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a b s t r a c t

Adult T-cell leukemia (ATL) is a peripheral T-cell malignancy caused by human T-cell leukemia virus type
1 (HTLV-1). Microsatellite instability (MSI) has been observed in ATL cells. Although MSI results from
impaired mismatch repair (MMR) pathway, no null mutations in the genes encoding MMR factors are
detectable in ATL cells. Thus, it is unclear whether or not impairment of MMR causes the MSI in ATL cells.
HTLV-1 bZIP factor (HBZ) protein interacts with numerous host transcription factors and significantly
contributes to disease pathogenesis and progression. Here we investigated the effect of HBZ on MMR in
normal cells. The ectopic expression of HBZ in MMR-proficient cells induced MSI, and also suppressed
the expression of several MMR factors. We then hypothesized that the HBZ compromises MMR by
interfering with a transcription factor, nuclear respiratory factor 1 (NRF-1), and identified the consensus
NRF-1 binding site at the promoter of the gene encoding MutS homologue 2 (MSH2), an essential MMR
factor. The luciferase reporter assay revealed that NRF-1 overexpression enhanced MSH2 promoter ac-
tivity, while co-expression of HBZ reversed this enhancement. These results supported the idea that HBZ
suppresses the transcription of MSH2 by inhibiting NRF-1. Our data demonstrate that HBZ causes
impaired MMR, and may imply a novel oncogenesis driven by HTLV-1.

© 2023 Elsevier Inc. All rights reserved.
1. Introduction

Human T-cell leukemia virus type 1 (HTLV-1) is the causative
agent of adult T-cell leukemia (ATL), a distinct mature T-cell ma-
lignancy [1,2]. Only 3e5% of HTLV-1 infected individuals develop
ATL decades after infection, suggesting a multistep process for ATL
oncogenesis. Previous studies have shown that ATL cells have the
kamoto).
instability of microsatellites, repetitive DNA regions that contain
multiple repeats of one to six or more base pair motifs [3e7].
Microsatellites are unstable and prone to changes of repeat
numbers with a frequency as high as 10�4 e 10�3 per generation,
which is far higher than existing estimates of point mutation rate
(around 10�8) [5]. The repeat number change is called microsatel-
lite instability (MSI) and results from the slippage of replicative
DNA polymerases during replication [8]. Multiple mechanisms
prevent the microsatellite repeat number change during DNA
replication, including the proofreading domain of the replicative
DNA polymerase [9], Werner helicase [10], and mismatch repair
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(MMR). The repeat number of microsatellites changes indepen-
dently of DNA replication, and the underlying molecular mecha-
nism remains unclear [11]. Although a defect in MMR causes the
most prominent MSI [12], ATL cells do not have null mutations in
the genes encoding MMR factors [13]. Thus, the molecular mech-
anism underlying the MSI of ATL cells remains unclear.

MMR is a highly conserved biological process responsible for
correcting the single-basemismatches and insertion-deletion loops
that arise during DNA replication. Proteins involved inMMR system
include MutS homologue 2 (MSH2), MSH3, MSH6, MutL homo-
logue 1 (MLH1), MLH3, postmeiotic segregation increased 1 (PMS1)
and PMS2 [12]. MMR system is very complex; the most abundant
mismatch-binding factor is MutSa, the MSH2-MSH6 heterodimeric
complex, which recognizes mismatched bases, leading to an ATP-
dependent conformational change and subsequent recruitment of
MutLa, the MLH1-PMS2 heterodimer [12]. MMR-deficient cells
develop MSI, which is associated with elevated accumulation of
spontaneous mutations and predisposition to cancers [12].

Two HTLV-1 proteins, Tax and HTLV-1 bZIP factor (HBZ), interact
with numerous transcription factors and cellular signaling com-
ponents, contributing to disease progression [2]. HBZ is expressed
ubiquitously in ATL, while Tax expression is frequently lost [13,14].
HBZ impairs DNA damage response [15,16]. We also previously
reported that HBZ downregulates the expression of tyrosyl-DNA
phosphodiesterase 1 (TDP1), a DNA repair enzyme, by interfering
with nuclear respiratory factor 1 (NRF-1) [17,18]. In this study, we
investigate the effect of HBZ on MMR system and show that HBZ
impairs MMR.

2. Methods

2.1. Cells

TK6 cells stably expressing a spliced form of HBZ were estab-
lished by electroporation using the Neon transfection system
(Invitrogen) followed by G418 (Nacalai Tesque) drug selection.
MSH2- and MLH1-knockout TK6 cells were described previously
[19]. These cells derived from TK6 were maintained in RPMI 1640
(Nacalai Tesque) supplemented with 5% horse serum (Gibco), 2 mM
sodium pyruvate (Nacalai Tesque) and penicillin (100 U/ml),
streptomycin (100 mg/ml), and L-glutamine (0.292 mg/ml) (PSG,
Invitrogen). HEK293T cells were maintained in DMEM (Nacalai
Tesque) containing 10% fetal bovine serum (Gibco) and PSG.

2.2. Plasmid constructs

The vector encoding myc-His-tagged HBZ has been described
previously [18]. The MSH2 promoter sequences were generated by
PCR amplification using genomic DNA from a healthy donor, and
then subcloned into the pGL3-basic luciferase reporter vector
(Promega). The vector encoding FLAG-tagged NRF-1 was gifted
from Dr. H. Izumi [20].

2.3. Reverse transcription PCR

RNA was extracted using High Pure RNA Isolation Kit (Roche).
cDNA was generated using ReverTra Ace qPCR RT Master Mix with
gDNA Remover (TOYOBO). The following primers were used: HBZ
(forward 50-ATGGCGGCCTCAGGGCTGTT-30/reverse 50-GCGGCTTTC
CTCTTCTAAGG-30), ACTB (50-CTGGAACGGTGAAGGTGACA-30/50- AA
GGGACTTCCTGTAACAATGCA-30)

2.4. Microsatellite analysis

DNA was extracted using QuickGene DNA whole blood kit
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(KURABO). Eight microsatellite loci, D10S190, D10S191, D18S21,
BAT40, BAT25, BAT26, D2S123, and D5S346, were amplified by PCR
from genomic DNA. For each microsatellite locus, the forward
primer was fluorescently labeled with FAM, VIC or NED (Applied
Biosystems, Foster City, CA). PCR reaction and analysis by capillary
electrophoresis using ABI 3100 xl Genetic Analyzer (Applied Bio-
systems) were performed by SystemBiotics Inc. (Kanagawa, Japan).
Data were processed using the Peak Scanner Software (Applied
Biosystems). The primer sequences for PCR amplification of each
microsatellite marker were: D10S190 (forward 50-FAM-
GTGTTTGGGTCATGGAGATG-3’/reverse 50-AGGCAAAGCAGGAGCA-
30), D10S191 (50-VIC-CTTTAATTGCCCTGTCTTC-3’/50-TTAATTCGAC-
CACTTCCC-30), D18S21 (50-VIC-GTGGTTATTGCCTTGAAAAG-3’/50-
GATGACATTTTCCCTCTAG-30), BAT40 (50-NED-ACAACCCT
GCTTTTGTTCCT-3’/50-GTAGAGCAAGACCACCTTG-30), BAT25 (50-VIC-
TCGCCTCCAAGAATGTAAGT-3’/50-TCTGGATTTTAACTATGGCTC-30),
BAT26 (50-FAM-TGACTACTTTTGACTTCAGCC-3’/50-GTTTCTAACCAT
TCAACATTTTTATCCC-30), D2S123 (50-NED-AAACAGGATGCCTGCC
TTTA-3’/50-GGACTTTCCACCTATGGGAC-30), D5S346 (50-FAM-ACT-
CACTCTAGTGATAAATCGGG-3’/50-AGCAGATAAGACAGTATTACTAG
TT-30).

2.5. Cell proliferation assay

Cell proliferation assay was performed as described previously
[17]. 1-(2-chloroethyl)-3-cyclohexyl-nitrosourea (CCNU, L0251)
was purchased from Tokyo Chemical Industry, and Mitomycin C
(20898-21) from Nacalai Tesque. These were dissolved with
dimethyl sulfoxide (Nacalai Tesque).

2.6. Quantitative real-time RT-PCR

Real-time RT-PCR was performed as described previously [17].
The following primers were used: MSH2 (50-GGATCAAAT-
GAAGGTTTTACAAGG-30/50-TGGCAGTTTTTGTGACTCCT-30), MSH3
(50-CGAATTCTGTCATCCTGCAC-30/50-CCTGCAGCCAGTAGAGCTG-
30), MSH6 (50-CTTTGAGAGCTTTCTCTGCC-30/50-CTGCAACAACTT
CCTCATCCC-30), MLH1 (50-GTGCTGGCAATCAAGGGACCC-30/50-
CACGGTTGAGGCATTGGGTAG-30), MLH3 (50-CCTCCG
GTGGTCTGGAGTAG-30/50-GAGAAGCCAATGAACTTCGG-30), PMS1
(50-GCGGCAACAGTTCGACTCCTT-30/50-AGCCTTGATACCCTCCCCG
TT-30), PMS2 (50-TGACTGGAGCATTTTCATCG-30/50-CAGGGGCA-
GAGGCTCATA-30), HPRT1 (50-GCTGAGGATTTGGAAAGGGTG-30/50-
TGAGCACACAGAGGGCTACAATG-30). Data were normalized to the
expression of HPRT1.

2.7. Western blotting

Immunoblotting was performed as described previously [17].
Primary antibodies used were: MSH3 (B-4, sc-271080), PMS1 (E�3,
sc-515302), PMS2 (B-3, sc-25315), all from Santa Cruz Biotech-
nology; MSH2 (556349) from BD Pharmingen; MLH1 (ab92312)
from Abcam; MSH6 (#VMA00250) from Bio-Rad; b-actin (A5441)
and FLAG (M2, F3165) from Sigma-Aldrich. All Western blotting
experiments were repeated independently at least three times, and
representative results are shown.

2.8. Human microarray data processing

Microarray data processing was performed as described previ-
ously [18].

2.9. Luciferase reporter assay

Luciferase reporter assaywas performed as previously described
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[18]. For Fig. 4C, HEK293T cells were transfected with 0.5 mg lucif-
erase (Firefly) reporter plasmid driven by truncatedMSH2 promoter
and 0.5 ng control Renilla luciferase reporter plasmid. For Fig. 4D
and E, 0.2 mg luciferase reporter driven by MSH2 promoter trun-
cated at 278 bp upstream of the transcription start site and 0.5 ng
control luciferase reporter were transfected together with a vector
encoding FLAG-NRF-1 and/or myc-His-HBZ. Each transfection
mixture was equalized with empty vector where necessary. MSH2-
promoter driven Firefly luciferase activity was normalized by Renilla
luciferase activity.

2.10. Transduction of NRF-1 using lentiviral vector

The FLAG-tagged NRF-1 was subcloned into lentiviral vector
CSII-CMV-MCS-IRES-hrGFP, as described previously [18]. TK6-HBZ
cells were infected with lentivirus expressing FLAG-NRF-1 or the
corresponding empty vector, and confirmation of infectivity was
based on hrGFP, as previously described [21]. Three days after
infection, GFPþ cells were collected using a Cell Sorter SH800S in-
strument (Sony), and lysed for Western blotting.

3. Results

3.1. Transduction of HBZ into MMR-proficient cells induces
microsatellite alterations

To investigate the effect of HBZ on MMR, we transduced HBZ or
empty vector into MMR-proficient human TSCER2 B-lympho-
blastoid cells [22], a TK6 subline for measuring heteroallelic ho-
mologous recombination, generating TK6-HBZ and TK6-EV (empty
vector) cells (Fig. 1A). To analyze MSI, we analyzed eight micro-
satellite loci, including BAT25, BAT26, D2S123, and D5S346 from
the National Cancer Institute panel, which are commonly used to
assess MSI for solid cancers [23], and D10S190, D10S191, and
D18S21, which were frequently altered in ATL in an earlier study
testing many microsatellite loci [3]. We found that HBZ expression
induced alterations in four microsatellite loci, D10S190, D18S21,
BAT25, and D5S346 (Fig. 1B). To compare the extent of length
changes of microsatellites, we also examined MSH2- or MLH1-
deficient TK6 cells [19], and found that deficiency ofMSH2 orMLH1
induced alterations similar to those induced by HBZ expression
(Fig. S1). Regarding dinucleotide microsatellites, two distinct types
of alterations have been described: relatively small length changes
(�6 bp, Type A) and drastic changes involving �8 bp (Type B) [24],
and it was reported that ATL cells invariably showed Type A dinu-
cleotidemicrosatellite changes [7]. Together, the ectopic expression
of HBZ in MMR-proficient cells induced MSI Type A similar to those
observed in human primary ATL samples.

Since previous studies suggested that MMR-deficient cells are
more sensitive to 1-(2-chloroethyl)-3-cyclohexyl-nitrosourea
(CCNU) andmitomycin C (MMC) than MMR-proficient cells [12,25],
we tested the sensitivity to these drugs for TK6-HBZ and TK6-EV
cells. Consistently, we found that TK6-HBZ cells were significantly
more sensitive to CCNU and MMC compared with TK6-EV cells
(Fig. 1C and D).

3.2. Transduction of HBZ into MMR-proficient cells suppresses the
expression of several MMR factors

Genome-wide sequencing studies have never identified muta-
tions in the genes encoding MMR factors in primary ATL samples
[13]. Instead, a previous study pointed the reduction in expression
levels of various MMR factors in ATL cells [26]. To unveil the
mechanism of MSI observed in TK6-HBZ cells, we examined the
expression levels of molecules involved in MMR. In TK6-HBZ cells,
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mRNA levels of MSH2, MLH1, MLH3 and PMS1 were suppressed
compared with TK6-EV cells (Fig. 2A). In terms of protein levels, all
of the factors that we tested were reduced in TK6-HBZ cells
compared with TK6-EV cells (Fig. 2B). MLH3 was not assessed due
to lack of an appropriate antibody for Western blotting. MMR
proteins form functional heterodimeric complexes including
MSH2-MSH6 (MutSa), MSH2-MSH3 (MutSb) and MLH1-PMS2
(MutLa), in which MSH2 and MLH1 are essential to stabilize their
binding partners [27e29]. Therefore, in TK6-HBZ cells, the reduced
expression ofMSH2 andMLH1might consequently disrupt stability
of their binding partners. Thus, HBZ repressed the expression of
many of MMR components in protein levels.

3.3. HBZ suppresses transcription of MSH2 via the transcription
factor NRF-1

To see whether the reduction in expression of MMR factors is
recurrently present in ATL patients, we analyzed the publicly
available microarray dataset (GSE43017) [30]. We found that MSH2
expression was significantly suppressed in acute type ATL cells
comparedwith CD4þ T lymphocytes fromhealthy volunteers, while
MLH1 expressionwas significantly upregulated and the other MMR
genes were comparable (Fig. 3). According to the early study [26],
MSH2 and PMS1 were most frequently suppressed in the tested
eleven patients. These data suggest that MSH2 expression is
recurrently downregulated in human acute type ATL.

Following this, we sought to investigate themechanism through
which HBZ represses MSH2 expression. Based on our previous data
showing that HBZ binds directly to and functionally suppresses a
transcription factor NRF-1 [18], we hypothesized that the HBZ/NRF-
1 axis could contribute to the repression of MSH2. Analysis using
the web-based resource CellMinerCDB (https://discover.nci.nih.
gov/cellminercdb/) [31] revealed that MSH2 expression was
significantly correlatedwithNRF-1 expression in the humanNCI-60
cancer cell line database (Fig. S2A) and also in the Cancer Cell Line
Encyclopedia (Fig. S2B). Likewise, the FANTOM gene expression
atlas showed the significant correlation in the expression levels
between MSH2 and NRF-1, for both human and mouse cells
(Figs. S2C and S2D) [32]. Using Factorbook, we predicted a NRF-1
binding motif in the MSH2 promoter [33] and ENCODE ChIP-seq
data showed that NRF-1 binds to the predicted motif [34] (Fig. 4A
and B). We further found that the sequence of the NRF-1 binding
motif is conserved in vertebrates [35] (Fig. 4B). Next, we transfected
HEK293T cells with luciferase reporter constructs driven by MSH2
promoters (MSH2-Luc) truncated at various positions upstream of
the transcription start site (TSS) and assessed their activity (Fig. 4C).
We observed that MSH2-Luc without the NRF-1 binding motif (by
truncation 152 bp upstream of the TSS) lost its promoter activity,
compared with MSH2-Luc harboring the NRF-1 binding motif or
longer upstream of the motif (truncated at �278 bp, �498 bp,
and �798 bp) (Fig. 4C). Together, these data suggest that NRF-1
positively regulates the transcription of MSH2.

Next, we assessed MSH2 promoter activity when NRF-1 and/or
HBZ are overexpressed, using MSH2-Luc truncated at 278 bp up-
stream of TSS. NRF-1 overexpression increased MSH2-Luc activity in
a dose-dependent manner (Fig. 4D). HBZ expression inhibited
MSH2-Luc activity in the absence of NRF-1 co-transfection (Fig. 4E,
lanes 1e3) and when co-transfected with a small amount of NRF-1
(Fig. 4E, lanes 4e6). Notably, this inhibitory effect of HBZ was
cancelled when cells were co-transfected with a larger amount of
NRF-1 (Fig. 4E, lanes 7e9). Finally, to see if this effect of overex-
pressed NRF-1 is recapitulated also in TK6 cells, we measured the
expression of MMR factors using the TK6-HBZ cells infected with
lentivirus expressing NRF-1 or corresponding empty vector. The
results showed that NRF-1 overexpression led to restoration of
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Fig. 1. Transduction of HBZ into MMR-proficient cells induces microsatellite alterations (A) RT-PCR of the indicated genes in TK6 cells stably transduced with HBZ (TK6-HBZ) or
empty vector (TK6-EV). (B) Electropherograms for eight loci of microsatellites (D10S190, D10S191, D18S21, BAT40, BAT25, BAT26, D2S123 and D5S346) in TK6-EV and TK6-HBZ cells.
The arrows indicate microsatellite alterations. (C, D) TK6-EV and TK6-HBZ cells were treated with the indicated concentration of CCNU (C) or MMC (D) for 48h. Cell viability was
determined by MTS assays and expressed as relative to vehicle-treated controls (n ¼ 3, mean ± SD). *p < 0.05, **p < 0.01 (unpaired Student's t-test).
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MSH2 expression level (Fig. 4F). Along with this MSH2 restoration,
the amount of MSH6 was also clearly upregulated. In contrast, the
expression levels of MSH3, MLH1, PMS1 or PMS2 were not robustly
affected by NRF-1 overexpression. These findings reinforce our hy-
pothesis that the suppressed expression of MSH2 could destabilize
MSH6, which is a binding partner in functional heterodimeric
complex MutSa (MSH2-MSH6). On the other hand, the mechanism
of HBZ-driven MSH3 suppression is not likely due to destabilization
of MutSb (MSH2-MSH3) and remains unclear. Altogether, in com-
bination with our previous report showing that HBZ interacts with
and functionally interferes with NRF-1 [18], these data suggest that
HBZ suppresses transcription ofMSH2 through interferingwith NRF-
1.
4. Discussion

In this study, we show that HTLV-1-encoded protein HBZ im-
pairs MMR system. We suggest that HBZ represses expression of
multiple MMR components, which could associate with functional
impairment of MMR and MSI. Further, in line with our previous
results demonstrating the inhibitory effect of HBZ against NRF-1
[18], we suggest that HBZ suppresses MSH2 transcription through
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inhibiting NRF-1. Because MSH2 expression could be recurrently
suppressed in acute type ATL, the HBZ/NRF-1/MSH2 axis could be a
mechanism underlying the impairedMMR in HTLV-1-infected cells.

Two distinct types of dinucleotide microsatellite alterations
have been described: relatively small length changes (�6 bp, Type
A) and drastic changes involving �8 bp (Type B) [24]. Intriguingly,
MEF cells or tumors fromMSH2- orMLH1-deficient mice, which are
susceptible to cancer, invariably show Type A MSI, implying that
Type A MSI is a direct consequence of defective MMR [24]. Notably,
microsatellite changes observed in ATL cells are also invariably
Type A [7]. A recent whole-genome sequencing study described
that MSI is rarely observed in ATL [36], but this sequencing-based
tool has been explored to detect high instability shown
frequently in solid tumors [37] andmight not be able to reflect Type
A MSI. The HBZ-expressing TK6 cells, in which multiple MMR fac-
tors were reduced in expression, and the MSH2 or MLH1-knockout
TK6 cells show similar extent of Type A MSI. This may suggest that,
when many molecules of MMR are simultaneously suppressed, it
could induce MMR disturbance equivalent to deficiency of the
single essential MMR factor. Collectively, our data suggest that HBZ
plays a crucial role in repressing the expression of multiple MMR
factors, which could lead to MSI.



Fig. 2. Transduction of HBZ into MMR-proficient cells suppresses the expression of
several MMR factors (A) mRNA expression of indicated genes measured by qRT-PCR in
TK6-EV and TK6-HBZ cells (n ¼ 4, mean ± SEM). *p < 0.05, **p < 0.01 (unpaired
Student's t-test). (B) Immunoblotting of the indicated proteins in TK6-EV and TK6-HBZ
cells.

Fig. 3. Expression of MMR genes in primary acute type ATL samples.
mRNA expression levels of the indicated genes in human CD4þ T lymphocytes from the
peripheral blood of healthy volunteers (n ¼ 5) and primary acute type ATL cells (n ¼ 7),
obtained from the microarray dataset in the Gene Expression Omnibus database,
accession number GSE43017 (mean ± SD). *p < 0.05 (unpaired Welch's t-test).
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While it is suggested that MSH2 is recurrently reduced in acute
type ATL, our results using HBZ-expressing TK6 cells suggest that
HBZ suppresses various MMR factors. The aggressive subtypes
(acute/lymphoma type) of ATL develop through multistep tumori-
genesis during the long latent period of asymptomatic carriers or the
precedent indolent subtypes of ATL [2]. Therefore, not only MSH2
but also other MMR molecules might be suppressed tentatively in
HTLV-1-infected cells during the long period before the onset of
aggressive ATL. However, it remains to be elucidated whether this
suppression of multiple MMR components contributes to accumu-
lation of gene mutations accelerating ATL tumorigenesis.

Regarding the mechanisms of reduced expression of MMR fac-
tors in ATL cells, it was suggested that reduced PMS1 expression
could be attributed to DNA methylation [26], but it has never been
described what represses MSH2 expression. In this study, we
focused on MSH2 among MMR molecules and suggested a novel
mechanism of MSH2 downregulation. In combination with our
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previous data showing that HBZ binds directly to and interferes
with the DNA-binding ability of the transcription factor NRF-1 [18],
we suggest that HBZ impedes NRF-1 from regulating the MSH2
transcription. This HBZ/NRF-1/MSH2 axis could be part of the
mechanisms underlying the HBZ-driven MMR impairment.

From a therapeutic perspective, defective MMR and the resul-
tant high mutation burden are correlated with sensitivity to im-
mune checkpoint blockade therapies [38,39]. Given that ATL has
relatively higher mutation rates than other hematological malig-
nancies [13], a clinical trial of nivolumab (anti-PD-1 antibody) was



Fig. 4. HBZ suppresses transcription of MSH2 via the transcription factor NRF-1 (A, B) UCSC genome browser view of the NRF-1 binding site in the MSH2 promoter. (A) Tracks show
signals of NRF-1 ChIP-seq in the promoter region of MSH2 from the ENCODE project. (B) Sequences of the signal peak are shown. Blue bars represent the degree of sequence
conservation across different vertebrates from the phastCons program. The black-lined region represents the NRF-1 binding motif predicted using Factorbook. (C) Activity of MSH2
promoter constructs truncated at different positions upstream of the transcription start site (TSS). Sequence upstream of the TSS of MSH2, and the NRF-1 binding motif predicted
using Factorbook are shown. Each MSH2-Luc was transfected into HEK293T cells together with Renilla-Luc. MSH2-luciferase activity was assayed as relative to Renilla-Luc (n ¼ 3,
mean ± SEM). (D) Effects of NRF-1 expression on MSH2 promoter activity. MSH2-Luc and Renilla-Luc were transfected into HEK293T cells, with or without vectors expressing NRF-1
(0.05 mg or 0.2 mg) (n ¼ 3, mean ± SEM). (E) Effects of HBZ on MSH2 promoter activity. MSH2-Luc and Renilla-Luc were transfected into HEK293T cells, with or without vectors
expressing HBZ (0.4 mg or 0.6 mg) and NRF-1 (0.0125 or 0.025 mg) (n ¼ 3, mean ± SEM). (F) Immunoblotting of the indicated proteins in TK6-HBZ cells infected with lentivirus
expressing FLAG-tagged NRF-1 or the corresponding empty vector (EV).
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (unpaired Student's t-test).
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conducted in ATL patients [40]. Rapid disease progression was
observed in three patients of one study, warranting further studies
on the efficiency of targeting PD-1 in the treatment of ATL [40,41]. A
possible reason is that the somatic point mutation rate in ATL (2.3
mutations/Mb) appears to bemuch lower than in solid tumors such
as colorectal cancers, lung cancers and melanoma [13,42]. Further
studies will be necessary to utilize therapeutic vulnerabilities
associated with MSI for ATL treatment.

In conclusion, we show that HBZ bears the potential to induce
MMR abnormalities.We suggest that the suppression in amounts of
multiple MMR molecules and the HBZ/NRF-1/MSH2 axis could be
part of the mechanisms of HBZ-driven defective MMR. Our data
48
have raised the possibility that HBZ-driven defective MMR may
play crucial roles in the long process of HTLV-1-induced
tumorigenesis.
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