;No.‘éjfy' o

Clinical features Nc. of patients (%) without data
MMD 204 '
Gender {M/F) 68 (38.5)/135(66.5) i

Distribution of 0-58y 7
age atonset
Frequencyof  143(726)
childhood onset
A<18y) 0
Frequency of 36(18.3)
childhood onset
(<4y) -
“Clinical - F5E L TS A o R
manﬁestatlon R : .
Im‘arction 87(45.1)
TIA . 77(399)
ICH/IVH 17{8.8)
Others 126620
With family 41{20.1) o}
history
" Withintellectual  33(17.7) S 18
With epilepsy 33(17.6) 16
‘PCAinvolvement B2
Unilateral 31.{20.4)
Bilatersl  43(283)
Total 74(48.7)
| BisteralMMD  148(961) 50
Controls 283

Gender(MF)  140(515/132(485) 11
Abbreviations: ICH/IVH = intracranial hemorrhage/intra-
ventricular hemorrhage; MMD = moyamoya disease; PCA =
posterior cerebral artery; TIA = transient ischemic attack.

2 Numbers of patients (%) in each feature are shown, ex-
cept for the distribution of ages at onset for all patients.

also observed in familial MMD.'? Recently,
the important MMD susceptibility gene,
RNF213, was identified.'*'> However, its
clinical relevance remains unknown. For
this investigation, we conducted a compre-
hensive genetic study of RNF213 as well as
a clinical phenotype analysis of MMD.

METHODS Study subjects. Blood samples from 204 Japa-
nese patients with MMD were obtained consecutively be-
tween January 2008 and February 2011. There were no
sample overlaps between ours and those in the previous stud-
ies.!*1* MMD was diagnosed as either definite (bilateral) or
probable (unilateral) according to published guidelines.'¢ Six
patients with probable MMD were female adults and 5 of
them had sporadic MMD. The medical charts were com-
pleted by the clinicians who were blinded to the genotype of
the patients. Sample demographics are shown in table 1. We
also obtained either blood or saliva samples from 62 pairs of
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parents, as well as 4 fathers and 13 mothers whose partners
were unavailable. As many as 94 to 283 samples from healthy
Japanese individuals were tested as normal controls for each
sequence variant found.

Standard protocol approvals, registrations, and patient
consents. Experimental protocols were approved by the Com-
mittee for Ethical Issue at Yokohama City University School of
Medicine. Written informed consents were obtained from all the
patients or their parents.

Mutation screening. Genomic DNA was obrained from pe-
ripheral blood leukocytes using QuickGene-G10L (Fujifilm, To-
kyo, Japan) or from saliva using Oragene DNA (DNA Genorek,
Kanata, Canada). DNA was amplified using GenomiPhi version
2 (GE Healthcare, Buckinghamshire, UK). Mutation analysis of
exons and exon-intron borders covering the coding region of
RNF213 (GenBank accession number, NM_020914.4), except
for exon 61, was performed in all MMD patient samples by
high-resolution melting (HRM) analysis on a LightCycler 480
System I (Roche Diagnostics, Basel, Switzerland). Primer se-
quences, PCR conditions, and HRM settings are available on
request. HRM analysis with and without the spike-in method
was performed for the detection of homozygous mutations.” If
samples showed any aberrant melting curve patterns, direct se-
quencing was performed using an ABI Genetic Analyzer 3100 or
3500xL. (Applied Biosystems, Foster City, CA) and analyzed
with sequence analysis software version 5.1.1 (Applied Biosys-
tems) and Sequencher 4.10 build 5828 (GeneCodes Corpora-
tion, Ann Arbor, MI). For exon 61, which bears the
c.14576G>A variant, direct sequencing was performed for all
patients with MMD and their parental samples. Additional
screenings by HRM analysis were performed for the confirmed
mutations in up to 283 normal control Japanese individuals. All
variants were confirmed with PCR direct sequencing using ei-
ther genomic DNA or another DNA, amplified with Genomi-
Phi separately. No discrepancy was seen in the dara between the
2 different conditions of DNA.

Statistical analysis. Patients without information for each
clinical feature (listed below) were excluded from the analyses
(table 1 and tables -2 and e-3 on the Neurology® Web site at
www.neurology.org). All statistical analyses were performed us-
ing SPSS Statistics 19 (IBM, New York, NY) software. x* tests
were applied to compare each categorical phenotype variable be-
tween different genotypes: clinical symptom at onset, with/
without family history, intellectual impairment, epilepsy, and
the unilateral/bilateral distribution of vasculopathy. Non-
normally distributed continuous variables, such as age at onset
and the number of steno-occlusive PCA arteries were compared
using the Mann-Whitney U test and Kruskal-Wallis test between
different genotypes. p < 0.05 was considered statistically signifi-
cant. A Kaplan-Meier curve was used 10 assess the cumulative
incidence with the log-rank test. The Cox regression model was
used to test which variables were associated with age at onser.
The exact 95% confidence interval (CI) of the incidence rate of
MMD was calculated according to the binomial distribution.
The comparisons of clinical features between parent-offspring
pairs or sibling pairs were performed using the Wilcoxon signed-
rank test and McNemar test.

RESULTS Identification of RNF2I3 variants.
c.14576G>A was identified in 39 of 41 patients
with familial MMD (95.1%), in 129 of 163 pa-
tients with nonfamilial MMD (79.2%), and in 5 of

Copyright @ by AAN Enterprises, inc. Unauthorized reproduction of this article is prohibited.



( Table 2
? normal control Japanese individuals®

Total

Patients with MMD 204
~Sporadic 163
Withno 6thervariant 137
With one other variant : .25
With one other homozygous variants ' 1
 Familial 2 4
With no other variant 36
. Wihoneothervarlant 3
With 2 other compound heterozygous variants 2
Parents of patients with MMD 141
Affected 9
‘Unaffected .. .. . 132
283

Normal controls
OR @Ie&; with MMD vs normal control)
95%Cl

_p(Fisher exact test)

Distribution of the ¢.14576G>A variant among patients with MMD, parents of the patients, and 2

©.14576G>Agenotype

Wild-type: GA+.

GIGI%)  GA%)  AA%)  AAW)
36(176)  153(75.0) 15(7.4) 168(82.4)
7 34(208) . 117(71.8) 12(74) 129(79.2)
2001486)  105(76.6) 12(88) 117(85.4)
13(s2)  12(48) 0 12(48)
1{100) 0 0 0
2149 36878 3(73) 38(95.1)
0 33(91.7) 3(8.3) 36(100)
0o Tsdon o . 3(100)
2(100) 0 [o] o]
77(546)  63(44.7) 107  64(454)
0 ' 8(8s9) 1(11)  9(100)
77(58.3) 55(41’.7) VAR [0} o 55(41.7)'
278(982) 5(1.8) 0 5018
236 ND 250
91-615 100-674
<0.001 <0.001 <0.001

Abbreviations: Cl = confidence interval; MMD = moyamoya disease; ND = not determined; OR = odds ratio.

2 Numbers of patients in each category (%) are shown.

283 normal control Japanese individuals (1.8%) (ta-
ble 2 and table e-1). Sixty-two pairs of parents were
also tested for the ¢.14576G>A genotype, with the
conclusion that the ¢.14576G>A variant allele was
inherited from either or both parents in all patients
tested. Among 168 patients with the c.14576G>A
variant, 15 had a homozygous change, whereas none
of the controls and unaffected parents did. We con-
clude that the heterozygous ¢.14576G>A variant in-
creases the risk for MMD with an odds ratio (OR) of
236 (95% CI 91-615, p < 0.001). Because no ho-
mozygous mutation was detected in the control sam-
ples or unaffected family members, the OR for the
homozygote could not be calculated (), suggesting
its strong effect. The incidence rate of MMD was
calculated to be extremely high with a 95% CI of
0.78-1.00 with the homozygous mutation. Eighteen
other genetic variants beside ¢.14576G>A were also
identified in RNVF213 (figure 1, table e-1). Sixteen of
them were novel, which had not been reported in the
previous studies.'*!> Two of the variants were also
found in the previous study'%; however, they were
thought to be common single nucleotide polymor-
phisms because they were also found in the normal
controls without the significant difference of fre-
quency. Other genetic variants showed a relatively
small OR without any significance (table e-1).
Thirty-one patients had these individual variants (ta-
ble 2). Fifteen of them also had the heterozygous
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¢.14576G>A, and 4 of 5 patients whose parents’
samples were available had these 2 variants existing as
compound heterozygotes (for example, one variant
from the father and the other from the mother). In
the other 16 patients having no ¢.14576G>A, 1 had
a homozygous ¢.13342G>A variant, and 2 had 2
variants: ¢.13342G>A and ¢.14053G>A as a com-
pound heterozygote. Of the novel 16 variants, 11 of
them were not found in 188 normal control Japanese
individuals and were all private mutations (only once
in one family).

Correlation between the ¢.14576G>A genotype and
clinical phenotype. We compared the clinical features
of patients with MMD according to the
c.14576G>A genotype, the wild type (genotype
GG, as group GG), the heterozygote (genotype GA,
as group GA), or the mutant homozygote (genotype
AA, as group AA). Age at onset was lower in AA than
in GA or GG (p = 0.002 or p = 0.007) (figure 2A
and table e-2). Median age at onset was 3 years in
AA, 7 years in GA, and 8 years in GG. Among those
with childhood onset (age at onset <15 years), in
whom the effect of secondary vascular changes in
later life could be ignored and therefore a pure ge-
netic effect could be expected, the association be-
tween ecarlier onset age and the homozygous
c.14576G>A genotype was clearly replicated (table
e-2). Although the clinical manifestation is different
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Schematic diagram of the RNF213 protein and genomic structure of RNF213

-

HHH—H

) AAA domain
2A1904 domain (ATPases associated with .
(K*-dependent Na'/Ca*exchanger} a variety of cellular activities) RING-finger domain
208 415 2462 2575 4046 4084 5256 AA.
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N i
N 1
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A schematic presentation of the RNF213 protein with 3 conserved domains, the genetic variants we have identified, and the genomic structures of 2
RNF213 isoforms {shown from top to bottom). All missense changes, including R4859K (c.14576G>A as larger characters) are indicated. AA. = amino
acids; AAA = ATPases associated with a variety of cellular activities; RING = really interesting new gene. (Based on National Center for Biotechnology
Information Reference sequence, NP_065965.4.)
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between the childhood-onset group and the adult-
onset group, the rates of the patients with this vari-
ant, 83.2% (119 of 143 patients) and 79.6% (43 of
54 patients), respectively, were not significantly dif-
ferent. Among adult patients, there was no signifi-
cant difference in the rate of having this variant
between those with familial history (84.6%, 11 of 13
patients) and those without (78.0%, 32 of 41 pa-
tients). The univariate Cox regression analysis

showed that only the ¢.14576G>A genotype was the

significant predictive variable for age at onset (table
e-4). The cumulative incidence of MMD was higher
in AA than GA or GG at almost all age distributions
(figure 2B), but this tendency was more apparent in
the childhood-onset group. Further investigation
with more AA and GG patients is necessary for better
statistical accuracy. More AA patients were affected
before age 4, compared with GA and GG patients
(p < 0.001) (figure 3A). All AA patients had infarc-

tions at initial presentation.

§ Figure 2 Correlation between the c.14576G > A variant and age at onset §

A

60+ p=0.002 | P=0.007 ‘

Age at onset
)
<

20+
10+
0
AgA GA GG
c.14576G>A genotype

B
1.0+ ,
08 '
8 A
- i GA
g 0.6
o GG
2
3
E
-
3
0+
0 10 20 30 40 50 60

Age at onset

(A} A box plot of age at onset between 3 groups of patients with either the mutant homozygote (AA), heterozygote (GA), or
wild type (GG) of the c.14576G:>A variant. Cindicates mild outliers; A indicates extreme outliners. (B) Cumulative incidence
curve of the 3 groups of patients with either the mutant homozygote (AA), heterozygote (GA), or wild type (GG) of the

c.14576G>A variant.
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Correlation between ¢.14576G> A variant and clinical features
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{A) The clinical characteristics of MMD for the 3 groups of patients with either the mutant homozygote (AA), heterozygote (GA), or wild type (GG) of the
¢.14576G>A variant (204 patients). The numbers of total patients with clinical records regarding either the presence or absence of each characteristic
are indicated below the bars, and the numbers of patients in each group are indicated above the respective bars. (B) Clinical characteristics of MMD for the
3 groups of patients with either the mutant homozygote (AA), heterozygote (GA), or wild type (GG) of the ¢.14576G>A variant among those with age at
anset younger than 15 years. The numbers of total patients with clinical records regarding either the presence or absence of each characteristic are
indicated below the bars, and the numbers of patients in each group are indicated above the respective bars. Bil = bilateral vasculopathy; Epi = epilepsy;
FH = with family history; ICH/IVH = intracranial hemorrhagefintraventricular hemorrhage, Infarct = infarction; Intel = intellectual impairment; PCA =
posterior cerebral artery involvement.

The frequencies of other clinical features of
MMD in AA, GA, and GG were also compared (fig-
ure 3A and table e-2). As the clinical manifestation at
diagnosis, infarction was more common in AA than
in GA or GG (p = 0.01, OR 5.3, 95% CI 1.43-
19.56 or p = 0.01, OR 6.5, 95%CI 1.53-27.32);
TIA was less common in AA than in GA (p = 0.03;
OR 0.20; 95% CI 0.04-0.94). Bilateral MMD and
family history of the disease were more frequent in
AA and GA than in GG (p = 0.008, OR 11, 95% CI
1.98-66.36 and p = 0.02, OR 5.1, 95% CI 1.18-
22.36). The number of steno-occlusive PCAs was
larger in AA than in GA (p = 0.01) (counted as 2
arteries per person). Seventy-four of the 152 patients
(48.6%) had PCA lesions, and infarcrions and intel-

lectual impairment were more frequent in those with
PCA involvement than those without (infarctions
68.9% vs 30.8%, p < 0.001; intellectual impairment
26.8% vs 5.3%, p < 0.001). Intellectual impairment
and epilepsy tended to be a more common complica-
tion in AA than in GA, with and without marginal
significance. We also compared these clinical features
in AA, GA, and GG, excluding 6 patients with uni-
lateral MMD, but the results were not changed (data
not shown). Among childhood-onset cases (age at
onset <15 years), the associations between the
¢.14576G>A genotype and these clinical features
were generally similar, except for bilateral vasculopa-
thy (all genotypes in childhood-onset cases showed
bilateral involvement) (figure 3B).
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Correlation between variants other than ¢.14576G>A
and clinical phenotype. We also compared the clinical
features of patients with MMD with the other vari-
ants, except the c.14576G>A variant, with those
without (table e-3). Interestingly, none of the
¢.14576G>A homozygotes had any other variants.
The other patients were categorized into 4 groups,
who showed at least one of any individual variants
without ¢.14576G>A (as group GG1), no other
variant without ¢.14576G>A (as group GGO), at
least one of any other variants with heterozygous
¢.14576G>A (as group GAl), and no other variant
with heterozygous c¢.14576G>A (as group GAQ). Al-
though there were no differences in age at onset be-
tween GG1 and GGO patients, it was lower in GAO
patients than GA1 patients (p = 0.03). Median age
at onset was 7 years for GAO and 12 years for GAl.
The frequency of infarctions was lower and that of
intracerebral hemorrhage was higher in GA1 than in
GAO (p = 0.02, OR 0.19, 95% CI 0.04—0.90 and
2 = 0.009, OR 8.3, 95% CI 2.00-34.19). However,
when patients with MMD with another variant,
which was predicted to be pathogenic by PolyPhen-
28 or SIFT" algorithms, were compared with those
without, consistently no differences in any of these
clinical features were observed (data not shown).
Further analyses with larger numbers of patients are
needed to validate this effect.

Anticipation of MMD. In addition, statistical com-
parisons of clinical features between 5 parent-
offspring pairs having the same RNF213 genotype
(heterozygous ¢.14576G>A) were performed (table
e-5). Age at onset was lower in the second generation
than in the first generation (p = 0.04). Median age
at onset was 5 and 37 years, respectively. This result
may support the anticipation of MMD as reported
previously.'? Conversely, age at onset was not differ-
ent between 6 sibling pairs having the same RNF213
genotype (p = 0.67). Median age at onset was 8
years for the older siblings and 12.5 years for the
younger ones. There were no differences in other
clinical symptoms among patients from the same
pedigree.

DISCUSSION We confirmed a strong association
between ¢.14576G>A in RNF213 and MMD with
the larger number of Japanese patients different from
those of the previous studies.'*!> More impor-
tantly, this is the first report showing the significant
phenotype-genotype correlation. The OR for the
heterozygous ¢.14576G>A was 236 (p < 0.001)
and could not be exactly calculated for the homozy-
gote (*). With the assumption that the effects of
both heterozygous and homozygous changes on
MMD onset were similar, the homozygous
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¢.14576G>A variant would increase the risk with an
OR of 259 (95% CI 100-674, p < 0.001). How-
ever, the effect of the homozygous variant on MMD
onset was expected to be much larger than that of the
heterozygote because no homozygote was found in a
total of 283 normal controls and 132 unaffected
family members in this study and 429 normal con-
trols and 28 unaffected family members in the previ-
ous study.'" We also showed that the risk of being
diagnosed with MMD with the homozygous variant
was more than 78%. Although this variant does not
exactly fit the pure Mendelian inheritance pattern
because it is observed to some extent in the normal
population, this variant might have a much larger
effect on the pathogenesis of MMD than the com-
mon variants of complex diseases, considering its ex-
tremely high OR. This rare variant could be an

example of missing heritability, that is, the majority -
of heritability of complex traits that are unexplained

by common variants with a small effect size.20'

Thus, this variant should not be considered as one of
common variants contributing to common diseases.

The ¢.14576G>A variant has not been found
among the total number of 55 Caucasian patients in
the previous studies on RNF213.'“!5 However, 4
other rare variants were identified in 4 of 50 Cauca-
sian patients.'® The overall variant detection rate for
RNF213 was as high as 90.2% for our Japanese pa-
tients, in contrast to 8% for the Caucasian patients in
the previous study.'® Importantly, 82.4% of our pa-
tients were accounted for by the ¢.14576G>A vari-
ant. It was reported that ¢.14576G>A variant was
identified in 90% of Japanese patients, 79% of Ko-
rean patients, and 23% of Chinese patients.”” The
founder effect widely distributed in some areas of
cast Asia was likely to be expected, and this variant
could explain the difference of prevalence of MMD
between Asian and non-Asian populations.

RNF213 is a RING (really interesting new gene)
finger protein containing an AAA (ATPases associ-
ated with variety of a cellular activities) domain, indi-
cating that it has E3 ubiquitin ligase activity and
energy-dependent unfoldase activity.'*** Knock-
down of RNF213 in zebrafish leads to the abnormal
sprouting and irregular diameter of intracranial ves-
sels, suggesting its possible contribution to vascular
formation.’ More research on its contribution to
MMD pathogenesis will be necessary.

Although the number of adult-onset cases was rel-
atively small, the similar rates of the cases with this
variant between childhood-onset patients and spo-
radic adult-onset patients might suggest that the vari-
ant apparently contributes to both groups. Either a
heterozygous or homozygous ¢.14576G>A variant
increased the risk for adult-onset MMD (OR 217,
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95% CI 72-656, p < 0.001) compared with that in
adult normal controls.

Whether bilateral and unilateral MMD belong to
a single entity is a very important question. Of the 6
patients with unilateral MMD, 2 were heterozygotes
and the others were wild types, which indicated a
lower frequency of heterozygotes than that in the
previous study.' Because we showed a significant
difference in the frequency of bilateral vasculopathy
between GG and other genotypes, we speculate that
to some extent patients with unilateral MMD share a
genetic background, but there could be different ge-
netic backgrounds in these groups. Further investiga-
tion is needed to confirm these findings with larger
numbers of patients with unilateral MMD.

The recent spread of brain check-up has increased
the opportunity to encounter patients with asymp-
tomatic MMD.?* Whereas our patients in this study
all had symptomatic MMD, it is necessary to further
examine the RNF213 variant in the asymptomatic
group.

The homozygous ¢.14576G>A variant carriers
showed significantly earlier age at onset, more fre-
quent occurrence of infarctions at initial presenta-
tion, and PCA involvement. The association of
PCA involvement and infarction or intellectual
impairment in our data were compatible with the
previous report.'' These features indicate that
¢.14576G>A homozygotes have more severe and
wider vasculopathy in the brain. The other poor
prognostic factors, such as intellectual impairment
and epilepsy,® were probably more frequent in ho-
mozygotes but did not reach statistical signifi-
cance. We speculated that these conditions might
be modified or prevented by early diagnosis and by
surgical and medical interventions.

Early surgery for young patients with MMD
(<3-4 years of age) has been recommended previ-
ously,* because they often demonstrate a more se-
vere clinical course.”'®?* Approximately 80% of
these patients had infarction at initial presentation
and had subsequent preoperative infarctions more
frequently than patients with older age at onset.2¢?
In our study, 77.1% of the patients diagnosed before
age 4 had infarctions at diagnosis, whereas 38% of
those diagnosed after age 4 had infarctions (p <
0.001), results similar to the previous data.

Conversely, it was demonstrated that young age
at onset of symptoms did not always herald a poor
later outcome. Instead, neurologic deficits due to in-
farctions at the time of surgery held the most prog-
nostic value.”26 It was recently reported that an
irreversible infarction was the greatest risk for an un-
favorable outcome by multivariate logistic regression
analysis.® Specific biomarkers, which might be
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strongly associated with infarction, would be of in-
valuable clinical importance to provide the appropri-
ate timing for an operation. In our study, 60% of
homozygous c.14576G>A individuals were diag-
nosed with MMD before age 4, and all of them had
infarctions at initial presentation. Thus, the homozy-
gous ¢.14576G>A variant may be a more specific
predictor, which would discriminate those with poor
prognosis from those with relatively favorable prog-
nosis among patients with young-onset MMD.

We therefore propose that the homozygous
<.14576G>A genotype could be an efficient DNA
marker predicting the severe type of MMD with a
poor prognosis and a strong biomarker for patients
requiring early operation. ¢.14576G>A genotyping
could also be useful to predict the actual risk of severe
initial infarctions. Careful follow-up of these high-
risk homozygotes could make it possible to under-
take intervention before the first infarctions and
prevent the irreversible neurologic deficits that can
occur in these patients. Thus, the homozygous
¢.14576G>A variants may provide a better monitor-
ing and prevention strategy. Furthermore, this vari-
ant could be very useful in genetic counseling.
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Citrin deficiency is an autosomal recessive disorder caused by mutations in the SLC25A13 gene and has two
disease outcomes: adult-onset type Il citrullinemia and neonatal intrahepatic cholestasis caused by citrin
deficiency. The clinical appearance of these diseases is variable, ranging from almost no symptoms to coma,
brain edema, and severe liver failure. Genetic testing for SLC25A13 mutations is essential for the diagnosis of
citrin deficiency because chemical diagnoses are prohibitively difficult. Eleven SLC25A13 mutations account
for 95% of the mutant alleles in Japanese patients with citrin deficiency. Therefore, a simple test for these mu-

g;yrxﬁdenq tations is desirable. We established a 1-hour, closed-tube assay for the 11 SLC25A13 mutations using real-time
Genetic diagnosis PCR. Each mutation site was amplified by PCR followed by a melting-curve analysis with adjacent hybridiza-
Rapid diagnosis tion probes (HybProbe, Roche). The 11 prevalent mutations were detected in seven PCR reactions. Six reac-
Expanded newbarn screening tions were used to detect a single mutation each, and one reaction was used to detect five mutations that
SLC25A13 are clustered in a 21-bp region in exon 17. To test the reliability, we used this method to genotype blind
DNA samples from 50 patients with citrin deficiency. Our results were in complete agreement those obtained
using previously established methods. Furthermore, the mutations could be detected without difficulty using
dried blood samples collected on filter paper. Therefore, this assay could be used for newborn screening and

for facilitating the genetic diagnosis of citrin deficiency, especially in East Asian populations.
© 2012 Elsevier Inc. All rights reserved.
1. Introduction patients were referred to hospitals with suspected neonatal hepatitis

Citrin deficiency is an autosomal recessive disorder that results
from mutations in the SLC25A13 gene [1] and causes two diseases:
adult-onset type Il citrullinemia (CTLN2; OMIM #603471) and neo-
natal intrahepatic cholestasis caused by citrin deficiency (NICCD;
OMIM#605814) [1-4]. The clinical appearance of these diseases is
variable and ranges from almost no symptoms to coma, brain
edema, and severe liver failure requiring transplantation [5-8). In a
study of patients with NICCD, only 40% of individuals were identified
by newborn screenings to have abnormalities, such as hypergalacto-
semia, hypermethioninemia, and hyperphenylalaninemia [9]. Other

Abbreviations: CTIN2, adult-onset type 1l citrullinemia; FRET, fluorescence resonance
energy transfer; HRM, high resolution melting; NICCD, neonatal intrahepatic cholestasis
caused by citrin deficiency; Tm, melting temperature.
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E-mail address: akikuchi-thk@umin.acjp (A. Kikuchi).

! present address: Institute of Resource Development and Analysis, Kumamoto
University, Kumamoto 860-0811, Japan.
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doi: 10,1016/ ymgme.2011.12.024

or biliary atresia, due to jaundice or discolored stool {9]. Hypercitrul-
linemia was not observed in all patients [9]. Mutation analysis of
SLC25A13 is indispensable because of the difficulties associated with
the chemical diagnosis of citrin deficiency. The SLC25A13 mutation
spectrum in citrin deficiency is heterogeneous, and more than 31
mutations of SLC25A13 have been identified to date [1.10-18]. How-
ever, there are several predominant mutations in patients from East
Asia. As shown in Table 1, 6 prevalent mutations account for 91% of
the mutant alleles in the Japanese population [12,19]. Five additional
mutations also occur within a 21-bp cluster in exon 17 (Table 1 and
Fig. 1D). The six prevalent mutations, together with the five muta-
tions in exon 17, account for 95% of the mutant alleles in Japan
[12.19).

Several different methods, such as direct sequencing, PCR restric-
tion fragment length polymorphism (PCR-RFLP), and denaturing
high performance liquid chromatography (DHPLC), are currently
used for the detection of mutations in SLC25A13 [1,10~14,19]. Howev-
er, these methods are too complex for clinical use. Direct sequencing
is a standard but cumbersome method. The PCR-RFLP method is
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Table 1
Seven primer/probe sets and 11 targeted mutations of SLC25A13,
Primer/probe set Mutation Location Nucleotide change Effects of mutations Allele frequency”[19] References
A Mutation [1] :851deld exon 9 ¢.851_854delGTAT p.R284f5(286X) 33.2% 1}
B Mutation 11} gIVS11+1G>A intron 11 ¢1019_1177del p.340_392del 37.6% [
C Mutation (1] :1638ins23 exon 16 ¢.1638_1660dup p-A554fs(570X) 3.4% [1}
D Mutation [IV] :§225X exon 7 c675C>A p.S225X 53% [
E Mutation [V] :gIVS134+1G>A intron 13 c.1231_1311del p.411_437del 8.2% (1}
F Mutation [XIX] :IVS16ins3kb intron 16 c. aberrant RNA p-A584fs(585X) 4.6% 119]
G Mutation V1] :1800ins1 exon 17 €.1799_1800insA p.Y600X 1.3% {10]
Mutation [VII] :R605X exon 17 c1813C>T p.R605X 0.90% [10}
Mutation V1] :E601X exon 17 ¢.1801G>T p.E6O1X 1.2% (1)
Mutation [IX] E601K exon 17 c.1801G>A p.E601K 0.30% 111}
Mutation [XXI] :L598R exon 17 c.1793T>GC p.L598R 0% {15]
Total 95.1%

* The frequency of each mutant allele among Japanese patients with citrin deficiency.

complicated and can lead to genotyping errors, due to incomplete
digestion by the restriction enzymes. DHPLC is time-consuming and
requires expensive equipment. Thus, there is a strong need for the
development of a simple test for these mutations.

The goal of this study was to establish a rapid and simple test
for the detection of the 11 most common SLC25A13 mutations. We
adopted the HybProbe format (Roche) for the detection of the muta-
tions using real-time PCR followed by a melting-curve analysis with
adjacent hybridization probes [20,21]. This assay can be completed
in less than 1 h and has the advantage of being a closed-tube assay.
The fundamental process for detecting point mutations using the
HybProbe assay is presented in Fig. 1A. The 11 prevalent mutations
contain not only point mutations but also include a 4-bp deletion
and insertions of 1-bp, 23-bp and 3-kb genomic fragments (Table 1
and Fig. 1). Careful design of the PCR primers and HybProbes enabled
us to test for these various SLC25A13 mutations.

2. Methods
2.1. Subjects

CTLN2 and NICCD were diagnosed, as previously described
[9.10,19,22-24]. Genomic DNA of the patients was obtained from pe-
ripheral blood leukocytes using the DNeasy blood kit (Qiagen Inc.,
Valencia, CA, USA). Genomic DNA was purified from filter paper
blood samples using the ReadyAmp Genomic DNA Purification Sys-
tem (Promega, Madison, W1, USA). Mutations in these DNA samples

were analyzed at Kagoshima University using a combination of PCR
with or without restriction enzyme digestion or by direct sequencing,
as previously described [1,10-14,19]. Another set of samples was
obtained from 420 healthy volunteers (mainly from Miyagi prefec-
ture in the northeastern region of Japan) at Tohoku University. Geno-
mic DNA from leukocytes was extracted, as described above.

2.2. Detection of seven prevalent mutations in SLC25A13 using the
HybProbe assay

HybProbe probes comprise a pair of donor and acceptor oligonu-
cleotide probes designed to hybridize adjacent to their target sites
in an amplified DNA fragment [20.21]. The donor probes are labeled
at their 3’ end with fluorescein isothiocyanate (FITC), whereas the
acceptor probes are labeled at their 5 end with LC Red640; these
acceptor probes are phosphorylated at their 3’ end to prevent exten-
sion by the DNA polymerase. When two probes hybridize to the
amplicon, the fluorescent dyes are located within 5 bases of each
other, which allows fluorescence resonance energy transfer (FRET)
between the excited FITC and the LC Red640; this process emits
light that can be quantified by real-time PCR. Following PCR amplifi-
cation, a melting-peak analysis is performed. The melting peak is pro-
duced by the reporter probe, which has a lower melting temperature
(Tm) than the other probe, called the anchor probe. As the reporter
melts from the target, the fluorophores are separated, and the
FRET ceases. The Tm of the reporter probe determines the reaction

A) Mutation [I1], [IV] and [V} B) Mutation [i] C) Mutation (i}
(Primer/probe set B, D, and E) (Primer/probe set A) (Primer/probe set C)
wild-type aflele wild-type aliele wild-type atiele ou:
e G R 1 et GG
mutani allele g mutant aliele mutant aliele s
4bp deletion 23bp
duptication
D) Mutation [VIJ-{IX], and [XXI]  E)Mutation [XIX] anchor orobe
(Primer/probe set G) (Primer/probe set F) P
MUt19-N-F = “—Mut19-R &— reporter probe
- ) s
wild-type aliele wild-type allele ANy~
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Fig. 1. Principle of SLC25A13 mutation detection by melting-curve analysis with the HybProbe assay. In primer/probe sets A-E, and G, PCR was perforrned with a pair of primers,
whereas in primer/probe set F, two forward primers and one common reverse primer were used for the amplification of both wild-type and mutant alleles. Note that mutation

[XXIX], located on the anchor probe of primer/probe set G, is a non-target mutation.
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specificity (i.e., binding of the probe to a perfectly matched sequence
rather than to regions with sequence mismatches).

Seven primer/probe sets were designed for this study. Fig. 1 shows
a schematic diagram of the strategy for mutation detection using
these primer/probe sets. Tables 1 and 2 list the primer/probe sets

and corresponding sequences and primer concentrations that were |

used to target the 11 mutations. Primer/probe sets A, B, C, D, E, and
F were designed to detect mutations [I], [II], [1If}, [IV], [V}, and [XIX],
respectively. Primer/probe set G was designed to detect the five
mutations clustered on exon 17: mutations [VI], [VII], [VIl], {IX],
and [XXI] (Fig. 1D). All primers and probes were synthesized based
on the NCBI reference SLC25A13 gene sequence {GenBank accession
no. NM_014251) with the exception of mutation {XIX}:1VS16ins3kb,
which was designed according to [19].

Table 2

Real-time PCR and subsequent melting curve analyses were per-
formed in a closed tube using a 20-L mixture on a LightCycler 1.5
(Roche Diagnostics, Tokyo, Japan). The PCR mixture contained 2.0 pL of
genomic DNA (10-50 ng), 0.5 pM of forward primer, 0.5 or 0.1 pM of re-
verse primer, 0.2 pM of each sensor and anchor probe, and 10 pL of Pre-
mix ExTaq™ (Perfect Real Time) reagent (TaKaRa Bio Inc., Otsu, Japan).

The thermal profile conditions were identical for all seven assays
and consisted of an initial denaturation step (30 s at 95 °C), followed
by 45 amplification cycles with the following conditions: denatur-
ation for 5s at 95 °C and annealing and extension for 20 s at 60 °C.
The transition rate between all steps was 20 °C/s. After amplification,
the samples were held at 37 °C for 1 min, followed by the melting
curve acquisition at a ramp rate of 0.15 °C/s extending to 80 °C with
continuous fluorescence acquisition.

Primers, probes and target amplicon sequences, target mutation sites, and primer concentrations.

Primer/probe Name Sequences of PCR products, primer locations, probe sequences, and mutation sites (5 to 3’) Concentration
set {umol/L)
A GGCTATACTGAAATATGAGAAatgaaaaaagggatgttittaaatittataatgtaaattgtaataaattggtatatttgtigettgtgtitgtitttcccctacagac
gtatgaccttageagacattgaacggattgetectetggaagagggaactctgecCITTAACTTGGCTGAGG (181 bp)
Mut1-F GGCTATACTGAAATATGAGAA 05
Mut1-R CCTCAGCCAAGTTAAAG 05
Mut1-UP ATGTAAATTGTAATAAATTGGTATATITGTTGCTTGTGTT-FITC
Mut1-DW LC Red640-GTTTTTCCCCTACAGACGACC-P
B GAATGCAGAACCAACGAtcaactggetetttigtgggagaactcatgtataaaaacagettigactgttttaagaaagtgctacgetatgaaggettett
tggactgtatagaggttagtgecacatgetcaatacctgttaggtgaaataacactcaaaggtttggtrtcteatettagtgcctGACATGAATTAGCAAGACTG (205 bp)
Mut2-F GAATGCAGAACCAACGA 05
Mut2-R CAGTCTTGCTAATTCATGTC 0.1
Mut2-UP ACCTAACAGGTATTGAGCATGTG-FITC
MUt2-DW LC Red640-CACTAACCTCTATACAGTCCA-P
C GCAGTTCAAAGCACAGTTATTttatatagtgagaatgtgaccagactgagatggtgtigtgtetctectgeaggtatgectgeageatctitagtg
accectgetgatgtiatcaagacgagattacaggtg
getgeeegeg(gagattacaggtggetgeeegeg ctggecaaaccaCTTACAGCGGAGTGATAGAL (175 bp)
Mut3-F GCAGTTCAAAGCACAGTTATT 0.5
Mut3-R GTCTATCACTCCGCTGTAAG 05
Mut3-UP ACCCCTGCTGATGTTATCAAGACGAGATTACAGGT-FITC
Mut3-DW LC Red640-GCTGCCCGGGGAGATTA-P
D TCAATTTATTTGAGGCTGCtggaggtaccacatcccatcaagttagrttctectattttaatggatttaattegetecttaacaac
atggaactcatt gatctatagcactc
tggctggeaccaggaaagatgttgaagtGACTAAGGGTGAGTGAGAA (164 bp)
Mut4-F TCAATTTATTTGAGGCTGC 0.5
Mut4-R TTCTCACTCACCCTTAGTC 05
Mut4-UP AATGGATTTAATTCGCTCCTTAACA-FITC
Mutd-DW LC Red640-ATGGAACTCATTAGAAAGATCTATAGCACTC-P
E TGCACAAAGATGGTTCGgtcccacttgeageagaaattctigetggaggctgegtaagtacctittgaagctetcttcattgaaaagacttgtttcac
atatatatcactaccatggtcaacaggtgtggactaaggettctgttTAACCACAGATCCTGCA (162 bp)
Mut5-F TGCACAAAGATGGTTCG 0.5
Mut5-R TGCAGGATCTGTGGTTA 0.5
Mut5-UP GTGAAACAAGTCTTTTCAATGAAGAGAGCTTC-FITC
Mut5-DW LC Red640-AAGGTACTTACGCAGCCTC-P
F normal allele GGAGCTGGTGGTATGGAAataatgtgttcttaactaactctttggtatcaggtaaatttttaaaatatctaattatatetgtgatttcte
cattititiaaagctegtglatticgatectcaccccagtetggt
graactttgetgacttacgaattgetacagegatggictacattgattiiggaggagigtaagtatcatgetaaatctgetgetaaatttt
GGCTGCTGCTAATGCTC (244 bp)
insertion allele  CCATCTTCCTCCTCCCTTggcageeccgecccccgatttctecatttttttaaagetcgtgtatttegatectcaceccagtttggt
gtaactitgetgacttacgaattgetacagegatggtctacattgatttt
ggaggagtgtaagtatcatgetaaatctgetgetaaatttGGCTGCTGCTAATGCTC (196 bp)
Mut19-N-F GGAGCTGGTGGTATGGAA 05
Mut19-ins-F CCATCTTCCTCCTCCCIT 05
Mut19-R GAGCATTAGCAGCAGCC 0.5
Mut19-UP ACCAAACTGGGGTGAGGATCGAAATACACGAGCTTTAAAAAAATG-FITC
Mut19-N-DW  LC Red640-AGAAATCACAGATATAATTAGATATTT-P
Mut19-ins-DW  LC Red640-AGAAATCGGGGGGCGGGG-P
G TCTTAACTAACTCTTTGGTATCAGGTaaatttitaaaatatctaattatatctgtgattictecatttttttaaageteg
tgtatttcgatectcaccecagtttggtgtaactttgetgacttaa)egaattgetacagega
tggttctacattgattitggaggagtgtaagtatcatgetaaatctgetgetaaattttGGCTGCTGCTAATGCTC (217 bp)
Mut6-9, 21-F TCTTAACTAACTCTITGGTATCAGGT 0.5
Mut6-9, 21-R GAGCATTAGCAGCAGCC 05
Mut6-9, 21-UP  TGTATTTCGATCCTCACCCCAGTTTGGTGTAACTT-FITC

Mut6-9, 21-DW  LC Red640-GCGGACTTACGAATTGCTACAGCGA-P

Upper case and underlined letters indicate the locations of primers and probes, respectively. Inserted DNA is shown in parenthesis. Nucleotides in boldface were used for mutation

detection,

F: forward, R: reverse, UP: upstream, DW: downstream, N: normal allele, ins: insertion allele, FITC: fluorescein isothiocyanate, P; phosphate,
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Fig. 2. Typical melting curves used in the detection of mutations {I-V] and [XIX]. Each assay using primer/probe sets A-F is displayed in a separate graph (A-F). WT: wild-type allele,

Mut: mutant allele, NTC: no DNA template control.

2.3. Validation of the mutation detection system

After establishing the protocol for detecting the 11 prevalent mu-
tations, 50 DNA samples from patients’ blood were sent from Kago-
shima University to Tohoku University for the validation of this
system in a single-blind manner. Similarly, 26 DNA samples purified
from paper-filter blood samples were analyzed in the same manner
as the blood DNA samples.

2.4. Estimation of the carrier frequency

For the estimation of the heterozygous carrier frequency, 420 ge-
nomic DNA samples from healthy volunteers were screened using
the HybProbe analysis for the 11 prevalent mutations. All detected
mutations were confirmed by direct sequencing.

2.5. Ethics

This study was approved by the Ethical Committees of Tohoku
University School of Medicine and Kagoshima University. Written in-
formed consent was obtained from all participants or their guardians.

3. Results
3.1. Development of the mutation detection system

In primer/probe sets B, D, and E, the reporter probes were
designed to be complimentary to the wild-type allele (Fig. 1A). To
allow for an improved detection of the mutations, primer/probe sets
A and C were designed to be complementary to the mutant allele
(Figs. 1B, C). In the primer/probe set F, two forward PCR primers,
which were specific to the wild-type and the mutant alleles, were
used with a common reverse primer for the co-amplification of the
wild-type and 3-kb insertion alleles (Fig. 1E). Two reporter probes,
which had a common anchor probe, were used for the detection of
the wild-type and mutant alleles. Because the two reporter probes
had different melting temperatures, we were able to identify the
allele that was amplified. Fig. 2 shows representative results of the
melting curve analyses using the primer/probe sets A-F, in which all
of the mutant alleles generated distinct peaks corresponding to the
wild-type alleles.

In the primer/probe set G, we used a reporter probe that was com-
plementary to the mutant [XXI] allele (Fig. 1D). All five mutations in
exon 17 were successfully differentiated from the wild-type allele
(Figs. 3A-E). The [XXIX] mutation is an additional mutation in exon
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Fig. 3. Typical melting curves used in the detection of mutations [VI-XI], [XXI], and [XXIX] on exon 17. Genotyping was performed using primer/probe set G. Each melting curve fora
target mutation is displayed in a separate graph (A-F). Note that mutation [XXIX] (F) is a non-target mutation on the anchor probe, WT: wild-type allele, Mut: mutant allele.
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17 that is not listed in Table 1. The [XXIX] mutation is located in the
anchor-probe binding site and not on the reporter-probe binding
site (Fig. 1D). To examine the effect of mutations on the anchor
probe, we genotyped a patient with a heterozygous [XXIX] mutation
using primer/probe set G (Fig. 3F). We found no change in the melt-
ing curves between the wild-type allele and the [XXIX] allele, thereby
suggesting that point mutations within the anchor probe sequence
have little effect on the melting curve analysis.

3.2. Validation

The genotypes determined at Tohoku University using the pro-
posed method and those determined at Kagoshima University using
a previously published method were identical for the 11 common
mutations (Table S1 in supplementary material). We performed a
similar test using DNA samples purified from filter-paper blood sam-
ples to determine if this method could be used for newborn screen-
ing. The genotypes determined in both laboratories were identical
for all 26 DNA samples (Table $2 in supplementary material).

3.3. Frequency of eleven prevalent mutations

We found four heterozygous carriers of mutation [I], three of
mutation [ll], and two of mutation [V]. In addition, primer/probe
set G detected one heterozygous mutation, which was confirmed as
mutation [VIII] by direct sequencing. Altogether, 10 mutations were
detected in 420 Japanese healthy controls.

4. Discussion

We developed a simple and rapid genetic test using real-time PCR
combined with the HybProbe system for the 11 prevalent mutations
in SLC25A13: mutations [1], [, (1], [IV], [V]. [VI], [vi], [vii), [IX],
[X1X], and [XXI]. This genetic test is a closed-tube assay in which no
post-PCR handling of the samples is required. In addition, the geno-
typing is completed within 1 h. This test can utilize DNA samples
purified from both peripheral blood and filter-paper blood. The reli-
ability of the test was confirmed by genotyping 76 blind DNA samples
from patients with citrin deficiency, including 50 peripheral blood
and 26 filter-paper blood DNA samples. Because screening for the
11 targeted mutations would identify 95% of mutant alleles in the
Japanese population [19], both, one, and no mutant alleles are
expected to be identified in 90.4%, 9.3%, and less than 0.3% of pa-
tients, respectively. This genetic test would be useful not only in
Japan but also other East Asian countries, including China, Korea,
Taiwan and Vietnam, in which the same mutations are prevalent.
Our test is expected to detect 76-87% of the mutant alleles in the
Chinese population {12,19,25], 95-100% in the Korean population
[12,19,26], 60-68% in the Taiwanese population {27.28], and
100% in the Vietnamese population [12,19]. If we were to prepare
a primer/probe set for mutation [X]:gIVS6+5G>A {12}, which is
prevalent in Taiwan, the estimated sensitivity would exceed 90% in
the Taiwanese population {27,28].

Recently, the high resolution melting (HRM) method was
reported to be suitable for the screening of mutations in the diagnosis
of citrin deficiency [28]. HRM analysis is a closed-tube assay that
screens for any base changes in the amplicons. The presence of SNPs
anywhere on the amplicons can affect the melting curve, thereby sug-
gesting that HRM is not suitable for screening for known mutations,
but rather, is best suited to screening for unknown mutations.
When we detected one heterozygous prevalent mutation, we per-
formed HRM screening for all 17 exons of SLC25A13. After HRM
screening, only the HRM-positive exons were subjected to direct
sequencing analysis. Several mutant alleles were identified using
this approach.

The frequency of homozygotes, including compound heterozy-
gotes, presenting SLC25A13 mutations in the population at Kagoshima
(a prefecture in the southern part of Japan) has been calculated to be
1/17,000 based on the carrier rate (1/65) [19]. The prevalence of
NICCD has been also reported to be 1/17,000-34,000 [29]. In this
study, the carrier rate in Miyagi (a prefecture in northern japan)
was 1/42 (95% confidential interval, 1/108-1/26), thereby yielding
an estimated frequency of patients with citrin deficiency of 1/7,100.
Our result, together with the previous report [19], suggests that a
substantial fraction of the homozygotes or compound heterozygotes
of SLC25A13 mutations was asymptomatic during the neonatal
period.

The early and definitive diagnosis of citrin deficiency may be ben-
eficial for patients with citrin deficiency by encouraging specific die-
tary habits and avoiding iatrogenic worsening of brain edema by
glycerol infusion when patients develop encephalopathy [30,31].
Because the screening of blood citrulline levels by tandem mass anal-
ysis at birth does not detect all patients with citrin deficiency, the
development of a genetic test would be welcomed. In this study, we
demonstrated that genomic DNA extracted from filter paper blood
samples was correctly genotyped, thereby indicating the feasibility
of newborn screening using this genetic test. If 100,000 babies in
the northern part of Japan were screened by this method, we would
detect 14 homozygotes or compound heterozygotes with SLC25A13
mutations and 2400 heterozygous carriers. In 2400 heterozygous
carriers, we would expect to observe only 1 to 2 compound heterozy-
gotes with one target and one non-target mutation. The estimated
frequency of babies with two non-target mutations is 0.04/100,000.
Our genetic method would therefore allow us to screen newborn
babies efficiently. If we performed this genetic test in a high-
throughput real-time PCR system, such as a 384- or 1,536-well
format, the cost per sample could be lowered.

In conclusion, we have established a rapid and simple detection
system using the HybProbe assay for the 11 prevalent mutations in
SLC25A13. This system could be used to screen newborns for citrin
deficiency and may facilitate the genetic diagnosis of citrin deficiency,
especially in East Asian populations.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ymgme.2011.12.024.
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Two Novel Mutations in the Lactase Gene in a Japanese Infant
with Congenital Lactase Deficiency
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Intestinal lactase is required for the hydrolysis of lactose that is the most essential carbohydrate in milk and
the primary diet source of newborn. Congenital lactase deficiency [CLD (MIM 223000)] is a severe
gastrointestinal disorder and is characterized by watery diarrhea due to an extremely low or the lack of
lactase activity in the intestinal wall from birth. CLD is a rare disease and occurs more frequently in
Finland. Recent studies have shown that mutations in the coding region of the lactase (LCT) gene underlie
CLD in patients from Finland and other European countries. Here, we report two novel mutations in the
LCT gene in a Japanese female infant with clinical features consistent with those of CLD. She suffered
from severe watery diarrhea from the age of 2 days on breast milk/lactose containing cow’s milk formula.
With the lactose-free hydrolyzed cow's milk formula, diarrhea was stopped, and she has now developed
well on a lactose-free diet. She shows a lactose-intolerance pattern on the lactose challenge test.
Sequence analysis revealed the two mutations in her LCT gene: c.4419C>G (p.Y1473X) in exon 10
transmitted from her mother and ¢.5387delA (p.D1796fs) in exon 16 transmitted from her father. Both
mutations cause premature truncation of lactase polypeptide and are supposed to be responsible for CLD.
To our knowledge, this is the first report on mutations in the LCT gene in Japan. We suggest that an
increased awareness is required regarding CLD.

Keywords: congenital lactase deficiency; cow’s milk allergy; lactase gene; oral lactose challenge test; watery diarrhea
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Intestinal lactase is required for the hydrolysis of lac-
tose, which is the most essential carbohydrate in milk and
the primary diet source of newborn. Congenital lactase
deficiency [CLD (MIM 223000)] is a severe gastrointestinal
disorder characterized by watery diarrhea due to an
extremely low or the lack of activity of lactase in the intes-
tinal wall from birth. Affected infants are suffered from
severe watery diarrhea shortly after the first feed with breast
milk or lactose-containing formulas (Savilahti et al. 1983).
Despite adequate feeding, they are dehydrated and have
poor weight gain, because they are unable to hydrolyze lac-
tose that accounts for 40% of energy ingested among
infants. This disease is a rare autosomal disorder and
occurs more frequently in Finland. Recently, mutations in
the coding region of the lactase (LCT) gene were revealed
to be the underlying cause of CLD and the molecular back-
ground is being identified. The LCT gene consists of 17
exons encoding 1927 amino acids comprising four homolo-
gous domains, I - [V. Domain IV harbors lactase activity.
One mutation, c4170T>A (p.Y1390X) in exon 9, is
enriched in Finnish population, and 84% of Finnish patients

were homozygous for this mutation. Y1390X is located in
domain IV, and results in a truncation of lactase
(Kuokkanen et al. 2006; Behrendt et al. 2009).

Here, we report a Japanese female infant with clinical
features consistent with those of CLD who has two novel
mutations in the LCT gene in a heterozygous form:
¢.4419C>G (p.Y1473X) in exon 10 and c.5387delA (p.
D1796fs) in exon 16. Both of the mutations are located in
the domain IV and supposed to be causative of CLD. To
our knowledge, this is the first report on mutations in the
LCT gene in Japan, and our findings suggest that an
increased awareness is required regarding CLD.

Clinical Report

The patient is the first child of healthy nonconsanguin-
eous Japanese parents. She was born at term after an
uneventful pregnancy with a birth weight of 3,124 g. When
the patient was fed breast milk and lactose-containing for-
mula, she developed watery diarrhea at the age of 2 days.
At the age of 4 days, she was admitted to the department of
pediatrics because of poor weight gain and dehydration.
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On admission, her weight was 2,722 g, and the serum levels
of blood urea nitrogen, creatinine, sodium, and potassium
were 29.4 mg/dL, 0.4 mg/dL, 157 mEq/L, and 5.4 mEq/L,
respectively. Dehydration resolved after intravenous infu-
sion was initiated, but severe watery diarrhea continued to
be observed. The result of a stool culture was negative; in
addition, rapid antigen tests for rotavirus and adenovirus
were negative. Watery diarrhea promptly disappeared when
the oral intake was discontinued at the age of 9 days and
did not recur when she was administered a diet with lac-
tose-free hydrolyzed cow’s milk formula at the age of 10
days. She showed a remarkable improvement in weight
gain, and the intravenous infusion was discontinued at the
age of 12 days. She was discharged from the hospital at the

age of 17 days, showed good body weight gain, and was
free from gastrointestinal symptoms. She was suspected to
have CLD or cow’s milk protein allergy, and was admitted
to our hospital for a lactose challenge test at the age of 4
months. The oral lactose challenge test with 2 g/kg of lac-
tose showed no increase in the blood glucose level within
120 min and was followed by watery diarrhea within a few
hours (Fig. 1). The serum level of total immunoglobulin E
(IgE) antibody was 3 ITU/mL and that of serum-specific IgE
antibody to whole cow’s milk measured using a chemilumi-
nescent enzyme immunoassay was 0.07 lumicount; class 0
(MAST33; SRL, Tokyo, Japan). Lymphocyte stimulation
tests for a-lactalbumin, f-lactoglobulin, a-casein, f-casein,
and k-casein were negative (stimulation indices were 0.7,

Blood glucose level {mg/dl}
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Fig. 1. Oral lactose challenge test at the age of 4 months.

After oral administration of 2 g/kg of lactose, no increase was observed in the blood glucose within 120 min and watery
diarrhea developed. In contrast, a marked increase was observed in the blood glucose level after drinking 1 g/kg of glu-

cose and no gastrointestinal symptoms were observed.
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Fig. 2. Sequence analysis of the LCT gene.
a. LCT Ex10 ¢.4419C>G (p.Y1473X). b. LCT Ex16 ¢.5387delA (p.D1796f5X)
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0.9, 1.1, 1.3, and 1.0, respectively). The oral lactose chal-
lenge test was repeated at the age of 5 months, and the
patient continued to show a lactose-intolerance pattern (no
increase in the blood glucose level).

After experiencing acute gastroenteritis, she passed
blood-tinged stools for a few weeks and underwent sigmoid
colonoscopy with biopsy. The colonoscopy showed lym-
phoid nodular hyperplasia with patchy erythema, and histo-
logical examination indicated a relatively high number of
eosinophils (about 10 per high power field) and a small
number of neutrophils in the lamina propria. Although
these findings were consistent with those of mild proctoco-
litis, they were not sufficiently strong to confirm the pres-
ence of a food allergy. '

To confirm whether lactose intolerance was primary or
secondary, we performed sequence analysis of 17 exons of
the LCT gene after the patient’s parents provided written
informed consent. The Ethics Committee of the Tohoku
University School of Medicine approved the present study.
The result showed two novel mutations: ¢.4419C>G
(p.1473X) in exon 10 and c.5387delA (p.D1796fs) in exon
16 (Fig. 2). The p.Y1473X mutation was transmitted from
her mother, and the other mutation (p.D1796fs) was trans-
mitted from her father.

The patient is now administered a lactose-free diet,
and her psychomotor development was appropriate for her
age at the latest examination at the age of 11 months.

Discussion

CLD is one of the rare autosomal disorders commonly
occurring in the Finnish population because of a founder
effect and genetic drift. A few cases of CLD in patients
with different ethnic origins have also been reported. The
incidence of CLD was estimated to be 1:60 000 newborns
in Finland on the basis of the number of patients who had
been diagnosed until 1998 (Jarveld et al. 1998). After the
molecular background of CLD was confirmed, the number
of patients newly diagnosed with CLD in Finland increased,
and the novel LCT mutations were reported in the CLD
patients with different ethnic origins (Torniainen et al.
2009). In Japan, only few cases of CLD have been reported
since Akabane and Arakawa published the first case in 1965
(Akabane 1965; Yabuuchi et al. 1966; Nose et al. 1979).
Infants who develop severe watery diarrhea after consum-
ing breast milk/lactose-containing formula are unlikely to
be suspected of having CLD because this disease is thought
to be very rare. ,

The nascent lactase polypeptide comprises four
homologous domains, I-IV. After posttranslational process-
ing, the mature lactase contains only domains III and IV.
Domain IV comprises lactase activity, and domains I-III act
as intramolecular chaperone which is critical for the matu-
ration during lactase-folding process (Kuokkanen et al.
2006; Behrendt et al. 2009). To date, nine mutations are
known to underlie CLD and there are quite evenly distrib-
uted covering both the pro-region and the mature lactase

(Kuokkanen et al. 2006; Torniainen et al. 2009). Five of
them result in a premature stop codon. One of the missense
mutations, G13638, located in the domain III, leads to
defective lactase activity and impaired trafficking of mutant
lactase polypeptide to the cell surface at physiological tem-
perature (Behrendt et al. 2009). )

In the case of our patient, she was suspected of having
CLD or cow’s milk protein allergy in the early neonatal
period, because her symptoms improved with a change in
her diet from breast milk/lactose-containing formula to
hydrolyzed cow’s milk formula, which is lactose-free.
Small bowel biopsy would be useful to distinguish CLD
from cow’s milk protein allergy (Heyman 2006), but it is an
invasive procedure and requires excellent technical skills.
Accordingly, since it would need to have been performed in
a 4-month old baby, we performed sequence analysis as the
diagnostic examination. Sequence analysis revealed that
she has one nonsense mutation and one frame-shift muta-
tion in domain IV. These mutations lead to premature trun-
cation of lactase protein being causative of CLD. Sequence
analysis would be useful for the diagnosis if a CLD patient
also has cow’s milk protein allergy.

Our findings suggest that CLD is possibly more com-
mon in Japan than it was thought to be. CLD patients may
be treated as patients with cow’s milk protein allergy, using
lactose-free hydrolyzed cow’s milk formula. Sequence
analysis is useful for diagnosing CLD, which is sometimes
difficult to distinguish from cow’s milk protein allergy.
Pediatricians should have an increased awareness regarding
CLD.
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Identification of novel missense
CTRC variants in Japanese
patients with chronic pancreatitis

We read with great interest the article by
Paliwal er al' reporting the identification of
novel missense variants in the chymotryp-
sin C (CTRC) gene in patients with tropical
pancreatitis and idiopathic chronic pancrea-
titis (CP) in India. Because there might be
geographical differences in the genetics of
pancreatitis, we conducted screening of the
CTRC gene in Japanese patients with CP
All the eight exons in the CTRC gene were
directly sequenced in 506 patients with CP
(244 alcoholic, 206 idiopathic, 35 hereditary
and 21 familial) and 274 healthy controls
as previously described.! This study was
approved by the ethics committee of
Tohoku University School of Medicine
(article #2012-1-158). We identified five mis-
sense variants in patients with CP and one
in controls (table 1).

Four variants were located in exon 7, 1 in
exon 2, and 1 in exon 6. All missense variants
were in a heterozygous form. Five of these
six variants were novel ones. The c.86G>A
{(pR29Q) and ¢.716C>G (p.S239C) variants
were found in patients with alcoholic CE,
whereas the c¢715T>G (p.5239A) was
found in a patient with idiopathic CP The

Table 1

previously reported ¢.760C>T (p.R254W)
variant was found in a patient with idio-
pathic CE who also had the p.N34S variant
in the serine protease inhibitor Kazal type I
(SPINK1) gene in a heterozygous form. The
¢.739A>G (p.K247E) variant was found in a
patient with alcoholic CP and two patients
with idiopathic CP. The combined frequency
of the missense CTRC variants was not stat-
istically different between patients with CP
(7/506) and controls (1/274) (p=027,
Fisher’s exact test). In addition to these mis-
sense variants, two synonymous variants,
¢.180C>T and ¢.285C>T, were found both
in patients with CP and controls at the
similar frequencies. Previous reports have
shown an association of the CTRC variants
with CP in Europe’ ® and India.! In
European cohorts, the microdeletion variant
c.738_761del24 (p.K247_R254del) and the
p-R254W, both located in exon 7, are the
most common CTRC variants. In India,
these variants are rare, and the c.217G>A
(p.A73T) variant in exon 3 and the
c.703G>A (p.V251I) variant are the most
common ones.” These common variants in
Europe and India were very rare in Japanese
subjects, and only one patient with idio-
pathic CP had the p.R254W variant. Our
results show that the spectrum and distribu-
tion of the CTRC variants in Japanese
subjects with CP were different from those
reported from Europe and India. In addition,
the synonymous variant c.180C>T was
common and was found in 82.7% and 27.2%

CTRC variants in the exons identified in this study

Alcoholic Non-alcoholic  Controls p Value (Total CP
CTRC Variants Total CP (%) CP (%) CP (%) {%} vs Controls)
Missense variants
Exon 2
¢.86G>A (p.R290) 1/506 (0.2) 1/244 (0.4)  0/262 (0) 0/274 (0) >0.99
Exon 6
¢.627C>G (p.1209M) 0/506 (0) 0/244 (0) 0/262 (0) 1/274 {0.4) 0.35
Exon 7
¢.715T>G (p.S239A) 1/506 (0.2) 0/244 (0) 1/262 (0.4) 0/274 (0) >0.99
¢.716C>G (p.$239C) 1/506 (0.2) 0/244 (0) 1/262 (0.4) 0/274 (0) >0.99
¢.739A>G (p.K247E) 3/506 (0.6) 1/244 (0.4)  2/262 (0.8) 0/274 (0) 0.56
c.760C>T (p.R254W) 1/506 (0.2) 0/244 (0) 1/262 (0.4) 0/274 (0) >0.99
CTRlC missense variants /506 (1.4) 2/244 (0.8)  5/262 (2.0) 1/274 (0.4) 0.27
total
Synonymous variants
c.180C>T (p.(=) 1/506 {0.2) 1/244 (0.4)  0/262 (0) 0/274 {0) >0.99
¢.285C>T (p.(=)) 51/506 (10.1) 23 /244 (9.4) 28/262 (10.7)  24/274 (8.8) 0.61
N lature follows the guidelines rec ded by the Human Genome Variation Society (http:/www.hgvs.org/):

cDNA-based numbering with A of the ATG translational initiation codon ascribed +1. GenBank accessions NM_007272.2
and NC_ 000001.10 were used as the reference mRNA and genomic DNA sequences, respectively.

CP, chronic pancreatitis.
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of the patients with CP in India' and France,”
respectively. This varant was significantly
associated with CP (32.7% in patients vs
15.2% in controls) in India.! However, the
¢.180C>T variant is very rare in the Japanese
population, further suggesting geographical
differences in the distribution of the CTRC
variants. It would be of interest to see the
functional consequence of the missense var-
iants identified in this study. Beer ¢t al* have
identified three different loss-of-function
mechanisms caused by the CTRC variants:
reduced secretion with associated endoplas-
mic reticulum stress, decreased catalytic activ-
ity, and degradation by trypsin. Obviously,
further studies are required to establish the
role of the novel missense variants in the
pathogenesis of pancreatitis.
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