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Plasmid construction

The expression construct, including mouse Brgf cDNA, was pur-
chased from Origene (Rockville, MD, USA). PCR was per-
formed using primers designed to introduce HindlII sites and
the V5 epitope (C terminus). The PCR fragment was subcloned
into pCR4-TOPO Vector (Invitrogen). The entire cDNA was
verified by sequencing. The mutant constructs for Braf Q241R
and V637E were generated using QuikChange Lightning Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA)
with the primers, 5-CCGAAAGCTGCTTTTCCGGGGTTT
CCGTTGTCAAA-3 and 5-TTTGACAACGGAAACCCCGG
AAAAGCAGCTTTCGG-3,and 5-CTTTGGTCTAGCCACA
GAGAAATCTCGGTGGAGTG-3’ and 5-CACTCCACCGA
GATTTCTCTGTGGCTAGACCAAAG-3, respectively. All
mutant constructs were verified by sequencing. The cDNAs
were digested with HindIIL, blunt-ended with T4 DNA polymerase
and ligated into blunt-ended EcoRI site of pPCAGGS vector (50).

Reporter assay

NIH 3T3 cells (ATCC, Rockville, MD, USA) were maintained
in Dulbecco’s modified Eagle’s medium supplemented with
10% newborn calf serum, 50 U/ml penicillin and 50 pg/ml
of streptomycin. The cells were seeded in 24-well plates at
3 x 10° cells/well 24 h before transfection. The cells were
then transiently transfected using Lipofectamine and PLUS
Reagent (Invitrogen) with 400 ng of pFR-luc, 25ng of
pFA2-Elk1, 5 ng of phRLnull-luc and 5 ng of WT or mutant ex-
pression constructs of Braf. Forty-eight hours after transfection,
the cells were harvested in passive lysis buffer, and luciferase ac-
tivity was assayed using Dual-Luciferase Reporter Assay System
(Promega). Renillaluciferase expressed by phRLnull-luc was used
to normalize the transfection efficiency.

Western blotting and phospho-kinase-antibody array

Whole-mouse embryos and brain were lysed in lysis buffer
(10 mM Tris—HCI, pH 8.0 and 1% SDS), or genotype-confirmed
hearts were pooled and lysed in the same buffer. These lysates
were centrifuged at 14 000g for 15 min at 4°C and the protein
concentration was determined by the Bradford method with
Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA,
USA). Lysates were subjected to SDS—polyacrylamide gel elec-
trophoresis (5—-20% gradient gel; ATTO, Tokyo, Japan) and
transferred to nitrocellulose membrane. Antibodies used were
as follows (with catalog numbers in parentheses): B-RAF
(9434), ERK1/2 (9102), phospho-ERK1/2 (9101), phospho-
MEK (9121), p38 (9212), phospho-p38 (4511), phospho-
SAPK/INK (4668), AKT (9272), phospho-AKT (on Ser473;
9018) and phospho-AKT (on Thr308; 2965) from Cell Signaling
(Danvers, MA, USA). C-RAF (610152), MEK (sc-219) and
B-actin (A5316) were from BD Transduction Laboratories
(San Jose, CA, USA), Santa Cruz Biotechnology (Santa Cruz,
CA, USA) and Sigma-Aldrich, respectively. All the membranes
were visualized using Western Lightning ECL-Plus Kit (Perkin-
Elmer, Waltham, MA, USA). The band intensities were quanti-
fied using Imagel] software (http://rsbweb.nih.gov/ij/) and
normalized to B-actin. Phosphorylated protein was measured

to determine the ratios of phosphorylated protein to non-
phosphorylated protein and then normalized to B-actin.

For kinase-antibody arrays, protein extracts of embryonic
hearts (400 pg) were incubated with the Phospho-Kinase Anti-
body Array Kit (Proteome Profiler Antibody Array; R&D
systems, Minneapolis, MN, USA) following the manufacturer’s
instructions.

Histology and immunohistochemistry

Embryonic hearts were perfused with phosphate-buffered saline
and 10% neutral buffered formalin from the placenta. The fixed
hearts and whole-mouse embryos fixed in 10% neutral buffered
formalin were embedded in paraffin. Embedded tissues were
sectioned at 6 wm (hearts) or 3 pm (whole-mouse embryos
and lungs). Sections were stained with hematoxylin and eosin.
Inhearts from embryos at E16.5, the largest diameters of the ven-
tricular radius were measured in serial coronal sections where a
four-chamber view was observed. The largest thicknesses of
cardiac valve leaflets in serial sections were measured. Edema-
tous and dead embryos were excluded from these analyses.

For immunohistochemistry, the antibodies used were as
follows (with catalog numbers in parentheses): phospho-Histone
H3 (9701) from Cell Signaling, LYVE-1 (103-PA50AG) from
RELIA Tech GmbH (Braunschweig, Germany), a-SMA (M0851)
from DAKO (Glostrup, Denmark), PECAM-1 (CD31; sc-1506)
from Santa Cruz Biotechnology and TTF-1 (MS-669-P1ABX)
from Thermo Fisher Scientific (Fremont, CA, USA). Signals were
amplified by Histofine Simple Stain (Nichirei Bio Sciences,
Tokyo, Japan) and color was developed by DAB Substrate
Kit (Nichirei Bio Sciences). Sections were counterstained with
hematoxylin.

PAS staining

Deparaffinized lung sections were incubated in 0.5% periodic
acid for 10 min at 60°C, rinsed with distilled water and stained
in Schiff’s reagent (Muto Pure Chemicals, Tokyo, Japan) for
10 min. Stained slides were counterstained with hematoxylin,
dehydrated and mounted.

Animal treatment

Stock solution of PD0325901 (Sigma-Aldrich) was prepared
using ethanol, whereas those of MAZ-51 (Calbiochem, San
Diego, CA, USA), Sorafenib (Toronto Research Chemicals,
North York, ON, USA), Lovastatin (Calbiochem), Everolimus
(Selleckchem, Houston, TX, USA), NCDM-32b (Wako Pure
Chemicals, Osaka, Japan), GSK-J4 (Cayman Chemical) and
the combination of PD0325901 and GSK-J4 were prepared
using dimethylsulfoxide. PD0325901 was resuspended in
saline while and all other reagents were resuspended in 0.5%
hydroxypropylmethylcellulose with 0.2% Tween80, respective-
ly. The prepared reagents or vehicles were i.p. injected into preg-
nant mice daily, beginning on E10.5 and continuing till E15.5 or
E18.5.
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Statistical analysis

All statistical analysis was performed using Prism software (ver.
6.01; GraphPad Software, Inc., San Diego, CA, USA). Data ana-
lysis were performed with Student’s #-test for unpaired samples,
one-way analysis of variance followed by the Tukey—Kramer
test for comparison of multiple experimental groups and the
X test for differences between observed and expected distributions.
Differences were considered significant at a P-value of < 0.05.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Abstract Heterozygous GATA-2 germline mutations are as-
sociated with overlapping clinical manifestations termed
GATA-2 deficiency, characterized by immunodeficiency and
predisposition to myelodysplastic syndrome (MDS) and acute
myeloid leukemia (AML). However, there is considerable
clinical heterogencity among patients, and the molecular basis
for the evolution of immunodeficiency into MDS/AML re-
mains unknown. Thus, we conducted whole-genome se-
quencing on a patient with a germline GATA-2 heterozygous
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mutation (c. 988 C > T; p. R330X), who had a history
suggestive of immunodeficiency and evolved into MDS/
AML. Analysis was conducted with DNA samples from
leukocytes for immunodeficiency, bone marrow mononuclear
cells for MDS and bone marrow-derived mesenchymal stem
cells. Whereas we did not identify a candidate genomic dele-
tion that may contribute to the evolution into MDS, a total of
280 MDS-specific nonsynonymous single nucleotide variants
were identified. By narrowing down with the single nucleotide
polymorphism database, the functional missense database,
and NCBI information, we finally identified three candidate
mutations for EZH2, HECW2 and GATA-1, which may con-
tribute to the evolution of the discase.

Keywords GATA-2 - GATA-2 deficiency - MonoMAC -
Myelodysplastic syndrome - Whole-genome sequencing -
EZH2 - GATA-1

Introduction

GATA-2 is a zinc finger transcription factor that plays crucial
roles in hematopoiesis, as well as vascular, lymphatic, and
neural development [1]. Recently, heterozygous GATA-2
germline mutations, both inherited and de novo, were reported
to cause three overlapping clinical entities, characterized by a
predisposition to myelodysplastic syndrome (MDS) and acute
myeloid leukemia (AML): (1) familial MDS/AML, (2)
Emberger syndrome and (3) an immunodeficiency termed
monocytopenia characterized by mycobacterium avium com-
plex (MonoMAC)/dendritic cell, monocyte, B- and NK-
lymphoid deficiency (DCML) [2-4]. All these conditions
are generally named “GATA-2 deficiency” syndrome.
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Nearly half of the individuals presenting with GATA-2
mutations will eventually develop MDS/AML, associated
with fibrosis and megakaryocyte dysplasia. In contrast, many
patients gradually develop DCML before MDS/AML, initial-
ly detected as mild chronic neutropenia, monocytopenia and/
or NK deficiency [2-4]. Therefore, there is considerable clin-
ical heterogeneity among patients with GATA-2 deficiency,
although all these conditions predominantly affect the hema-
tologic and immune systems. In addition, the rate of evolution
of the disease into MDS/AML appears to be rapid, with
varying MDS and AML phenotypes and variable cytogenetic
abnormalities [5, 6]. Therefore, secondary genetic events may
explain the clinical heterogeneity among cases of GATA-2
deficiency. In this regard, the most commonly associated
cytogenetic finding is monosomy 7 and additional acquired
mutations, such as those in ASXL/ [6]. However, the molec-
ular basis for the evolution of GATA-2 deficiency into MDS/
AML has not been elucidated, which affects our ability of
early detection and treatment of the disease.

Whole-genome sequencing has several advantages over
candidate gene sequencing. It provides a comprehensive and
nonbiased approach to mutation detection. More importantly,
whole-genome paired-end sequencing is able to detect struc-
tural variants (SV; e.g:, deletions, amplifications, inversions
and translocations). Therefore, to investigate the genetic
changes associated with the evolution of GATA-2 deficiency
into MDS/AML, we performed whole-genome sequencing of
MDS sample, which was compared with matched samples
from nail, leukocyte at immunodeficiency, and bone marrow-
derived mesenchymal stem cells (BM-MSCs).

Patient and methods
Study design and clinical samples

All clinical samples were obtained from a single patient re-
ferred to our department for pancytopenia and emergence of
myeloblasts in the peripheral blood. They included nails,
peripheral leukocytes at immunodeficiency (MonoMAC),
and bone marrow mononuclear cells for MDS (MDS). The
patient signed an informed consent before sample collection,
and all ethical considerations were followed according to the
Declaration of Helsinki. This study was approved by the
ethical committee of the Tohoku University Graduate School
of Medicine.

Cell culture
Cells were grown in a humidified incubator at 37 °C with 5 %
carbon dioxide. Human K562 erythroleukemia cell lines were

maintained in Roswell Park Memorial Institute (RPMI-1640)
medium containing 10 % fetal bovine serum (Biowest) and
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1 % penicillin—streptomycin (Sigma). PLAT-GP Packaging
Cell Lines (Cell Biolabs) was maintained in Dulbecco’s mod-
ified Eagle medium (DMEM) containing 10 % fetal bovine
serum (Biowest) and 1 % penicillin-streptomycin (Sigma).

Gene transfer and vectors

GATA-2 mRNA was cloned into pBABE-puro vector
(Addgene Plasmid 1764) [7], and a single mutation was
introduced with QuikChange Site-Directed Mutagenesis Kit
(Agilent). The retroviral vector encoding human GATA-2 and
the env (envelope glycoprotein) gene from the vesicular sto-
matitis virus (VSV-G) were co-transfected into PLAT-GP cells
with FuGene HD (Promega). Seventy-two hours after trans-
fection, the viral supernatant was used for infection. After spin
infection into CD34-positive cells at 3,400 rpm for 2 h, the
cells were cultured containing 1 pg/mL Puromycin (Sigma)
for the selection of the transduced cells.

Quantitative ChIP analysis

Real-time-PCR-based quantitative chromatin immunoprecip-
itation (ChIP) analysis was conducted essentially as described
[8]. Cells were crosslinked with 1 % formaldehyde for 10 min
at room temperature. The nuclei lysate was sonicated to re-
duce DNA length using Sonifier (Branson). The protein-DNA
complexes were immunoprecipitated by specific antibody and
Protein A Sepharose (Sigma). Immunoprecipitated DNA frag-
ments were quantified by real-time PCR to amplify regions of
75-150 bp overlapping with the appropriate motif. Product
was measured by SYBR Green fluorescence in 20-pL reac-
tions, and the amount of product was determined relative to a
standard curve generated from titration of input chromatin.
Analysis of post-amplification dissociation curves showed
that primer pairs generated single products.

Primers

Primers used in the study were listed in Table 1.

Western blot analysis

Whole cell extracts were prepared by boiling cells for 10 min
in SDS sample buffer [25 mM Tris (pH 6.8), 2 % B-
mercaptoethanol, 3 % SDS, 0.1 % bromophenol blue, 5 %
glycerol] at 1x107 cells/mL. Extracts from 1 to 2x10° cells
were resolved by SDS-PAGE and transferred to Hybond-P
(GE Healthcare). The proteins were measured by semi-
quantitatively with ECL-Plus (GE Healthcare) and CL-X
Posure™ Film (Thermo Scientific).
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Table 1 Oligonucleotide primers

Designation Forward and reverse sequences(5'-3")

Primers used for GATA-2 sequencing

GATA-2 exon 2 GTTTTGAGCCTTGGGCTTT
CAATTTTTCAGCAGCTCGATT
GGAGTCGTGATCTCAATGTCTG
ATCTGCTGGGGGCTATTAGAG

GATA-2 exon 3

GATA-2 exon 4 ACTCCCTCCCGAGAACTTG
CGTCTGCATTTGAAGGAGTTT

GATA-2 exon 5 GAGATTTAGCCCTCCTTGACTG
AGCACAAAGCGCAGAGGT

GATA-2 exon 6 GAAGGTCGGGCACAATTC
ACAGGTGCCATGTGTCCA

Primers used for validation sequencing

EZH2 CATCAAAAGTAACACATGGAAACC
GCTGCTTTAAAACATAATTCCACA
HECW2 GTCCATATCCTACCTCCAGTAGC
GACAGCTCCTGCAATGAGAGT
GATA-1 TAGACCTTGGGCAGCTCCT

CCTTGGTAGAGATGGGCAGTA
Primers used for quantitative ChIP

GATA-2 -2.4 kb GTGGAGCTCTAGGGTACCATTT
TGAGGACACCTCATTAGAGCAG
GATA-2 -3.5 kb GTCCGGGGTAATTTTTCATCT
GCAGATAACGACTGGCTATTCA
GATA-2 —4.6 kb GAGATGAGCTAATCCCGCCGTA
AAGGCTGTATTTTTCCAGGCT
NECDIN promoter GAAGAGCTCCTGGACGCAGA
TGCAAAGTTAGGGTCGCTCAG
Antibodies

Antibodies to GATA-2 (H-116) and Actin (I-19) were obtain-
ed from Santa Cruz Biotechnology. Control rabbit IgG was
obtained from Abcam. Phycoerythrin (PE)-labeled human
CD29, PE-labeled human CD34, fluorescein isothiocyanate
(FITC)-labeled mouse/human CD44, FITC-labeled human
CD45, FITC-labeled human CD90 antibodies were purchased
from BD Biosciences.

The anti-GATA-2 antibody (H-116) recognizes amino acid
residues 120-235 of human GATA-2.

Flow cytometry (FACS)

The cells collected from culture were washed twice with
phosphate-buffered saline (PBS; Sigma). The cells were then
incubated with PE- and FITC-labeled antibodies, washed
twice with PBS, and analyzed using FACSAria II (Beckton,
Dickinson). The collected data were processed with FlowJo
software (http://www.flowjo.cony/).

Establishment of BM-MSCs

To establish BM-MSCs, bone marrow mononuclear cells
from the patient were cultured in DMEM (Life Technologies)
supplemented with 20 % fetal bovine serum (Life Technolo-
gies), 10 ng/mL basic fibroblast growth factor (PeproTech),
10 mM HEPES (Life Technologies), and 100 pg/mL
penicillin/streptomycin, as previously described [9]. To in-
duce differentiation into osteroblasts and adipocytes, the
hMSC Mesenchymal Stem Cell Differentiation Medium
(Lonza) for osteogenic and adipogenic, respectively, was
used. Osteogenic cell layers were positive for Alkaline Phos-
phatase staining, and typical adipocytes contained oil drops
that were stained with Oil Red O.

Genome analysis

To identify MDS-specific genome alterations, whole-genome
sequencing was conducted on MonoMAC, MDS and BM-
MSCs (Fig. 1). Genomic DNA was extracted with the DNeasy
Blood & Tissue Kit (QIAGEN) or ISOHAIR (NIPPON
GENE). For whole-genome sequencing, the DNA -samples
were amplified with the REPLI-g Midi Kit (QIAGEN). Se-
quencing libraries were prepared from 1 pg of the amplified
DNA according to the TruSeq DNA Sample Prep Guide
(Illumina). The libraries were sequenced on an Humina HiSeq
2000 with HiSeq control software (HCS) version 1.5 and
Real-Time Analysis (RTA) software version 1.13. After se-
quencing, reads were mapped to the human reference genome
(GRCh37/hg19) with decoy sequences (hs37d5) using BWA
[10] with the default options. Then, variant calling was con-
ducted using the GATK Unified Genotyper [11].

Sanger sequence-based validation analysis was conducted
with all samples, including the nail sample, using an ABI
3730x1 DNA analyzer and the ABI BigDye Terminator Cycle
Sequencing Kit (Applied Biosystems). The validation analy-
ses were conducted based on the DNA samples without
amplification.

Results and discussion
Case report

In September 2010, a 35-year-old man was referred to our
department due to pancytopenia and emergence of myelo-
blasts in the peripheral blood. Peripheral blood count revealed
a white blood cell count of 1.2 x10%/L, with 79 % neutrophils,
16 % lymphocytes, 1 % eosinophils, 1 % atypical lympho-
cytes, and 3 % myeloblasts. The hemoglobin level was 9.8 g/
dl, and the platelet count was 27x 10°/L. Bone marrow anal-
ysis indicated a total nucleated cell count of 2.2 x10'/L, with
dysplastic morphological changes in all lineages. The bone
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Fig. 1 Study design. Whole-
genome sequencing conducted
with MonoMAC, MDS and BM-
MSCs samples to identify MDS-
specific genome alterations.
Sanger sequence-based validation
analysis was conducted on all
samples, including a nail sample

(including Nail sample)

Validation

Whole-genome sequence

MDS-specific
genome alterations

marrow contained 11 % leukemic blasts, all positive for CD7,
CD13, CD33, CD34, and HLA-DR. Cytogenetic analysis
indicated the presence of trisomy 8. The patient was diag-
nosed with MDS, classified into the refractory anemia with
excess blasts (RAEB-2), and had “Very high” risk according
to the criteria of revised international prognostic index (IPSS-
R) [12]. In January 2011, the case rapidly developed into
AML, and received hematopoietic stem cell transplantation
from a matched unrelated donor with reduced intensity con-
ditioning regimen.

Since the age of 16 years, he had been treated for
nontuberculous mycobacterial infection, cryptococcal menin-
gitis and recurrent cutaneous human papilloma virus infection.
For this reason, he was initially diagnosed with primary im-
munodeficiency. There was no family history of increased
susceptibility to infection, or onset of MDS/AML. Based on
our clinical findings and the family history, we suspected that
the patient might have sporadic MonoMAC syndrome.

Identification of a germline GATA-2 mutation

Sanger sequencing for GATA-2 cDNA revealed a 988§ C> T
heterozygous mutation (Fig. 2a). We confirmed that the mu-
tation was germline because it involved the nail sample
(Fig. 2a). This mutation resulted in the generation of a prema-
ture stop codon at Arg330, located in the N-terminal zinc
finger domain (Fig. 2a). As GATA-2 DNA binding activity
is mediated through the C-terminal zinc finger domain [1], the
mutated GATA-2 is predicted to be defective in DNA binding.
To test the hypothesis, we overexpressed wild-type or mutated
(R330X) GATA-2 in K562 cells (Fig. 2b). Quantitative ChIP
analysis was conducted with anti-GATA-2 antibody at endog-
enous loci (GATA-2 —4.6, —3.5 and —2.4 kb), which were
selected from GATA-2 ChIP-seq analysis based on K562 cells
[8]. As shown in Fig. 2c, GATA-2 chromatin occupancy was
obviously increased by overexpression of wild-type GATA-2.
However, although the antibody could recognize GATA-2
330X (Fig. 2b), the levels of GATA-2 chromatin occupancy
in GATA-2 R330X-overexpressing K562 cells were similar to
the control cells. Thus, we consider that the heterozygous
GATA-2 R330X mutation is a loss-of-function mutation.

@ Springer

Generation and characterization of BM-MSCs

We established BM-MSCs from BM mononuclear cells from
the patient, and used for the reference control for whole-
genome analysis. Immunophenotypic analysis confirmed that
the BM-MSCs expressed typical markers, i.e., CD29, CD44,
CD90, and CD105, but not CD14, CD34, and CD45 (Sup-
plementary Fig. 1a) [13]. Furthermore, the established BM-
MSCs had the capacity to differentiate into adipocytes and
osteoblasts (Supplementary Fig. 1b). Sanger sequencing also
confirmed that the cells harbored the identical GATA4-2 muta-
tion (Fig. 2a).

Whole-genome sequencing identified mutations in EZH2,
HECW?2, and GATA-1

To elucidate the secondary genetic changes associated with
the evolution to MDS/AML, we performed whole-genome
sequencing with DNA samples from nail, MonoMAC, MDS,
and BM-MSCs (Fig. 1). However, the data from the nail
sample were excluded from the analysis due to a low mapping
rate of the sequence on the human genome.

First, we focused on the MDS-specific genome deletion.
GATA-2 plays a crucial role in the proliferation of hematopoi-
etic stem cells (HSCs) [1, 14]. Thus, it is possible that G4T4-2
haploinsufficient HSCs could have a reduced proliferative
activity. Therefore, secondary deletions involving oncogenic
genes, such as a tumor suppressor gene, may promote the
evolution to MDS/AML. In support of this hypothesis, a
recent study revealed that a heterozygous 3-kb deletion, re-
moving exons 7-9 of TP53 gene, was associated with the
onset of therapy-related AML through whole-genome se-
quencing [15]. To identify the MDS-specific gene deletion,
we used several SV callers, including BreakDancer, Pindel,
and CNVnator, as described previously [16]. However, we
failed to identify the candidate genomic deletion that may
contribute to the evolution into MDS.

Our next strategy was to sort out the point mutations, using
the GATK Unified Genotyper [11]. They were observed in the
MDS sample, but not in MonoMAC or BM-MSCs. A total of
280 MDS-specific nonsynonymous single nucleotide variants
(nsSNVs) were identified, which were subsequently narrowed
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Fig. 2 Identification of a
germline heterozygous GATA-2
mutation. a Heterozygous
germline GATA-2 mutation was
confirmed with the nail, BM-
MSC, MonoMAC and MDS
samples: GATA-2 ¢. 988 C> T, p.
R330X. ZF, zinc finger.
Numbering relative to adenine in

A

Nail
ABLUCBAC
-

MonoMAC MDS
S ? oAT GLEGARE ? (X of 5 N

the ATG start codon of GATA-2
(GenBank NM_001145661.1)
and the first methionine
(GenBank NP_116027.2) [3]. b
Western blot analysis to detect
wild-type and mutated GATA-2 in
K562 cells. Actin was used as a

GATA-2 ¢.988 C>T

|

loading control. GATA-2 R330X 1 349 39 480
was detected by the anti-GATA-2 204,34
antibody (H-116), as it recognizes N
amino acid residues 120-235 of ZF-1 7F2
human GATA-2. Asterisk, cross-
reactive band. ¢ Quantitative GATA-2 pR330X
ChIP analysis to examine GATA-
2 occupancy in wild-type and B C
mutated GATA-2-overexpressing 02
K562 cells (n=3, mean£SD). R y Emnt
NECDIN promoter was included WB: ?ntl GATA-2 g? E] GA:A)-’Z wild
as a negative control w 75l 5 § ot [7] GATA-2 R330X
‘2 50 87
X 25
=38 ‘ g_g 0.1
: +—GATA-2 S&
(R330X) 5 é
o
—— & 005
FRprm——— b g ¥ (1] g ]
w"ﬁ AR | -
KD 0?2‘\5% GATA-2 IgG GATA2 1gG GATA-2 IgG GATA2 IgG
GATA-2 GATA-2 GATA-2 NECDIN
-4.6 kb ~3.5 kb -2.4 kb promoter

down based on the single nucleotide polymorphism (SNP)
database, the functional missense database and NCBI informa-
tion (http://www.ncbi.nlm.nih.gov; Table 2). Finally, we
identified three candidate mutations, namely EZH2 (Enhancer
of zeste homolog 2, Drosophila), HECW2 (HECT, C2 and
WW domain containing E3 ubiquitin protein ligase 2), and

Table 2 Point mutations identified in MDS sample

GATA-1 (GATA-binding protein 1; Table 2, Fig. 3). Sanger
sequence-based validation analysis confirmed that all three
mutations were observed only in the MDS sample (Fig. 3).
As expected, the peak height of the mutated signal was lower
than that of the wild-type signal, presumably reflecting the
frequency of leukemic blasts (11 %).

Functional missense database

Name Chr. Depth SIFT PolyPhen2 LIB_PhyloP LJB MutationTaster LJB LRT AA Change
EZH2 7 49 0.06 0.926 0.9839 0.9995 1.0 E210K
HECW2 2 61 0.06 0.002 0.03258 0.005 0.0318 V701M
GATA-1 X 21 0 0.944 0.99824 0.9999 1.0 R293Q

Three mutations were not identified in SNP database (dbSNP130 and 1000G_ALL)

Chr chromosome, SIFT sorting intolerant from tolerant, PolyPhen2 polymorphism phenotyping v2, L/B_PhyloP pathogenicity score from dbNSFP,
LJB_MutationTuster pathogenicity probability score from dbNSFP, LJB_LRT pathogenicity probability score from dbNSFP, A4 amino acid.
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Fig. 3 Validation analysis for
MDS-specific point mutations.
Validation analysis of the MDS-
specific point mutations. Sanger
sequence conducted to validate
point mutations identified by

whole-genome sequencing. For EZH2
the HECW?2 mutation, the
nucleotide substitution was
described as opposite strand (G >
AtoC>T)
HECW2

EZH2 is a member of the Polycomb group, which is
involved in the maintenance of the transcriptional repressive
state of genes by trimethylation of histone H3 at lysine 27
[17]. It is well established that EZH2 loss-of-function muta-
tions are frequently identified in MDS [18]. Amino acid
position at 210 (Glu) is located at SWI3-ADA2-N-CoR-
TFIIB (SANT) domain that has been shown to interact both
with histone tails and with other proteins [19]. Whereas gain-
of-function mutations of EZH2 have also been attributable to
pathogenesis of lymphoma, the mutations were observed at
the C-terminal catalytic SET domain (Y641 and Y677) [20].
Thus, we assume that the EZH2 E210K mutation could be
loss-of-function mutation. HECW?2 is predicted to be ubiqui-
tin ligase that degrades ATR (ataxia-telangiectasia-mutated-
and-Rad3-related) kinase [21]. However, its role in hemato-
poiesis is unknown. Finally, GATA-1 is a member of the
GATA transcription factors promoting erythrocyte, megakar-
yocyte, mast cell, and eosinophil development [1]. Amino
acid position at 293 (Arg) is located in the C-terminal zinc
finger domain, which is important for the recognition of the
(A/T)GATA(A/G) motif, and to confer its transcriptional ac-
tivity [1]. Noticeably, a recent report suggests that defective
GATA-1 function results in the dyserythropoiesis, which is
characteristic of MDS [22]. Based on the functional missense
database, the mutations of both E210K on EZH2 and R293Q
on GATA-1 may have significant effect on their endogenous
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MDS

MonoMAC

| p.VTO1M (c.2101 G>A)

! p.R293Q (c.878 G>A)

functions (Table 2). In support of the hypothesis, mutation
frequencies for EZH2 (38.8 %) and GATA-1 (38.1 %) were
higher than HECW2 (24.6 %; Fig. 4). Thus, at least two
secondary mutations in EZH2 and GATA-1 may have con-
tributed to the early stage of clonal evolution into MDS in the

70

MDS mutation rate (%)

0
GATA-2

EZH2 GATA-1 HECw2

Fig. 4 Quantification of the mutation load for EZH2, GATA-1 and
HECW?2. Percentage of the mutated reads per the total number of reads
(both wild-type and mutated) in MDS sample was calculated for GATA-2
(c. 988 C > T), EZH2 (c. 628 G > A), GATA-1 (c. 878 G > A) and
HECW2 (c. 2101 G > A)
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present case. Future investigations are needed to determine the
possible involvement of HECW2 mutation.

In conclusion, we conducted whole-genome sequencing
with samples from a patient with germline GATA-2 mutation
evolving immunodeficiency and MDS/AML. The new muta-
tions we identified in EZH2, HECW2 and GATA-1 appear to
be important secondary events leading to the development of
MDS/AML of this patient.
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Introduction hypermutation of immunoglobulin might induce autoantibodies
) ’ that contribute to the immunopathogenesis of autoimmune
Cellular and humoral immune responses to HCV play an diseases, since various kinds of autoimmune diseases were reported
important role in the pathogenesis of chronic hepatitis, HCC and to have a significant relationship with persistent HCV infection
B-lymphocyte proliferative disorders including mixed cryoglobu- (10-12].
linemia, a disorder characterized by the oligoclonal proliferation of Previously, our group reported that the existence of HCV in T
B ) c'ells [1_51' B cell activation ‘anfi/ or dis-regulation cou}d lymphocytes could affect the development and proliferation of type
originate as a result of HGV blr‘ldmg to CD8l tetraspanin 1 T helper (Thl) cells(3,4,13]. Other groups have also reported
molecule or as a consequence of its ability to replicate in B ¢ existence of HOV in T lymphocytes[14,15]. HCV replication
lymphocytes[6]. It has beeltx reported that HCV could infect B in T lymphocytes could suppress Interferon-y (IFN-y)/signal
lymphocytes[7-9]. We previously reported that HGV-replication  yansducers and activators of transcription factor 1 (STAT-1)

in B lymphocytes c0}11c1 induce imrr.n?noglob'ul.il‘l hypermliltati‘on signaling that might affect signal transducers and activators of
and reduce the affinity and neutralizing activities of antibodies transcription factor 3 (STAT-3) signaling[4,13].

against HCV envelope protein[5]. On the other hand, the
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It has been reported that a subset of type 17 T helper (Th17)
cells might be involved in various kinds of autoimmune
diseases[16—19]. The orphan nuclear receptor RORyt (RORyt)
is the key transcription factor that induces the transcription of the
genes encoding Interleukin (IL)-17 in naive CD4" T helper
cells[20]. Moreover, the activation of STAT-3 signaling could
contribute to the induction of Thl7 development[21-23].
Previously, Machida et al. reported that HCV replication in B
lymphocytes could enhance the production of IL-6 from B
tymphocyte[24]. In addition to TGF-B1, the existence of IL-6
could enhance the development of Th17 cells. IL17A-producing T
lymphocytes have been recently shown to comprise a distinct
lineage of pro-inflammatory T helper cells, termed Th17 cells, that
are major contributors to autoimmune disease[20]. IL17A
stimulates the secretion of a wide range of proinflammatory
chemokines and cytokines. As its receptor is widely expressed,
various kinds of immune cells as well as other cell types can
respond to it[25]. Recently, we reported that the frequency of
Thl7 cells was remarkably high in a difficult-to-treat case of
pyoderma gangrenosum-like lesion in a patient with lymphotropic
HCYV infection[26].

In this study, we clarified the relationship between Th17 cells
and the biological significance of lymphotropic HCV.

Material and Methods

Study design and Patients

Two hundred-fifty patients with HCV persistent infection
who were treated in Tohoku University Hospital were enrolled
in this study. None of the patients had liver disease due to other
causes, such as alcohol, drug, or congestive heart failure.
Permission for the study was obtained from the Ethics
Committee at Tohoku University Graduate School of Medicine
(permission no. 2006-194) following ethical guidelines of the
1975 Declaration of Helsinki. Written informed consent was
obtained from all the participants enrolled in this study.
Participants were monitored for 6 months and peripheral blood
samples were obtained from selected patients. We collected the
peripheral blood before the treatment (treatment naive). The
concurrent diseases were diagnosed by specialized physicians
belonging to the department of hematology and rheumatology.
Patients were evaluated for serum levels of HCV-RNA, blood
chemistry and hematology.

Quantification of IL1B, IL6, Transforming growth factor 1
(TGF-B1) and IL17A, IL21, IL23 in the serum

The amounts of IL1B, IL6, TGF-B1, IL17A, IL21 and IL23
were quantified using IL16, IL6, TGF-, IL17A, IL21 and IL23
enzyme-linked immunosorbent assay (ELISA) kits (eBioscience).
The serum samples from patients were collected at sampling points
and stored at —20°C. The ELISA procedure was performed
according to the manufacturer’s protocol.

Isolation of peripheral blood mononuclear cells (PBMCs),
CD4" cells, CD19" cells and CD45RA™ naive CD4" cells

PBMCs were isolated from fresh heparinized blood by means of
Ficoll-Paque (Amersham Bioscience) density gradient centrifuga-
tion. CD4" T cells and CD19" B cells were positively isolated by
dynabeads (Dynal) to carry out the analysis of strand-specific HGV
RNA detection. Naive CD4" cells were isolated by the MACS
beads system (Miltenyi Biotec).

PLOS ONE | www.plosone.org
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Strand-specific intracellular HCV RNA detection

Strand-specific intracellular HCV RNA was detected using a
recently established procedure that combined previously published
methods [27,28] with minor modifications [4,13]. Positive- and
negative-strand-specific HGV RNAs were detected by a nested
polymerase chain reaction (PCR) method. Semi-quantification was
achieved by serial fourfold dilutions (in 10 pug/ml of Escherichia coli
tRNA) of an initial amount of 200 ng of total RNA. The relative
titer was expressed as the highest dilution giving a visible band of
the appropriate size on a 2% agarose gel stained by ethidium
bromide. For the internal control, semi-quantification of fB-actin
mRNA was performed using the same RNA extracts. To rule out
false, random, and self-priming, extracted HCV RINA was run in
every RT-PCR test without the addition of an upstream HCV
primer.

The deep-sequencing analysis of Ly-HCV

Serum samples and PBMCGCs were collected from a patient with
para-aortic lymph node enlargement with chronic HCV infection.
Serum samples were stored at —20°C until testing. Total RINA
was extracted from 800 pl of serum and 1.0x107 of PBMC using
Trizol LS (Invitrogen). Each library was prepared using TruSeq
RNA sample preparation kits v2 (Illumina). Libraries were clonally
amplified on the flow cell and sequenced on an Illumina HiSeq
2000 (HiSeq Control Software 1.5, Illumina) with a 101-mer
paired end sequence. Image analysis and base calling were
performed using Real Time Analysis (RTA) 1.13. In the first
mapping analysis, sequence reads not of human origin were
aligned with 27675 reference virus sequences registered at the
Hepatitis virus database server (HVDB) (http://s2as02.genes.nig.
ac.jp/index.html) and the National Center for Biotechnology
Information (NCBI) (http://www.ncbinlm.nih.gov/) using bwa
(0.5.9-r26) and allowing mismatches of within 10 nucleotide bases.
Based on the highest homology to the reference virus genome in
the first mapping analysis, the tentative consensus HCV full
genome sequence was created. The second mapping analysis was
conducted using the tentative consensus HCV full genome
sequence and bwa, allowing mismatches of within 5 nucleotide
bases. The result of the analysis was displayed using Integrative
Genomics Viewer (IGV; 2,0,17). Sequence analysis was performed
using Genetyx-Mac ver.12. A phylogenetic tree was constructed
by the unweighted pair group method with the arithmetic mean.
The reliability of the phylogenetic results was assessed using 100
bootstrap replicate.

inoculation of lymphotropic HCV strains in various kinds
of lymphoid cell lines and human primary lymphocyte
with stimulation

We used two different lymphotropic HCV strains. One was the
SB-HCV strain that was previously reported by Sung et al[29].
The other one was Ly-HCV that was identified in this study by our
group. The almost full-length sequence (95.9% coverage) of Ly-
HCV was determined using a deep-sequence Hi-Seq 2000 system
(illumina) (Fig S1A and B). These two-lymphotropic HCV strains
were used for the experiments of HCV infection into lymphoid
cells. Previously, we reported Raji, Molt-4 and primary human
lymphoid cells were susceptible to the SB-HCV strain. In addition
to these cells, we used miR122-transduced RIG-1/MDA-knock-
down Raji cells provided by Machida K et al, since this cell line
was most susceptible to SB-HCV replication (ongoing project, data
not shown). These lymphotropic HCV strains were inoculated at
day 0. SB cell culture supernatant and diluted serum from the
patient with Ly-HCV, which contained 2 x10° copies/ml of HCV-
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Figure 1. The relation between CH-C and the phenotype of autoimmune- diseases. The prevalence of these diseases in CH-C (n =250) was

significantly higher than in other chronic liver diseases (n = 98) (p =0.001

1) (A). The prevalence of these diseases and the positive rate of cryoglobulin,

ANA (>40 times), ASMA (>20 times) and AMA (>20 times), and the amount of IgG (>2000mg/dl) are shown (B).

doi:10.1371/journal.pone.0098521.g001

RNA, were used for the infection of several kinds of human
primary lymphoid cells (1 x 10° cells). A control infection with UV-
irradiated HCV was included in every experiment. The superna-
tant of Huh-7 cells transfected with JFH-1 strains at 10 days post-

PLOS ONE | www.plosone.org

transfection was used for several control experiments. The HCV-
1T strain obtained from a CH-C patient without extrahepatic
diseases and lymphoproliferative diseases was also used for several
control experiments.
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Figure 2. The cytokine conditions affecting the positivity of
ANA and Cryoglobulin, and Th17 development. A comparison of
the amounts of IL6 and TGF-$ among the CH-C, CH-B, NASH and
healthy subjects is shown (A). The bar indicates the mean cytokine
amounts. The frequency of TGF-B1 high, IL6 high, and TGF-B1 and IL6
double high patients among the 4 groups (CH-C, CH-B, NASH, and
healthy subjects) is shown (B). The positive rate of ANA and
Cryoglobulin in the double high CH-C patients (n=9) and the other
CH-C patients (n=26) is shown(C). The IL6 and TGF-$1 mRNA
expression of PBMCs in the double-high patients (n=9) and other
patients (n=26) is shown in the bar graphs (D). The amounts of IL1§,
IL17A, IL27 and IL23 in the serum were compared between double high
CH-C patients (n=9) and the other CH-C patients (n=26) (E). The
comparisons of serum cytokines before and after the Peg-interferon/
Ribavirin treatment are shown (F). Serum samples were collected at just
before the treatment and twelve month after the end of treatment. SVR
indicates sustained virological treatment (n=5).
doi:10.1371/journal.pone.0098521.g002

The analysis of IL17-secreting CD4™ T cells

Naive CD4" cells were negatively isolated by using a naive
CD4* T cells isolation kit IT (Miltenyi Biotec). Isolated naive CD4"
cells were exposed to SB-HCV, Ly-HCV, UV-irradiated-SB-
HCV, UV-irradiated-Ly-HCV or Mock. Then, CD3*CD28"
coated beads and various kinds of cytokines were added to the
culture medium to analyze the Th1l7 commitment and develop-
ment (Table S1). The cytokine conditions for Th17 commitment
and development included IL-1P (10 ng/ml), and IL23 (1 ng/ml),
which are important for the Th17 development in human, because
the differentiation of Thl7 cells is very difficult without these
cytokines when using human PBMCs[30]. The cells were
harvested at 7 days post-inoculation and IL17A-secreting cells
were analyzed by MAGS cytokine secretion assay (Miltenyi
Biotec).

Transwell co-culture system

The trans-membrane with 0.4 um pore size was used for the
analysis of soluble factor-inducing Th17 cells, especially IL6 and
TGF-B1. The upper chamber included PBMCs (2x10° cells/ml)
of CH-C patients (Ly-HCV or HCV-1T). The lower chamber
included naive CD4" cells (2 x10° cells/ml) of a healthy individual
and CD3CD28 coated beads with or without IL6 (40 ng/
ml)(abcam) and TGF-B1 (40 ng/ml)(abcam) neutralizing antibod-
ies. After five days incubation, the total RNA was isolated from
cells of the lower chamber. The expression levels of RORYt were
analyzed by real time PCR.

Construction of Lenti-virus expressing HCV-Core antigen

HCV core cDNA cloned in pcDNA3 was kindly provided by
Dr. K. Takeuchi [31]. The full length HCV core cDNA was
cloned into lentiviral vector, pGSII-EF plasmid, to create the
pCSH-EF-HCV core[32]. The pCSI-EF-HCV core or control
pCSII-EF-IRES-GFP plasmid was transfected into HEK293T
cells together with two packaging plasmids, pCAG-HIVgp and
pCMV-VSV-G/RSV-Rev (provided by the RIKEN Bio-resource
Center), using the calcium phosphate method. The supernatants
containing the recombinant lenti-virus were used for the infection
of human primary lymphocyte.

Transfection of HCV individual protein expression

plasmids

Various expression plasmids were constructed by inserting
HCV-core, E1, E2, NS3, NS4B, NS5A and NS5B ¢DNA of
genotype la behind the cytomegalovirus immediate-early promot-
er in pCDNAS3.1 (Invitrogen). Primary CD4" cells were transfect-
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Table 1. The frequency of Strand specificcHCV-RNA positive CD4+ T cells and CD19+ B cells.

Double High (n=9)

33.3 (3/9)

St-specific HCV-RNA were detected by nested PCR with rTth polymerase.
Double high indicates that the amount of IL6 and TGF-p are high.
doi:10.1371/journal.pone.0098521.t001

ed using 4D-Nucleofector II (Amaxa, Gaithersburg, Washington
DC, USA) with a human T cell nucleofector kit (Amaxa), and
various plasmids were purified using the EndFree plasmid kit
(QIAGEN, Valencia, CA, USA). Viable transfected cells were
isolated by Ficoll-Paque centrifugation (Amersham Bioscience) at
24 hour post-transfection. The transfection and expression
efficiencies were analyzed using intracellular staining of individual
proteins of HCV and flow cytometry analysis.

Real-time PCR analysis

Cells were collected before the inoculation of lenti-virus and 10
days after the inoculation of lenti-virus. Total RNA was isolated
using a column isolation kit (QIAGEN). After the isolation of
RNA, one-step real-time PCR using a TagMan Chemistry System
was carried out. The ready-made set of primers and probe for the
amplification of IL-6 (Hs00985639_m1), TGF-B1
(Hs00998133_m1),  T-bet  (Hs00203436_ml),  GATA-3
(Hs00231122_m1l), RORC (Hs01076112_ml) and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (Hs03929097_gl)
were purchased from Applied Biosystems. The relative amount
of target mRINA was obtained using a comparative threshold cycle
(CT) method. The expression level of mRNAs of the non-
stimulation sample of mock infected CD4" cells was represented as
1.0 and the relative amounts of target mRINA were calculated
according to the manufacturer’s protocol.

The analysis of STAT-1 and STAT-3 signaling

STAT-1 and STAT-3 signaling was analyzed by phospho-
STAT-1 (Tyr701) and phosphor-STAT-3 (Tyr705) sandwich
ELISA kit (Cell Signaling Technology). Briefly, naive CD4* cells
transfected with or without HCV-core expressing plasmid were
incubated with IL6 and TGF-Bl. The cells were harvested at
various time points. Then, the cell lysates were used for the
quantification of phosphor-STAT-1 and phosphor-STAT-3.

Statistical analysis

The data in Figure 1A, 1B, 2B and 2C were analyzed by % test.
The data in Figure 2D and 2E were analyzed by independent
Students t test. Figure 3A, 3G, 4A, 4B and 4C were analyzed by
Mann-Whitney U test. All statistical analyses were carried out
using JMP Pro version 9.

Accession Numbers
Accession number EntryID
AB779562 51027b2b6a8011fb860007e4.LyHCVserumSR
Accession number EntryID

PLOS ONE | www.plosone.org

Negative-st-positive

Positive-st-positive

44.4 (4/9)

AB779679 51029¢6£6a8011fh8600093e. LyHCVpbmcSR

Results

Prevalence of autoimmune-related diseases in the CH-C

patients

The prevalence of autoimmune-related disease in the CH-C
patients was significantly higher than in the subjects with other
chronic liver diseases in Tohoku University Hospital (p=0.0011)
(Fig.1A). In addition to the prevalence of autoimmune-related
diseases, we analyzed the immunological laboratory tests including
cryoglobulin, anti-nuclear antibody (ANA), anti-smooth muscle
antibodies (ASMA), Immunoglobulin G (IgG), anti-mitochondrial
antibody (AMA). The frequency of ANA positive or cryoglobulin
positive patients in CH-C patients was significantly higher than in
those with other chronic liver diseases (p<<0.05) (Fig.1B).

The amount of IL6 and TGF-B1 in the peripheral blood of
CH-C patients

The average amounts of IL6 and TGF-f1 were comparable
among healthy subjects, CH-C, CH-B and NASH (IL6: 1.77,
5.83, 4.84 and 5.99 pg/ml), (TGF-B: 1.45, 4.18, 4.68 and 4.5 mg/
ml), (average amount) (Fig. 2A). However, the frequency of
patients with high amounts of IL6 (over 8 pg/ml) and TGF-B1
(over 5 ng/ml) (double-high) was significantly higher than in those
with other chronic liver diseases (p<<0.05)(Fig. 2B). The cut-off
levels of high amount of IL6 (over 8 pg/ml) and TGF-B1 (over
5 ng/ml) were determined by the appearance of two clustersthigh
and low) in the CH-C samples. Interestingly, Most of the TGF-$1
high CH-C patients had high amounts of IL6 (Fig. 2B). Moreover,
the amount of IL6 were significantly correlated with the amount of
TGF-B1(data not shown). The serum amounts of IL6 and TGFB1
were analyzed at 6 months after the sampling points. The serum
amount of IL6 and TGF-B1 in the high amount of IL6 and TGF-
Bl both (double-high) patients remained doubly high (data not
shown). It has been reported that the combination of IL6 and
TGF-B1 cytokines could induce Thl7 cells[20]. Therefore, we
compared the frequency of ANA-positive or cryoglobulin-positive
patients between double-high patients and the other patients with
HCV persistent infection. The frequency of ANA-positive or
cryoglobulin-positive patients among the double-high patients was
significantly higher than among the other CH-C patients (p<<
0.01)(Fig. 2C). The expression of IL-6 and TGF-f1-mRNA in
PBMCs of double-high patients was significantly higher than in
other CH-G patients (p<<0.05)(Fig. 2D). Moreover, the serum
amounts of IL1-B, IL17A, IL21 and IL23 in the double-high
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Table 2. The frequency of different nucleotide bases between LyHCVserumSR and LyHCVpbmcSR.

Nucleo tide
Position

LyHCVserumSR LyHCVpbmcSR

538 G 1835 482 (26.27) 3 (0.16) 1349 (73.51) 1 (0.05) A 1 1 (100.0) 0

1,026 A 2041 1098  (53.80) 2 (0.10) 939 (46.01) 2 (0.10) G 3 1 (3333) 0 (0.00) 2 (66.67) 0 (0.00)

1,280 C 2050 2 (0.10) 1785 (87.07) 2 (0.10) 261 (12.73) T 7 0 (0.00) 2 (2857) 0 (0.00) 5 (7143

(68.25) (66.67)

2,136 T 1813 0 (0.00) 527 (29.07) 1 (0.06) 1285  (70.88) C 7 0 (0.00) 4 (57.4) 0 (0.00) 3 (42.86)

G 1841 471 (25.58) 1 1365

C 1894 14 (0.74) 1836  (96.94) 0 (0.00) 44 (2.32) T 3 0 (0.00) 1 (3333) 0 (0.00) 2 (66.67)

4,661 C 2263 2 (0.09) 1301 (57.49) 1 (0.04) 959 (42.38) T 6 0 (0.00) 0 (0.00) 0 {0.00) 6 (100.0)

5114 G 1791 32 (1.79) 452 (25.24) 1306  (72.92) 1 (0.06) C 3 0 (0.00) 2 (66.67) 1 (33.33) 0 (0.00)

5,156 G 1871 481 (25.71) 0 (0.00) 1389 (74.24) 0 (0.00) A 3 2 (66.67) 0 (0.00) 1 (3333) 0 (0.00)

C 2131 3 1613 511

T 2168 7 483 (22.28) 5 0.23) 1672 (77.12) C 3 0 (0.00) 2 (66.67) 0 (0.00) 1

5,837 C 2144 3 (0.14) 1674  (78.08) 2 (0.09) 465 (21.69) T 3 0 (0.00) 1 (33.33) 0 (0.00) 2 (66.67)

5,883 C 2114 0 (0.00) 1502 (71.05) 1 (0.05) 611 (28.90) T 3 0 (0.00) 1 (3333) 0 (0.00) 2 (66.67)

5,978 C 2451 1 (0.04) 2013 (82.13) 1 (0.04) 436 (17.79) T 1 0 (0.00) 0 (0.00) 0 (0.00) 1 (100.0)
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Table 2. Cont.

Nucleo tide
Position LyHCVserumSR LyHCVpbmcSR

7172 C 2409 2 (0.08) 1696  (70.40) 1 (0.04) 707 (29.35) T 3 0 (0.00) 1 (3333) 0 (0.00) 2 (66.67)

7,349 G 2510 1019 (40.60) 5 (0.20) 1484  (59.12) 2 (0.08) A 6 4 (66.67) 0 (0.00) 2 (3333 0 (0.00)

8,093 G 2647 684 (25.84) 3 (0.11) 1956 (73.89) 4 0.15) A 7 4 (57.14) 0 (0.00) 3 (42.86) 0 (0.00)

8,237 C 2077 1 (0.05) 2033 (97.88) 0 (0.00) 42 (2.02) T 3 0 (0.00) 1 (3333 0 (0.00) 2 (66.67)

8,693 T 2899 5 0.17) 690 (23.80) 0 (0.00) 2204 (76.03) C 3 0 (0.00) 2 (66.67) 0 (0.00) 1 (3333

doi:10.1371/journal.pone.0098521.t002

Table 3. Detection of St-Specific HCV-RNA in various kinds of lymphoid cell.

Immune cells ji mir122Raji Molt-4 naive T (IL-2) naive T (IL6) naive T (TGF-p) naiveT (IL6 and TGF-p)

7 days-UV-irraidated

Negative Strand

The titers of HCV-RNA were expressed as the highest dilution giving a visible band of the correct size.
Naive T cells were incubated with IL-1B (10 ng/ml), IL23 (1 ng/ml), and CD3CD28 coated beads.

JFH-1 and HCV-1T are not lymphotropic HCV strains.

SB-HCV and Ly-HCV are lymphotropic HCV strains.

mir122Raji indicate miR122-transduced RIG-1/MDA-knockdown Raji.

doi:10.1371/journal.pone.0098521.t003
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Figure 3. The effect of lymphotropic HCV on the Th17
development in various kinds of cytokines condition. Isolated
naive CD4" cells were exposed to SB-HCV, Ly-HCV, UV-irradiated-SB-
HCV, Ly-HCV or Mock. Then, CD3*CD28" coated beads and various
kinds of cytokines were added to the culture medium to analyze the
Th17 commitment and development (Suppl. Table 1). The cells were
harvested at 7 days post-inoculation and IL17A-secreting cells were
analyzed by MACS cytokine secretion assay. The frequencies of CD4+
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IL17A+ cells among the CD4+ cells were shown in the bar graph (A). The
bar graph indicates the frequencies of Th17 cells with or without
lymphotropic HCV in the various kinds of cytokine conditions (A). The
schema of the transwell system is shown (B). The expression of RORyt
mRNA in naive T lymphocytes with or without various kinds of -
stimulations is shown (C). The obtained data were analyzed by Mann-
Whitney U test. Three independent experiments were carried out (A)(C).
doi:10.1371/journal.pone.0098521.g003

patients were significantly higher than in the other CH-C patients
(p<<0.01) (Fig. 2E). Moreover, these cytokines were significantly
correlated with the amount of IL6 and TGF-B1 (data not shown).
Then, we quantified the serum cytokines at the twelve months
after the Peg-interferon/Ribavirin-treatment among double high
patients. The serum amounts of IL-18, IL17A, I1.21 and IL23
were significantly decreased after the achievement of the sustained
virological response (SVR) (Fig. 2F).

The relation between lymphotropic HCV and patients
with high amounts of IL6 and TGF-1 (Double-High)
Previously, Machida et al. described that HCV replication in B
lymphocytes could induce their secretion of IL6. Therefore, we
analyzed the relationship between lymphotropic HCV and
patients with double-high by detecting strand-specific HCV-
RNA in the CD4" T cells and CD19* B cells. The frequency of
positive and negative-strand-specific-HCV-RNA in double-high
CH-C patients was significantly higher than in the other CH-C
patients (Table 1). These data indicated that the lymphotropism of
HCV could be related to the IL6 and TGF-1 double-high

environment,

Detection of a new lymphotropic HCV from a patient
with lympho-proliferative disease

Previously, we used a lymphotropic SB-HCV that was reported
by Sung et al[29]. In this study, we found a patient who had higher
amounts of HCV RNA in the lymphocytes in comparison to other
CH-C patients. This lymphotropic HCV (named Ly-HCV) is
genotype 1b. The full-length sequence of this strain was analyzed
by deep sequencing of both serum and PBMC samples.
Phylogenetic tree analysis was then carried out (Fig. S1A). To
characterize the metagenomics of HCV infection in human serum,
LyHCVserumSR (registered in DDBJ; the accession number,
AB779562) and PBMC, LyHCVpbmcSR (registered in DDBJ; the
accession number, AB779679), we analyzed the samples by paired
end deep sequencing. The coverage was 100.0% and the average
depth was 2092.1 x (Fig. S1B).

The LyHCVserumSR and LyHCVpbmcSR isolates were
99.5% identical to each other within the overlapping region. In
42 nucleotide bases, the major nucleotide bases showed differenc-
es. However, only the proportions of nucleotide sequences were
different (Table 2). The sequences of HCV-RNA obtained from
serum and PBMCs were almost the same (Table 2). Therefore, we
used the diluted Ly-HCV-serum for the # vitro infection study.

Analysis of Infectivity of Ly-HCV and SB-HCV under the
various kinds of cytokines

We examined the infectivity of Ly-HCV and SB-HCV into
several lymphoid-cell lines (Raji, miR122-transduced RIG-1/
MDA-knockdown Raji, and Molt-4) and primary naive CD4* T
cells. Semi-quantitative strand-specific nested PCR was carried out
as in our previous reports (Table 3). The infectivity of HCV in the
IL-6 and TGF-B cytokine combination conditions with low dose
IL1B, IL23 and CD3CD28 coated beads was no better than that
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Figure 4. The identification of proteins responsible for
enhancing the Th17 development (A). The transfection of various
kinds of plasmids expressing HCV-individual proteins (E1, E2, Core, NS3,
NS4B, NS5A, NS5B and vector) was carried out by nucleofector. The cells
were analyzed at 72 hours post-transfection. The bar graph indicates
the IL17A-secreting cells among the sample’s CD4" cells/IL17A secreting
cells and the vector's CD4" cells x100. The obtained data were analyzed
by Mann-Whitney U test. Three independent experiments were carried
out. The analysis of STAT-1 and STAT-3 signaling (B). We used a
pathscan to quantify sequentially the phosphor-STAT-1 and STAT-3. The
dotted lines indicate data of the vector control. Three independent
experiments were carried out. Long-term culture affected the
commitment of naive T lymphocytes with HCV-core expressing
Lenti-virus (C). The gene expressions of T-bet, GATA-3 and ROR-yt
were analyzed by real-time PCR. The relative amounts of mRNA were
calculated by AACT methods. The target gene expressions were
analyzed at pre-inoculation of Lent-virus and 10 days after the
inoculation of lenti-virus. Three independent experiments were carried
out.

doi:10.1371/journal.pone.0098521.g004

in IL2, IL6, or TGF-B cytokine only conditions with low dose
ILIB, IL23 and CD3CD28 coated beads.

The effect of lymphotropic HCV on the Th17

development

The addition of both IL6 and TGF-BI could significanty
induce IL17-scereting T cells (Th17) in comparison to IL6 or
TGF-B1 alone (Fig 3A). Both lymphotropic HCV strains (SB-
HCV and Ly-HCV) could significantly up-regulate the Thl7
development in comparison to Mock and these strains that had
been UV-irradiated. Then, we used a co-culture system to analyze
the blocking of IL6 and TGF-B1 effects since the expressions of
IL6 and TGF-B1 mRNA in PBMCs of double high patients were
significantly higher than those in other CH-C patients (Fig. 2D
and Fig. 3B). The IL-6 was produced from B lymphocytes.
Moreover, the major TGF-B1 producing cells were monocytes in
double high patients (Data not shown). The soluble factors
produced from PBMCs of Ly-HCV-patient could significantly
induce Th1l7 master gene RORYt in comparison to mock and
PBMGCs of HCV-1T patient (Fig. 3C). The addition of IL6 and
TGF-B1 neutralizing antibody significantly reduced the expression
of RORYt, especially IL6 neutralizing antibody (Fig. 3C).

The identification of HCV proteins and signal
transduction responsible for the production of IL17A
We used El, E2, Core, NS3, NS4B, NS5A and NS5B
expressing plasmids to transiently express these proteins in naive
T cells. The transfection efficiencies were 45.4+4.96% (aver-
age*standard deviation). Among these proteins, only HCV-Core
protein could significantly enhance the production of IL17A cells
(Fig. 4A)(p<<0.05). In addition to in vitro circumstance, we used
NOD/scid/yc™" (NOG) mice that are super-immunodeficiency
mice[33]. The transfusions of HCV-core expressing human
primary lymphoid cells were carried out (ongoing Kondo ¥ et al.).
The higher amount of IL17A and RORyt mRINA were detected
in the HCV-Core expressing CD4" cells in comparison to the
control groups (data not shown). Then, we sequentially analyzed
the STAT-1 and STAT-3 activation by IL6 and TGF-B1
stimulation in the HCV-Core expressing T cells. The results
indicated that STAT-3 signaling was significantly enhanced in
comparison to mock-transfected T cells (Fig. 4B)(p<<0.05). These
data indicated that HCV-Core protein enhanced the STAT-3
signaling following the induction of the Th17 master gene-RORyt.
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