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tion in NIH 3T3 Cells Expressing RITT

ity @
5
(=)

vity

-

3
B
o

Germline Mutations

s
P3
o

-

n

o

(A) The ELK1-GAL4 vector and the GAL4

[
N
o

luciferase trans-reporter vector were tran-

siently transfected with various RIT1 germ-
line mutations and activating mutations in

Relative luciferase activi

Relative luciferase acti

MEK

p.GlugiGly EEEE- -

p.Gly30Vval
p.GIn79Leu
p.Ala57Gly
p.Phe82leu
p.Gly95Ala

p.Ser35Thr

BRAF and MAP2KI in NIH 3T3 cells.
¢.1910T>A (p.Val637Glu) in mouse Braf
corresponds to oncogenic ¢.1799T>A
(p-Val600Glu) in human BRAF. Relative
luciferase activity was calculated by normal-
ization to the activity of a cotransfected
control vector, phRLnull-luc, containing
distinguishable R. reniformis luciferase.

(B) ELK1 transactivation in cells express-

p-Ser35Asn
p.Ala57Cly
p.Gin79Leu
MEK

R
3
-

Braf p.Val637Glu

RIT1 ing p.Ser35Thr, identified in individuals

Fold 1 13 26 1.9

N
~
-
(o]
N
N
(&)

.9 6.3 Fold 1

1.3 06 15 1.8 3.0

with Noonan syndrome, and p.Ser35Asn,

were examined. p.Ser35Asn corresponds to
dominant-negative alteration p.Serl7Asn
in RAS.

Results are expressed as the means of quadruplicate (A) and triplicate (B) samples. Error bars represent the SDs of mean values. Red bars
indicate germline RIT1 mutations identified in Noonan syndrome. The following abbreviation is used: WT, wild-type. *p < 0.01 by t test.

abnormalities and were diagnosed with Noonan syn-
drome by diagnostic criteria developed by van der Burgt
(Figures 1A-1L and Table 1).* Two individuals (NS358
and KCC38) were suspected to have CFC syndrome in
the infantile period because of curly, sparse hair, a high
cranial vault, and hypoplasia of the supraorbital ridges.
Nine individuals showed perinatal abnormality,
including polyhydramnios, nuchal translucency, and
chylothorax (Table S2). It is of note that one individual
(Og45) showing severe pleural effusion, hypertrophic
cardiomyopathy, and hepatomegaly that ended in severe
body edema and compromised circulation died 53 days
after birth. Seven individuals showed high birth weight,
probably as a result of subcutaneous edema, which is a
typical manifestation observed in individuals with
Noonan syndrome.* Out of 17 affected individuals, 16
(94%) had heart defects (Table 1): hypertrophic cardio-
myopathy (HCM) in 12 (71%) individuals, pulmonary
stenosis in 11 (65%) individuals, and atrial septal
defects in 5 (29%) individuals. The incidence of
pulmonic stenosis and mild cognitive defects is close
to the overall incidence of these features in Noonan
syndrome cohorts. By contrast, the incidence of HCM
is far greater than in individuals with Noonan syn-
drome overall (25/118 in Noonan syndrome*? versus
12/17 in individuals with RIT1 mutations; p < 0.0001
by Fisher's exact test). It is of note that a high fre-
quency of HCM (70%) was also reported in individuals
with RAF1 mutations.’®'%?* It is possible that RIT1
interacts with RAF1 and that gain-of-function muta-
tions in RIT1 and RAFI1 exert similar effects in heart
development.

Somatic alterations in classical RAS have been identified
in approximately 30% of tumors.** Noonan syndrome and
related disorders confer an increased risk of developing
malignant tumors.?>** In a summary of the literature, it
has been reported that 45 of 1,151 (3.9%) individuals

with Noonan syndrome (but with an unknown mutation
status) developed malignant tumors.** Since molecular
analysis became available, gene-specific association with
malignant tumors has been revealed. The association
with JMML, a myeloproliferative disorder characterized
by the excessive production of myelomonocytic cells,
has been reported in individuals with PTPN11, CBL, and
KRAS mutations. Recent reports showed that two individ-
uals with SOS1 mutations developed embryonal thabdo-
myosarcoma.*>*¢ A somatic RITI1 variant, c.270G>A
(p-Met90Ile), has been identified in lung cancer (COSMIC
database). In the present cohort, 1 (NS168) of 17 individ-
uals with RIT1 c.242A>G (p.Glu81Gly) developed acute
Iymphoblastic leukemia at the age of 5 years. The child
was treated by a standard protocol and has remained in
complete remission. Examining whether gain-of-function
mutations in RITT cause tumorigenesis will require further
study.

RIT1 has been isolated as a cDNA encoding highly
conserved G3 and G4 domains of RAS proteins®® or
identified as a gene encoding a protein related to
Drosophila  Ric, a calmodulin-binding RAS-related
GTPase.>* RIT1 p.GIn79Leu, which corresponds to RAS
p-GIn61Leu, is implicated in transforming NIH 3T3 cells,
neurite outgrowth in neuronal cells, and the activation
of ERK and p38 MAPK in a cell-specific manner.37-3847
In this study, enhanced ELK1 transactivation was
observed in cells expressing mutant RITI cDNAs. Previous
studies showed that enhanced ELK transactivation
was observed in NIH 3T3 cells expressing HRAS, KRAS,
BRAF, and RAF1 mutations identified in individuals
with Costello, CFC, and Noonan syndromes.'”-1824
Gastrulation defects observed in zebrafish embryos
expressing RIT1 alterations (p.Glu81Gly, p.Gly95Ala,
or p.GIn79Leu) were also reported in zebrafish em-
bryos expressing an activating mutation in NRAS,
BRAF, MAP2K1, or MAP2K2.**% Taken together, these
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Figure 3. Morphology of Embryos In-
jected with the WT or Mutant RITT mRNA
In vitro transcription of each mRNA
was performed with the mMESSAGE
mMACHINE kit (Applied Biosystems)
according to the manufacturer’s instruc-
tions. Synthesized mRNAs were purified
with G-50 Micro Columns (GE Healthcare)
and subsequently adjusted to a 300 ng/ul
concentration for microinjection. Approxi-
mately 1 nl (300 pg) of RNA in water with
0.2% phenol red was injected into the cyto-
plasm of 1-cell-stage zebrafish embryos.
Injected embryos were incubated at 28°C
until observation.

(A) At 11 hpf, the shapes of the em-
bryos injected with the WT sense or anti-
sense mMRNA were round, a normal
morphology as observed in the uninjected
embryos. In contrast, embryos express-
ing mutations (c.236A>T [p.GIn79Leu],
c.242A>G [p.Glu81Gly], and ¢.284G>C
[p.Gly95Ala]) are oval and compressed
along the dorsal-ventral axis, indicative
of a gastrulation defect. Note that cells
have a hump in the head region at the anterior end of the body axis, the earliest manifestation of a craniofacial defect.

(B) Lateral views at 48 hpf are shown. Embryos expressing mutations (c.236A>T [p.GIn79Leu], ¢.242A>G [p.Glu81Gly], and ¢.284G>C
[p.Gly95Ala]) formed swollen yolk sacs equally along the anterior posterior axis but did not show narrowing in the caudal half, which
was clearly visible in the uninjected embryos and in those injected with the WT sense or antisense mRNA. In the craniofacial area,
misshapen head and jaw structures and small eyes with hypoplasia on the ventral side were observed (middle panel); these phenotypes
are consistent with the gastrulation defect. Shapes of the hearts (highlighted by red dotted lines) are shown in the right panel at a higher
magnification. Normal looping of the heart tube and correct formation of two distinct chambers are observed in embryos injected with
the WT sense or antisense mRNA. When mutations (c.236A>T [p.GIn79Leu], c.242A>G [p.Glu81Gly], and c.284G>C [p.Gly95Ala)])
were expressed, looping was incomplete, resulting in stretched straight heart tubes. Constrictions at the atrial-ventricular canal are

Uninjected ~WT  p.GIn79Leu

RIT1 (WT)
Ala anti
p.Gin78Leu

p.Glus1Gly
p.Gly95Ala

RITY (WT)

antisense

obscure, and the heart chambers are hypoplastic. Abbreviations are as follows: A, atrium; and V, ventricle.

results indicate that gain-of-function mutations in RITI
cause Noonan syndrome and show a similar effect to mu-
tations in other RASopathy-related genes in human devel-
opment.

Herein, we used whole-exome sequencing to identify
germline RIT1 mutations in individuals with Noonan syn-
drome, a disorder of the RASopathies. Mutations in
PTPN11, 5081, RAF1, KRAS, BRAF, and NRAS have been
identified in 41%, 11%, 5%, 1%, 0.8%, and 0.2% of all
cases, respectively,® and thus the frequency of RITI muta-
tions in Noonan syndrome might be similar to that of
RAF1 mutations. Our findings will improve diagnostic
accuracy of Noonan syndrome and provide a clue to un-
derstanding the disorder’s pathogenesis, including thera-
peutic approaches.

Supplemental Data

Supplemental Data include four figures, three tables, and six
movies and can be found with this article online at http://www.
cell.com/AJHG/.
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Exome sequencing identifies a novel TTN mutation

in a family with hereditary
respiratory failure

myopathy with early
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Myofibrillar myopathy (MFM) is a group of chronic muscular disorders that show the focal dissolution of myofibrils and
accumulation of degradation products. The major genetic basis of MFMs is unknown. in 1993, our group reported a Japanese
family with dominantly inherited cytoplasmic body myopathy, which is now included in MFM, characterized by late-onset chronic
progressive distal muscle weakness and early respiratory failure. In this study, we performed linkage analysis and exome sequencing
on these patients and identified a novel ¢.90263G > T mutation in the TTN gene (NM_001256850). During the course of our
study, another groups reported three mutations in TTN in patients with hereditary myopathy with early respiratory failure (HMERF,
MIM #603689), which is characterized by overlapping pathologic findings with MFMs. Our patients were clinically compatible with
HMERF. The mutation identified in this study and the three mutations in patients with HMERF were located on the A-band domain
of titin, suggesting a strong relationship between mutations in the A-band domain of titin and HMERF. Mutation screening of TTN
has been rarely carried out because of its huge size, consisting of 363 exons. It is possible that focused analysis of TTN may
detect more mutations in patients with MFMs, especially in those with early respiratory failure.
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INTRODUCTION

Myofibrillar myopathies (MFMs) were proposed in 1996 as a group of
chronic muscular disorders characterized by common morphologic
features observed on muscle histology, which showed the focal
dissolution of myofibrils followed by the accumulation of products
of the degradative process.! The clinical phenotype of MEM is
characterized by slowly progressive muscle weakness that can
involve proximal or distal muscles, with onset in adulthood in most
cases. However, other phenotypes are highly variable. Although 20%
of patients with MEMs have been revealed to have mutations in DES,
CRYAB, MYOT, LDB (ZASP), FLNC or BAG3, the major genetic basis
of MFMs remains to be elucidated.

Respiratory weakness is one of the symptoms of MFMs. The early
or initial presentation of respiratory failure is not a common manifes-
tation of MFMs as a whole, and there are limited reports regarding a
fraction of patients with DES,2 MYOT? or CRYAB* mutation. In 1993,

our group reported a Japanese family with dominantly inherited
cytoplasmic body (CB) myopathy,” which is now included in MFM.
Currently, this family includes 20 patients in five successive generations
who show almost homogeneous clinical features characterized by
chronic progressive distal muscle weakness and early respiratory
failure. However, the underlying genetic etiology in this family
was unknown. The aim of this study was to determine
the genetic cause in this family. To identify the responsible genetic
mutation, we performed linkage analysis and whole-exome
sequencing.

MATERIALS AND METHODS

This study was approved by the Ethics Committee of the Tohoku University
School of Medicine, and all individuals gave their informed consent before
their inclusion in the study.
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Clinical information on the family
This family includes 20 patients (13 males and 7 females) in five successive
generations (Figure 1). The family is of Japanese ancestry, and no consangui-
neous or international mating was found. Of all patients, seven underwent a
muscle biopsy, and two were autopsied. All of the histological findings were
compatible with MEM (see clinical data).

The age of onset ranged from 27-45 years. The most common presenting
symptom was foot drop. At the initial evaluations, muscle weakness
was primarily distributed in the ankle dorsiflexors and finger extensors.
The patients were generally built and showed no other extramuscular
abnormalities. In addition to this chronic progressive distal muscle weakness,
respiratory distress occurred between 0 and 7 years from the initial onset
(average 3.8 years) in seven patients (IV-9, V-2, A, B, E, H, and J) with
adequate clinical information. Two patients who had not had any respiratory
care died of respiratory failure approximately a decade from the initial onset.
The other patients have been alive for more than 10 years (maximum 18 years)
but require nocturnal non-invasive positive pressure ventilation. They were 37—
58 years of age as of 2012 and able to walk independently with or without a
simple walking aid. Although the time at which patients recognized dysphagia
or dysarthria varied between 1 to more than 10 years from the initial onset,
decreased bulbar functions had been noted at the initial evaluation in most
cases. Cardiac function was normally maintained in all patients of the family.

Clinical data

The level of serum creatine kinase was normal or mildly elevated. Electro-
myography of affected muscles showed a chronic myogenic pattern, and the
nerve conduction study did not suggest any neuropathic involvement. Muscle
imaging showed focal atrophy in the tibialis anterior, tibialis posterior, extensor
hallucis and digitorum longus, peroneal and semitendinosus muscle on initial
assessment (Figure 2A), and atrophy became clear in cervical muscles, shoulder
girdles, intercostals and proximal limb muscles in the following several years.
Upon muscle biopsy, the most common finding was numerous cytoplasmic
bodies (CBs), which were found on 7.3% of myofibers in the tibialis anterior of
individual E (Figure 2B (a—)) and 50-80% of intercostals in other cases.”

Other nonspecific findings were increased variability in the size of myofibers,
central nuclei and rimmed vacuoles observed on a few fibers. No strong
immunoreaction of desmin was seen in the CBs (Figure 2B (d, €)). An electron
microscope examination showed that the regular sarcoplasmic pattern was
replaced by abnormal fine filamentous structures, which seemed to attach to
the Z-band. CBs were also found in almost all skeletal muscles and some
smooth muscles in autopsied cases.’> Cardiac myofibers also contained
numerous CBs in one of the autopsied cases (V-2),> although the patient
did not present any cardiac complication. The sequence analysis of the coding
regions and flanking introns of DES and MYOT showed no pathogenic
mutation in individual E. An array comparative genomic hybridization
performed with the Agilent SurePrint G3 Human CGH 1M microarray
format in individual A did not reveal any aberrations of genomic copy
number.

Linkage analysis

DNA was extracted by standard methods. Linkage analysis was performed on
nine family members (A-I in Figure 1; four of them were affected, and the
others were unaffected) through genotyping using an Illumina Human Omni
2.5 BeadChip (Illumina, San Diego, CA, USA). We chose single-nucleotide
polymorphisms (SNPs) that satisfied all of the following criteria: (1) autosomal
SNPs whose allele frequencies were available from the HapMap project (http://
hapmap.ncbi.nlm.nih.gov/), (2) SNPs that were not monomorphic among
members and (3) SNPs that were not in strong linkage disequilibrium with
neighboring SNPs (12 values <0.9). Then, we selected the first five SNPs from
each position of integer genetic distance from SNPs that met the above criteria
for the initial analysis. The details were as follows; we chose a SNP closest to
0cM and the neighboring four SNPs. If the genetic distance of a SNP was the
same as that of the next SNP, we considered the genomic position to determine
their order. We repeated this process at 1cM, 2cM and so on.

We performed a multipoint linkage analysis of the data set (17 613 SNPs)
using MERLIN® 1.1.2 under the autosomal dominant mode with the following
parameters: 0.0001 for disease allele frequency, 1.00 for individuals
heterozygous and homozygous for the disease allele and 0.00 for individuals
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Figure 1 Family pedigree. Filled-in symbols indicate individuals with MFM. Empty symbols indicate unaffected individuals. A star and asterisk indicate
autopsy-proven and muscle biopsy-proven cases, respectively. (A-J) indicates individuals whose DNA was used for this study.
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Figure 2 Family clinical data. (A) Muscle computed tomography of affected lower extremity. The imaging in the initial assessment of individual A showed
symmetrical atrophy and fatty replacement of the semitendinosus in the proximal lower extremities (left) and the tibialis anterior, tibialis posterior, extensor
hallucis and digitorum longus, and peroneal muscle in the distal (right) lower extremities. (B) Pathology of muscle biopsy. Hematoxylin-eosin (a), Gomori-
trichrome (b) and NADH (nicotinamide adenine dinucleotide)-tetrazolium reductase (c) staining of the muscle biopsy sample from the tibialis anterior of
individual E are shown. CBs are indicated by arrows. CBs were round or oval, 5-10um in diameter and predominantly located in the periphery of type 1
fibers, which stained eosinophilic with hematoxylin-eosin and blue-purple with Gomori-trichrome. NADH-tetrazolium reductase staining showed
disorganization of the myofibrillar network. Immunostaining for desmin (d) and Gomori-trichrome staining (e) are serial sections of the muscle biopsy from
individual E. Stars indicate corresponding fibers. No strong immunoreaction of desmin was seen in the CBs. Scale bars =100 um

homozygous for the alternative allele. After this first analysis, a second
analysis was performed with all SNPs fulfilling the above criteria around the
peaks identified in the first analysis.

Exome sequencing

Exome sequencing was performed on seven family members in three
generations (A-E, H and I in Figure 1), four of whom were affected. Exon
capture was performed with the SureSelect Human All Exon kit v2 (individuals
E, H and I) or v4 (A-D) (Agilent Technologies, Santa Clara, CA, USA). Exon
libraries were sequenced with the Illumina Hiseq 2000 platform according to
the manufacturer’s instructions (Ilumina). Paired 101-base pair reads were
aligned to the reference human genome (UCSChgl9) using the Burrows-
Wheeler Alignment tool.” Likely PCR duplicates were removed with the Picard
program (http://picard.sourceforge.net/). Single-nucleotide variants and indels
were identified using the Genome Analysis Tool Kit (GATK) v1.5 software.®
SNVs and indels were annotated against the RefSeq database and dbSNP135
with the ANNOVAR program.” We used the PolyPhen2 polymorphism
phenotyping software tool'® to predict the functional effects of mutations.

Sanger sequencing

To confirm that mutations identified by exome sequencing segregated with the
disease, we performed direct sequencing. PCR was performed with the primers
shown in Supplementary Table 1. PCR products were purified with a
MultiScreen PCR plate (Millipore, Billerica, MA, USA) and sequenced using
BigDye terminator v1.1 and a 3500xL genetic analyzer (Applied Biosystems,
Carlsbad, CA, USA).

RESULTS

Linkage analysis

The first linkage analysis identified five regions across autosomes with
a logarithm of odds (LOD) score greater than 2 (Figure 3). Of the five
regions, two were on chromosome 2 (from 167 cM to 168 cM, with a
maximum LOD score of 2.46 and from 182cM to 185cM, with a
maximum LOD score of 2.71), the other two were on chromosome 8
(from 27 cM to 34cM, with a maximum LOD score of 2.71 and at
61cM, with a maximum LOD score of 2.03), and one was on

261

Journal of Human Genetics

220



A novel TTN mutation in a family with HMERF
R lzumi et af

262

150.0 200.0 250.0
Chromosome 2 Position (cM) Chromosome 17 Position (cM)
- Distance .
Chr Position (LOD22) (cM) Maximum LOD
2 169,058,679-160,935,582 0.70 2.46
2 174,893,412-182,548,671 5.82 2.71
8 15,713,330-20,391,160 8.46 2.71
8 41,660,854-49,769,454 1.30 2.03
17 1,550,848-1,657,899 0.75 2.53
| J Il
150.0

Chromosome 8 Position {cM)

Figure 3 Linkage analysis. Linkage analysis was performed on nine family members (four of them were affected, the others were unaffected) using an
Illumina Human Omni 2.5 BeadChip. Five regions with an LOD score greater than 2 (indicated by bar) were identified. A full color version of this figure is

available at the Journal of Human Genetics journal online.

Table 1 Summary of detected variants by exome sequencing

Individual A B [ D H / Segregated in seven
Morbidity Affected Affected Unaffected Unaffected Affected Affected Unaffected family members
Exonic, splicing 10089 10064 10079 10065 10230 10194 10216 64
Nonsynonymous, splicing, indel, nonsense 4987 ] 5020 5055 5038 5143 5234 5200 32

Allele frequency not available 577 600 536 555 671 794 786 2

chromosome 17 (at 5cM, with a maximum LOD score of 2.53). In
the second detailed linkage analysis, these peaks were determined to
range from 167.49cM at rs4233674 at position 159 058 679 to
168.19 cM at 157598162 at position 160 935 582, and from 181.23 cM
at rs4402725 at position 174 893 412 to 187.05cM at rs7420169 at
position 182 548 671 on chromosome 2; from 26.42 cM at rs2736043
at position 15 713 330 to 34.88 cM at rs9325871 at position 20 391
160, and from 61.02cM at rs6999814 at position 41 660 854 to
62.32 cM at 1510957281 at position 49 769 454 on chromosome 8; and
from 4.7cM at rs11078552 at position 1 550 848 to 5.45cM at
rs1057355 at position 1 657 899 on chromosome 17. Haplotypes
shared by affected individuals in these regions were confirmed by
visual inspection. There were a few incompatible SNPs in these
regions, presumably due to genotyping error.

Exome sequencing and segregation analysis

In exome sequencing, an average of 215 million reads enriched by
SureSelect v4 (SSv4) and 319 million reads enriched by SureSelect v2
(SSv2) were generated, and 99% of reads were mapped to the
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reference genome by Burrows-Wheeler Alignment tool. An average
of 57% (SSv4) and 61% (SSv2) of those reads were duplicated and
removed, and an average of 80% (SSv4) and 66% (SSv2) of mapped
reads without duplicates were in target regions. The average coverage
of each exome was 163-fold (SSv4) and 130-fold (SSv2). An average
of 85% (SSv4) and 69% (SSv2) of target regions were covered at least
50-fold (Supplementary Table 2). On average, 10133 SNVs or indels,
which are located within coding exons or splice sites, were identified
per individual (Table 1). A total of 64 variants were common among
patients and not present in unaffected individuals, and 32 of those
were left after excluding synonymous SNVs. In these variants, only the
heterozygous mutation ¢.90263G>T (NM_001256850) at position
179 410 777 of chromosome 2, which was predicted to p.W30088L in
TTN, was novel (that is, not present in dbSNP v135 or 1000
genomes). Polyphen2 predicted this mutation as probably damaging.
This mutation was located in a candidate region suggested by the
linkage analysis in the present study. The other variants were
registered with dbSNP135, and the allele frequencies, except for
one SNV, rs138183879, in IKBKB, ranged from 0.0023 to 0.62.
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Figure 4 ldentified mutations by exome sequencing. (a) We performed segregation analysis of two candidates. (b) The identified T7TN mutation and its
conservation among species. Sanger sequencing confirmed the heterozygous G to T substitution (indicated by the arrow) at the position chr2;179 410 777,
which corresponds to ¢.90263G>T in exon 293 (NM_001256850.1). The substitution leads to p.W30088L (NP_001243779.1), and this amino acid is

conserved among species.

These values were not compatible with the assumption that MEM was
a rare disease and showed complete penetrance in this family. The
allele frequency of rs138183879 was not available in dbSNP135, and
this SNV was in the candidate region on chromosome 8 based on
linkage analysis.

We then performed a segregation analysis on the two candidates,
the novel mutation ¢.90263G >T in TTN and rs138183879 in IKBKB,
through Sanger sequencing in 10 family members (A-] in Figure 1;
Figure 4a). The 15138183879 SNP was not found in individual J, that
is, it was not segregated with the disease in this family. In contrast, the
novel mutation ¢.90263G>T in TTN was detected in all patients
(n=05) and not detected in any of the unaffected family members
(n=5) or 191 ethnically matched control subjects (382 chromo-
somes). These results suggested that this rare mutation in TTN
segregated with the disease in this family.

DISCUSSION
In this study, we found that a novel missense mutation in TTN
segregated with MFM in a large Japanese family. The identified
¢.90263G>T mutation in TTN (NM_001256850) was considered to
be the genetic cause of MEM in our family, because (1) exome
sequencing revealed that this was the best candidate mutation after
filtering SNPs and indels, (2) this mutation is located in a region on
chromosome 2 shared by affected family members, (3) the segregation
with MFM was confirmed by Sanger sequencing, (4) this mutation
was not detected in 191 control individuals, (5) this mutation was
predicted to alter highly conserved amino acids (Figure 4b) and (6)
TTN encodes a Z-disc-binding molecule called titin, which is similar
to all of the previously identified causative genes for MFMs, which
also encode Z-disc-associated molecules.

Recently, three mutations in TTN have been reported as the causes
of hereditary myopathy with early respiratory failure (HMERFE

MIM #603689),11-16 which has similar muscle pathology to MFMs.
The identified novel missense mutation ¢.90263G>T in our study
was located on the same exon as recently reported HMERF
mutations: ¢.90272C>T in a Portuguese family'® and c.90315T>C
in Swedish and English families'»!> (Table 2). This finding suggests
the possibility that our family can be recognized as having HMERF
from a clinical aspect.

Compared with symptoms described in the past three reports on
HMERF (also see Table 2), our patients have common features, such
as autosomal dominant inheritance, early respiratory failure, the
absence of clinically apparent cardiomyopathy, normal to mild
elevation of serum CK and histological findings compatible with
MEM. Early involvement of the tibialis anterior is also common,
except for the Portuguese family, who reported isolated respiratory
insufficiency and a milder presentation of HMERE Thus, our family
shares major clinical manifestations with patients with HMERE
suggesting that the identified mutation is novel for MFM and HMERE

To date, mutations in TTN have been identified in skeletal
myopathy and cardiomyopathy.!”!8 The relationship between the
variant positions on TTN and phenotypes accompanied by skeletal or
respiratory muscle involvement is summarized in Table 2. Titin is a
large protein (4.20 MDa) that extends from the Z-disk to the M-line
within the sarcomere, and it is composed of four major domains:
Z-disc, I-band, A-band and M-line (Figure 5). All four HMERF
mutations detected by other groups and our study were consistently
located in the A-band domain, while mutations in tibial muscular
dystrophy (TMD) (MIM #600334),1%2* limb-girdle muscular
dystrophy type 2] (LGMD2J]) (#608807)>?° and early-onset
myopathy with fatal cardiomyopathy (#611705)%° were located in
the M-line domain. HMERF and TMD have some common clinical
characteristics, such as autosomal dominant inheritance with onset in
adulthood and strong involvement of the tibialis anterior muscle.
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Table 2 Previously reported TTN mutations with skeletal and/or respiratory muscle involvement

Early-onset Early-onset
myopathy myopathy
with fatal with fatal
Phenotype LGMD HMERF Our family HMERF HMERF ™D ™D LGMD2J T™MD ™D ™D ™D ™MD cardiomyopathy cardiomyopathy
Reported by Vasli et al.l6 Ohlsson Abe et al.5 Vasli et al.1®  Edstrom Hackman Udd et al.,2®  Udd et al.,?®  Pollazzon Van den Seze et al.,2!  Hackman Hackman Carmignac Carmignac
et al, 14 et al., 12 et al.23 Hackman Hackman ot al.24 Bergh ef al22  Hackman et al23 et al.23 et al? et al.?
Pfeffer et al.15 Nicolao, et al.1® ef al.t® et al.1?
et altt
Lang e et al.13
Mutation identified in 2012 2012 2012 2012 2005 2008 2002 2002 2010 2003 2002 2008 2008 2007 2007
Nuclectide c.3100G>A,  ¢.90316T>C  ¢.90263G>T ¢.90272C>T ¢.97348C>T c.102724delT 102857_ 102857_ c.102914A>C ¢.102917T>A ¢.102944T>C ¢.102966delA ¢.102967C>T g.289385del  g.291297delA
(NM_001256850.1) ¢.52024G>A 102867 102867 ACCAAGTG
delllinsll delllinsll
Protein p.v1034M, p.C30071R p.W30088L p.P30091L p.R32450W p.H34305P p.134306N p.L34315P p.Q34323X
(NP_001243779.1)  p.A17342T
Domain |-band, A-band  A-band (Fn3) A-band (Fn3) A-band (Fn3)  A-band M-line M-line M-line M-line M-line M-line M-line M-line M-line M-line
(kinase)
Population French Swedish English Japanese Portuguese Swedish French Finnish Finnish Italian Belgian French Spanish French Sudanese Moroccan
Inheritance AR AD AD AD AD AD AD AR AD AD AD AD AD Consanguineous Consanguineous
siblings siblings
Onset 35 33-71 27-45 46 20-50s 20-30s 35-55 20-30s 50-60s 47 45 40-50s 30s Neonatal Infant-early
childhood
Skeletal muscles
Major Proximal UL and TA, PL, EDL, ST TA, ST No TA, neck flexor, TA, GA,HAM, TA Alf proximals ~ TA TA TA TA TA, HAM, pelvic General muscle Psoas, TA,
LL proximals pelvic weakness and  GA, peroneus
hypotonia
Mincr Neck flexor Cervical, QF EDL, peroneal, GA, femoral, HAM, GA GA, distal UL QF, proximal UL,
shoulder girdles, TP scapular neck, facial,
intercostals, trunk flexor
proximal fimb
Spared Facial Proximal UL Facial, UL, Facial UL, proximal LL Facial ub Proximal UL, QF
proximals
Cardiac muscles ND No No ND ND ND No No ND ND ND ND ND DCM, onset; in  DCM, onset;
the first decade 5-12 years old
Respiratory failure  ND Yes, within Yes, within 7 Isolated Yes, as first ND ND ND ND ND ND ND ND ND ND
5-8 years years respiratory presentation
failure
Muscle pathologic ND Inclusion bodies Cytoplasmic Cytoplasmic Cytoplasmic Dystrophic Nonspecific Nonspecific Dystrophic pat- Nonspecific, RV Nonspecific Dystrophic Nonspecific Minicore-like Minicore-like
features (major) and RVs bodies (major)  bodies bodies, pattern without dystrophic dystrophic tern with RVs pattern with lesions and lesions and
(minor) and RVs {minor) positive for vacuoles change change, loss of RVs abundant abundant
rhodamine- calpain-3 central nuclei  central nuclei
conjugated
phalloidin

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; DCM, dilated cardiomyopathy; EDL, extensor digitorum longus; GA, gastrocnemius; HAM, hamstrings; LL, lower limb; ND, not described; no, no involvement; PL, peroneus longus; QF,
quadriceps femoris; RV, rimmed vacuole;
ST, semitendinosus; TA, tibialis anterior; TMD, tibial muscular dystrophy; TP, tibialis posterior; UL, upper limb.
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Figure 5 Structure of titin and mutation distribution in the A-band domain. Human TTN was mapped to 2q31.2. TTN is 294 kb and is composed of 363
exons that code for a maximum of 38 138 amino-acid residues and a 4.20-MDa protein32 called titin. Titin is expressed in the cardiac and skeletal muscles
and spans half the sarcomere, with its N-terminal at the Z-disc and the C-terminal at the M-line.33 Titin is composed of four major domains: Z-disc, I-band,
A-band and M-line. I-band regions of titin are thought to make elastic connections between the thick filament (that is, myosin filament) and the Z-disc
within the sarcomere, whereas the A-band domain of titin seems to be bound to the thick filament, where it may regulate filament length and assembly.34
The gray and white ellipses indicate an Ig-like domain and fibronectin type 3 domain, respectively. Our mutation (p.W30088L) and the neighboring two
mutations (that is, p.C30071R and p.P30091L) were all located in the 6th Fn3 domain in the 10th domain of large super-repeats. A full color version of

this figure is available at the Journal of Human Genetics journal online.

In contrast, one of the distinctive features of TMD is that early
respiratory failure has not been observed in patients with TMD.
Histological findings of TMD usually do not include CBs but show
nonspecific dystrophic change. The underlying pathogenic processes
explaining why mutations on these neighboring domains share some
similarities but also some differences are unknown.

Three of four HMERF mutations in the A-band domain are located
in the fibronectin type 3 and Ig-like (Fn3/Ig) domain, and one of four
HMERF mutations is located in the kinase domain (Table 2, also see
Figure 5). The missense mutation ¢.97348C>T in the kinase domain
was the first reported HMERF mutation. It has been shown that the
kinase domain has an important role in controlling muscle gene
expression and protein turnover via the neighbor of BRCA1 gene-1-
muscle-specific RING finger protein-serum response transcription
factor pathway.'* Moreover, the Fn3/Ig domain is composed of two
types of super-repeats: six consecutive copies of 7-domain super-
repeat at the N-terminus and 11 consecutive copies of 11-domain
super-repeat at the C-terminus.’’2° These super-repeats are highly
conserved among species and muscles. Our identified mutation
(c90263G>T) and the neighboring two mutations (that is,
¢.90272C>T and ¢.90315T>C shown in Table 2) were all located
on the 6th Fn3 domain in the 10th copy of 11-domain super-repeat
(that is, A150 domain®®) (Figure 5). Although some Fn3 domains are
proposed to be the putative binding site for myosin,?! the role with
the majority of Fn3 domains, how it supports the structure of each
repeat architecture, and the identity of its binding partner have not
been fully elucidated. Our findings suggested that the Fn3 domain, in
which mutations clustered, has critical roles in the pathogenesis of
HMERE, although detailed mechanisms of pathogenesis remain
unknown.

In conclusion, we have identified a novel disease-causing mutation
in TTN in a family with MFM that was clinically compatible with
HMERE Because of its large size, global mutation screening of TTN
has been difficult. Mutations in TTN may be detected by massively
parallel sequencing in more patients with MFMs, especially in
patients with early respiratory failure. Further studies are needed to

understand the genotype-phenotype correlations in patients with
mutations in TTN and the molecular function of titin.
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A male infant, born at 32 weeks gestation by cesarean because of
hydrops fetalis, presented with multiple anomalies, such as
sparse and curly scalp hair, absent eyebrows, frontal bossing,
an atrial septal defect, pulmonary artery stenosis, and whole
myocardial thickening. He was clinically diagnosed with cardio-
facio-cutaneous (CFC) syndrome, and was confirmed to have a
germline V-raf murine sarcoma viral oncogene homologue Bl
(BRAF) ¢.721 A>C mutation. At 1 month of age, he presented
with a transient myelodysplastic/myeloproliferative neoplasm
(MDS/MPN), which improved within a month without the
administration of antineoplastic agents, This is the first report
of CFC syndrome with MDS/MPN. The coexistence of MDS/
MPN may be related to this BRAF ¢.721 A>C mutation. © 2013
Wiley Periodicals, Inc.

Key words: cardio-facio-cutaneous syndrome; myelodysplastic/
myeloproliferative neoplasm; BRAF; RAS/MAPK syndromes;
juvenile myelomonocytic leukemia

INTRODUCTION

Cardio-facio-cutaneous (CEC) syndrome is genetic disorder char-
acterized by clinical features such as congenital heart defects, a
characteristic facial appearance, ectodermal abnormalities and
growth failure [Reynolds et al., 1986]. V-raf murine sarcoma viral
oncogene homolog B1 (BRAF) is one of rat sarcoma viral oncogene
homolog/mitogen activated protein kinase (RAS/MAPK) signaling
pathway genes, and has been identified as a causative gene of CFC
syndrome [reviewed in Aoki et al, 2008 and Denayer and
Legius, 2007]. We report on a male infant with CFC syndrome,
who was confirmed to have a germline BRAF mutation, and then
presented with a myelodysplastic/myeloproliferative neoplasm
(MDS/MPN) at 1 month of age.
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How to Cite this Article:

Sekiguchi K, Maeda T, Suenobu S-1,
Kunisaki N, Shimizu M, Kiyota K, Handa
Y-S, Akiyoshi K, Korematsu S, Aoki Y,
Matsubara Y, Izumi T. 2013. A transient
myelodysplastic/myeloproliferative
neoplasm in a patient with cardio-facio-
cutaneous syndrome and a germline BRAF
mutation.

Am J Med Genet Part A 161A:2600-2603.

CLINICAL REPORT

A male was born through cesarean at 32 weeks gestation as the first
product of healthy nonconsanguineous Japanese parents. His birth
weight, length and head circumference were 2,370 g (—0.8 SD),
40.0 cm (+2.3 SD), 34.2 cm (+3.2 SD), respectively. Due to
hydrops fetalis and neonatal asphyxia, he required immediate
resuscitation. Mechanical ventilation was needed until age
3 months. He presented with multiple anomalies, such as sparse
and curly scalp hair, absent eyebrows, frontal bossing with temporal
narrowing, ocular hypertelorism, low set ears, a short and webbed
neck, and cryptorchidism (Fig. 1). His complete blood counts atage
1 day revealed the following: WBC 12,770/l (neutrophils 80%,
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lymphocytes 12%, monocytes 6%, myelocytes 2%), RBC
343 x 10%ul, erythroblasts 2,430/pl, hemoglobin 14.2g/dl, and
platelets 3.2 x 10%/ul. A chromosome analysis of his peripheral
blood lymphocytes showed a 46, XY karyotype. He had an atrial
septal defect (ASD), pulmonary artery stenosis (PS), whole myo-
cardial thickening, a pulmonary arteriovenous fistula, an intra-
hepatic portal systemic shunt, hepatosplenomegaly, right
cryptorchidism, a right double renal pelvis, and ureter and agenesis
of the corpus callosum. These clinical features were all compatible
with CFC syndrome.

At age 1 month, a peripheral blood examination indicated
monocytosis of 17% (2,370/ul), with WBC 13,930/ul, RBC
295 x 10*/pl, and platelets 11.2 x 10%/ul, with giant platelets.
Bone marrow aspiration revealed a nucleated cell count of
9.4 x 10*ul, megakaryocyte count 56.2/pl, and did not contain
pathologic blasts. The karyotype of the bone marrow cells was 46,
XY. The granulocyte-macrophage colony-forming unit (CFU-GM)
assay using a semi-solid methylcellulose method showed sponta-
neous CFU-GM formation of bone marrow (5/5 x 10* mononu-
clear cells) and peripheral blood (35/5 x 10* mononuclear cell),
without growth factors. Based on these laboratory findings, this
patient was diagnosed with MDS/MPN. However, the peripheral
blood monocytosis improved without the administration of anti-
neoplastic agents after 1 month with 13% monocytes (1,140/l),

WBC of 8,780/ul, RBC 314 x 10*/pl, and platelets 26.3 x 10*/pl
At age 3 years, his complete blood counts revealed 11% monocytes
(903/wl), WBC 8,210/pl, RBC 428 x 10*/pl, and platelets
31.1 x 10Y pl (Table I). He smiled normally. He demonstrated
generalized hypotonia without normal head control and was unable
to produce meaningful speech.

CYTOGENETIC AND GENOMIC ANALYSIS

The BRAF sequencing analysis showed a heterozygous A>C change
at nucleotide 721, resulting in a p.T241P amino acid change in exon
6, which was a previously known mutation in CFC syndrome
[Schulz et al., 2008]. No mutations were noted in the Kirsten rat
sarcoma viral oncogene homologue (KRAS) or protein-tyrosine
phosphatase, nonreceptor-typell (PTPNI11I).

DISCUSSION

A male infant, born via cesarean section because of hydrops fetalis,
presented with multiple anomalies suggestive of CFC syndrome. A
pulmonary arteriovenous fistula, an intrahepatic portal systemic
shunt, hepatosplenomegaly, cryptorchidism, a double renal pelvis,
and ureter have been reported as rare complications in CFC syndrome
[Narumi et al., 2007]. At 1 month of age, he presented with MDS/
MPN, which improved within a month. He showed a germline
mutation of BRAF c.721 A>C, resulting in a p.T241P amino acid
change in exon 6, within a cysteine-rich domain. This mutation was
previously described in CFC syndrome [Schulz et al., 2008].

The clinical findings of CFC syndrome are similar to those of
other RAS/MAPK or neuro-cardio-facial-cutaneous syndromes,
such as Noonan and Costello syndrome [reviewed in Aoki et al.,
2008; Denayer and Legius, 2007]. The RAS/MAPK signaling path-
way genes, not only BRAF, but also KRAS, MAPK kinase/ERK
kinase 1 (MEKI), and MAPK kinase/ERK kinase2 (MEK2) have
been reported as causative genes for CFC syndrome [Niihori et al.,
2006; Rodriguez-Viciana et al., 2006]. CFC syndrome had been
considered to have a low risk of malignancy among the various
RAS/MAPK syndromes, but a few patients with CFC syndrome due
to BRAFmutation have presented with malignancies, such as acute
lymphoblastic leukemia [van Den Berg and Hennekam, 1999;
Makita et al., 2007], and precursor T-lymphoblastic lymphoma
[Ohtake et al., 2011].

MDS/MPNs include clonal myeloid neoplasms that at the time of
initial presentation have clinical, laboratory or morphologic findings
supporting a diagnosis of MDS, and other findings more consistent
with MPN. They are usually characterized by hypercellularity of the

227



2602

AMERICAN JOURNAL OF MEDICAL GENETICS PART A

bone marrow due to proliferation in one or more of the myeloid
lineages [Swerdlow et al., 2008]. Juvenile myelomonocytic leukemia
(JMML) is one type of MDS/MPN. Peripheral blood and bone
marrow from JMML patients demonstrate spontaneous proliferation
according to a CFU-GM assay [Estrov et al, 1986]. Transient
monocytosis is not rare in preterm infants [Rajadurai et al., 1992].
Monocytosis in preterm infants is not usually considered a sign of
MPD/MPN. In this case, the monocytes proliferation independent of
growth factors was noticed according to a CFU-GM assay. The
spontaneous proliferation was in favor of MPN. In RAS/MAPK
syndromes, occasionally young infants with Noonan syndrome de-
velop a JMML-like disorder which spontaneously resolves without
treatment in some, and behaves more aggressively in others [Bader-
Meunier et al., 1997; reviewed in Choong et al., 1999]. These children
carried germline mutations in PTPNI1 [Tartaglia et al., 2003] or in
KRAS [Kratz et al., 2005]. BRAF mutations had not previously been
detected in patients with JMML [de Vries et al., 2007]. This is the first
report of a germline BRAF mutation and MDS/MPN in a patient with
CFC syndrome. The MDS/MPN improved without the administra-
tion of antineoplastic agents. This clinical course is similar to the
JMML-like disorder observed in Noonan syndrome. This suggests a
common mechanism for the development and progression of MDS/
MPN in patients with RAS/MAPK syndromes. The MDS/MPN in
RAS/MAPK syndrome patients has parallels with the transient leu-
kemia of newborns with Down syndrome. However, the transient
leukemia associated with Down syndrome has a high concentration of
blasts in the peripheral blood and a GATA binding protein 1 (GATAI)
mutation as somatic molecular marker [Xu et al., 2003].

The germline BRAF mutation site of this patient, ¢.721 A>C in
exon 6, had been reported in two previous patients. One had CFC
syndrome [Schulz et al., 2008], and the other had Noonan syn-
drome with multiple lentigines, previously referred to as LEOPARD
syndrome [Sarkozy et al., 2009]. These two patients did not present
with malignancies. Garnett and Marais [2004] reviewed the BRAF
mutations in various adult cancers, and showed that up to 90% of
mutations occurred in exon 12. The BRAF mutation site of this
patient, exon 6, may be related to the spontaneous improvement of
his MDS/MPN. A long-term follow-up and additional bone mar-
row assays might be needed if the patient demonstrates suspicious
symptoms with or without peripheral blood monocytosis, because
of the risk that MDS/MPN may recur. Further accumulated data
about CFC syndrome with a BRAF mutation may help to elucidate
the basic mechanisms of malignancy, and may suggest a therapeutic
strategy.
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Taking nucleoside/nucleotide analogs is a major antiviral
therapy for chronic hepatitis B infection. The problem with
this treatment is the selection for drug-resistant mutants.
Currently, identification of genotypic drug resistance is
conducted by molecular cloning sequenced by the Sanger
method. However, this methodology is complicated and time-
consuming. These limitations can be overcome by deep
sequencing technology. Therefore, we performed sequential
analysis of the frequency of drug resistance in one individual,
who was treated with lamivudine on-and-off therapy for 2
years, by deep sequencing. The lamivudine-resistant muta-
tions at rtL180M and rtM204V and the entecavir-resistant
mutation at rtT184L were detected in the first subject. The
lamivudine- and entecavir-resistant strain was still detected in
the last subject. However, in the deep sequencing analysis,
rt180 of the first subject showed a mixture in 76.9% of the
methionine and in 23.1% of the leucine, and rt204 also showed

a mixture in 69.0% of the valine and 29.8% of the isoleucine.
During the treatment, the ratio of resistant mutations
increased. At rt184, the resistant variants were detectable in
58.7% of the sequence, with the replacement of leucine by the
wild-type threonine in the first subject. Gradually, entecavir-
resistant variants increased in 82.3% of the leucine in the
last subject. In conclusion, we demonstrated the amino acid
substitutions of the serial nucleoside/nucleotide analog
resistants. We revealed that drug-resistant mutants appear
unchanged at first glance, but actually there are low-abundant
mutations that may develop drug resistance against
nucleoside/nucleotide analogs through the selection of domi-
nant mutations.

Key words: amino acid substitutions, deep sequencing,
hepatitis B virus, nucleoside/nucleotide analog resistants

Approximately 350-400 million patients are chroni-
cally infected with hepatitis B virus (HBV) globally, and
the disease has caused epidemics in East Asia.’? In
Japan, approximately 1.5 million people are infected
with HBV.? Chronic hepatitis B (CHB) increases the risk
of liver cirthosis and hepatocellular carcinoma.*
Hepatitis B virus is a DNA virus of 3.2 kb surrounded
by an envelope of the surface protein (hepatitis B surface
antigen [HBsAg]) and it has a circular genome of par-
tially double-stranded DNA.> Once the HBV invades
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into hepatic cells, genomic DNA is transferred to the cell
nucleus.® In the nucleus, the genomic DNA is converted
to a stable intrahepatic reservoir of cccDNA. The
cccDNA replicates through an RNA intermediate form
by reverse transcription.” The purpose of CHB therapy is
to achieve sustained suppression of HBV replication and
the remission of liver disease. However, cccDNA is resis-
tant to treatment and is not completely eradicated by
currently available medications.®® Taking nucleoside/
nucleotide analogs (NA) is a major antiviral therapy for
the treatment of CHB.* Therapies with NA available in
Japan include lamivudine (LAM), adefovir dipivoxil
(ADV) and entecavir (ETV). They inhibit viral poly-
merase activity by interfering with the priming of reverse
transcription and elongation of the viral minus or
plus strand DNA.'**? Most patients have chemical and
virological responses, but these treatments are ham-
pered by the selection of drug-resistant mutants, leading
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to a loss of efficacy, viral relapse and exacerbations of
hepatitis after discontinuation.'?

In the present study, the region of codon rt148 to rt
208 in the polymerase open reading frame was found
to include the reported relevant NA-resistant amino
acid substitutions. Resistance to LAM has been mapped
to the YMDD locus in the C domain of rtM2041/V and
is sometimes associated with compensatory mutations
in the B domain of rtL180M and/or rtV173L.**-'¢ The
mutations common to LMV confer cross-resistance and
reduced sensitivity to ETV but not to ADV. ETV resis-
tance has been mapped to the B domain with rti169T,
rtL180M and/or rtT184S/A/1/L/F/G/C/M, C domain
with rt$202C/G/I and 1tM204V/]l, and E domain of
rtM2501/L/V. The three amino acid substitutions of
rtL180 + rtM204 and either rtT184, rtS202 or rtM250
are required for ETV resistance to develop.'”™" The
mutations in the B domain of rtA181S/T/V and D
domain of 1tN236T were reported to be associated with
ADV resistance.?*?!

Currently, identification of HBV genotypic NA resis-
tance is mainly conducted by polymerase chain reaction
(PCR) amplification with Sanger direct sequencing.
However, with this method it is difficult to measure
the frequencies of each mutation, and it is impossible
to detect several mutations combined in the same
sequence. It is necessary to find the frequencies of
NA-resistant amino acid substitutions, because the
secondary compensatory mutations associated with
primary NA resistance may restore replication defects or
even give rise to multidrug-resistant variants.” As an
alternative to Sanger direct sequencing, molecular
cloning can analyze single viral DNA molecules.
However, this methodology is complicated and time-
consuming, because analysis of three-digit clones is
required to detect variants present in several percent of
quasispecies. These limitations can now be overcome by
deep sequencing technology.”> Genetic diversity plays a
key role in the NA treatment of HBV infection. There-
fore, using this technology, minor HBV variants can be
detected, including those with combinations of nucle-
otide changes in the same period. Detecting low-
frequency NA resistants will be important for choosing
the NA treatment. In this study, we investigated the
transition frequency of amino acid substitutions in NA
resistants, in one case using deep sequencing during 2
years of ETV and ADV combination treatment.

A 42-year-old man, diagnosed with CHB infection in
June 2005, was treated with LAM on-and-off therapy for
2 years. In HIV-infected patients, on-and-off antiretrovi-
ral therapy increased the risk of drug resistance com-
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pared with continuous therapy.”* The HBV DNA levels
had gradually increased and ETV treatment was begun in
November 2007, but the HBV DNA levels did not
decrease, and the treatment was stopped in November
2009. The level of serum transaminase was not elevated
at that period. In April 2010, he was seen for the first
time in our hospital. The patient was asymptomatic but
showed an elevation of transaminase. The following
clinical data was indicated: aspartate aminotransferase,
66 IU/L; alanine aminotransferase (ALT), 178 IU/L;
positive for HBsAg, hepatitis B e-antigen (HBeAg) and
hepatitis B core antibody; HBV genotype C; HBV DNA
levels of 1.0 x 10® copies/mL; and negative for anti-
hepatitis C virus and anti-HIV. The combination of ETV
(0.5 mg/day) and ADV (10 mg/day) therapy was started
at that time. After 3 months of therapy, the ALT elevation
(119 IU/L) still persisted. Then, the dose of ETV was
increased from 0.5 mg to 1.0 mg daily from August
2010. Three months after starting ETV at a dose of
1.0 mg, ALT was at 40 IU/L and HBV DNA had decreased
to 6.3 X 10° copies/mL. At the most recent follow up,
ALT has remained normal and HBV DNA is at nearly an
undetectable level (<1.3 x 10? copies/mL). Of note, the
serum level of HBeAg is still positive. The changes in viral
load and ALT levels are presented in Figure 1(a).

To investigate mutation involved in NA resistance,
six serial serum samples of HBV-P10140 (stored in
April 2010), HBV-P10193 (June 2010), HBV-P10234
(July 2010), HBV-P10264 (August 2010), HBV-P11021
(January 2011) and 12-009 (January 2012) were
enrolled in this study. We extracted HBV DNA by the
method described previously with slight modifica-
tion.* Nucleic acids were obtained from 100 pL serum
samples using SMITEST EX-R&D (Medical & Biological
Laboratories, Nagoya, Japan) and nested PCR was con-
ducted in the presence of PrimeSTAR HS DNA poly-
merase (TaKaRa Bio, Shiga, Japan) four with primers
targeting the polymerase gene of HBV genomes
(Table 1). The amplification product of the first-
round PCR was 457 bp (nt 596-1052), and that of
the second-round PCR was 390 bp (nt 610-999): the
nucleotide numbers are in accordance with a genotype
B HBV isolate of 3215 nt (accession no. AB010289).
The first-round PCR with primers B034 and B037 was
conducted for 30 cycles and the second-round PCR for
25 cycles with primers B035 and B036 (Table 1). The
second-round PCR amplicons were sequenced directly
on both strands using a BigDye Terminator version 3.1
Cycle Sequencing Kit (Applied Biosystems, Foster City,
CA, USA) on a 3500xL Genetic Analyzer (Applied
Biosystems).
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Figure 1 Clinical stage and amino acid substitutions of hepatitis B virus (HBV) resistants. {(a) Evolution of HBV DNA viral load,
alanine aminotransferase (ALT) levels and resistant HBV variants sequenced directly with Sanger methods in a patient treated
sequentially with entecavir (ETV) and adefovir dipivoxil (ADV). (b) Frequency of amino acid substitutions of nucleoside/

nucleotide analog (NA)-resistant HBV by MiSeq deep sequencing. M denotes methionine, L denotes leucine, T denotes threonine,
V denotes valine, S denotes serine, F denotes phenylalanine, G denotes glycine and I denotes isoleucine. -s-, HBV-DNA; -, ALT.
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Table 1 Nucleotide sequence of oligonucleotide primers

Hepatology Research 2013

Primer Polarity Usage Nudleotide sequence
B034 Sense 1st PCR ACYTGTATTCCCATCCCATC
B037 Antisense 1st PCR AARGCAGGRTADCCACATTG
B035 Sense 2nd PCR CCCATCRTCYTGGGCTITCG
B036 Antisense 2nd PCR AATTCKYTGACATACTTTCCAATC
P5_B035 Sense MiSeq sequence AATGATACGGCGACCACCGAGATCTACACTC
TITCCCTACACGACGCTCITCCGATCTCCCA
TCRTCYTGGGCTITCG
P7_Index1_B036 Antisense MiSeq sequence of CAAGCAGAAGACGGCATACGAGATCGTGATG
HBV-P10140 TGACTGGAGITCAGACGTGTGCTCITCCGA
TCTAATTCKYTGACATACTTTCCAATC
P7_Index2_B036 Antisense MiSeq sequence of CAAGCAGAAGACGGCATACGAGATACATCGG
HBV-P10193 TGACTGGAGTITCAGACGTGTGCICITCCGAT
CTAATTCKYTGACATACTTTCCAATC
P7_Index3_B036 Antisense MiSeq sequence of CAAGCAGAAGACGGCATACGAGATGCCTAAGT
HBV-P10234 GACTGGAGTTCAGACGTGTGCTCITCCGATCT
AATTCKYTGACATACTTTCCAATC
P7_Index4_B036 Antisense MiSeq sequence of CAAGCAGAAGACGGCATACGAGATTGGTCAGTG
HBV-P10264 ACTGGAGTTCAGACGTGTGCTCTTCCGATCTAA
TTCKYTGACATACTTTCCAATC
P7_Index5_B036 Antisense MiSeq sequence of CAAGCAGAAGACGGCATACGAGATCACTGTGTG
HBV-P11021 ACTGGAGTTCAGACGTGTGCTCITCCGATCTAA
TTCKYTGACATACTTTCCAATC
P7_Index6_B036 Antisense MiSeq sequence of CAAGCAGAAGACGGCATACGAGATATTGGCGTGA

HBV-P12009

CTGGAGTITCAGACGTGTGCTCITCCGATCTAATT
CKYTGACATACTITCCAATC

Y denotes C or T, R denotes A or G, D denotes A, G or T and K denotes G or T. Italic bold letters indicate the index by multiplex
sequencing. Italic letters indicate the nucleotide sequence of B035 or B036.

PCR, polymerase chain reaction.

The LAM-resistant mutations at rtL180M and
rtM204V, and the ETV-resistant mutation at rtT184L in
HBV-P10140 were detected by direct sequencing. The
HBV-mutated LAM- and ETV-resistant strain was still
detected in HBV-P12009 and the amino acid substitu-
tions were the same in all subjects (Fig. 1a).

Next, we investigated the frequency of amino acid
bases with these same six PCR amplicons by MiSeq
(Illumina, San Diego, CA, USA) deep sequencing. MiSeq
is the only deep sequencer that quickly integrates ampli-
fication, sequencing and data analysis in a single instru-
ment. Compared with HiSeq (Illumina) or Ilumina
GA IIx, MiSeq can produce longer paired-end reads
(<2 x 250) with fewer gigabases of data. However, it
has a large enough data volume to sequence PCR
amplicons.

A second PCR was performed to attach the required
sequencing adaptor for llumina Miseq sequencing pro-
tocol as well as barcode to allow multiplexing of mul-
tiple sample libraries per sequencing lane. Six pairs of
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primers tailed with the adaptor and the specific index
were used to amplify six first PCR amplicons. Eight
cycles of PCR were performed using PrimeSTAR HS
DNA polymerase. All adaptor-barcode-primers are
shown in Table 1. The PCR amplicons were purified
using AMPure XP beads (Beckman Coulter, Danvers,
MA, USA) and the quality and quantity were checked by
size range analysis using a D1K ScreenTape on the 2200
Tapestation (Agilent Technologies, Santa Clara, CA,
USA). Each library was pooled in equal amounts, and
a PhiX control kit (Illumina) was added to 95% of
the pooled libraries. Sequencing was performed on
MiSeq (Illumina) using 251-bp paired-end reads. Fastq
files induding demultiplexed sequence reads were
generated by Miseq reporter. 251-bp paired-end reads
were stripped of low quality 3’-regions using trim
galore (www.bioinformatics.babraham.ac.uk/projects/
trim_galore/). Sequence reads were aligned with the
HBV reference sequence of Yamagata-1 (accession
no. AB010289) using of Bowtie 2 (2.1.0).” The analysis



