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Figure 1. Infinite Proliferation of WS iPSCs after Long-Term Culture. (A) Cumulative passage number for WS iPSCs. (B) Colony morphologies
of A0031-derived WS iPSC clones in early and late passages. Bars =100 um. (C) TRF length analysis of WS iPSC clones in early and late passages.

doi:10.1371/journal.pone.0112900.g001

18), and the Animal Care and Use Committee of Chiba University
(25-131). All recombinant DNA experiments were performed in
strict conformance with the guidelines of the Institutional
Recombinant DNA Experiment Safety Committee at Hiroshima
University.

Results

Infinite proliferative potential of WS iPSCs after long-term
culture

To determine whether reprogramming provides WS cells with
infinite proliferative potential, we generated iPSCs from WS
patient fibroblasts. Morphologically distinct colonies from parental
cells emerged after transduction of Yamanaka factors using

PLOS ONE | www.plosone.org 4

retroviruses and showed elevated alkaline phosphatase activity
(Figures S1A and S1B). Colonies were picked up, and 6 WS iPSC
lines were established using fibroblasts from 2 independent WS
patients after several passages. In western blotting analysis using an
anti-WRN antibody, WRN protein was not detected in WS iPSCs
but was expressed in both normal fibroblasts and iPSCs (Figure
S2A). Direct sequencing analysis of WS iPSCs identified
compound heterozygous Mut4/Mut6 mutations in the WRN
gene similar to those observed in parental cells, and the derivation
of WS iPSCs from parental cells was confirmed by STR analysis
(Figures S2B and S2C). Finally, the 6 WS iPSC lines #23, #34,
and #64 from A0031 and #02, #13, and#14 from WSCUO1
were successfully established.
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Figure 2. Sustained ESC-like characteristics of WS iPSCs after Long-Term Culture. (A) Expression of pluripotency genes in A0031-derived
WS iPSC clones in early and late passages. (B) Expression of hESC markers in A0031-derived WS iPSC clone #23 in early and late passages. Bars
=100 pum. (C) EB formation in A0031-derived WS iPSC clones from early and late passages. Bars =100 um. (D) Immunocytochemical analysis of
differentiation of EBs into 3 germ layers for AO031-derived iPSC clone #23 in early and late passages. B-lll tubulin (ectoderm), desmin (mesoderm),
vimentin (mesoderm and parietal endoderm), and o-fetoprotein (Afp, endoderm). Bars =100 pm. (E) Hematoxylin and eosin histology of teratomas
from A0031-derived iPSC clone #23. Formation of all 3 germ layers is shown including melanin-producing cells (ectoderm), cartilage (mesoderm), and
tracheal epithelium (endoderm).
doi:10.1371/journal.pone.0112900.g002
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Figure 3. Suppression of Senescence-Associated Gene Expression in Reprogrammed WS iPSCs. (A) Expression of CDKI genes in parental
fibroblasts and iPSCs. White columns show relative expression levels in the parental fibroblasts TIG-3, TIG-114, A0031, and WSCUO1, and gray columns
show those of their derived iPSC clones. Numbers under the horizontal axis in each graph show relative values in mRNA expression compared with
that in TIG-3 fibroblasts. Values represent means of three technical replicates % SD. (B) Expression of SASP genes in parental fibroblasts and iPSCs.
Each graph is shown as in (A).

doi:10.1371/journal.pone.0112900.g003
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Figure 4, Reprogramming of the SASP gene loci is mediated by factors other than activated telomerase. (A) Expression of CDKI genes in
WS fibroblasts and their hTERT-transduced derivatives. White columns show relative expression levels in A0031 and WSCUO1 fibroblasts, and gray
columns show those of their hTERT-transduced derivatives. Numbers under the horizontal axis in each graph show relative values in mRNA
expression compared with that in parental fibroblasts. Values represent means of three technical replicates = SD. (B) Expression levels of SASP genes
in WS fibroblasts and their hTERT-transduced derivatives. Each graph is shown as in (C).

doi:10.1371/journal.pone.0112900.g004

WS iPSC lines from A0031 were cultured for 120 continuous
passages over 2 years without morphological changes or loss of
growth capacity (Figures 1A and 1B). Moreover, iPSC lines from
WSCUO! proliferated for a year (Figures 1A and S1C). Average
terminal restriction fragment (TRF) lengths in clones #23, #34,
and #64 (A0031) were decreased, invariable, and increased during
long-term culture, respectively, and similar telomere dynamics
were observed in WSCUOQ1-derived iPSC clones (Figure 1G).

Sustained ESC-like characters of WS iPSCs after long-term
culture

To determine the persistence of ESC-like characteristics in WS
iPSCs, we compared undifferentiated states and differentiation
potentials between WS iPSCs from early and late passages. WS
iPSC lines expressed pluripotency genes and hESC-specific surface
markers during early passages (around pl0), and during late
passages (around pl00; Figures 2A, 2B, S3 and S4). These iPSC

PLOS ONE | www.plosone.org

lines also showed sustained formation of embryoid bodies and
differentiation into 3 germ layers (Figures 2C, 2D, and S3).
Furthermore, at around p50, WS iPSC lines generated teratomas
that contained tissue structures of all 3 germ layers. These were
consistent with those shown in normal iPSC lines after transplan-
tation into the testes of SCID mice (Figures 2E and S6). Thus,
reprogrammed WS fibroblasts acquired infinite proliferative
potential, and the ESC-like characteristics of the resulting iPSCs
were maintained for more than 2 years.

Suppression of senescence-associated gene expression
in WS iPSCs after long-term culture

Global gene expression analysis using DNA chips showed
pronounced similarities among pluripotent stem cells including
WS iPSCs. However, marked differences between WS iPSC and
WS fibroblasts were observed (Figure S7). Heat map analysis also
showed a high analogy of global gene expression profiles in these
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Figure 5. Recapitulation of Premature Senescence Phenotypes in Differentiated Cells from WS iPSCs. (A) Differentiation of EBs from
normal (TIG-3) and WS (WSCUO1 #02 and #13) iPSCs. Differentiated cells from WS iPSCs showed premature senescence. SA-B-gal staining was
performed on day 25 of differentiation. Bars =100 um. (B) Percentage of senescent cells after 25 days of differentiation. SA-B-gal-positive cells were
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counted in three randomly selected fields with 40 x magnification. Values represent means of the three fields = SD. (C) Expression of hTERT and p21
mRNAs in undifferentiated iPSCs (“U,” red columns), EBs after 12 days of formation (“E,” green columns), and differentiated cells after 25 days of
differentiation (“D,” blue columns). Values represent means of three technical replicates = SD. (D) Expression of SASP genes in differentiated cells
from normal (TIG-3) and WS (WSCUO1 #02 and #13) iPSCs after 25 days of differentiation. Graphs shows fold changes relative to undifferentiated

iPSCs. Values represent means of three technical replicates = SD.
doi:10.1371/journal.pone.0112900.g005

pluripotent stem cell lines, but distinctly different profiles from
those of WS fibroblasts (Figures S8A). Recent studies of aging have
identified senescence-induced inflammatory and secretory factors
that are collectively referred to as the senescence-associated
secretory phenotype (SASP) and are the hallmarks of aging. It is
widely accepted that age-associated inflammatory responses
contribute to human aging mechanisms [26]. Accordingly, we
observed downregulation of SASP secretory factors, including
inflammatory cytokines, growth factors and MMPs, in both
normal and WS iPSCs compared with WS fibroblasts (Figures
S8B). Subsequently, we performed real-time qRT-PCR analysis
using PDL-matched normal and patient fibroblasts, and their
iPSC derivatives which were maintained in long-term culture,
Although relative expression levels of the senescence-associated
cyclin-dependent kinase inhibitor (CDKI) genes p21Waf1/Cipl
and pl6INK4a in normal fibroblasts correlated with the donor
age, the expression levels of these genes were higher in WS
fibroblasts than in normal fibroblasts, indicating that replicative
senescence was prematurely induced in WS cells (Figure 3A).
However, expression levels of these genes were significantly
reduced in all iPSC clones from normal and WS cells (Figure 3A),
suggesting that these gene loci are reprogrammed to the same
degree in normal and WS iPSCs. Thus, we examined the
expression of the typical SASP genes IL-6 and gpl30 [27] and
found higher expression levels in WS fibroblasts than in normal
fibroblasts (Figure 3B). Moreover, expression levels of these genes
drastically decreased in both normal and WS iPSCs compared
with parental fibroblasts. Similarly, expression levels of the SASP
genes IGFBP5, IGFBP7, ANGPTL2, and TIMP] ([28-31] were
significantly decreased in both normal and WS iPSCs compared
with parental fibroblasts (Figures 3B).

Reprogramming of the SASP gene loci is mediated by
factors other than activated telomerase

WS fibroblasts were previously shown to bypass premature
senescence following introduction of the telomerase gene ATERT

[32], Similarly, the present WS cells bypassed premature
replicative senescence, and hTERT allowed cell division for over
150 PDL in A0031 cells, and 40 PDL in WSCUOI cells compared
with parental cells that became senescent at less than 30 PDL
(Figures S9A and S9B). TRF length analysis showed that h\TERT-
expressing WS cells acquired longer telomeres during passages
than parental cells (Figures S9C). To examine whether the
expression of hTERT was sufficient to suppress the upregulation
of aging-associated genes in WS cells, we compared expression
levels of CDKI and SASP genes between WS fibroblasts and their
hTERT-expressing derivatives. Whereas a decline in p2lwafl/
cipl and p16INK4a mRINA expression was observed in hTERT-
expressing cells (Figure 4A), IL-6 and gp130 expression was not
suppressed following the introduction of hTERT, suggesting that
reprogramming of the SASP gene loci is mediated by factors other
than activated telomerase (Figure 4B). The present data show
complete suppression of premature senescence phenotypes in WS
cells using transcription factor-induced reprogramming and
suggest that persistence of the undifferentiated state and pluripo-
tency are crucial for reversing the aging process.

Recapitulation of premature senescence phenotypes in
differentiated cells from WS iPSCs

To establish cell lineages that prematurely. senesced, EBs
consisting of equal numbers of iPSCs maintained in long-term
culture were differentiated in serum-containing medium. Differ-
entiated cells from WS iPSC-derived EBs were outgrown less
rapidly than those from normal iPSC-derived EBs (Figure 5A,
Day 2). These cells exhibited flat and enlarged morphology
(Figure 5A, Day 6, 13, and 21) and became positive for SA--gal
staining (Figure 5A, Day 25, and Figure 5B). Whereas expression
levels of h TERT were downregulated equally in differentiated cells
from normal and WS iPSCs, p21 mRNA was more highly induced
in differentiated cells from WS iPSCs than those from normal
iPSCs (Figure 5C). Expression levels of the SASP genes were also
significantly increased in differentiated cells from WS iPSCs

Table 1. Results of chromosome analysis of WS iPSC clones and their parenral cells,

Numbers of
Numbers of cells
cells analyzed analyzed by
Cell lines

by G-banding M-FISH

T

Jraady

P23

46,XY,1(1;14)(p34.1;,q13),4{4:;7)(p15.2;q22),del(8) (g
46XV A4 P3AT A1 D AN pT52 22 del B

Karyotypes
46XV dell®)q22q24)/A6 XY {14534

T

03

doi:10.1371/journal.pone.0112900.t001
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Abbreviations: t, translocation; del, deletion; der, derivative chromosome; p, short arm; q, long arm.
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Figure 6. Karyotype Analysis of WS iPSCs. Chromasomal profiles of G-band analysis. (A) Parental A0031 fibroblast and (B) A0031-derived iPSC
clone #34. Arrows indicate translocation breakpoints. Chromosomal profiles of M-FISH analysis. A0031-derived iPSC clones (C) #23, (D) #34, and (E)
#64 and WSCUO1-derived iPSC clones (F) #02, (G) #13, and (H) #14. Arrows indicate translocation breakpoints or an extra chromosome.

doi:10.1371/journal.pone.0112900.g006

compared with those from normal iPSCs (Figure 5D). These
results demonstrated recapitulation of premature senescence
phenotypes with downregulation of h'TERT in differendated cells
from WS iPSCs.

Karyotype analysis of WS iPSCs

WS is characterized by genomic instability, and gene translo-
cation events have been observed during culture of patient-derived
cells [33]. Because reprogramming of somatic cells and subsequent
maintenance of iPSCs involves extensive cell division, WS iPSCs
may acquire additional chromosomal abnormalities. Thus, we
compared chromosomal profiles of long-term cultured WS iPSC
clones with those of parental WS fibroblasts by karyotype analysis.
The subsequent G-banding stain and multicolor fluorescence in
situ hybridization (M-FISH) analysis are summarized in Table 1.

Chromosomal profiles of parental AO031 WS fibroblasts showed
mosaicism with the following abnormal karyotypes: 46, XY with a
deletion in 8q and 46, XY with a deletion in 8q along with
reciprocal translocations between lp and 14q, and 4p and 7q
(Figure 6A). These karyotypes support previous observations of
chromosomal instability in WS cells [33]. Whereas, 1 of the
derived iPSC clones (#34) had the same chromosomal profile as
its parent cells (Figures 6B and 6D), the other 2 A0031-derived
iPSC clones (#283 and #64) had the translocations 21q and 19p,
respectively, in addition to those of the parental karyotype
(Table 1, Figures 6C and 6E). Moreover, whereas parental
WSCUO1 fibroblasts and 2 of their derived iPSC clones (#13
and #14) had normal karyotypes (Table 1, Figures 6G and 6H),
the remaining iPSC clone #02 carried the abnormal karyotype 47
(XY with an additional aberrant chromosome derived from
chromosome 20; Table 1, Figure 6F).

The observation that 3 of 6 WS iPSC clones had the same
karyotypes as their parental cells after approximately 100 passages
suggests that karyotypes of WS cells are stabilized following
reprogramming.

Discussion

In this study, we demonstrated that WS fibroblasts could be
reprogrammed into iPSCs using Yamanaka factors, and the
resulting iPSCs showed unlimited proliferative capacity that was
sufficient for self-renewal over a period of 2 years. WS iPSCs also
exhibited undifferentiated states and differentiation potential after
long-term culture. Subsequently, we showed that WS iPSCs
maintain immortality and ESC-like characteristics that indicate
corrected telomere dysfunction following reprogramming of WS
cells. Although WRIN was not essential for generation of iPSCs,
WRN helicase may protect genome integrity by mechanism other
than the maintenance of telomere in iPSCs.

TRF length analysis indicated that WS iPSC lines maintained
telomere with size variation in each clone. It is known that human
iPSCs derived from normal somatic cells showed varied telomere
length, and variation of telomere length among human iPSC
clones is thought to partly depend on acquired telomerase activity
associated with their reprogrammed states [34,35]. Therefore,
variation of telomere length observed among WS iPSC clones
would be due to clonal variation in telomerase activity rather than
telomere dysfunction associated with WRN deficiency.

PLOS ONE | www.plosone.org
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Normal human iPSCs are known to acquire genomic instability
with a high incidence of additions, deletions and translocations
[36,37]. In contrast, chromosomal aberrations are frequently
caused by telomere dysfunctions in WS fibroblasts following the
induction of cell cycle progression {11]. Nonetheless, the present
data show unexpected maintenance of chromosomal profiles in
WS iPSC clones during long-term culture for more than 100
passages although half of these clones acquired additional
chromosomal abnormalities. Previously, the introduction of
hTERT reduced the chromosomal aberrations in cells from WS
patients [11]. In agreement, the present data indicate endogenous
hTERT expression in WS iPSCs, but not in parental fibroblasts,
suggesting that reprogramming suppresses chromosomal instabil-
ity in WS cells by reactivating telomerase.

Previous studies show that WS fibroblasts express inflammatory
cytokines [38] and WS is associated with inflammatory conditions
such as atherosclerosis, diabetes and osteoporosis [39-43]. The
present data indicate that both CDKI and SASP genes are
prematurely induced in WS fibroblasts compared with PDL-
matched normal fibroblasts. However, expression levels of these
genes were completely suppressed in WS iPSCs to the same degree
observed in normal iPSCs. In contrast, hTERT did not suppress
SASP genes in WS fibroblasts, as shown by previous study [44],
although a decline in p21wafl/cipl and pl6INK4a mRNAs was
observed. Taken together, these observations suggest that pluri-
potency-associated transcription factor-induced reprogramming
reverses the aging process in both normal and WS cells.
Furthermore, differentiated cells from EBs of long-term cultured
WS iPSCs showed premature senescence phenotypes, thus
demonstrating that WS iPSCs stably maintained their potential
to recapitulate premature senescence phenotypes during differen-
tiation over the long term. In addition, embryoid body-mediated
iPSC differentiation recapitulated premature senescence pheno-
types in WS iPSCs, suggesting that it would provide a simple and
rapid way to identify cell lineages affected in WS.

In the present study, we demonstrated the potential of WS
iPSCs to proliferate infinitely and differentiate into various cell
types, which could be used to provide patient cells in large
quantities over the long term. Because WS-specific iPSCs may be
differentiated into multiple cell types, their experimental use may
resolve the major pathogenic processes of WS for which cell types
available from patients are usually limited to lymphocytes and/or
fibroblasts. The present technologies may also be used to develop
cell transplantation therapies for WS patients using gene-corrected
patient cells. The present observations indicate that WS iPSCs
may be a powerful tool for understanding normal aging and the
pathogenesis of WS.

Supporting Information

Figure S1 Generation of WS iPSCs. (A) Generation of
iPSCs. Normal (TIG-3) and Werner syndrome (A0031 and
WSCUO1) fibroblasts are shown in the left panels, and emergence
of morphologically distinct ESC-like colonies from parental cells is
shown in the right panels. (B} Alkaline phosphatase activity of
ESC-like colonies derived from TIG-3 and A0031 fibroblasts. (C)
Colony morphologies of WSCUO1-derived WS iPSC clones in
early and late passages. Bars =100 pm.

(EPS)
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Figure $2 Evidences that WS iPSCs were derived from
patients. (A) Western blot analysis of WRN helicase protein in
WS iPSCs. (B) Direct sequencing analysis identified compound
heterozygous mut.4/mut.6 mutations in WS iPSCs. Mut.4 is a G
to G substitution at the splice-donor site bordered by exon 26, as
shown by an arrow in the illustration of the double-strand base
sequence. Obtained pherograms show antisense peak shapes. A
peak corresponding to mut.4 in normal TIG-3 fibroblast shows a
single “C,” whereas the WS iPSC clone #34 from A0031
fibroblasts gave double peaks showing “G” in addition to “C.”
Mut.6 is a T to C substitution in exon 9. A peak corresponding to
mut.6 in normal cells showed a single “C,” whereas WS iPSC gave
double peaks showing “T” in addition to “C.” C, blue; G, black;
T, red; A, green. (C) STR analysis of A0031-derived iPSC clone
#-34, showing that iPSC clone #34 was derived from the parental
AQ031 fibroblasts.

(EPS)

Figure S3 Expression of pluripotency genes in WSCU01-
derived WS iPSC clones in early and late passages.
(EPS)

Figure S4¢ Expression of hESC markers in WS iPSCs in
early and late passages. A0031-derived clones #34, and #64,
and WSCUQ1-derived clones #02, #13, and #14 are shown.
Bars =100 pum.

(EPS)

Figure S5 Immunocytochemistry for differentiation of
embryoid bodies into 3 germ layers for WS iPSCs in
early and late passages. A0031-derived clones #34, and #64,
and WSCUOI-derived clones #02, #13, and #14 are shown.
Bars =100 pm.

(EPS)

Figure S6 Hematoxylin and eosin histology of terato-
mas derived from iPSCs. Hematoxylin and eosin histology of
teratomas derived from iPSCs. The normal TIG-3 fibroblast-
derived clone #10-2, A0031-derived clones #34, and #64, and
the WSCUQI-derived clone #02 are shown. Formation of all 3
germ layers is shown with melanin-producing cells and glial tissue
(ectoderm), cartilage (mesoderm) and intestinal epithelia. Glands
are lined by columnar epithelia and tracheal epithelium
(endoderm).

(EPS)
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Figure 87 Figure Scatter plots comparing gene expres-
sion profiles.
(EPS)

Figure S8 Analysis of senescence-associated gene ex-
pression in iPSCs. (A) Heat map analysis of WS iPSC #34 and
parental WS AQ031 fibroblasts, normal TIG-3 fibroblast-derived
iPSCs, and hESGC; 3277 probes with >5-fold differences in
expression between A0031 fibroblast and WS iPSC were included
in the heat map. (B) Heat map analysis of the gene profiles of
secreted protein probes with >2-fold differences in expression
between AQ031 fibroblasts and the 3 pluripotent stem cell lines
WS iPSC, TIG-3 iPSC, and hESC.

(EPS)

Figure 89 hTERT bypassed premature replicative se-
nescence of WS fibroblasts. (A) Morphologies of growing
normal TIG-3 fibroblasts, and A0031 and WSCUO0l WS
fibroblasts. WS fibroblasts showed premature senescence. SA-f-
gal staining was performed for WSCUO! (lower). Bars =100 pm.
(B) Gumulative population doubling levels for hTERT-expressing
WS cells. (G) TRF lengths of A0031 fibroblasts and their TERT-
transduced derivatives.

(EPS)

Table S1
(EPS)

Table S2
(EPS)
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D NA-binding proteins such as transcription factors play
key roles in normal biological processes and in develop-
ment of disease. Nuclear factor-kB (NF-kB) is a DNA-binding
protein involved in inflammation and tumorigenesis, and thus
inhibition of NF-xB signaling is a potential target for cancer
therapy; however, there are few direct inhibitors of NF-xB
binding to DNA. In general, DNA-binding proteins are attrac-
but conventional methods for

tive therapeutic targets,"""?

detecting protein-DNA binding, such as a gel-shift assay,
DNA footprinting assay,*> and ELISA,"® are laborious and
time-consuming, and thus not amenable to combinatorial

screening.

Fluorescent-based homogeneous methods

S7-9
ing, ™™

Cancer S5c¢i | July 2014 | vol. 105 | no.7 | 870-874

have
exploited for detection of sequence-specific protein-DNA bind-
including use of the split probe “molecular beacon”
method in a FRET-based assay.” In this method, a DNA frag-
ment containing a protein binding site is split into two parts in  the
the middle of the site. One part is labeled with a donor fluoro-
phore and the other has an acceptor fluorophore. Fluorescence
resonance energy transfer between the two fluorophores is pro-
duced as a result of protein-dependent association of the split
DNA fragments. The molecular beacon is simple in principle
and is cost-effective. However, probe designs are complicated

Nuclear factor-xB (NF-kB) is a key regulator of cancer progression and the inflam-
matory effects of disease. To identify inhibitors of DNA binding to NF-xB, we
developed a new homogeneous method for detection of sequence-specific DNA-
binding proteins. This method, which we refer to as DSE-FRET, is based on two
phenomena: protein-dependent blocking of spontaneous DNA strand exchange
(DSE) between partially double-stranded DNA probes, and fluorescence resonance
energy transfer (FRET). If a probe labeled with a fluorophore and quencher is
mixed with a non-labeled probe in the absence of a target protein, strand
exchange occurs between the probes and results in fluorescence elevation. In
contrast, blocking of strand exchange by a target protein results in lower fluores-
cence intensity. Recombinant human NF-kB (p50) suppressed the fluorescence
elevation of a specific probe in a concentration-dependent manner, but had no
effect on a non-specific probe. Competitors bearing a NF-kB binding site restored
fluorescence, and the degree of restoration was inversely correlated with the
number of nucleotide substitutions within the NF-xB binding site of the competi-
tor. Evaluation of two NF-kB inhibitors, Evans Blue and dehydroxymethylepoxy-
quinomicin ([-]-DHMEQ), was carried out using p50 and p52 (another form of
NF-xB), and ICg, values were obtained. The DSE-FRET technique also detected the
differential effect of (—)-DHMEQ on p50 and p52 inhibition. These data indicate
that DSE-FRET can be used for high throughput screening of anticancer drugs
targeted to DNA-binding proteins.

for three reasons. First, protein-independent association of the
two DNA molecules may occur. Second, fluorophores can dis-
turb protein-DNA binding or fluorescence can be changed by
the protein because the fluorophores are introduced into nucle-
otides proximal to the protein binding site. Finally, nicks in
the associated DNA fragment can influence protein binding
because proteins interact with the phosphate backbone, in
addition to the bases. Fluorescence-based DNA footprinting
can overcome these drawbacks.®® This method is based on a
DNA-binding protein protecting its target DNA against exonu-
clease III digestion. However, the method requires careful
quality control of exonuclease III activity to obtain stable data,
and the half-life of the protein-DNA complex must be long
compared with the time required for the exonuclease III reac-
tion.

The Holliday junction is a four-way DNA structure that is
central intermediate in homologous recombination.
Branches of the structure migrate spontaneously in vitro as a
result of strand exchange between two DNA molecules, and
DNA-binding proteins including the histone octamer, p53,
TRF1, and TRF2 suppress the strand exchange.!®~'? We have
found that NF-kB also suppresses this strand exchange in
vitro. Based on these findings, we developed a new homoge-

(3)

been

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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neous method for detection of protein-DNA binding and
screening of drugs targeting DNA-binding proteins.

Materials and Methods

Oligonucleotides. The following probe oligonucleotides were
made for NF-kB-DSE-FRET (F, 6FAM; D, DABCYL; lower-
case letters, single-stranded tail: underline, NF-kB binding
site): 5'-FAG TTG AGG _GGA CTT TCC CAG GCG ACT
CAC TAT AGG Cgg tgt ctc get cge-3" (NF-01F), 5-AGT
TGA GGG GAC TTT CCC AGG CGA CTC ACT ATA GGc
acc aca cca tic cc-3' (NF-13), 5'-ggg aat ggt gtg gtG CCT
ATA GTG AGT CGC CTG GGA AAG TCC CCT CAA
CTD-3" (NF-14D), 5'-gcg agc gag aca ccG CCT ATA GTG
AGT CGC CTG GGA AAG TCC CCT CAA CT-3' (NF-02).
To prepare probes, 0.5 pM of each oligonucleotide was mixed
in annealing buffer (10 mM HEPES-NaOH [pH 7.9], 50 mM
KCl, 0.1 mM EDTA), denatured for 2 min at 95°C, and then
cooled gradually to allow annealing. Duplexes were stored at
4°C and diluted with binding buffer (10 mM HEPES-NaOH
[pH 7.9], 50 mM KCI, 0. mM EDTA, 2.5 mM DTT, 10%
glycerol, 0.05% Nonidet P40) before use. Oligonucleotides
were purchased from Japan Bio Services (Saitama, Japan). All
other chemicals were reagent grade or better and were
obtained from Wako (Tokyo, Japan).

Protein preparation and DNA binding assay. The GST-fusion
recombinant human NF-xB proteins (p50, p52) were expressed
and purified'® and glutathione was removed by dialysis. In
general, DNA-binding experiments were carried out in the
following manner: 5 pL. NF-D1 (consisting of NF-01F and
NF-14D) and 5 pL protein in binding buffer were incubated in
a 96-well (half-area) microplate for 30 min at room tempera-
ture. Next, 40 p. NF-D2 (consisting of NF-02 and NF-13)
was added and allowed to incubate for another 60 min at room
temperature. Fluorescence was measured at 535 nm after exci-
tation at 485 nm using an EnVision microplate reader (Perkin-
Elmer, Waltham, MA, USA). In experiments with inhibitor,
0.5 pL inhibitor, 5 pL. NF-DI, and 4.5 pL protein in binding
buffer were incubated before addition of 40 pL. NF-D2.

To obtain an ICsp, the following equation was solved using
the “‘solver” add-on in Microsoft Excel:

B—-A
t+ (i)

where Y is the observed fluorescence, X is the inhibitor con-
centration, A is the lowest fluorescence, B is the highest fluo-
rescence, and C gives the largest absolute value of the slope of
the curve.

S/B was obtained by the following formula:

Y=A+ (1)

s/B=% @)

where A is the mean fluorescence of four wells in the absence
of protein and P is the mean florescence of four wells in the
presence of protein.

Z factors were obtained as follows:

3 x SD4 +3 x SDp 5

A—-P (3)
where A is the mean fluorescence value of four wells without
protein, P is the mean florescence of four wells with protein,
SD, is the standard deviation of A, and SDp is the standard
deviation of P.

Z'-factor =1 —
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Results

The principle of DSE-FRET is illustrated in Figure 1. Two
partially double-stranded DNA probes, named D1 and D2, are
used. Each probe has a double-stranded region containing a
protein binding site and two single-stranded tails. One strand
of D1 is labeled with a fluorophore at the 5'-end and the other
is labeled with a quencher at the 3'-end. The fluorophore and
quencher are placed at the same end of the double-stranded
region; therefore, the fluorescence of the fluorophore is
quenched. The tails of DI are complementary to those of D2,
so that D1 hybridizes with D2 to form a four-way structure.
As the double-stranded regions of the two probes have identi-
cal sequences, the junction of the structure migrates spontane-
ously. followed by irreversible dissociation to give two fully
double-stranded duplexes. In other words, strand exchange
occurs between DI and D2. As a result, the quencher-labeled
strand of DI is exchanged for its non-labeled counterpart in
D2; therefore, fluorescence is restored. DNA-binding proteins
bind to the duplex and block strand exchange, thereby sup-
pressing the fluorescence elevation.

To illustrate the method, we attempted to detect the NF-xB
(p50) interaction with DNA. Nuclear factor-kB plays a pivotal
role in the coordinated transcription of multiple inflammatory
genes and is a probable drug target."'*™'® Two probes, NF-D1
and NF-D2, were prepared to test quantitative detection of p50
binding to DNA. Their double-stranded regions are identical
and include an NF-kB binding sequence, d(GGGACTTTCC).
These probes interact with each other through their single-
stranded tails and are then involved in a strand exchange
reaction. Each strand of NF-D1 was labeled with 6FAM and
DABCYL at the double-stranded terminus. NF-DI1, various
concentrations of recombinant p50, and NF-D2 were mixed in
a half-area 96-well microplate and changes in fluorescence
were measured. Time courses of these changes are shown in
Figure 2. The fluorescence signal of NF-DI increased rapidly
within 30 min after addition of NF-D2 and was fivefold higher
than that of NF-DI alone at 60 min in the absence of p50.
Fluorescence elevation was suppressed in a p50 concentration-
dependent manner by half at 40 nM p50 and almost com-
pletely at 320 nM p50.

Duplex NF-01F02, which consists of NF-OlF and NF-02,
was prepared as a positive control as a completely exchanged
product. Fluorescence of NF-01F02 was not affected by p50
(Fig. 2). We then optimized the concentrations of NF-DI and

(a) D1 D2 (b)

Fluorophore l Protein—j l

¥
E% =

¥
A

Quencher

.
|

Fig. 1. Principles of the DSE-FRET assay. (a) In the absence of target
protein, strand exchange between D1 and D2 will occur and fluores-
cence will be elevated. (b) In the presence of target protein, strand
exchange will not occur and fluorescence will remain quenched.

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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(@) o (b)
:,? 450 % 5004
* Fig. 2. Dose-dependent suppression of DNA strand
4001 exchange by p50. (a) Five microliters of 40 nM NF-
® g D1 was mixed with 5 uL of 0 nM (open circles),
S 2 200- 400 nM (open squares), 800 nM (closed squares),
£ g 1600 nM  (open triangles), or 3200 nM (closed
2 e triangles) p50 and incubated for 30 min. Then,
5 S 2004 40 pL of 10 nM NF-D2 was added and fluorescence
=] ol was measured; thus, the final concentrations of p50
w 1001 were 0, 40, 80, 160, and 320 nM, respectively.
Closed circles with a dotted line represent NF-D1
l alone. (b) Fluorescence at 60 min for a positive
| . . . . . L a—— P control completely exchanged product (NF-
0 10 20 30 40 50 60 2 g 28 2 01F + NF-02, named NF-01F02), an exchanged
Time (min) e 2 & a 2 o product (NF-D1+ NF-D2), and an unexchanged
NF-01F02  NF-D1 NF-D1 product (NF-D1 alone) with 0 or 320 nM p50. Error
+ NF-D2 bars represent £3 SD (n = 4).
NF-D2. Varied concentrations of NF-1D (1, 2, and 4 nM) were  (a)
mixed with twofold or fourfold amounts of NF-2D in the pres- 2, 300 1
ence (40 nM) or absence of p50. As shown in Table I, the *®
combination of 2 nM NE-D1 and 8 nM NF-D! showed the 250 1 £
highest Z-factor (0.93). S/B values (ratio in the absence to
presence of p50) were 1.9-2.3 and were not influenced by the § 2007
DNA concentration. Therefore, we used 2 nM NF-DI with §
8 nM NF-D2 in the following assays. 2 150 1
We examined the specificity of the assay by using double- 3 100
stranded competitor DNA. NF-cptl is a specific competitor §
DNA bearing a NF-xB binding site. NF-cpt2, NF-cpt3, NF- 50
cpt4, and NF-cpt5 are non-specific competitors with one to
four nucleotides substituted in the NF-xB binding site. NF- 0 A
cptl completely restored the fluorescence suppressed by pS0 g & & ¢ g2 I 2 32 é
(Fig. 3). The restoration level decreased as the number of e S S N A
substituted nucleotides in non-specific competitors increased z = £ = =z
and NF-cpt5, with four substituted nucleotides, had little effect NF-D1 + NF-D2 NFs-D1 + NFs-D2
on p30 binding. For further evaluation of specificity, we pre-
pared non-specific probes, NFs-D1 and NFs-D2, with nucleo- () NF-cptl : 5'-AGTTGAGGGGACTTTCCCAGEC3'
tide substitutions as in NF-cptS. The fluorescence signal of the NF-cpt2 : 5'-AGTTGAGAGGACTTTCCCAGGC-3'
nonspecific probes was not affected by p50 (Fig. 3). Hence, NF-cpt3 : 5'-AGTTGAGATGACTTTCCCAGGC-3'
;Zugggg-l:;:gﬁcth:ataniz (r) suppressed strand exchange in a NF-cpt4 : 5'-AGTTGAGATTACTTTCCCAGGC-3'
i : i i - : 5'- ATTACTTTCA -3
A 10-point dose—response experiment with Evans Blue (EB) NF-cpt5 5’ -AGTTGAGATLACTTIICACAGGC3
was also carried out. One hundred uM Evans Blue inhibits NF-  rig, 3. specificity of DSE-FRET. (a) 2.5 il of 2000 nM competitor was

kB binding to DNA by EMSA and has been suggested to bind
non-covalently to the pS0 DNA binding region by molecular
modeling."” In DSE-FRET, 10 uM EB showed little effect on
p50, but 30 pM EB inhibited p50 completely (Fig. 4). Evans
Blue also inhibited p52 in a similar fashion. The ICsq values of
EB for p50 and p52 inhibition were 12.9 and 12.8 puM, respec-
tively. We also showed that our method can be used for evalua-
tion of an uncompetitive inhibitor, (—)-DHMEQ, which binds
covalently to a specific Cys residue of Rel family proteins to
inhibit their DNA binding.""®'?) We detected an inhibitory effect
of (=)-DHMEQ on p50 and p52 by DSE-FRET (Fig. 5). As

Table 1. Optimization of probe concentration

D1 (nM) D2 (nM) S/B Z'-factor
4 8 1.9 0.77
2 4 2.3 0.90
2 8 2.2 0.93
1 2 2.1 0.83
1 8 1.9 0.82

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

mixed with 2.5 puL of 800 nM p50 and incubated for 30 min. Then,
S ub of 20 nM NF-D1 was added and incubated for a further 30 min.
Finally, 40 uL of 10 nM NF-D2 was added and fluorescence was mea-
sured: NF-D1 and NF-D2 without p50 (white bar), without competitor
(black bar), and with competitors (gray bars). Horizontally and diago-
nally striped bars indicate non-specific probes (NFs-D1 + NFs-D2) with-
out and with p50, respectively. (b) Sequences of the competitor upper
strand are shown: underline, nuclear factor-xB (NF-xB) binding site;
bold type, substituted nucleotide in binding site. Error bars represent
+£3SD (n =4).

shown previously,”'® (—)-DHMEQ was less potent against p52
(ICs0 62.5 uM) compared to p50 (ICsq 8.8 pM).

Discussion

The DSE-FRET technique can detect protein-DNA interac-
tion quantitatively and specifically using a simple procedure;
just mix and measure. It detected p50 binding with a high
Z'-factor and a dose—response analysis was carried out with
two types of inhibitor (EB and (—)-DHMEQ). Moreover, the
differential effect of (—)-DHMEQ on p50 and p52 was well
displayed. Yamamoto et al. found that (—)-DHMEQ inhibited

Cancer Sci | July 2014 | vol. 105 | no.7 | 872
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Fig. 4. Dose-response of Evans Blue (EB). Half a 4 100 a2 1004
microliter of various concentrations of EB was 5 K 00
mixed with 4.5 pL of 890 nM pS0 (a) or p52 (b) and 5 é
incubated for 30 min. Then, 5 uL of 20 nM NF-D1 50 50+
was added and incubated for a further 30 min.
Finally, 40 pL of 10 nM NF-D2 was added and
fluorescence was measured. Horizontal axes show 0 + 1 0 + e
the concentration of EB in incubations with protein 1 10 100 1 10 100
and NF-D1. Error bars represent £5D (n = 4). Evans Blue (pM) Evans Blue (uM)
2, 250 @ % 2507 (b)
s %
2001 200 1
Fig. 5. Dose-response of dehydroxymethy- ﬁ 1504 g 150 4
lepoxyquinomicin ([-]-DHMEQ). Half a microliter of § K]
various concentrations of (-)-DHMEQ was mixed ] 8
with 4.5 ul of 440 nM p50 (a) or p52 (b) and S 1007 § 100°
incubated for 30 min. Then, 5 uL of 20 nM NF-D1 b =
was added and incubated for a further 30 min. 50 501
Finally, 40 uL of 10 nM NF-D2 was added and
fluorescence was measured. Horizontal axes show
the concentrations of (-)-DHMEQ in incubations 0 : N =t ] 0 4. out Adsang s
with protein and NF-D1. Error bars represent £5D 0.1 1 10 100 1000 0.1 1 10 100 1000
(n = 4. (—)-DHMEQ {v) {—)-DHMEQ )
(10-12

p50 more strongly than p52 in EMSA analysis."” The same
preference of the inhibitor was shown by DSE-FRET, with
the ICsy for inhibition of p50 being sevenfold lower than
that for p52. However, the amount of (—)-DHMEQ required
to inhibit the proteins differed between the two methods. A
(=)-DHMEQ concentration fourfold that of p350 (80-20 puM)
inhibited protein binding completely in EMSA,!'® whereas a
(—=)-DHMEQ concentration 44-fold that of p50 (8.8-0.2 uM)
was required to inhibit half of the p50 binding in DSE-
FRET. In contrast, inhibition of (—)-DHMEQ to p52 was
shown only by DSE-FRET. The basis for these differences
is unclear.

As a stable and homogeneous assay, DSE-FRET is particu-
larly useful for high throughput screening. These features are
particularly important for initial screening of a huge combina-
torial library. Although we carried out the assay in a 96-well
(half area) format, a 384-well format can be used with appro-
priate specialized equipment. The probes used in DSE-FRET
consist of a double-stranded moiety and two single-stranded
tails. Inadequate intra- and intermolecular hybridization of
tails interferes with appropriate formation of a four-way junc-
tion and markedly reduces the efficiency of strand exchange.
Thus, we evaluated 13 tails before choosing the tails used
here. These tails were also confirmed to not have protein
binding sequences using the transcription factor analysis tool
TESearch (version 1.3 online, http://mbs.cbre.jp/research/db/
TFSEARCH.html). Therefore, these tails may be applicable
universally. The double-stranded moiety should have a
sequence that allows protein binding, but is otherwise not
restricted in sequence. Taken together, these features make
design of a probe for DSE-FRET as easy as that for EMSA.

To our knowledge, this is the first report to show that
NF-xB blocks spontaneous strand exchange. Several proteins,
including histone octamer, p53, TRFI, and TRF2, have also
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been found to block strand exchange. ? However, this
blockage can be explained based on particular features of
these proteins: thus, the histone octamer forms a large
protein-DNA complex and the other groteins have junction-
binding activity. Panyutin and Hsieh® found that spontane-
ous strand exchange is also blocked by a mismatch, which
suggests that this process may be blocked easily by a small
energy barrier.

In this paper, we established a novel technique to identify
NF-kB inhibitors as anticancer drugs. Nuclear factor-xB is a
desirable target for therapy in various cancers and inflamma-
tory diseases.*!*? In most cancer cells, NF-xB is localized in
the nucleus and is constitutively active. This persistent activity
of nuclear NF-xB protects cancer cells from apoptotic cell
death. Therefore, anticancer drug targeting of NF-xB may have
great therapeutic value by inhibiting cell growth or increasing
the sensitivity of conventional chemotherapy. We believe that
the DSE-FRET assay will be a powerful tool to isolate novel
NF-xB inhibitors that inhibit DNA binding activity and cancer
growth. We also found that DNA binding of transcription
factors SP! and AP1 (c-jun) can be detected by DSE-FRET
(data not shown). Therefore, DSE-FRET may be applicable to
detection of many DNA-binding proteins.
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Reactivation from occult HBV carrier status is characterized by low
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Background & Aims: Individuals negative for hepatitis B surface
antigen (HBsAg) but positive for antibodies to hepatitis B core
antigen (anti-HBc) are at risk of hepatitis B virus (HBV) reactiva-
tion under immunosuppressive conditions. We investigated
clinical features and viral genetics in patients with reactivation
from occult HBV infection triggered by chemotherapy or immu-
nosuppressive therapy.

Methods: Clinical courses of 14 individuals originally HBsAg-
negative but anti-HBc-positive that experienced HBV reactivation
were examined. Ultra-deep sequencing analysis of the entire HBV
genome in serum was conducted. Prevalence of the G1896A
variant in latently infected livers was determined among 44
healthy individuals that were HBsAg-negative but anti-HBc-positive.
Results: In 14 cases, HBV reactivation occurred during (n = 7) and
after (n=7) termination of immunosuppressive therapy. Ultra-
deep sequencing revealed that the genetic heterogeneity of reac-
tivated HBV was significantly lower in patients with reactivation
from occult HBV carrier status compared with that in patients
from HBsAg carrier status. The reactivated viruses in each case
were almost exclusively the wild-type G1896 or G1896A variant.
The G1896A variant was detected in 42.9% (6/14) of cases, includ-
ing two cases with fatal liver failure. The G1896A variant was
observed in the liver tissue of 11.4% (5/44) of individuals with
occult HBV infection.

Conclusions: Reactivation from occult HBV infection is charac-
terized by low genetic heterogeneity, with the wild-type G1896
or G1896A variant prevalent.

Keywords: G1896A pre-core variant; Genetic heterogeneity; Immunosuppressive
therapy; Occult HBV infection; Ultra-deep sequencing.
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Introduction

Clinical features and pathophysiology of hepatitis B virus (HBV)
infection are determined by the balance between the host
immune response and viral replication. Individuals with persis-
tent HBV infection are at risk of viral reactivation when the host
immune system is weakened. HBV reactivation can occur in
patients positive for hepatitis B surface antigen (HBsAg) in the
serum, under immunosuppressive conditions [1-4]. Evidence
has revealed that individuals who are HBsAg-negative but posi-
tive for antibodies to hepatitis B core antigen (anti-HBc) can also
undergo HBV reactivation, commonly referred to as de novo hep-
atitis B infection, in response to chemotherapy or immunosup-
pression [5,6]. HBV persists in the liver after the disappearance
of HBsAg in individuals with previous exposure to the virus,
retaining the serological footprint of anti-HBc positivity, with
such a status defined as an occult HBV infection [7,8]. Based on
viral transmission studies in living-donor liver transplant
patients, we previously demonstrated that most healthy individ-
uals with an occult HBV infection were latently infected by the
episomal form of HBV, with ongoing viral replication occurring
in the liver [9,10]. Subsequently, we encountered an occult HBV
patient with leukemia who developed fatal liver failure caused
by viral reactivation [11]. Current guidelines issued by the Amer-
ican Association for the Study of Liver Diseases indicate that
immunocompromised patients should undergo testing for HBsAg
and anti-HBc before receiving chemotherapy or immunosuppres-
sive therapy; antiviral prophylaxis is recommended for HBV car-
riers at the onset of chemotherapy or immunosuppression [12].
However, the detailed clinical features and viral genetics of reac-
tivation from occult HBV carrier status are not yet fully under-
stood because of the low incidence of viral reactivation in
HBsAg-negative immunocompromised individuals. For example,
Hui et al. examined the frequency of de novo HBV hepatitis among
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patients with malignant lymphoma [6]. They reported that 3.3%
(8/244) of HBsAg-negative patients receiving rituximab-
containing chemotherapy developed HBV reactivation. Moreover,
HBV reactivation can also occur only infrequently in HBsAg-
negative individuals without hematological malignancies under
immunosuppressive conditions [13].

Various mutations in HBV genomes have important implica-
tions for sensitivity to antiviral therapy [14,15], and for the
pathophysiology of liver diseases. As an example, acute infection
with HBV variants containing point mutations at nucleotide 1896
(G1896A) in the pre-core (pre-C) region represents a high risk for
developing acute liver failure (ALF) [16-18]. Similarly, predomi-
nant reactivation of G1896A variants is frequently observed in
HBsAg-positive carriers who develop fatal viral reactivation
under immunosuppressive conditions without antiviral prophy-
laxis [19]. Recent evidence indicates that reactivation from occult
HBYV infection is of particular concern because the clinical course
and outcome of those patients commonly results in severe liver
dysfunction and fatal ALF [6], with most fatal cases predomi-
nantly containing G1896A pre-C variants [20]. There are an
estimated 3 billion individuals who are positive for anti-HBc
worldwide, including 10% of the total population in Europe, 15%
in the United States, 20% in Japan, and more than 50% in highly
endemic areas such as China and Taiwan [21,22]. However, little
is known about the prevalence of HBV infection with G1896A
pre-C variants among occult HBV carriers, and how reactivation
of G1896A pre-C variants leads to fatal consequences.

We examined HBV reactivation in HBsAg-negative and -posi-
tive patients. To clarify characteristics of the viral genome and its
association with the pathophysiology of HBV reactivation, we
used ultra-deep sequencing. This technique allowed for parallel
amplification and detection of the full length of the HBV genome
for a large number of sequences [23], and assisted in determining
the genetic complexity of reactivated viral clones and the preva-
lence of G1896A pre-C variants.

Patients and methods
Patients and samples

Between April 2007 and July 2013, there were 1377 patients negative for HBsAg
and positive for anti-HBc testing (220 patients with hematologic malignancies,
790 patients with solid tumors, and 367 patients with noncancerous diseases),
prior to initiation of chemotherapy or immunosuppressive therapy at Osaka
Red Cross Hospital, Hyogo Prefectural Amagasaki Hospital, Kitano Hospital, and
Kyoto University Hospital. Among them, a total of 14 patients were diagnosed
with HBV reactivation and their serum samples were available for further analy-
ses (Table 1). All patients were originally HBsAg-negative but anti-HBc-positive
before viral reactivation, and lacked any risk factors for external viral transmis-
sion, as demonstrated by the absence of blood transfusion, drug abuse, sexual
contact, or blood contact with a known hepatitis virus carrier. No patients were
co-infected with hepatitis C virus, hepatitis D virus or human immunodeficiency
virus. All patients were longitudinally followed up at 0.5-3-month intervals until
analysis (July 2013) or death. ALF was defined as the presence of hepatic enceph-
alopathy and deranged blood coagulation (prothrombin time international nor-
malized ratio >1.5) [24].

Serum samples were obtained at diagnosis of HBV reactivation as demon-
strated by the appearance of circulating HBsAg and HBV DNA under immunosup-
pressive conditions. Serological HBV markers, including HBsAg, antibodies to
HBsAg, anti-HBc, hepatitis B e antigen (HBeAg) and antibodies to HBeAg were
measured by chemiluminescent enzyme immunoassay (CLEIA; Fuji Rebio, Tokyo,
Japan). Serum HBV DNA titer was analyzed using a commercial polymerase chain
reaction (PCR) (COBAS Tagman HBV test; Roche, Branchburg, NJ, USA) with a
lower detection limit of 2.1 log copies/ml. The level of HBV DNA was retrospec-
tively quantified in eight samples from five patients with reactivation from occult
HBV infection.

JOURNAL OF HEPATOLOGY

To examine the genetic heterogeneity and prevalence of G1896A variants,
liver tissue was obtained from 45 consecutive healthy donors negative for HBsAg
and positive for anti-HBc who underwent hepatectomy for living-donor liver
transplantation at Kyoto University from April 1998 to March 2001. Additionally,
we examined the reactivated viruses derived from the serum of six patients who
had typical serologic characteristics of the inactive HBsAg carrier state before
immunosuppressive therapy. These cases were originally HBsAg-positive, while
liver function tests were within the normal range before viral reactivation.

The Kyoto University Ethics Committee approved this study, and written
informed consent was obtained from all patients. The study was conducted in
accordance with the principles of the Declaration of Helsinki.

Sequencing

PCR and direct population Sanger sequencing, ultra-deep sequencing of the HBV
genome, sequencing data analysis, and statistical analysis are described in the
Supplementary materials and methods.

Data deposition

Sequence reads with Genome Analyzer were deposited in the DNA Data Bank of
Japan Sequence Read Archive (http://trace.ddbj.nig.ac.jp/dra/index_e.shtml)
under accession number DRA001211.

Results

Clinical features and outcomes of reactivation from occult HBV
infection after immunosuppression

Baseline clinical and virological characteristics of 14 patients who
developed HBV reactivation under immunosuppressive conditions
are summarized in Table 1. All patients were originally HBsAg-
negative but anti-HBc-positive before viral reactivation, and had
no history of liver dysfunction. Pre-reactivation sera from five
patients were available for further analysis, and confirmed that
serum HBV DNA was undetectable in the repeated high-sensitivity
PCR [10]. Among the 14 patients, 12 cases had hematological
malignancy and received chemotherapy with steroids (n=12)
and/or rituximab (n=7), and with (n=4) or without (n=28)
hematopoietic stem cell transplantation (Table 1). One patient
was diagnosed with psoriasis and had single-agent cyclosporine
therapy for 4 years. Another patient had colon cancer and under-
went surgery followed by S-1 (Tegafur/gimeracil/oteracil; Taiho
Pharmaceutical Co., Tokyo, Japan) adjuvant chemotherapy.

The median time between initiation of chemotherapy or
immunosuppressive therapy and diagnosis of HBV reactivation
was 15.6 months (range: 1.0-57.7 months) (Table 1). Viral reacti-
vation in seven of the 14 cases occurred 9.5 months (median;
range: 6.4-39.8 months) after termination of chemotherapy or
immunosuppressive therapy, while the remaining seven cases
developed HBV reactivation during chemotherapy or immuno-
suppressive therapy. Median serum alanine aminotransferase
(ALT) levels and HBV DNA levels at the time of HBV reactivation
were 652 IU/ml [range: 15-2028] and 6.6 log copies/ml [range:
5.0-9.0], respectively (Table 2).

All patients except case #5 were treated with entecavir (ETV)
(0.5 mg, once daily) immediately after diagnosis of HBV reactiva-
tion to suppress viral activity (Table 2). Representative clinical
courses of patients with reactivation from occult HBV infection
are shown in Fig. 1. Four of 14 patients (cases #2, #6, #9, and
#11) got tested for HBV markers at 1-3 months intervals and
started the ETV treatment after HBV DNA appearance (Table 2).
The remaining ten patients were diagnosed with HBV reactivation
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Table 1. Clinical characteristics of patients with reactivation from occult HBV and HBsAg carrier status BEFORE viral exacerbation.

Case Age/ Anti- Primary Treatment Use of HSCT Period between HBV reactivation and
sex HBs disease steroids start of treatment end of treatment

(months) (months)

Reactivation from occult HBV carrier status

#1 48M + ML Fludarabine + + 57.7 39.8

#2 25M - AML IDA + AraC 27.0 19.2

#3 59M Unknown  Colon cancer  S-1 - - 3.6 During treatment

#4 61M Unknown ML R-CHASE + + 13.8 9.5

#5 64M - MM MP—CAD + + 13.6 6.4

#6 72M - ML MTX + AraC + - 10.9 During treatment

—Rituximab

#7 78M Unknown ML R-CVP + - 347 34.2

#8 66M Unknown MM MP + - 49.1 6.6

#9 61F - ML R-FND + - 1.0 During treatment

#10 66M Unknown  Psoriasis Cyclosporine - - 37.8 During treatment

#11 79F Unknown ML R-CHOP + - 3.7 During treatment

#12 81F - ML R-CVP + - 11.2 7.6

#13 84F Unknown ML R-CHOP + - 17.4 During treatment

#14 87F + MM MP + - 231 During treatment
median: 15.6 median: 9.5

Reactivation from HBsAg carrier status

#15 32F - Sjogren synd. PSL + - 15.1 During treatment

#16 63F - Raynaud's dis. PSL i - 20.4 During treatment

#17 42F - Aortitis synd.  PSL + - 1222 During treatment

#18 59M - Lung cancer  Chemotherapy?® + - 17.9 During treatment

#19 54M - RA MTX + PSL + - 11.8 During treatment

#20 72M - RA Bucillamine - - 6.7 During treatment
median: 16.5

*Carboplatin, paclitaxel — docetaxel — gemcitabine, vinorelbine — cisplatin, irinotecan.
P

AML, acute myeloid leukemia; AraC, cytarabine; dis, disease; CAD, cyclophosphamide, doxorubicin, dexamethasone; F, female; HBsAg, hepatitis B surface antigen; HSCT,
hematopoietic stem cell transplantation; IDA, idarubicin; M, male; ML, malignant lymphoma; MM, multiple myeloma; MP, melphalan, prednisolone; MTX, methotrexate;
PSL, prednisolone; RA, rheumatoid arthritis; R-CHASE, rituximab, cyclophosphamide, cytosine arabinoside, etoposide, dexamethasone; R-CHOP, rituximab, cyclophos-
phamide, doxorubicin, vincristine, prednisolone; R-CVP, rituximab, cyclophosphamide, doxorubicin, prednisolone; synd, syndrome; R-FND, rituximab, fludarabine,

mitoxantrone, dexamethasone.

when they had elevated levels of serum ALT and ETV was given in
these cases (except case #5) after the appearance of liver dys-
function. After administering ETV, serum HBV DNA levels
decreased in 11 cases (excluding cases #13 and #14), accompa-
nied by reduced serum ALT levels. Nine (69.2%) of these cases
showed loss of HBsAg with the appearance of anti-HBs at a med-
ian time of 2.9 months (range: 0.6-13.5 months) following the
commencement of ETV treatment (Table 2). After confirming sta-
ble HBsAg/anti-HBs seroconversion, ETV was stopped in three of
nine cases after 15.2 months (mean; range: 6.8-26.8 months).
The four cases without HBsAg disappearance included two cases
(#6 and #8) with follow-up of <3 months after ETV administra-
tion, and two cases (#13 and #14) that developed fatal ALF before
complete disappearance of HBsAg. When the latter two were
diagnosed with HBV reactivation, liver function had already dete-
riorated (serum total bilirubin (T-bil) was 8.0 mg/dl for #13 and
2.3 mg/dl for #14) and they died of liver failure 33 (#13) and
16 days (#14) after ETV administration.

Low heterogeneity of the reactivated viruses in patients with
reactivation from occult HBV infection

To identify characteristics of viral clones related to HBV reactiva-
tion, we determined the entire virus genome sequence using

ultra-deep sequencing. We first conducted a control experiment
to validate the efficacy and errors in the sequencing platform.
We determined two full-length plasmid-derived HBV sequences
using expression plasmids encoding wild-type HBV as a template.
Sequencing generated 1,229,416 and 2,205,237 filtered reads,
corresponding to a mean coverage of 34,026 and 61,504 fold at
each nucleotide site. The mean nucleotide mismatch error rate
was 0.038% in Control #1 and 0.015% in Control #2, with the dis-
tribution of per-nucleotide error rate 0-0.24% and 0-0.16%,
respectively; the mean overall error rate was 0.45% and 0.26%,
respectively (Supplementary Table 1). This reflected the error
introduced by sequencing. We defined the cut-off value in the
current platform as 1% to exclude mismatch errors and to detect
low-abundance mutations.

We then conducted ultra-deep sequencing on samples from
the 14 patients with reactivation from occult HBV infection. A
mean of 605,890 reads were mapped onto the reference
sequences, and a mean coverage depth of 16,712 bp was achieved
for each nucleotide site of HBV sequences (Table 3). The fre-
quency of the overall mismatch mutations, which were nucleo-
tides that did not match to the reference sequences, was
0.015% (15/100,000).

To define the characteristics of the reactivated HBV clones,
we compared these clones with those derived from reactivated
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Table 2. Clinical courses of patients with reactivation from occult HBV and HBsAg carrier status AFTER viral exacerbation.

Case At diagnosis of HBV reactivation ETV treatment* Period to HBsAg
HBV HBeAg/ HBV DNAlevel  ALT®level disappearance™*
genotype anti-HBe (log,, copies/ml)  (IU/ml) (months)

Reactivation from occult HBV carrier status

#1 Cc +/- 8.2 1915 + 13.3

#2 C +/- 6.2 24 + 2.8

#3 C +/- 6.4 2019 + 0.6

#4 C +/- 8.3 720 + 3.1

#5 C +- 5.4 681 n.t. -

#6 C +/- 8.4 15 + =

#7 B +/- v 1983 + 2.9

#8 B +/- 6.2 97 + -

#9 C -1+ 5.0 18 + 1.7

#10 o] -+ 6.6 2028 + 0.9

#11 Cc -+ 54 38 + 13.5

#12 B -[+ 9.0 503 + 10.5

#13 B -1+ 6.5 623 + -

#14 B -1+ 8.5 705 + -

median: 6.6 median: 652 median: 2.9

Reactivation from HBsAg carrier status

#15 C +/- 8.8 499 + =

#16 C +- 7.1 1740 + -

#17 C -/+ 7.8 628 + -

#18 C -+ 5.5 1674 + -

#19 B -1+ 5.8 619 +

#20 C -+ 8.8 813 + 04

median: 7.5 median: 716

ALT, alanine aminotransferase; anti-HBe, antibodies to hepatitis B e antigen; ETV, entecavir; HBeAg, hepatitis B e antigen; HBsAg, hepatitis B surface antigen; HBV, hepatitis

B virus; n.t,, not treated.

*All patients except case #5 were treated with ETV immediately after diagnosis of HBV reactivation to suppress viral activity.
**Period (months) between ETV administration and HBsAg disappearance a normal range 10-42 IU/L.

viruses in six cases originally positive for HBsAg who developed
viral exacerbation triggered by immunosuppressive therapy.
There were no significant differences in the maximum levels of
elevated serum ALT and HBV DNA during viral exacerbation
between the both groups (Table 2). A mean of 630,253 reads
for HBV sequences derived from patients with reactivation from
HBsAg carriers were mapped onto reference sequences (Table 3).
The overall mismatch mutation frequency of total viral genomic
sequences was 0.11% (114/100,000), suggesting that viral hetero-
geneity was significantly lower in the reactivated viruses from
occult HBV infection (0.015%) compared with HBsAg carriers
(p <0.05) (Fig. 2A-C and Table 3). Viral heterogeneity was also
evaluated by calculating Shannon entropy values. The mean over-
all value of Shannon entropy was 0.00085 (range: 0-0.0022) in
patients with reactivation from occult HBV infection, and
0.0051 (range: 0.0006-0.017) in patients with reactivation from
HBsAg carriers, indicating that genetic complexity was signifi-
cantly lower in the reactivated viruses from occult HBV carrier
status (p <0.05) (Fig. 2D). These findings suggest that the hetero-
geneity of reactivated HBV was substantially smaller in originally
HBsAg-negative cases than in HBsAg-positive carriers. The levels
of heterogeneity were not significantly different between the
viral genomic regions, and no significant increase in the popula-
tion of immune escape variants in both the patients with

reactivation from occult HBV and HBsAg carrier status (Fig. 2A
and B, and Supplementary Fig. 1).

Reactivated viruses in each individual consisted almost exclusively of
the wild-type G1896 or G1896A variant

The G1896A mutation in the pre-C region is associated with ALF,
and is one of the most commonly shared features in patients with
HBV reactivation and ALF [16-19]. We found that six of 14
patients, including two fatal ALF cases, had predominant reacti-
vation of variant G1896A pre-C clones. Serologically, all cases
with the dominant G1896A pre-C variant were negative for
HBeAg and positive for anti-HBe at the time of HBV reactivation
(Tables 2 and 4). Almost all the reactivated viral clones in the
G1896A-dominant cases were G1896A pre-C variant clones
(99.4-100%). Very few clones with the wild-type G1896 sequence
were detectable by ultra-deep sequencing at the time of HBV
reactivation (Table 4). Ultra-deep sequencing also confirmed that
patients with reactivation of the wild-type G1896-dominant HBV
clones had few or no G1896A pre-C variants in their serum
(0-0.9%). These findings indicate that either wild-type G1896 or
G1896A pre-C variants were exclusively reactivated in patients
with reactivation from occult HBV infection following immuno-
suppression. We also examined whether the G1896A pre-C
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Fig. 1. Representative clinical courses of patients with reactivation from occult HBV infection. Serial serum ALT, HBV DNA and HBV serology of four cases that
developed HBV reactivation after (cases #1) or during (cases #3, #11 and #14) chemotherapy or immunosuppressive therapy. All cases were treated with entecavir (ETV)
immediately after diagnosis of HBV reactivation. BMT, bone marrow transplantation; FK506, tacrolimus; MEL, melphalan; Op, operation; PSL, prednisolone; R-CHOP,

rituximab, cyclophosphamide, doxorubicin, vincristine, prednisolone.

variant or the level of heterogeneity was associated with the clin-
ical course. We found no significant association between the ratio
of the wild-type/G1896A pre-C mutant or the heterogeneity (rep-
resented by the Shannon entropy value) and the levels of peak
ALT and peak T-bil (Supplementary Fig. 2). The predominance
of A1762T and G1764A variants in the core-promoter region,
which are known to be associated with ALF [18,25], was observed
in only two cases (#9 and #11), and was not associated with the
two fatal ALF cases (Table 4).

To clarify the genomic similarity between the viral clones in
the liver tissue before reactivation and those in the serum after
reactivation, we determined the sequences of HBV genomes in
liver tissue before the onset of HBV reactivation in a patient (case
#3). The patient was initially negative for HBsAg but positive for
anti-HBc, and had colon cancer and liver metastasis. He under-
went partial hepatectomy, followed by adjuvant chemotherapy.
During cancer treatment, he became seropositive for HBV DNA
and HBsAg (Fig. 1). We compared the HBV genome sequences
derived from the liver before viral breakthrough (obtained at
the time of hepatectomy) with those from his serum at the time
of viral reactivation during chemotherapy. We found that 97.9%
of the HBV nucleotides derived from his serum at reactivation
were identical to those from the liver tissues before viral

reactivation. The prevalence of the wild-type G1896 strain was
99.95% in liver prior to reactivation, and 99.94% in serum after
reactivation. These results possibly indicate that the viral popula-
tion in the serum of a patient with reactivation from occult HBV
infection was similar to that in the liver tissue during latent infec-
tion before viral breakthrough.

Based on those findings, we determined the prevalence of the
G1896A variant in the liver of occult HBV carriers that did not
experience immunosuppression. We examined the liver tissues
of HBsAg-negative but anti-HBc-positive healthy donors used
for living-donor liver transplantation. The HBV genome was
detectable by PCR in the livers of most (44/45) of the healthy
donors that lacked circulating HBV DNA. Ultra-deep sequencing
determined viral genome sequences with a mean 20,503-fold
coverage at each nucleotide site for each liver specimen.
Sequencing revealed that the viral clones comprised almost
exclusively of the wild-type G1896 or G1896A pre-C variant in
the livers of occult HBV carriers. Around 11.4% (5/44) of cases
had a dominant population of the G1896A pre-C variant, with a
frequency of >99.9% for total viral clones (Fig. 3). Approximately
88.6% (39/44) of cases predominantly contained the wild-type
G1896 strain, with 38/39 cases (liver #6 was the exception)
exhibiting a frequency of >99.9% of total viral clones (Fig. 3).
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