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Figure 3 Methylation analysis of ZDBF2-DMR and expression analysis of the ZDBF2 gene. (a) Results of matrix-assisted laser desorption/ionization
mass spectrometry analysis. Averages with SD of 24 normal controls are shown in blue. Methylation indexes of the patients showing GOM are indicated in
different colors. Units 1 and 2 included two and one CpaG sites, respectively. (b) Results of bisulfite sequencing. Normal controls show monoallelic differential
methylation, whereas four Beckwith-Wiedemann syndrome (BWS) patients (BWS-s001, BWS-s011, BWS-s023, and BWS-s060) show biallelic methylation. Two
parental alleles were distinguished by a SNP (rs7861437). Mat, maternal allele; Pat, paternal allele. (c) Results of expression analysis of the ZDBF2 gene. Three
BWS patients (BWS-s001, BWS-s011, and BWS-s113) heterozygous for a coding SNP (rs70932150) with GOM clearly showed biallelic expression; by contrast,
two patients with normally methylated differentially methylated region (DMRs) exhibited paternal monoallelic expression (patients BWS-s004 and BWS-s060).
gDNA, genomic DNA; GOM, gain of methylation; SNP, single-nuclectide polymorphism.

which suggests that our definition of aberrant methylation is
appropriate. In addition, we investigated the expression levels
of ZDBF2 and FAMS50B by quantitative RT-PCR. The expres-
sion levels in patients with aberrantly methylated DMRs were
higher than those in patients with normally methylated DMRs
(Supplementary Figure S6 online). These results indicate that
allelic expression and expression levels were indeed associ-
ated with the methylation status of the corresponding DMR in
patients with MMDs.

Lack of pathological variation in all aberrantly methylated
DMRs in KvDMR1-LOM patients

Because the genetic aberrations of HI9DMR explained only
~20% of BWS patients with HISDMR-GOM,?*® we hypoth-
esized the existence of cis-acting variations within aberrantly
methylated DMRs. Therefore, we sequenced all aberrantly
methylated DMRs, including KvDMRI, in KvDMR1-LOM
patients. However, no variations were found in any aberrantly
hypomethylated DMRs, except for four known SNPs (sum-
marized in Supplementary Figure S7 online), suggesting that
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cis-acting pathological variations are not involved in aberrant
methylation of these DMRs.

No difference in dinical features between MMDs and
monolocus methylation defects

In KYDMR1-LOM patients, there was no significant difference
in clinical features between MMDs and monolocus methylation
defects, which demonstrated LOM only at KvDMRI (Table 1).
Among 27 patients with K¥"DMR1-LOM for whom information
on conception was available, one patient was conceived using
intracytoplasmic sperm injection, two were from artificial insem-
ination by the husband, and two were from ovulation stimulation.
We searched for a link between assisted reproductive technology
and MMD but could find no relationship (Table 1). The aver-
age age of neither the mother nor the father differed between
patients with MMDs versus those with monolocus methyla-
tion defects (Table 1). The fact that monozygotic twins discor-
dant for BWS were found predominantly for females suggests
an insufficient amount of DNA methyltransferase 1 (DNMT1)
to maintain KvDMR1 methylation during the overlap in timing
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Figure 4 Methylation analysis of FAM50B- and GNASTA-DMRs and expression analysis of the FAM50B and GNAS1A genes. (a,b) Results of matrix-
assisted laser desorption/ionization mass spectrometry analysis. Averages with SD of 24 normal controls are shown in blue. Methylation indexes of patients
showing LOM are indicated in different colors. Ten CpG units analyzed for FAM50B-DMR covered 13 CpG sites, and 13 CpG units analyzed for GNASTA-DMR
covered 18 CpG sites. (¢) Results of expression analysis of the FAM50B gene. Beckwith-Wiedemann syndrome (BWS) patient BWS-s096 was heterozygous for
a coding SNP (rs6597007) with LOM and showed biallelic expression with a low peak of maternal expression, whereas monoallelic expression was seen in a
patient with normally methylated differentially methylated regions (DMRs) (patient BWS-s089). In patient BWS-s096, maternal expression was noted in two
independent analyses despite low-grade LOM. gDNA, genomic DNA. (d) Results of expression analysis of the GNASTA gene. Patients BWS-s062 and BWS-
5113, heterozygous for a deletion/insertion variation (rs743800311) with LOM, showed biallelic expression, whereas patient BWS-s060 possessed normally
methylated DMRs and exhibited monoallelic expression. Maternal expression was noted despite low-grade LOM in patient BWS-s062. Red peaks are molecular

markers. GOM, gain of methylation; LOM, loss of methylation.

with X-chromosome inactivation and twinning.”® This hypoth-
esis suggests that females might tend to suffer from MMDs. We
compared the frequency of female patients with MMDs with the
frequency of those with monolocus methylation defects, but no
significant difference could be found (Table 1).

DISCUSSION
Currently, most reports have studied 3-10 imprinted DMRs in
BWS patients,”**** with the exception of two reports in which
16 and 27 DMRs were analyzed.!*? In addition, the quantita-
tive capability of methods used for multiple methylation analy-
ses has been variable, and few studies have conducted multiple
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checks to confirm the methylation statuses of all DMRs show-
ing aberrant methylation.”** To resolve these matters, we ana-
lyzed 29 DMRs and confirmed all aberrantly methylated DMRs
using MALDI-TOF MS and bisulfite pyrosequencing, which
are the most reliable quantitative methods of methylation anal-
ysis available at present.'**** We found that 34.1% of KvDMR1-
LOM patients exhibited MMDs. The frequency was higher than
that in previous reports, which can be summarized as reporting
an overall frequency of 20.6% (102 of 495 patients).”** However,
within these reports, the frequency in studies that analyzed 10
or fewer DMRs is 19.0% (82 of 431),'** and the frequency
in studies that analyzed more than 10 DMRs is 31.3% (20 of
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Table 1 Clinical features of KvDMR-LOM patients with monolocus methylation defect and those with multilocus

methylation defects

Methylation defect

Monolocus

Multilocus P value

2/8(29%) (ICSI 1, 05 1)

Assisted reproduction technology

nof average birthweight

9/13 (69%)

12 o
12/12 (100%

8/12(67%)

41000

6/13 (46%)

Hemihﬂ);bkeyrtrophy
Gaaeem e e
Renal enlargement 6/28 (21%) 1713 (8%)

Adenalenlargement

Hepatomegaly 5/29 (17%) 2/12(17%)
Splenomega /2921%) - o
2/28(7%) 0/12 (0%)
Increased bone age 2/ 3%)  :‘;::’ ‘:0/3:;(094‘,);
Cardiac anc;maly 2/23 (9%) o 0/11 (0%)
 Developmental retar /22 (27% e
Childhood tumor 5/26 (19%) 011 (0%)

AlH, artificial insemination by husband; ICS!, intracytoplasmic sperm injection; LOM, loss of methylation; OS, ovulation stimulation.

aMann-Whitney U-test. Fisher’s exact test was used for other analyses.

64).*12 In addition, we found that 30.0% of HISDMR-GOM
patients showed MMDs, which is surprising considering that
no MMDs were found in two previous reports in which 10 and
16 DMRs were analyzed.® These data suggest that the greater
the number of DMRs analyzed, the higher the frequency of
MMDs observed. In future, all DMRs in the genome should be
analyzed to understand the precise frequency of MMDs, which
DMRs become preferentially aberrantly methylated, and the
mechanism by which MMDs occur.

In both KvDMRI1-LOM patients and HI9DMR-GOM
patients, we found MMDs in which not only LOM but also
GOM were seen. We also found that both matDMRs and pat-
DMRs were aberrantly methylated in both patient groups. It
is noteworthy that matDMRs, probably gametic maternally
methylated DMRs, were more susceptible to aberrant meth-
ylation than patDMRs in KvDMRI1-LOM patients, although
no particular parent-based pattern of aberrant methylation has
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been reported previously.”? This suggests that gametic mater-
nally methylated DMRs are vulnerable to DNA demethylation
during the preimplantation stage of early embryogenesis when
KvDMR1-LOM occurs.

Although it has not been reported that aberrant methyla-
tion of the corresponding DMR affects imprinted gene expres-
sion in MMD patients, we found biallelic expression of three
imprinted genes (ZDBF2, FAM50B, and GNAS1A) to be associ-
ated with the aberrant methylation of their respective DMRs.
Because biallelic expression increased the total expression lev-
els of ZDBF2 and FAM50B, we expect that had we measured
the expression levels of GNASIA, we would have observed an
increase. Therefore, alteration of gene expression levels due to
MMDs might affect the phenotype; however, clinical features
between MMDs and monolocus methylation defects were not
different in our study. This lack of difference has been previ-
ously reported,”**** although a few groups have reported a
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difference in clinical features.®"*** Two reasons for this similar-
ity in terms of clinical features could be suggested. First, the
mosaic ratio might be different in each organ. Because aberrant
methylation was generally partial, it would occur after fertiliza-
tion, and the patients would be mosaic. A high mosaic ratio
would be a critical factor in the emergence of a distinct phe-
notype in BWS patients with monolocus methylation defects.
Second, the imprinted locus at 11p15 might be epidominant
over other imprinted loci because all MMD patients were clini-
cally diagnosed as BWS,

Regarding the causative factor(s) for MMD, we could not
find any pathological variation in any aberrantly methylated
DMR, including KvDMR1, suggesting that cis-acting variations
of each specific DMR itself were not involved in the genesis of
MMDs. On the other hand, the involvement of trans-acting fac-
tors has been advocated in other reports because mutations of
ZFP57 (which are required for the postfertilization maintenance
of maternal and paternal methylation imprinting at multiple
loci) have been found in transient neonatal diabetes mellitus
type 1 patients with multilocus hypomethylation.”> Mutations
of NLRP2 were also identified in a BWS patient with KvDMR1-
LOM and MEST-LOM in a family with complex consanguinity
and in a Silver-Russell syndrome patient with multilocus hypo-
methylation.”**® In addition, TRIM28, NLRP7, KHDC3L, and
DNMT3L have been considered to be candidate trans-acting
factors. However, no mutations in any of these candidates or
other genes, such as DNMT1, DNMT3A, and DNMT3B, were
found in our BWS patients with MMDs, as determined by
exome sequencing (K. Sasaki and K. Hata, personal commu-
nication). Recently, Lorthongpanich et al.* reported that the
absence of maternal Trim28 until zygotic gene activation at the
two-cell late stage caused mosaicism of MMDs randomly, sug-
gesting that insufficient expression of the candidate gene(s) at
very early embryogenesis is an important event in the genera-
tion of MMDs in human imprinted diseases. Whole-genome
sequencing and whole-genome bisulfite sequencing, including
the regulatory regions of the candidate genes, and transcrip-
tome analysis in early embryogenesis would be useful to iden-
tify the cause(s) of MMDs.

In our HI9DMR-GOM patients, we also found GOM of
IGF2-DMRO and IGF2-DMR2 to be associated with GOM of
HI9DMR and HI9promoter DMR, in agreement with previous
reports.”*** Two patients showed simultaneous GOM at both
IGF2-DMRs. Because Igf2-DMRs were established at the post-
implantation stage under the control of HI9DMR in mice,”
GOM of IGF2-DMRs in BWS is likely to occur at the same stage.
Although the function of IGF2-DMRO is still unknown, methyl-
ated Igf2-DMR2 plays a role in transcription initiation of Igf2 in
mice.® GOM of the DMRs might change the high-order chro-
matin structure of the maternal allele and increase the expression
of IGF2 in cooperation with HISDMR-GOM in BWS patients.

In conclusion, our comprehensive and quantitative methyla-
tion analysis of multiple imprinted DMRs revealed several new
findings: (i) matDMRs, probably gametic maternally meth-
ylated DMRs, are more susceptible to aberrant methylation
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during the preimplantation stage, when KYDMRI1-LOM occurs;
(if) aberrant methylation indeed alters imprinted gene expres-
sion; and (iii) cis-acting pathological varjations of each DMR
are not involved in the MMDs analyzed. Moreover, our study
confirmed the simultaneous aberrant hypermethylation of
IGF2-DMRO and/or -DMR2 with isolated HIIDMR-GOM.
"These findings may help us to understand the molecular mech-
anisms and pathophysiological features of MMDs.

SUPPLEMENTARY MATERIAL
Supplementary material is linked in the online version of the paper
at http://www.nature.com/gim.
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Silver—Russell syndrome without body asymmetry in
three patients with duplications of maternally derived
chromosome 11p15 involving CDKNIC

Shinichi Nakashima!, Fumiko Kato!, Tomoki Kosho? Keisuke Nagasaki®, Toru Kikuchi?, Masayo Kagami’,

Maki Fukami® and Tsutomu Ogata'

We report duplications of maternally derived chromosome 11p15 involving CDKN1C encoding a negative regulator for cell
proliferation in three Japanese patients (cases 1 and 2 from family A and case 3 from family B) with Silver-Russell syndrome
(SRS) phenotype lacking hemihypotrophy. Chromosome analysis showed 46,XX,der(16)t(11;16)(p15.3;q24.3)mat in case 1, 46,
XY,der(16)t(11;16)(p15.3;q24.3)mat in case 2 and a de novo 46,XX,der(17)t(11;17X(p15.4;925.3) in case 3. Genomewide
oligonucleotide-based array comparative genomic hybridization, microsateliite analysis, pyrosequencing-based methylation
analysis and direct sequence analysis revealed the presence of maternally derived extra copies of the distal chromosome 11p
involving the wild-type CDKNIC (a ~7.98 Mb region in cases 1 and 2 and a ~4.43 Mb region in case 3). The results, in
conjunction with the previous findings in patients with similar duplications encompassing CDKN1C and in those with intragenic
mutations of CDKN1C, imply that duplications of CDKNIC, as well as relatively mild gain-of-function mutations of CDKNIC lead

to SRS subtype that usually lack hemihypotrophy.

Journal of Human Genetics (2014) 00, 1-5. doi:10.1038/jhg.2014.100

INTRODUCTION

Silver~Russell syndrome (SRS) is a congenital developmental disorder
characterized by pre- and postnatal growth failure, relative macro-
cephaly, hemihypotrophy and fifth-finger clinodactyly.! Recent studies
have shown that epimutation (hypomethylation) of the paternally
derived H19-differentially methylated region (DMR) at the imprinting
control region 1 (ICR1) on chromosome 11pl5.5 and maternal
uniparental disomy 7 account for ~45 and ~5% of SRS patients,
respectively.! Thus, underlying (epi)genetic factors still remain to be
clarified in a substantial fraction of SRS patients, although several rare
(epi)genetic aberrations have been identified in a small fraction of SRS
patients.}

CDKNIC (cyclin-dependent kinase inhibitor 1C) is a maternally
expressed gene that resides at the ICR2 just proximal to the ICR1.2
CDKNIC encodes a negative regulator for cell proliferation and,
consistent with this, loss-of-function mutations of CDKNIC cause
Beckwith-Wiedemann syndrome associated with overgrowth.2?
Furthermore, recent studies have shown that gain-of-function muta-
tions of CDKNIC result in IMAGe syndrome (IMAGeS) characterized
by intrauterine growth restriction, metaphyseal dysplasia, adrenal
hypoplasia congenita and male genital abnormalities,”> whereas less
severe gain-of-function mutations of CDKNIC have been identified in

a large family with maternally inherited SRS.* Thus, it has been
suggested that relatively severe and mild CDKNIC gain-of-function
effects lead to IMAGeS and SRS, respectively.®® Notably, IMAGeS
patients satisfy the diagnostic criteria for SRS proposed by Nechine
et al> and IMAGeS and SRS patients with CDKNIC mutations
invariably lack hemihypotrophy characteristic of SRS.4-

Here, we report three patients with SRS and duplications of
maternally derived chromosome 11pl15.5 involving CDKNIC. The
results, in conjunction with previous findings, imply that duplications
of CDKNIC, as well as relatively mild gain-of-function mutations of
CDKNIC lead to SRS subtype that usually lack hemihypotrophy.

CASE REPORTS

Patients

We studied three Japanese patients (cases 1-3) from two families
(Figure 1). Cases 1-3 satisfied the SRS diagnostic criteria proposed by
Netchine et al.,¢ although they lacked hemihypotrophy (Table 1, see its
footnote for Netchine SRS criteria). Oligohydramnios characteristic of
SRS’ was also noticed during the pregnancies of cases 2 and 3. They
exhibited no IMAGeS-like phenotypes such as radiologically discern-
ible skeletal dysplasia, an episode suggestive of adrenal dysfunction or
undermasculinized genitalia in male case 2.
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Family A Family B

I

=

Case 3

Case 3
2 112 years

Figure 1 The pedigrees of families A and B and a photograph of case 3. In family A, cases 1 and 2 have an unbalanced translocation involving the distal

part of chromosome 11p, the mothers of cases 1 and 2, as well as the brother of case 1 have a balanced translocation involving the distal part of

chromosome 11p and the remaining subjects have a normal karyotype. In family B, case 3 has an unbalanced translocation involving the distal part of

chromosome 11p and the parents have a normal karyotype. Case 3 exhibits SRS-compatible phenotypes such as prominent forehead, triangular face with
relative macrocephaly and micrognathia, ear anomalies and short and curved fifth fingers, but is free from hemihypotrophy.

Table 1 Clinical features of cases 1-3 and reported cases with duplications of maternally derived chromosome 11p15 involving CDKN1C

Case 1 Case 2 Case 3
family A family A family B Reported cases
female male female (h= 161119
SRS phenotype
Mandatory criteria for SRS
BL and/or BW -2 SDS + + + 16/16
Scoring system criteria for SRS
Relative macrocephaly at birth? Unknown + + 11/11
PH<-2 SDS at >2 years + Unknown + 14/14
Prominent forehead + + + 8/9
Body asymmetry - - - 1/15
Feeding difficulties + - Unknown 6/6
Other findings
Gestational age (weeks) 39 32 32 22-38
Oligohydramnios Unknown + + Unknown
BL, cm (SDS) 38.0 (-4.9) 34.0 (-3.3) 32.0(-3.9) N.D.b
BW, kg (SDS) 1.3 (-5.3) 0.87 (-3.6) 0.82 (-3.7) N.D.b
BOFC, cm (SDS) 29.5 (-2.7) 28.3 (-0.6) 27 (-1.2) N.D.b
Present age (years:months) 14:00 1:03 3:03 1-31
PH, cm (SDS) 130.7 (-4.7) 60.8 (-6.4) 70.7 (-6.7) N.D.b
PW, kg (SDS) 37.5 (-1.2) 4.8 (-5.3) 6.8 (-4.0) N.D.b
BMI, kgm~2 (SDS) 22.0 (0.7) 13.1 (-2.8) 13.6 (-1.5) N.D.b
POFC, cm (SDS) Unknown 45.0 (-0.5) 48.5 (-0.1) N.D.P
Relative macrocephaly at present® Unknown + + 14/15
Triangular face - + + 12/16
Ear anomalies - - + 8/11
Irregular teeth Unknown + + 172
Clinodactyly + + + 10/11
Brachydactyly + + - 4/5
Simian crease + + - 12
Muscular hypotonia Unknown + + 477
Developmental/speech delay + + + 11/15
IMAGe syndrome phenotype
IUGR + + + 16/16
Metaphyseal dysplasia - - - Not described
Adrenal hypoplasia - -d - Not described
Genital abnormality Female - Female Not described

The diagnosis of Silver-Russell syndrome is made when a patient is positive for the mandatory criteria and at least three of the five scoring system criteria (Netchine et .5

Abbreviations: BL, birth length; BM!, body mass index; BOFC, birth occipitofrontal circumference; BW, birth weight; IMAGe, intrauterine growth restriction, metaphyseal dysplasia, adrenal
hypoplasia congenita and male genital abnormalities; IUGR, intrauterine growth retardation; N.D., not determined; PH, present height; POFC, present occipitofrontal circumference; PW, present
weight; SDS, standard deviation score.

For reported cases, the denominators indicate the number of patients examined for the presence or absence of each feature, and the numerators represent the number of patients assessed to be
positive for that feature.

Birth and present body sizes were assessed by the gestational/postnatal age- and sex-matched Japanese reference data from the Ministry of Health, Labor and Welfare and from the Ministry of
Education, Science, Spotts and Culture.

3BL or BW (SDS)—BOFC (SDS)<-1.5.

bN.D. because of various ethnicities of affected individuals and descriptions of height assessment (percentile and SDS).

°PH or PW (SDS)—POFC (SDS)<-1.5.

dA rapid adrenocorticotropin stimulation test (0.25 mgm~2 bolus i.v.; blood sampling at O and 60 min) showed a sufficient cortisol response (14.2 - 26.2 pgdi~=1) (reference range >20pgdi—1).
eA growth hormone releasing peptide 2 stimulation test (2 pgkg=! bolus i.v.; blood sampling at 0, 15, 30, 45 and 60 min) yielded a sufficient cortisol response (18.4—25.5 pgdl-1).
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a Cases 1 and 2 Chromosome 11 b 230 230l(bp)
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" D1154088
¢ IGF2 KCNQ1OT1
Pat 2
19H19~DMR KvDMR1

KCNQ1
¢
KvDMR1

CDKN1C
Mat

OO0
PyF2-> SP2>| <PyR2

(CG5 — CG10)

Case 3 Controls (n=50)
P F M Median (Range)
CG1 30 41 53 34 52 55 29 44 44 45(36~55)
CG2 31 42 54 37 54 55 28 43 44 46 (36 ~57)
CG3 33 45 56 38 57 60 31 47 46 50(39~64)
CG4 33 44 55 39 56 57 31 48 46 48 (37 ~60)
CG5 72 56 56 72 56 57 68 56 57 58 (49 ~66)
CG6 78 59 59 73 59 60 71 61 58 61(52~68)
CG7 67 52 50 66 50 52 61 50 49 48 (41~54)
CG8 69 55 53 68 53 55 63 52 52 48 (42~55)
CG9 78 60 61 75 63 61 72 63 59 67(55~72)
CG10 74 63 57 79 60 59 77 63 64 64(55~71)

Figure 2 Representative molecular findings. (a) Array comparative genomic hybridization analysis. The black, red and green dots represent signals indicative
of the normal, increased (log2 signal ratio>+0.5) and decreased (log2 signal ratio< —0.8) copy numbers, respectively. The log2 signal ratios of +0.5 and
-1.0 indicate the presence of three copies and a single copy of the corresponding regions, respectively. The red and the green rectangles represent
increased and decreased copy number regions, respectively. The yellow rectangles denote the regions encompassing the ICR1 and the ICR2. (b)
Microsatellite analysis for D11S4088 proximal to the KvDMR1. Unequal amplification of the heterozygous peaks in each subject is consistent with short
products being more easily amplified than long products and comparison of area under curves of the 212 bp and the 234 bp alleles between case 3 and the
mother indicates the presence of two 212 bp alleles and a single 234 bp allele in case 3. This implies that the maternal 212 and 234 bp alleles and the
paternal 212 bp allele have been transmitted to case 3. (¢) Pyrosequencing-based methylation analysis of the H19-DMR at the ICR1 and the KvDMR1 at the
ICR2, using bisulfite-treated genomic DNA. The cytosine residues at the CpG dinucleotides within the HI19-DMR is methylated after paternal transmission
(filled circles) and unmethylated after maternal transmission (open circles), whereas those within the KvDMR1 is unmethylated after paternal transmission
(open circles) and methylated after maternal transmission (filled circles). Paternally and maternally expressed genes are shown in blue and red, respectively.
For the H19-DMR, a segment encompassing 21 CpG dinuclectides was PCR amplified with PyF1 and PyR1 primers and a sequence primer (SP1) was
hybridized to a single-stranded PCR product. Subsequently, the Mls were obtained for four CpG dinucleotides (CG1-CG4) (indicated with a yellow rectangle).
The blue rectangle indicates the CTCF binding site 6. The CpG dinucleotide between CG1 and CG2 was not examined, because it constitutes a C/T SNP
(indicated with gray circles). The KvDMR1 was similarly examined using PyF2 and PyR2 primers and SP2 and the Mis were obtained for CG5-CG10. The
Mls are summarized in the bottom table. F, father; and M, mother; P, patient. '

w
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Cytogenetic and molecular studies

This study was approved by the Institute Review Board Committee at
Hamamatsu University School of Medicine and was performed using
peripheral leukocyte samples and primers shown in Supplementary
Table S1 after obtaining written informed consent. The methods for
molecular studies were as reported previously.” We also obtained
written informed consent to publish the facial photograph of case 3
from the parents.

Chromosome analysis showed 46,XX,der(16)t(11;16)(p15.3;q24.3)
mat in case 1, 46,XY,der(16)t(11;16)(p15.3;q24.3)mat in case 2
and a de novo 46,XX, der(17)t(11;17)(p15.4;925.3) in case 3
(Figure 1). Then, genomewide oligonucleotide-based array
comparative genomic hybridization was carried out using a catalog
human array (2x400K format, ID G4448A) (Agilent Technologies),
revealing the presence of three copies of the distal parts of chromo-
some 11p involving the ICR1 and the ICR2 in cases 1-3 (a ~7.98 Mb
region in cases 1 and 2 and a ~ 4.43 Mb region in case 3) (Figure 2a).
No discernible deletion was identified on the distal chromosome 16q
in cases 1 and 2, indicating the position of the chromosome 16q
breakpoint at the very telomeric portion, whereas a ~200kb deletion
was detected in the telomeric portion of chromosome 17q in case 3.
There was no other copy number alteration that was not registered in
the Database of Genomic Variants (http://dgv.tcag.ca/dgv/app/home).
Microsatellite analysis was carried out for four loci on the duplicated
chromosome 11p, showing the presence of two alleles of maternal
origin and a single allele of paternal origin in cases 1-3 (Figure 2b and
Supplementary Table S2). Subsequently, pyrosequencing-based
methylation analysis was performed for four CpG dinucleotides
(CG1-CG4) within the HI9-DMR and six CpG dinucleotides
(CG5-CG10) within the KvDMRI using bisulfite-treated leukocyte
genomic DNA samples and methylation index (MI, the ratio of
methylated clones) was obtained for each of CGI-CGI0 using
PyroMark Q24 (Qiagen) (Figure 2c¢). In cases 1-3, the MIs for
CG1-CG4 were mildly decreased or around the lower limit
of the normal range and those for CG5-CG10 were mildly increased
or around the upper limit of the normal range. Direct sequence
analysis showed no discernible mutation on the CDKNIC coding
region.

DISCUSSION

Cases 1-3 had SRS without hemihypotrophy (body asymmetry) in the
presence of maternally derived extra copies of the distal chromosome
11p involving the ICR1 and the ICR2. This implies that the SRS
phenotype lacking hemihypotrophy in cases 1-3 is primarily caused by
two copies of maternally expressed genes on the two ICRs. In this
regard, of duplicated maternally expressed genes, CDKNIC functions
as a negative growth regulator® and CDKNIC gain-of-function
mutations have been identified in SRS and IMAGeS,>** whereas
neither HI19 nor KCNQI appears to have a positive role in growth
regulation. Indeed, HI9 is regarded as a possible tumor suppressor
gene® and KCNQI encoding a voltage-gated potassium channel is
involved in cardiac arrhythmias.!® Thus, it is likely that SRS phenotype
lacking hemihypotrophy in cases 1-3 is primarily caused by the
presence of two functional copies of the wild-type CDKNIC. It should
be pointed out, however, that although the der(16)t(11;16)(p15.3;
q24.3) chromosome in cases 1 and 2 had no discernible chromosome
16q deletion, the der(17)t(11;17)(p15.4;q25.3) chromosome in
case 3 was missing the ~200kb telomeric 17q region that harbors
several genes. In addition, there are multiple nonimprinted genes
on the duplicated chromosome 11pl15 regions. Thus, altered dosage

Journal of Human Genetics

of such genes may have exerted a certain effect on growth patterns of
cases 1-3.

An extra copy of maternally derived chromosome 11p15 involving
CDKNIC has been identified in 16 patients (Table 1) (for detailed
clinical features of each case, see Supplementary Table $3).!-1°
Notably, although they frequently show SRS-like phenotype, hemi-
hypotrophy (body asymmetry) has been found only in a single case!?
and none of them exhibit IMAGeS-like skeletal, adrenal or genital
manifestation. This provides further support for the notion that two
copies of maternally derived CDKNIC, as well as mild gain-of-
function mutations of CDKNIC usually lead to SRS subtype lacking
hemihypotrophy.
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Epimutation (hypomethylation) affecting the
chromosome 14q32.2 imprinted region in a girl with
upd(14)mat-like phenotype

Kana Hosoki', Tsutomu Ogata*?, Masayo Kagami?, Touju Tanaka® and Shinji Saitoh’

'Department of Pediatrics, Hokkaido University Graduate School of Medicine, Sapporo, Japan; “Department of
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*Division of Clinical Genetics and Molecular Medicine, National Center for Child Health and Development, Tokyo,

Japan

Maternal uniparental disomy for chromosome 14 (upd(14)mat) causes clinically discernible features such
as pre- and/or postnatal growth failure, hypotonia, obesity, small hands and early onset of puberty. The
monoallelic expression patterns at the 14¢32.2 imprinted region are’ |ghtly related to methylation status
of the DLK1-MEG3 intergenic differential methylation region (DMR) and the MEG3-DMR that are severely
hypermethylated after paternal transmission and grossly hypomethylated after maternal transmission. We
examined this imprinted region in a 2 2/12-year-old ]apanese patient who was born with a normal birth
size (length, +0.2 SD; weight, —0.5 SD) and showed postnatal -growth failure (height, —3.1 SD; weight,

—3.4 SD), hypotonia, frontal bossing, micrognathia, and small hands. Methylation analysis, genotyping

analysis, and deletion analysis were performed with blo d”samples of the patient and the parents, showing
that the DMRs of this patient were grossly hypomethylated in the absence of upd(14)mat and deletion of
the DMRs. The results indicate the occurrence of an eplmutatlon (hypomethylation) affecting the normally
methylated DMRs of paternal origin, and |mpl\' hat epimutations should be examined in patients with

upd(14)mat-like phenotype. ‘ '
European Journal of Human Genetics (2008 \'O 000~ 000 doi:10.1038/ejhg.2008.90

Keywords: epimutation; growth{,,fvailfjgjg,jfi‘fmprinting; differentially methylated region; upd(14)mat

Introduction >
Maternal uniparental...disomy for chromosome 14
(upd(14)mat) results; m'c mlcally discernible features such
as pre- and postnatal growth failure, hypotonla, obesity,
small hands, and early onset of puberty.! Phenotypic
development"“ ~consistent with chromosome 14q32.2
region harboring several paternally expressed genes (PEGS)
such(,gs ‘ -and RTL1 and maternally expressed genes

*Correspondence: Dr T ogata, Department of Endocrinology and
Metabolism, National Research Institute for Child Health and Develop-
ment, 2-10-1 Ohkura, Setagaya, Tokyo 157-8535, Japan.

Tel: +81 2 5494 7025; Fax: +81 2 5494 7026;

E-mail: tomogata@nch.go.jp

Received 10 January 2008; revised 25 March 2008; accepted 3 April 2008

(MEGS) such as MEG3 (alias GTL2), RTL1as (RTL1 antisense),
and MEG8.%® The parent-of-origin-specific monoallelic
expression patterns are tightly related to methylation status
of differential methylation regions (DMRs). For the 14q32.2
imprinted region, the previous studies have identified the
intergenic DMR (IG-DMR) between DLK1 and MEG3 and the
MEG3-DMR that are severely hypermethylated after paternal
transmission and grossly hypomethylated after maternal
transmission.>~7 In particular, the germline-derived
IG-DMR plays a pivotal role in the imprinting regulation,
because methylation pattern of the secondary MEG3-DMR is
dependent on that of the IG-DMR.®

The upd(14)mat-like phenotype has also been exhibited
by non-disomic patients. Temple et al’ described a patient
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with upd(14)mat-like phenotype and an epimutation
(hypomethylation) of the normally methylated DMR of
paternal origin. Kagami et al® reported three patients with
upd(14)mat-like phenotype and microdeletions affecting
the 14q32.2 imprinted region including the DMRs of
paternal origin. In this regard, the IG-DMR deletion from
the paternally derived chromosome has no effect on the
imprinting status, although that from the maternally
derived chromosome results in a maternal to paternal
epigenotypic alteration.>’” Thus, simple genotype-pheno-
type correlations can be applied for the three patients with
the microdeletions, implying that loss of paternally
derived DLKI and RTLI constitutes primary additive
underlying factors for the development of upd(14)mat-like
phenotype, although the perturbation of other imprinted
genes could also have some effects.’®

Here, we report an epimutation identified in a patient
with upd(14)mat-like phenotype.

Patient and methods

Case report

This Japanese girl was born at 41 weeks of gestation after
natural conception, with a history of mild oligohydramnios
in the third trimester. At birth, her length was 50.0cm
(+0.2 SD), her weight 3.03kg (—0.5 SD), and her head
circumference 34.5cm (+0.8 SD). The non-consangui-

neous parents were clinically normal, and the height was
161.0cm (—~1.7 SD) for the father and 154.5cm (—0.7 SD) )

for the mother.

At 5 months of age, she was referred to us, because she“
was unable to control her head. Physical exammatlon»"

revealed generalized hypotonia without palsy and-abnor-
mal tendon reflex, and several somatic features such as
frontal bossing, micrognathia, and small hands_ (Supple-
mentary Figure 1). In addition, her length became below
—2 SD of the mean from 10 months of age, while
hypotonia was gradually ameliorated: She controlled her
head at 7 months of age, sat w1th01jt support at 11 month,
and walked without support “at’ 19 months. Repeatedly
performed biochemical studles for ‘hypotonia and growth
failure were normal, as- Were skeletal roentgenograms and
brain magnetic resonance _imaging. The katryotype was
46XX in all the: 30 lymphocytes examined. With a
provisional dlavnosmf of Prader—Willi syndrome (PWS) that
is pnmarlly based on hypotoma and growth deficiency,
and methylatlon analysis for the DMR at the SNRPN
promoter region were performed,'® showing normal find-
ings. In“addition, hypomethylation of the H19-DMR and
upd(7)mat, which can cause growth failure, were also
excluded by previous methods.''*? On the last examina-
tion at 2 2/12 years of age, her height was 76.1cm
(—3.1 SD), her weight 7.9kg (-3.4 SD), and her head
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circumference 44.9 cm (—1.9 SD). Her mental development
appeared age appropriate.

Methylation analysis

This study was approved by the Institutional Review Board
Committees at Hokkaido University Hospital and National
Center for Child Health and Development. After obtaining
written informed consent, we examined the IG-DMR (CG4
and CG6) and the MEG3-DMR (Figure 1a), using bisulfite-
treated leukocyte genomic DNA. For the IG-DMR, bisulfite
sequencing was performed as reported previously,® and the
SNPs (512437020 for CG4 and rs10133627 for CG6) were
also genotyped. For the MEG3-DMR, PCR amplification was
performed with methylated and unmethylated allele-
specific primers, as described previously.>® A hitherto
unreported upd(14)mat patient and the previously re-
ported upd(14)pat patient® were similarly analyzed with
permission.

Genotyping analysis

We performed microsatellite analysis for 16 loci on
chromosome 14 and SNP analysis for 39 loci around the
DMRs (Supplementary Table 1). The primers used were as
zeported prev10usly

Dele‘ti‘on a‘nalysis

,;Lymphocyte metaphase spreads were hybridized with a
“long and accurate (LA)-PCR product encompassing the IG-
. DMR (FISH probe 1) and that spanning the MEG3-DMR

. ~(Figure 1a), together with an RP11-56612 probe for 14q12

used as an internal control. Furthermore, the two LA-PCR
products were also obtained from the patient and a control
subject, and subjected to fragment size comparisons after
restriction enzyme digestions, to detect a possible tiny
deletion in the patient. The detailed methods for the
deletion analysis have been reported previously.®

Results

Methylation analysis

The results are shown in Figure 1b. For the IG-DMR, CG4
and CG6 were grossly hypomethylated in the patient and
the upd(14)mat patient, severely methylated in the
upd(14)pat patient, and delineated in apparently mosaic
patterns in the parents. In addition, the CG4 SNP typing
indicated parental origin-dependent methylation patterns
in the parents, and heterodisomy for the this region in the
upd(14)mat patient. The CG6 SNP typing data were not
informative. For the MEG3-DMR, PCR products were
obtained with an unmethylated allele-specific primer pair
alone in the patient and the upd(14)mat patient, with a
methylated allele-specific primer pair alone in the
upd(14)pat patient, and with both primer pairs in the
parents.
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Figure 1

Summary of the molecular studies. (a) The regional physical map of the human chromo "
in blue and MEGs in red; although it remains to be clarified whether DIO3 is a PEG, mouse Dio3:

e 14932.2 imprinted region. PEGs are shown
khown to be preferentially but not exclusively

expressed from a paternally derived chromosome in embryos.'® WDR25 and BEGAIN appear blparentally expressed genes. The IG-DMR and the MEG3-
DMR are depicted in green, and the FISH probes 1 and 2 covering the DMRs indicated’in G€. The physical distance is ~190kb between BEGAIN
and DLKT, ~170kb between DLKT and MEGS, and ~ 670 kb between MEGS and DIO3. (b) ‘Methylation patterns of the IG-DMR (CG4 and CG6) and
the MEG3-DMR. Bisulfite sequencing has been performed for CG4 and CG6. Eachyline | indicates a single clone and each circle denotes a CpG island;
filled and open circles represent methylated and unmethylated cytosines, respec vely The SNP typing data for CG4 and CG6 are also shown.
Methylated (M) and unmethylated (U) allele-specific PCR amplification has been'f rformed for the MEG3-DMR. NC: negative control. (c) FISH analysis
using FISH probe 1 (F1) for the IG-DMR and FISH probe 2 (F2) for the MEG3-DMR. The red signals (arrows) have been detected by the two FISH probes

and the green signals (arrowheads) have been identified by an RP11 566!2 probe for 1412 used as an internal control.

Genotyping analysis

Microsatellite analysis demonstrated biparental,
the two chromosome 14 homologs, and SNP ana1y51s
indicated lack of a segmental upd(14)mat around the
DMRs (Supplementary Table 1). ;

Deletion analysis
FISH probes 1 and 2 detected. tw sign als in the patient
(Figure 1c). The fragment size: ompanson after enzyme
digestions showed no abnqrrp ands suggestive of a tiny
deletion in the patient. . -

Discussion
This patient had hypomethylated DMRs in the absence of
rnal disomy affecting the DMRs or loss of
llyderived DMRs. This implies the occurrence
imutation (hypomethylation) affecting the
normally methylated DMRs of paternal origin. To our
knowledge, such an epimutation (hypomethylation) has
previously been identified only in a patient reported by
Temple et al.® Actually, the DMR examined in that patient
appears to be a part of the MEG3-DMR rather than the

IG-DMR on the basis of its position. It is likely, however,
that the IG-DMR is also hypomethylated in that patient,
because the MEG3-DMR can stay hypomethylated only in
the presence of the hypomethylated IG-DMR.®

Clinical features of the two patients with epimutation
are summarized in Table 1, together with those of
upd(14)mat patients. Notably, clinical features are grossly
similar in epimutation patients and upd(14)mat patients.
Although our patient had no prenatal growth failure, lack
of prenatal and/or postnatal growth failure has been
described in several upd(14)mat patients,'*~'¢ and this
would be due to body growth being a multifactorial trait
subject to multiple genetic and environmental factors.!” In
this regard, it has been reported that clinical features are
comparable between patients with paternal upd(14) and
those with epimutations (hypermethylation) affecting the
normally hypomethylated DMRs of maternal origin.®
Taken together, the methylation patterns of the DMRs
appear to be closely related to the expression patterns of
virtually all the imprinted genes on 14q32.2.

It is noteworthy that the patient was initially suspected
as having PWS. Indeed, growth deficiency, hypotonia, and
small hands are shared by upd(14)mat and PWS,***® and
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Table 1 Clinical phenotypes in patients with epimutations and upd(14)mat

Epimutations Upd(14)mat
This report Temple et al’ (n=35)"
Age 2 2-12 years 10 7-12 years 0-30 years
Sex Female Male M:F=17:18
Premature delivery - - 10/25
Prenatal growth failure - + 24/27
Postnatal growth failure + + 26/32
Somatic features + + 23/35°
Frontal bossing + + 9/9
High arched palate - + 7/9
Micrognathia + - 5/5
Small hands + + 2427
Scoliosis - + 5/19
Others
Hypotonia + + 25/28
Obesity - - 14/34
Early onset of puberty Unknown Borderline 14/16
Mental retardation - - 10/27
Thyroid dysfunction - - ND

ND: not described.

In the column summarizing the clinical features of 35 patients with upd(14)mat, the denominators indicate the number of patients examined for the
presence or absence of each feature, and the numerators represent the number of patients assessed to be positive for that feature; thus, the differences
between the denominators and the numerators denote the number of patients evaluated to be negatnve for that feature.

Patients with maternal uniparental disomy for chromosome 14 reported in the literature, several upd(M)mat patients with no phenotypic description
have not been included. The references for the 35 upd(14)mat patients are summanzed in Kagaml et al.®

PThe ratio of patients with at least one somatic feature.

upd(14)mat has occasionally been identified in patients
referred for molecular examination of PWS.'92% Thus,
upd(14)mat and epimutations should be considered in
patients with PWS-like phenotype.'®*?

In summary, we observed an epimutation (hypomethy-‘;:
lation) of the paternally derived DMRs in a patient with-

upd(14)mat-like phenotype. Further studies will _id'enﬁtify
epimutations in patients with upd(14)mat-like phenotype,
thereby contributing to clarify the relevance of epimuta-
tions in human imprinted dlsorders Y
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Variants in the Interferon

Regulatory Factor-2 Gene

Are Not Associated With
Pancreatitis in Japan

To the Editor:

ince the identification of mutations in

the cationic trypsinogen (protease, ser-
ine, 1; PRSSI) gene as a cause of hereditary
pancreatitis in 1996,' several pancreatitis
susceptibility genes have been identified.>™*
Gain-of-function mutations in the cationic
trypsinogen (protease, serine, 1; PRSSI)

gene as well as loss-of-function variants in
the serine protease inhibitor Kazal type 1
gene and the trypsin-degrading enzyme chy-
motrypsin C increase the risk for chronic
pancreatitis (CP)."™ In 2013, carboxypepti-
dase Al was identified as a novel pancreati-
tis susceptibility gene* However, in our
nationwide survey of hereditary pancreatitis
in Japan,” about 30% of the families have no
mutations in either of these pancreatitis sus-
ceptibility genes, indicating that other, still
unknown, susceptibility genes exist.

Interferon regulatory factor-2 (IRF2)
is a member of a family of transcriptional
factors involved in the modulation of
interferon-induced immune responses to
viral infection.® Recent studies using mice
deficient for Ir/2 have uncovered a role of
IRF2 in pancreatitis.”® In the pancreatic
acinar cells of [i/2”" mice, (1) zymogen
granules were densely localized through-
out the cytoplasm, (2) regulated exocyto-
sis was abolished, (3) the expression of
soluble N-ethylmaleimide-sensitive factor
attachment protein receptor proteins was
altered, and (4) autophagy was activated.”
Poly(I:C), a synthetic double-stranded RNA,
induced severe pancreatitis in Ir/27",
but not in wild-type mice.® Trypsinogens
messenger RNA (mRNA) was consﬁtutive}y
up-regulated about 1000-fold in /r/27"
mice compared with controls. These
findings prompted us to examine whether
variants in the IRF2 gene are associated
with pancreatitis.

Exons and the flanking regions for
the coding regions in the /RF2 gene were
amplified by polymerase chain reaction
and directly sequenced in 172 patients
with alcoholic CP, 200 patients with non-
alcoholic CP (153 idiopathic, 29 heredi-
tary, 13 familial, 5 divisum), and 276
controls. All subjects were Japanese. This

study was approved by the Ethics Com-
mittee of Tohoku University School of
Medicine (article#2012-1-158).

In our cohort of 372 CP patients, we
identified 4 variants in the coding region
of the IRF2 gene (Table 1). Three variants
(c.123G>A, c.651C>T, c.744G>A) were
synonymous, and one variant (c.638C>T,
p.P213L) was nonsynonymous. The
¢.123G>A variant was not described be-
fore, neither in the published literature
nor in the Human Genome Mutation Data-
base. There was no significant difference
for any of the variants detected between
the CP patients and control group.

Genetic variants, including the
¢.744G>A, in the IRF2 gene have been
shown to be associated with psoriasis,
atopic dermatitis, and eczema herpeticim >
Because the ¢.744G>A variant is located
at the +3 position of exon 9, this variant
might affect the splicing machinery.'’
The 4 allele of this variant was predicted
to bind to the serine/arginine-rich family
member ASF/SF2, a pre-mRNA splicin%
factor playing a role in mRNA stability.’
Nevertheless, exonic variants, including
the ¢.744G>A, in the IRF2 gene were
not associated with pancreatitis, suggest-
ing that /RF2 is not likely to be a pancrea-
titis susceptibility gene in humans.
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TABLE 1. Frequency of the Exonic IRF2 Variants in Japanese Patients With CP and Controls

IRF2Exonic Total Alcoholic Nonalcoholic P (Total CP vs
Variants Genotype CP, % CP, % CP, % Controls, % Controls)*
Exon 3
c.123G>A GA 1/372 (0.3) 0/172 (0) 1/200 (0.5) 0/276 (0) >0.99
(p-Ad1=)
Exon 7
¢.638C>T CT 2/372 (0.5) 0/172 (0) 2/200 (1.0) 1/276 (0.4) >0.99
(p.P213L)
c.651C>T CT 2/372 (0.5) 0/172 (0) 2/200 (1/0) 2/276 (0.7) >0.99
(p.S217=)
Exon 9
c.744G>A GA 179/372 (48.1) 85/172 (49.4) 94/200 (47.0) 142/276 (51.4) 0.64
(p.G248=)
AA 45/372 (12.1) 19/172 (11.0) 26/200 (13.0) 34/276 (12.3)

*Fisher exact test.
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Establishment of an
Orthotopic Model of
Pancreatic Cancer to

Evaluate the Antitumor
Effects of Irinotecan
Through the Biomarker
Carbohydrate Antigen
19-9 in Mice

To the Editor:

he level of carbohydrate antigen 19-9

(CA19-9, also called cancer antigen
19-9) is elevated in many types of gastro-
intestinal cancers, such as hepatocellular
carcinoma, as well as colorectal, esopha-
geal, and pancreatic cancers.! As a tumor
marker in Ssymptomatic patients with pan-
creatic cancer, CA19-9 has a sensitivity of
70% to 80% and a specificity of 80% to
90%.2 However, its use as a cancer screen-
ing tool, particularly for pancreatic cancer
screening, is discouraged by the American
Society of Clinical Oncology because of the
risk for false-negatives or false-positives.
Therefore, the main use of CA19-9 is to
monitor responses to therapies.’*

In current preclinical studies, tumor
size (weight) from xenograft models re-
mains the only indicator for drug efficacy
evaluation. To our knowledge, there has
not yet been an effective demonstration
of a plasma biomarker for therapy re-
sponse in tumor-bearing animals. In view
of this, development of an orthotopic xe-
nograft model of pancreatic cancer to
evaluate the efficiency of chemotherapeu-
tic agents through the biomarker CA19-9
becomes very attractive.

MATERIALS AND METHODS

Carbohydrate antigen 19-9 expres-
sion and secretion in cell culture media
in 4 human pancreatic adenocarcinoma
cell lines, PANC-1, CAPAN-1, CAPAN-2,
and SW1990, were detected by Western
blotting and enzyme-linked immunosorbent
assay (ELISA), respectively. SW1990 cells
were implanted into the pancreata of
BALB/c nude mice. On the eighth day af-
ter orthotopic implantation, the animals
were randomly divided into vehicle con-
trol group (13 mice) or treatment group
(11 mice). The treatment group was injected
with 25 mg/kg of irinotecan (CPT-11) twice
aweek. To exclude the effects of the surgi-
cal operation, a sham group received the
same operation procedures but with only
phosphate buffered saline injected into

the pancreata. After 3 weeks of treatment,
the mice were sacrificed and the tumors
were excised and weighed. The concentra-
tion of CA19-9 in plasma of the mice was
measured by ELISA kit. Differences were
considered to be statistically significant
when P < 0.05. The cryosections of
pancreata (tumors) in each group (sham,
control, or CPT-11 treatment group) were
used for assessing CA19-9 expression by
immunostaining.

RESULTS

SW1990 Cells Overexpressed
and Secreted CA19-9

Western blotting showed that SW1990
cells overexpressed CA19-9, whereas the
other 3 pancreatic cancer cell lines did not
(Fig. 1A). In addition, the media from
SW1990 cells also contained significantly
higher levels of CA19-9 by ELISA detec-
tion (Fig. 1B). Therefore, SW1990 cells
were used for our orthotopic xenograft
pancreatic cancer model.

Irinotecan Inhibited the Growth
of SW1990 Human Pancreatic
Tumor Xenografts and
Decreased the Levels of the
Biomarker CA19-9 in Plasma and
Tumor Tissues

The weights of the pancreata from
the control group animals were signi-
ficantly higher than those of the sham
group, which was not implanted with can-
cer cells (P < 0.001; Figs. 1C, E), demon-
strating that orthotopic pancreatic tumors
were successfully developed in the
pancreata of nude mice. After the treat-
ment with CPT-11 (25 mg/kg, twice per
week) for 3 weeks, the weights of pan-
creata (including tumor) of the mice
were significantly lower than those of
the control group (P <0.001; Figs. 1C, E).

The levels of the biomarker CA19-9
in plasma, which should be elevated if
the pancreatic tumor existed,® were assessed.
The concentration of CA19-9 in the sham
group was lower than the detection limit of
the kit, which was 10 U/mL. The mean
(SD) concentration of CA19-9 in the con-
trol group was 116 (33.7) U/mL (n= 13),
which was significantly higher than that
of the sham group (Fig. 1D). These results
demonstrated that the induction of pan-
creatic tumor growth by inoculation of
SW1990 cells could be reflected by a rise
in CA19-9 level. Furthermore, treatment
with CPT-11 significantly decreased
the CA19-9 levels in plasma (P < 0.05)
(Fig. 1D). Therefore, the levels of CA19-9

© 2014 Lippincott Williams & Wilkins

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Dig Dis Sci
DOI 10.1007/s10620-014-3476-9
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Abstract

Background The cystic fibrosis transmembrane conduc-
tance regulator (CFTR) gene, responsible for the develop-
ment of cystic fibrosis, is known as a pancreatitis
susceptibility gene. Direct DNA sequencing of PCR-
amplified CFTR gene segments is a first-line method to
detect unknown mutations, but it is a tedious and labor-
intensive endeavor given the large size of the gene (27
exons, 1,480 amino acids). Next-generation sequencing
(NGS) is becoming standardized, reducing the cost of DNA
sequencing, and enabling the generation of millions of
reads per run. We here report a comprehensive analysis of
CFTR variants in Japanese patients with chronic pancrea-
titis using NGS coupling with target capture.

Methods Exon sequences of the CFTR gene from 193
patients with chronic pancreatitis (121 idiopathic, 46
alcoholic, 17 hereditary, and nine familial) were captured
by HaloPlex target enrichment technology, followed by
NGS.

Results The sequencing data covered 91.6 % of the
coding regions of the CFTR gene by >20 reads with a
mean read depth of 449. We could identify 12 non-
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synonymous variants including three novel ones
[c.A1231G  (p.K411E), ¢.1753G>T (p.E585X) and
¢.2869delC (p.L957fs)] and seven synonymous variants
including three novel ones in the exonic regions. The fre-
quencies of the ¢.4056G>C (p.Q1352H) and the
¢.3468G>T (p.L1156F) variants were higher in patients
with chronic pancreatitis than those in controls.
Conclusions Target sequence capture combined with
NGS is an effective method for the analysis of pancreatitis
susceptibility genes.

Keywords Chloride channel - HaloPlex - In silico
analysis - MiSeq - Target enrichment

Abbreviations
bp Base pair
CF Cystic fibrosis

CFTR Cystic fibrosis transmembrane conductance
regulator

CP Chronic pancreatitis

ERCP Endoscopic retrograde cholangiopancreatography

NGS  Next-generation sequencing

PCR  Polymerase chain reaction

RD Related disorder
SIFT  Sorting Intolerant From Tolerant

Introduction

Chronic pancreatitis (CP) is a progressive inflammatory
disease that eventually leads to impairment of the exocrine
and endocrine functions of the organ [1, 2]. Since the

-identification of mutations in the cationic trypsinogen

@ Springer
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(protease, serine, 1; PRSSI) gene as a cause of hereditary
pancreatitis in 1996 [3], several pancreatitis susceptibility
genes have been identified [3—6]. Gain-of-function muta-
tions in the PRSSI gene as well as loss-of-function variants
in the serine protease inhibitor Kazal type 1 (SPINK1) gene
and the trypsin-degrading enzyme chymotrypsin C (CTRC)
increase the risk of CP [3-5]. In 2013, carboxypeptidase
Al (CPAI) gene was identified as a novel pancreatitis
susceptibility gene [6]. These studies have been replicated
in the Japanese population [7-10].

The cystic fibrosis transmembrane conductance regulator
(CFTR) gene is another pancreatitis susceptibility gene [11,
12]. Acute recurrent pancreatitis and CP have been accepted
as CFTR-related disorders (CFTR-RDs), a clinical entity
associated with CFTR dysfunction that does not fulfill the
diagnostic criteria for cystic fibrosis (CF; MIM# 219700)
[13]. The CFTR gene, responsible for the development of
CF, encodes for a cyclic adenosine monophosphate-depen-
dent chloride channel that is located in the apical membrane
of secretory and absorptive epithelial cells of the pancreas,
intestine, liver, airways, vas deferens, and sweat glands [14].
In general, the clinical manifestations of CF arise from ductal
and glandular obstruction because of an inability to hydrate
macromolecules within the ductal lumens [15]. Until now,
more than 1,900 variants have been identified in the Cystic
Fibrosis Mutation Database (http://www.genet.sickkids.on.
ca/cftr). The human CFTR gene spans 250 kb and contains
27 exons that encode for a protein with a total length of 1,480
amino acids [14]. Direct DNA sequencing of polymerase
chain reaction (PCR)-amplified CFTR gene segments is a
first-line method to detect unknown CFTR mutations [16],
but this is a tedious and labor-intensive endeavor given the
large size of the gene.

A new approach that uses massive parallel sequencing
called next-generation sequencing (NGS) is becoming
standardized, and the cost is rapidly dropping [17]. Using
the ultimate platforms, such systems are able to perform
billions of sequencing reactions with a read length of
150-250 nucleotides. For most research groups, whole-
genome sequencing of many samples remains a costly
endeavor, and targeted capture of selected regions of
interest followed by sequencing provides a more efficient
and cost-effective option. This strategy has allowed iden-
tification of causal variants in several Mendelian disorders,
variants associated with complex diseases, and recurrently
mutated cancer genes [18-20]. The HaloPlex target
enrichment technology is a selective circularization-based
method that is a further development of the principle of
selector probes [21]. In the HaloPlex technology, genomic
DNA is fragmented by restriction enzyme digestion and
circularized by hybridization to probes whose ends are
complementary to the target fragments. Compared to
hybrid capture methods, the HaloPlex system requires

@ Springer

smaller amounts of starting DNA, has higher specificity
(fraction of sequence reads in the region of interest), and
provides more uniform genome coverage [22]. Using the
bench-top Illumina MiSeq platform, comprehensive ana-
lysis of many samples can be easily done. We here report
the comprehensive analysis of CFTR variants in Japanese
patients with CP.

Materials and Methods
Subjects

One hundred and ninety-three patients with CP (121 idio-
pathic, 46 alcoholic, 17 hereditary, and nine familial) were
enrolled in this study. Because we initially aimed to
identify novel pancreatitis-associated genes using the
HaloPlex system, majority of the patients recruited were
nonalcoholic. To extend our findings, we additionally
recruited patients with alcoholic CP who had developed CP
at relatively younger ages (mean: 44.1 years old). The
diagnosis of CP was based on at least two separate episodes
of abdominal pain and radiological findings of pancreatic
calcifications by computed tomography, endoscopic ultra-
sonography, and/or morphological findings such as pan-
creatic ductal irregularities and dilatations revealed by
endoscopic retrograde cholangiopancreatography (ERCP)
or by magnetic resonance imaging [23]. Hereditary pan-
creatitis was diagnosed when one first-degree relative or
two or more second-degree relatives had recurrent acute
pancreatitis or CP without any apparent predisposing factor
[24]. Patients with CP in whom the criteria for hereditary
pancreatitis were not met but who had at least two affected
family members were classified as having familial pan-
creatitis. Idiopathic CP was diagnosed in the absence of a
positive family history or possible predisposing factors
such as alcohol abuse, trauma, medication, and anatomical
abnormalities. Patients who consumed alcohol over 80 g/
day (for men) or 60 g/day (for women) for more than
2 years were classified as alcoholic CP. All subjects were
Japanese. This study was performed with the informed
consent of the patients in accordance with the principles of
the declaration of Helsinki. This study was approved by the
Ethics Committee of Tohoku University School of Medi-
cine (article#: 2013-1-498).

Peripheral Blood Collection and DNA Preparation

After written informed consent was obtained, 5-10 mL of
peripheral blood was collected in disposable vacuum tubes
for genetic testing. Genomic DNA was extracted from
peripheral blood leukocytes using the Wizard genomic
DNA purification kit (Promega, Madison, WI, USA).
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Targeted Next-Generation Sequencing

We used the online design tool SureDesign to generate a
customized HaloPlex target enrichment system (Agilent
Technologies, Santa Clara, CA, USA) targeting the regions
including CFTR exons and 50 base pairs (bp) of flanking
introns. The expected coverage of the CFTR coding region
based on the amplicon design was 99.6 %. The HaloPlex
target enrichment system relies on a tailored cocktail of
restriction enzymes and customized probes to capture
genomic regions of interest, which are subsequently
amplified by PCR. Sequencing libraries were prepared
according to the manufacturer’s instructions. Briefly,
genomic DNA was digested with restriction enzymes,
followed by hybridization to the biotinylated HaloPlex
probe library in the presence of the indexing primer cas-
sette. Hybridization results in the circularization of geno-
mic DNA fragments and incorporation of indices and
Tllumina sequencing motifs. Hybridized probes were cap-
tured with streptavidin-coated magnetic beads. Subse-
quently, libraries were amplified by PCR to produce a
sequencing-ready, target-enriched sample.

All libraries of target-enriched DNA were analyzed on a
2200 TapeStation (Agilent Technologies) to verify suc-
cessful enrichment. All samples were sequenced on the
Ilumina MiSeq platform (Illumina Japan, Tokyo, Japan)
with paired-end 151-bp reads according to the manufac-
turer’s instruction.

Bioinformatic Analysis of Sequencing Data
The reads were trimmed with the utility program Trim Galore
(bttp:/fwww.bioinformatics.babraham.ac.uk/projects/trim_

galore/) to remove possible adapter sequences, based on the
Tllumina TruSeq adapter index sequences. If either read from

Table 1 Primers used for direct sequencing

a pair was shorter than 20 bp after trimming, that pair was
removed from the analysis. The remaining quality reads were
mapped to the GRCh37 primary assembly of the human
genome (http://ensembl.org/) using the Burrows—Wheeler
Alignment tool 0.6.1 (http://bio-bwa.sourceforge.net/). Fur-
ther sequence data processing, assessment of coverage rates,
variant calling, and filtration were performed with the Gen-
ome Analysis Toolkit, version 1.6 software (Broad Institute,
Cambridge, MA, USA; http://www.broadinstitute.org/gatk/).
SNPs and insertions/deletions (indels) were annotated using
the ANNOVAR (hitp://www.openbioinformatics.org/anno
var/; BIOBASE, Wolfenbiittel, Germany).

Sanger Sequencing

Sanger sequencing was performed to analyze the DNA
sequences which included any nucleotide variant identified
by NGS. Exons and adjacent intronic regions of the CFTR
gene containing the nucleotide variants were amplified by
PCR using the primer sets (Table 1). The cycle conditions
were as follows: preheating at 95 °C for 5 min, followed
by 40 cycles of 95 °C for 30 s, 60 °C for 30 s, and 72 °C
for 30 s; and then a final extension at 72 °C for 5 min. PCR
products were cleaned up using the Illustra ExoProStar S
(GE Healthcare Life Sciences; Little Chalfont, UK). The
PCR products were sequenced using an ABI Prism BigDye
Terminator Cycle Sequencing Kit, version 3.1 on
ABI3730xI DNA Analyzer (Applied Biosystems, Foster
City, CA, USA) according to the manufacturer’s instruc-
tions. The results were compared with the reference
sequence derived from the GenBank (http://www.ncbi.nhn.
nih.gov/genbank, reference sequence NM_000492) to
identify nucleotide substitutions. The A of the ATG start
codon was used as nucleotide +1. The mutations are
described according to the nomenclature recommended by

Exon Forward Reverse Size of PCR product (bp)
2 CCAGAAAAGTTGAATAGTATCA AAGCAATCCTCTCATCTTGG 369
4 AATTCTCAGGGTATTTTATGAG CCAGCTCACTACCTAATTTATG 363
10 AGCATCTATTGAAAATATCTGACAAAC AAAGAGACATGGACACCAAATTAAG 315
11 GGAGGCAAGTGAATCCTGAG AACCGATTGAATATGGAGCC 343
12 CAGATTGAGCATACTAAAAGTG CATTTACAGCAAATGCTTGCTAG 224
13 TAGATGACCAGGAAATAGAGA ATGAGGCGGTGAGAAAAGGT 351
15 GGTGGCATGAAACTGTACTG TGTATACATCCCCAAACTATCT 251
17 TCAGTAAGTACTTTGGCTGC CCTATTGATGGTGGATCAGC 390
21 TGTGCCCTAGGAGAAGTGTG TGACAGATACACAGTGACCCTC 335
23 TATGTCACAGAAGTGATCCC TGAGTACAAGTATCAAATAGC 252
25 GCTTGAGTGTTTTTAACTCTGTGG AGACCCCCACACGCAGAC 335
27 CTCTGGTCTGACCTGCCTTC AGCTCCAATTCCATGAGGTG 334

bp base pairs
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