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largest clones of S-1 and S-2 ((shear sites vs. tags): (209 vs.
393) and (119 vs. 142)) (Figure 1D and Figure 2D). In all
four samples, those variations were also similar in the
minor clones of which the clone sizes did not exceed shear
sites variations (approximately <200 variations) (See
Additional file 1: Table S3 and Additional file 2: Table
S1 for information on the ten largest clones). However,
the variations covered by tags were significantly greater
than those of shear sites, especially for large clones like
those observed in the major clones of S-3 and S-4
((shear sites vs. tags): (242 vs. 1751) and (222 vs.
2675)). The variations covered by tags and combina-
tions were almost the same for all four samples ((tags
vs. combinations): (393 vs. 296), (142 vs. 119), (1751 vs.
1192), and (2675 vs. 2038)).

Upon comparison of the tag system data with the
shear site data, it was clear that both strategies yield es-
sentially the same results when the size of clones is small
enough to be covered by the number of shear site varia-
tions generated. However, the tag system provides a
much better estimation of clonality when the number of
sister cells in each clone exceeds shear site variations.
Therefore, clone size was underestimated when consid-
ering only shear sites in expanded clones like samples
S-3 and S-4. Given this, our tag system should be used
for samples with different clonality status to avoid
underestimation of the size of clones. See Additional file
2: Figure S3 for a simple comparison of shear site and
tag variations.

Validation of the methodology

Our newly developed method - the tag system and the
related data analysis - were successfully validated, intern-
ally. As mentioned above, the initial validation was done
by analyzing samples from different HTLV-1-infected in-
dividuals (Figures 1 and 2). Finally, we conducted a com-
prehensive internal validation by using an appropriate
control with known integration sites and clonality pat-
terns to provide direct evidence for the effectiveness of
our system in the clonality analysis. We designed a suit-
able control because there was not an appropriate con-
trol available. Using our system, we could evaluate the
method and confirm its accuracy, sensitivity, and repro-
ducibility. We selected two samples with the following
special conditions as starting materials for preparing the
control system.

Sample one (M): DNA from an acute ATL patient with
100% PVLs and a single integration site in the major
clone (Figure 3A). The integration site of this sample
was first checked with conventional splinkerette PCR,
which detected a single major integration site. Subse-
quently, deep-sequencing data (tags only and combina-
tions) showed that approximately 99% of the PVL
accounted for the major clone with an integration site at
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chromosome 12:94976747(-). A small numbers of clones
occupied approximately 1% of the PVL of this sample.
Those clones were only detected in the second trial sam-
ples for which the external PCR products were not di-
luted. Therefore, to simplify the overall analysis, we
removed those low-abundance clones (data not shown).

Sample two (T): DNA was isolated from a fresh cul-
ture of TL-Oml, which is a registered monoclonal ATL
cell line with 100% PVL and a single integration site at
chromosome 1:121251270(-) in each cell (Figure 3A).

Having prepared these two samples, they were sonicated
and mixed in proportions of 50:50 and 90:10 (Figure 3B).
These known proportions were thus expected to generate
specific patterns that could be verified with our subsequent
analysis. We conducted two independent sets of trials.

In the first trial, samples were named as ‘first trial con-
trol 1~4’ and abbreviated as 1st T-cnt-1~4. Various
amounts of DNA (pg) from samples M and T were
mixed to prepare the final expected clone sizes as shown
in Figure 3C. A 1-pL sample of a 10-fold dilution of ex-
ternal PCR product was used as the starting material for
nested PCR for this trial. The samples were run in separ-
ate lanes of HiSeq 2000.

We named the samples of the second trial as second
trial control-1 ~ 4 and abbreviated them as 2nd T-cnt-1
~4. DNA samples were mixed similarly to that for the
first trial except for sample four (Figure 3D). In contrast
to the first trial, we used 1 pL of the external PCR prod-
uct without any dilution as a starting material for the
nested PCR. These samples were multiplexed and run in
the same lane of HiSeq 2000. The purpose of the second
trial was to test both method reproducibility and the ef-
fect that the dilutions had on the results.

The samples of both the first and second trials were
analyzed under the same conditions, except where noted
above. For each control sample, expected patterns and
experimentally observed patterns were calculated for (a)
raw sequence reads, (b) shear sites, (c) only tags, and (d)
the combination of tags and shear sites (Figure 4). Figure 4
shows the data when the optimal conditions were consid-
ered. Additional file 1: Figure S3 includes most of the data
accumulated during optimization of the method.

Evaluating the accuracy of the clonality analyzed based
on shear sites vs. tags system

The ‘absolute error; a technique used to evaluate system
accuracy [61], was used to assess our method. The ex-
perimental values were subtracted from expected values
(Figure 5A). Taking advantage of our control system (the
first and second trial samples), the clone size was calculated
by considering (a) sequencing reads without removing PCR
duplicates, (b) only shear sites, (c) only tags, and (d) the
combination of tags and shear sites (Figure 5B and C). The
absolute errors of raw sequence reads for the first trial
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1 chr 1 - 121251270 TATATGTAGCACAATTTCTTTATTCAGTCTGTCATTGTTG
2 chr 12 - 94976747 AAAAAAGATTCTCCTTCTATTAAGTGAGTGAGTTCTGAGT
Figure 3 Preparing the control system. (A) The control system was designed by mixing sonicated genomic DNA (gDNA) of TL-Om1 with
that of an ATL patient in proportions of 50:50 and 90:10. TL-Om1 is a standard ATL cell line with 100% PVL and a known single integration site at
(chr1:121251270(-)). The patient sample was from an acute type of ATL with 100% PVL and a single integration site at (chr 12:94976747(-)). (B) The
expected clonality patterns: (50% vs. 50%), (90% vs. 10%), and (10% vs. 90%) were generated by mixing gDNA from an ATL sample with that from
TL-Om?1. (C, D) Full details of the first trial’s and the second trial’s samples including: name of samples, total amount of DNA (ug), the amount of
DNA (ug) from TL-Om1 (T) vs. major clone (M), and expected clone size are provided. (E) Integration site position of TL-Om1 and the major clone
of ATL sample.

samples were 23.58, 6.26, 4.57, and 5.72, whereas those of
the second trial samples were 44.66, 9.50, 6.88, and 60.24.
The magnitude of errors in the first trial was lower than
that of the second trial probably due to the dilution of the
external PCR products in the first trial. However because
dilution reduced the number of covered integration sites, it
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should be done sparingly and with the purpose of the ex-
periments in mind. The errors when considering only shear
sites were 1.72, 34.33, 21.76, and 18.73 for the first trial and
0.47, 38.29, 36.72, and 40.47 for the second trial. Underesti-
mations caused by low shear site variation did not affect
the relative size of clones when the expected size of the
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Figure 4 Validation of the tag system. For each control sample, both the expected and the experimentally observed patterns of raw
sequence reads, shear sites, and the combination of tags and shear sites are represented in the bar graphs. Abbreviations: Com.: Combinations, Exp.:
expected pattern, Seq. raw sequencing data without removing PCR duplicates, Sh.: Shear sites, Tg: Tags. (A) Clone size data of the first trial samples:
Data were obtained considering the final optimal conditions: (Bowtie parameters: -v 3 - - best, and filtering condition: (merging approach) JT-10). (B)
Clone size data of the second trial samples: Data were obtained considering the final optimal conditions: (Bowtie parameters: -v 3 - - best, and filtering
condition: (merging approach) JT-10-1%). See Additional file 1: Figure S4 for information on merging approach.

clones was 50% vs. 50%. In this situation, shear sites
had the smallest error: 1.72 for 1% T-cnt-1 and 0.47 for
274 T-cnt-1.

The errors were reduced in the data using the tag sys-
tem: 7.27, 5.23, 14.49, and 6.50 for the first trial, and
6.67, 7.07, 10.07, and 13.16 for the second trial. In the

case of the combination of tags and shear sites, errors
were: 6.98, 4.06, 0.21, and 1.31 for the first trial and 3.42,
10.51, 12.26, and 5.83 for the second trial. Interestingly,
the samples ‘tags only’ and ‘combinations’ showed similar
error levels. Based on these data, our system showed
lower absolute errors than when considering only shear
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the control samples (see Figure 3). The y axis represents the percentage
reads without removing duplicated PCR, (2) only shear sites, (3) only tag
the final optimal condition: the first trial: (Bowtie parameters: -v 3 - - bes

See Additional file 1: Figure S4 for information on merging approach.

Figure 5 Evaluating the accuracy of the clonality analysis. (A) Absolute error is calculated by subtracting the expected values from the
experimentally observed values. (B, C) The accuracy of the method is evaluated by calculating the absolute error of the clone size estimation of

of absolute errors in different conditions including: (1) raw sequencing
s, and (4) the combination of tags and shear sites. The absolute errors of
t, and filtering condition: (merging approach) JT-10), and the second trial:

(Bowtie parameters: -v 3 - - best, and filtering condition: (merging approach) JT-10-1%) are presented in this figure. Please refer to Additional file
1: Figure S6 for the absolute errors in all examined conditions. (B) The absolute errors of the first trial. (C) The absolute errors of the second trial.

sites (Figure 5) (Additional file 1: Figure S4). Owing to
differences in analyzed samples and system setups, we
could not directly compare our data with published
data [22,46]. Indirect evidence, however, provided by
shear site analysis of our own data illustrated that our
system has lower absolute errors than using the shear
site-based methodology.

-1

In-silico analysis

Processing, management, and analysis of the large
amount of data generated by deep sequencing require
special infrastructures and bioinformatics skills. We de-
signed a data analysis and interpretation pipeline specific
for HTLV-1 integration sites and clonality studies. The
workflow is provided in Figure 6. First, the raw data for
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Figure 6 In-silico analysis work flow. (A) lllumina HiSeq 2000 platform outputs raw data of (Read-1= 100 bp), (Read-3 =100 bp), and (Read-2 =
8 bp). Data were analyzed according to this work flow after checking quality with the FastQC tool. In the case of Read-1, the first 5 bp were
trimmed, and the next 5 bp were used to de-multiplex indexed samples. The downstream 23 bp, which correspond to the LTR primer (F2), were
then removed. The next 27 bp were subjected to a blast search against the LTR reference sequence. For the blast search reads, the remaining
41/45 bp were subjected to a blast search against an HTLV-1 reference sequence. Reads were confirmed to be from HTLV-1 was removed, and
the sequences and IDs from the remaining reads which considered as human, were collected. Subsequently, Read-3 with IDs corresponding to
Read-1's IDs were collected. The first 41/45 bp of Read-3 were trimmed and collected to have the same length as Read-1. The paired sequences
of Read-1 and Read-3 (same lengths) were mapped against hg19 by Bowtie with -v 3 - -best parameters. The 5'-mapped positions were considered to be
integration sites and the 3'-mapped positions as shear sites. Read-2 information was used to retrieve the clone size based on tags. Finally, the clone size
was computed by combining tag and shear site information. All the analyses were done by our own Perl scripts, which resulted in the following reports.
Report R1R3: the distribution of unique shear sites per integration site. Report R1R2: the distribution of unique tags per integration site. Report R1R2R3: the
distribution of unique tags and shear sites per integration site. (B, C) The structure of Read-1 for the non-multiplexed and multiplexed samples.

high-throughput sequencing were checked for quality by  human sequence. The former comprises the 27-bp se-
the FastQC tool. We then removed the first 5-bp ran-  quence remaining from the LTR, whereas the latter is
dom nucleotides from read-1 and de-multiplexed those  composed of the 41-bp or 45-bp HTLV-1 or human se-
samples that were run in the same lane of the HiSeq quence. In the case of multiplexed and non-multiplexed
2000 based on 5-bp of the known sequence (Figure 6 samples, different lengths (that is, 41-bp and 45-bp)
and Additional file 1: Figure S2). The downstream 23  were available for analysis. Both sets were subjected to
nucleotides, which represented LTR-specific primers, blast analysis against LTR and HTLV-1 reference se-
were also trimmed before further analysis. We then sep-  quences with one or two mismatches permitted, respect-
arated the remaining sequence of read one into two ively. Reads for which the sequence did not match
different datasets: (1) LTR sequence and (2) HTLV-1 or HTLV-1 were presumed to be human as long as their
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27-bp LTR sequences matched the LTR reference se-
quence. The resulting human reads were mapped to the
human genome (hgl9) using Bowtie 1.0.0 [58]. We
employed various parameters of Bowtie and different
lengths of read three to obtain the optimal mapping
yield (Additional file 1: Table S2). These conditions were
achieved when a maximum of three mismatches were
permitted (-v parameter) and when the best alignment
regarding the number of mismatches was reported
(~best parameter). In addition, use of the same length of
read-1 as in read-3 allowed for better mapping results.
Mapping results are further discussed in Additional file
1: Notes.

The 5'-mapped regions were considered to be the po-
sitions of integration sites and reported as (chromosome:
position: (strand)) for example, (chr1:121251270: (-)). In
addition, 3'-mapped regions from read-3 were reported
as shear sites for each corresponding position. Informa-
tion on the tags, obtained from read-2, was used to de-
termine the size of clones as described in subsection:
Measuring the size of clones by the tag system. Final
outputs of our analysis - the three main reports: R1R3,
R1R2, and R1R2R3 - include information on shear sites,
tags, and a combination of tags and shear sites, respect-
ively (Figure 6).

Removing background noise

Data obtained from next-generation sequencers are not
error free [40,62-65]. There are many reports on the
error rate of Illumina sequencers [66,67]. Teemu Kivioja
et al. recently developed a system named unique mo-
lecular identifiers (UMlIs) for quantifying mRNAs and
employed filtering criteria to remove false UMIs gener-
ated by sequencing errors [68]. In our study, consistent
with the data of Kivioja et al. [68], the sequencing errors
produced false tags with low frequencies. A filtering sys-
tem was required to remove those tags, which could
affect interpretation of our clonality data and reduce the
accuracy of the clone size measurement. To minimize
the effect of sequencing errors on data interpretation,
we tested different filtering conditions to remove back-
ground noise. Here, we report our proven filtering ap-
proach (Additional file 1: Figure S4).

Considering that tags are designed randomly, each tag
has an equal probability of being observed. Hence, the
distribution of tags should be fitted to the zero truncated
Poisson distribution [59,68]. Therefore, we test data fit
to the Poisson distribution to determine the efficacy of
each filtering condition. The distribution of tags for each
sample was measured by the R-package ‘gamlss.tr’ [59],
and the correlation coefficient was compared before and
after filtering (Additional file 1: Figure S6).

We used a filtering system, which we named the mer-
ging approach. The merging approach was conducted by
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clustering the tags and allowing only one mismatch so
that unique tags, differing only in one nucleotide (one-
mismatch permission), were merged. Subsequently, if
the frequency of observed tag reads (PCR duplicates)
was greater than 10, those unique tags were employed in
further analysis. Otherwise, they were considered as
artifacts. We referred to this filtering approach as ‘Join
Tag- removelQ’ (JT-10) in the Figure legends. To facili-
tate understanding, these filtering conditions are illus-
trated in Additional file 1: Figure S4.

Final discussion

The advent of NGS technologies holds promise to reveal
the complex nature of neoplasms and to move past the
limitations of previous methods. Using different ap-
proaches starting from early cytogenetic analysis to later,
more elaborate studies with NGS technologies, the
clonal composition of different tumors has been ana-
lyzed [36-39]. Robust monitoring and tracking of clonal
dynamics using provirus integration sites allow for the
assessment of clonal composition of HTLV-1-infected
individuals from early infection to the final stage of
ATL development. To meet the technical requirements
for such type of analysis, we combined our expertise in
the field of HTLV-1 research and NGS analysis and
developed the high-throughput methodology described
herein.

Gillet et al. also recently introduced a high-throughput
method to extensively characterize HTLV-1 integration
site preferences and quantify clonality (further discussed
in Additional file 1: Notes) [22]. They statistically ana-
lyzed shear site data to estimate clone size. According to
their published data [22,46] and as well as our current
data, the limited variation in shear sites leads to an
underestimation of the size of large clones. Considering
that the incidence of large clones increases with disease
progression from the healthy AC state to the malignant
states of smoldering, chronic, or acute [22,46], an accurate
measurement of clone size - particularly large clones - is of
great clinical significance.

Our study is the first in which the size of large clones
was experimentally measured without using statistical
estimation. We have provided details of the method de-
sign, optimized experiment protocols, and in-silico data
processing workflow. To validate our methodology and
assess its accuracy, we analyzed eight control samples
with known integration sites and clone sizes, and four
clinical samples. We subjected the samples to deep se-
quencing so that they had enough read coverage for
each integration site and to ensure accurate measure-
ment of clone size (See Additional file 1: Notes). We
proved our methodology to be reliable for isolating large
numbers of integration sites and to be accurate for
quantifying clone size. Because the tag system could

-197 -



Firouzi et al. Genome Medicine 2014, 6:46
http://genomemedicine.com/content/6/6/46

provide a sufficient number of variations regardless of
clone size, we were able to demonstrate that the mea-
surements are accurate.

Preliminary experiments on the clinical samples with
differing PVLs and disease status showed different
clonality patterns specific to AC and different ATL dis-
ease subtypes. S5-1 was selected to represent still-healthy
but infected individuals (ACs), S-2 and S-3 to represent
indolent types of ATL, and S-4 to represent a typical ag-
gressive type of ATL. Despite similar PVLs, S-1 and S-2
could be distinguished based on clonality patterns (poly-
clonal vs. a shift towards oligoclonal): S-1: AC, 8% PVL,
and $-2: SM, 9% PVL. The clones of AC showed a uni-
form distribution pattern with no large difference in
clone size; clones of S-2, however, had non-uniform size.
S-2 and S-3 (5-3: SM, 31% PVL) are both smoldering
subtypes of ATL progression with differing PVLs (9% vs.
31%) and showed similar clonality patterns but a differ-
ent number of infected cells in each clone. S-3 and S-4
had similar PVL (S-4: acute, 33% PVL) but exhibited dif-
ferent clonality patterns: oligoclonal for S-3 (three or
four relatively large clones at the top surrounded with
other clones) vs. monoclonal for S-4 (a large major clone
surrounded with some small clones in the background).
After ranking the clones in order of descending size, we
noted that the size of the largest clone in the acute sam-
ple was 10 times that of the next clone (tags: (chr X:
83705328 (-)) =2675 vs. (chr 14: 30655896 (+))=209).
Relative size of the major clone (chr X: 83705328 (-))
was also estimated by another method (PCR-southern)
(detailed information is provided in Additional file 2:
Figure S3 and Additional file 2: Supporting experi-
ments). Samples with distinct disease status (AC, SM,
and acute) manifested different clone sizes (Additional
file 1: Table S3 and Additional file 2: Table S1 include
the number of infected cells in the top 10 clones), but S-
1 vs. S-2 (0.60 vs. 0.67) and S-3 vs. S-4 (0.84 vs. 0.80)
could not be discriminated based on their oligoclonality
index (Additional file 1: Figure S7) (See Additional file 1:
Notes for further discussion). Therefore, it can be in-
ferred that, with an accurate measurement of clone size,
the application of this method will aid in the discrimin-
ation of ATL subtypes. These results suggest a possible
association between disease status, PVLs, and clonality
patterns. Hence, HTLV-1-infected individuals could be
classified in different groups based on their clonality pat-
terns, which could ultimately affect their choice of ther-
apy and estimation of prognosis.

Moreover, by interpreting information from previous
studies on HTLV-1 clonality [15,18-20,22,27,31,32,35]
and considering the data provided in our present paper, it
appears that ACs harbor a polyclonal population of HTLV-
1-infected cells, whereas ATL patients show monoclonal
patterns. Thus, changes in the clonality pattern and onset
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of a clonal expansion of HTLV-1-infected cells seem to be
potentially applicable as a prognostic indicator of ATL on-
set. For these purposes, it is necessary to analyze appropri-
ate pools of samples from ACs and different subtypes of
ATL and to conduct a cohort study on the clonality pat-
terns of the sequential samples available over time.

Conclusions

We took advantage of next-generation sequencing tech-
nology, a tag system, and an in-silico analysis pipeline to
develop and internally validate a new high-throughput
methodology. The method was proved to accurately
measure the size of clones by analyzing control samples
with already known clone sizes and clinical samples. We
also discussed the novelty, significance, and applications
of our method, and compared it with the only existing
high-throughput method devised by Gillet et al [22].
Employing our new methodology and the analysis of an
appropriate pool of samples provided by JSPFAD [13]
will be helpful not only for diagnosis and prediction but
also for elaborated understanding of the underlying
mechanism of ATL development. The methodology de-
scribed here could be adapted to investigate and quantify
other genome-integrating elements (such as proviruses,
transposons, and vectors in gene therapy). In addition,
the tag system can be used for quantifying DNA/RNA
fragments in RNA expression [68] or in metagenomics
for determining the size of bacterial populations.
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CADM1 Expression and Stepwise Downregulation of CD7 Are
Closely Associated with Clonal Expansion of HTLV-I-Infected
Cells in Adult T-cell Leukemia/Lymphoma &
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Abstract

Purpose: Cell adhesion molecule 1 (CADM1), initially identified as a tumor suppressor gene, has recently
been reported to be ectopically expressed in primary adult T-cell leukemia-lymphoma (ATL) cells. We
incorporated CADM1 into flow-cytometric analysis to reveal oncogenic mechanisms in human T-cell
lymphotrophic virus type I (HTLV-I) infection by purifying cells from the intermediate stages of ATL
development.

Experimental Design: We isolated CADM1- and CD7-expressing peripheral blood mononuclear cells
of asymptomatic carriers and ATLs using multicolor flow cytometry. Fluorescence-activated cell sorted
(FACS) subpopulations were subjected to clonal expansion and gene expression analysis.

Results: HTLV-I-infected cells were efficiently enriched in CADM1* subpopulations (D, CADM1P°*
CD7%™ and N, CADM1P°*CD7"%). Clonally expanding cells were detected exclusively in these subpopula-
tions in asymptomatic carriers with high proviral load, suggesting that the appearance of D and N could be a
surrogate marker of progression from asymptomatic carrier to early ATL. Further disease progression was
accompanied by an increase in N with a reciprocal decrease in D, indicating clonal evolution from D to N.
The gene expression profiles of D and N in asymptomatic carriers showed similarities to those of indolent
ATLs, suggesting that these subpopulations represent premalignant cells. This is further supported by the
molecular hallmarks of ATL, that is, drastic downregulation of miR-31 and upregulation of abnormal Helios
transcripts.

Condusion: The CADM1 versus CD7 plot accurately reflects disease progression in HTLV-I infection, and
CADMI1 ™ cells with downregulated CD7 in asymptomatic carriers have common properties with those in

indolent ATLs. Clin Cancer Res; 20(11); 2851-61. ©2014 AACR.

Introduction

Human T-cell lymphotrophic virus type I (HTLV-I) is a
human retrovirus that causes HTLV-I-associated diseases,
such as adult T-cell leukemia-lymphoma (ATL), HTLV-I-
associated myelopathy/tropical spastic paraparesis, and
HTLV-I uveitis (1-3). In Japan, the estimated lifetime risk
of developing ATL in HTLV-I carriers is 6% to 7% for males
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and 2% to 3% for females (4-6). It takes several decades for
HTLV-I-infected cells to reach the final stage of multistep
oncogenesis, which is clinically recognized as aggressive
ATL (acute-type and lymphoma-type; ref. 7). Molecular
interaction of viral genes [e.g., Tax and the HTLV-I basic
leucine zipper (HBZ) gene| with the cellular machinery
causes various genetic and epigenetic alterations (7-11).
However, difficulties in purifying HTLV-I-infected cells in
vivo seem to have hindered understanding of the genetic
events that are directly involved in the multistep oncogen-
esis of ATL.

Upregulation or aberrant expression of cell surface mar-
kers, such as CCR4 and CD25, is useful for diagnosis
of ATL and has been utilized for molecular-targeted therapy
(12, 13). However, the expression levels of these markers
vary among patients, which often make it difficult to iden-
tify ATL cells specifically based on the immunophenotype.
Previously, we focused on downregulated markers in acute-
type ATL cells, such as CD3 and CD7, and successfully
purified ATL cells using the CD3 versus CD7 plot of
CD4™" cells (14). Analysis of other clinical subtypes
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