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further selected by blastcidin and used within 14 days.
shRNA sequences are described in the Supporting Information
Methods.

Cell viability and apoptosis analyses. For the cell proliferation
assay, 5000 cells were plated in a 96-well flat bottom plate
with RPMI1640 medium supplemented with 1% FCS. After
1-3 days culture, cell numbers were evaluated using Cell
Counting kit-8 (Dojindo, Kumamoto, Japan). The apoptosis
cell was determined using PE Annexin V/7-AAD stainings
(BD Pharmingen, San Jose, CA, USA). Detection of apoptotic
cells was performed using FACSCalibur (Becton, Dickinson,
Franklin Lakes, NJ, USA). Primary ATL cells were defined
using sequential gating based on a Forward scatter/Side Scat-
ter (FSC/SSC) pattern and a CD4-positive population (anti-
CD4-FITC; BD Pharmingen). Collected data were analyzed
using FlowJo software (Tree Star, Ashland, OR, USA).

Results

Epigenetic abnormalities in EVC regulation in ATL. We have
determined the gene expression signature of ATL tumor cells
by conducting massive microarrays.> The gene expression pro-
files from 52 ATL patients and 21 healthy donors identified a
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large number of specific gene upregulations in ATL cells.
Among these, the genes encoding EVCl and EVC2 were
strikingly overexpressed in ATL patient samples, which had a
relationship to disease progression (Fig. 1a,b). These genes are
located in an identical chromosome 4pl6, under a bi-directional
promoter (Fig. 1c), and their expressions have shown a strong
positive correlation (Fig. 1d). The qRT-PCR revealed that the
median of the EVCI mRNA level in ATL was 90.9-fold higher
than that of normal CD4+ T-cells (Fig. le). Specificity of
tumor-associated EVC expression was confirmed using the data-
set from CADM1 versus CD7 plot subpopulation samples.*>
CADMI expression and CD7 loss have recently been identified
as highly sensitive molecular markers of HTLV-1-infected cells.
EVC] and EVC2 were significantly expressed in the
CADM1+/CD7— tumorous population (Fig. 1f). The HTLV-1-
infected and ATL-derived cells showed higher levels of EVC]
mRNA compared with those in other leukemia and lymphoma
cell lines and those of healthy PBMC (Fig. 1g). The MT-2 and
HUT102 cells, which highly express HTLV-1 genes, showed
high EVCI mRNA levels similar to those in ATL-derived cells.

Looking at the tumor-associated epigenetic reprogramming
that was frequently observed in ATL,”® we analyzed the
epigenetic status of the EVC locus to clarify the possible
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Fig. 4. EVC1 expression in ATL cells. (a-€)
Immunohistochemistry-based EVC1 protein detection
in paraffin-embedded samples: 293T transfected with
the indicated plasmids (a), primary ATL lymph node
(b, ¢, representative data are shown) and spleen from
mice engrafted with primary ATL cells (d, tumor
invasive, n = 3; e, non-invasive). These samples were
stained with anti-EVC1 antibody and hematoxylin. x40
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involvement of epigenetic variation in EVC deregulation.
There were two typical CpG islands in the EVC locus whose
transcription may be tightly regulated by the gain of CpG
methylation (Fig. 2a). However, bisulfite sequencing revealed
that DNA methylation was not acquired in normal lympho-
cytes, as well as in the primary ATL sample (Fig. 2b). CpG
hypermethylation within the EVC locus was found only in Jur-
kat cells where the EVC expression was nearly undetectable
(Fig. 1g). Instead, treatment with epigenetic drugs, particularly
a histone deacetylase (HDAC) inhibitor tricostatin A (TSA),
reactivated the EVC transcription in Jurkat cells, suggesting
that histone modifications such as acetylation were involved in
EVC regulation (Fig. 2c). To further address the epigenetic
implication, we performed ChIP assays to assess the possible
contribution of histone modification in EVC upregulation. The
ATL cell lines showed significant accumulation (log-scale) of
histone H3 acetylation (H3Ac) and H3K4 trimethylation
(H3K4me3), which have been recognized generally as positive
transcription marks around the transcription start site region of
both EVCI and EVC2 (Fig. 2d). Treatment with a pan-histone
acetylase inhibitor, anacardic acid, reduced EVC transcription
in ATL cell lines (Fig. 2e). Interestingly, H3K27me3, which
has been implicated as a poor prognostic marker in ATL,*%%
was decreased at the EVC locus in ATL cells. We confirmed
directly the epigenetic reprogramming at the EVC locus in
primary ATL samples (Fig. 2f). In summary, it appeared that
the acquisition of active histone modifications and the recipro-
cal disappearance of H3K27me3 contributed to aberrant EVC
transcription.

Role of HTLV-1 Tax in EVC transcription. Next we addressed
whether Tax could participate in the deregulated EVCI tran-
scription. Although Tax expression did not influence the EVCI
mRNA levels in 293T cells at complete growth conditions, Tax
activated EVCI transcription in a dose-dependent manner in
serum-starved conditions (Fig. 3a). A NF-xB- activation-
defected Tax mutant, M22,*” showed similar EVC! induction,
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suggesting that EVC] transcriptional activation was independent
from NF-xB activation. Indeed, the pharmacological inhibition
of NF-xB activity failed to prevent EVC transcription in ATL
cell lines (data not shown). Meanwhile, Tax induced transcrip-
tion of Sonic hedgehog (Shh), which encodes the HH activa-
tion ligand, in a NF-xB-dependent manner (Fig. 3b). The
experimental condition was validated by the evaluation of
PTHrP, which has been known to be a Tax and NF-xB-tar-
geted gene. HTLV-1 HBZ did not affect EVC transcription
(Supporting Information Fig. S1).

We examined the possible relationship between Tax and his-
tone modifications. For this purpose, we established lentiviral
vectors inducing stable Tax expression in Jurkat cells. More
than 80% of transduction efficiencies were achieved in all
tested cells. Tax induced transcription of EVCI and EVC2, as
well as the HH target gene PTCHI (Fig. 3c). Interestingly, the
Tax C29A mutant, which was unable to localize in the
nucleus,®® failed to induce EVC, suggesting that EVC induc-
tion was directly caused by the nuclear-localized Tax. A ChIP
assay revealed that the Tax wild type, but not the C29A
mutant, directly accumulated H3K4me3 and H3Ac in the EVC
locus (Fig. 3d). Thus, Tax appeared to, at least partially,
induce EVC expression through epigenetic reprogramming.

EVC1 expression in primary ATL cell. We performed immuno-
histochemistry (IHC) with a commercially available antibody
that recognized EVCI. First, we stained paraffin-embedded
293T cells transduced with the EVCl-expressing plasmid to
test the antibody specificity. Strong positivity was detected in
the plasmid-transduced sample but not in samples with
untreated or concomitantly treated with shRNA targeting
EVC] (Fig. 4a). Using this antibody we investigated EVC1
expression in several aggressive ATL cases. Most ATL cases
showed stable EVCI positivity (7/8, 87.5%; two representa-
tives in Fig. 4b,c). We noted that all EVCl-positive cells were
dysplastic. Furthermore, EVCI1 expression was clearly detected
in a mouse ATL model that was established using xenotrans-
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Fig. 6. Hedgehog (HH)-dependent ATL cell survival. (a) Time course of the abundance of Venus+ TL-Om1 (left) and MT-2 (right) infected

with lentiviral vector expressing control shRNA (shCtrl), either of two shRNA targeting EVC1 and EVC2, or shRNA targeting GLI1 and GLI2,
then cultured for 27 days together with uninfected cells. Data are representative of three independent experiments. Results are presented
relative to those of cells at 4 days post-infection. (b) shRNA-mediated apoptosis induction. shRNA-expressing cells were cultured in 1% FBS
for 72 h. The apoptotic pattern was defined by gating with Venus+ and Annexin V/7-AAD (n = 3, representative data). (c) GANT61 inhibited
HH activity in ATL cells {n = 3, mean = SD). *P < 0.05. (d-e) GANT61 reduced ATL cell viability (n = 3, mean % SD). The cells were treated
with the indicated concentrations of GANT61 for 96 h (d) or with 5 uM of GANT61 for the indicated time periods (e). Cells were maintained
in 1% FCS. (f) GANT61-dependent apoptosis analyzed using Annexin V/7-AAD staining (n = 3, mean =+ SD). **P < 0.01.
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plantation of primary tumor cells derived from an ATL patient.
The lymphoma cells specifically expressed EVC1 (Fig. 4d.e).
Taken together, EVCI1 protein was definitely expressed in
ATL cells.

EVC in HH activation. The EVC family has been implicated
in HH signaling."®' we performed the knockdown of
EVC in TL-Oml and MT-2 cells, which all highly expressed
EVC (Fig. 1g). Specific knockdown was accomplished using
lentivirus harboring specific and previously validated shRNA
against EVC1, EVC2 or GLI transcription factors in the HH
cascade. The gqRT-PCR revealed the knockdown efficiency and
also the HH activity as the RNA levels of PTCHI and GLII
were well-established HH activity markers.®” The EVC deple-
tion resulted in reduction of PTCHI and GLII mRNA levels
(Fig. 5a). Next we established a luciferase reporter containing
7 x sequential GLI-binding sites (Fig. 5b), which strongly
responded against GLI2AN, a constitutive active form of
GLIRW? (Fig. 5¢). As expected, the knockdown of EVCI and
EVC2 represented diminished HH activity in TL-Oml and
MT-2 cells (Fig. 5d,e). In addition, Tax activated the HH sig-
nal in Jurkat cells (Fig. 5f). Knockdown of EVCI cancelled
Tax-directed HH activation, suggesting that Tax affects HH
signaling through, at least partially, EVC induction epigeneti-
cally.

EVC-dependent cell survival in ATL. Aberrant activation of
HH provides cell survival ability in myeloma and lym-
phoma."*!> We found that different shRNA targeting EVC
and GLI caused a progressive depletion of Venus+ cells
(Fig. 6a). Knockdown of EVC1 or EVC2 attenuated ATL cell
proliferation (Fig. S2). The growth defect was associated with
a substantial decrease in the expression of targeted genes
(Fig. 5). We then measured the apoptotic status by staining
Annexin V/7-AAD. Specific analyses within the knocked
down cells were achieved by gating with Venus fluorescence.
At complete growth condition, slight but steady apoptosis was
induced by EVCI knockdown in MT-2 and TL-Oml cells
(data not shown). Furthermore, strong apoptosis was observed
in EVCl-depleted cells at low FCS condition (Fig. 6b). This
cell death appeared to be due to HH inactivation because
GLI1-knocked down cells showed similar results.

Specific killing of ATL cell by GANT61. GANT61 is a cell-per-
meable hexahydropyrimidine compound, which has been
shown to be a well-established inhibitor of GLI-mediated gene
transactivation.®® GANT61 treatment successfully reduced
GLI binding to the target sequence (Fig. 6¢). In that condition,
MT-2 and TL-Oml cells showed remarkable reduction of cell
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Fig. 7. GANT61 treatment reduced cell viabilities
of primary ATL samples. (a) Effect of GANT61 in
primary PBMC samples. The PBMC from healthy
donors (n =7), asymptomatic carriers (n = 3) and
ATL patients (n =5) were exposed in 5uM of
GANT61 for 72 h. Cells were maintained in media
with 1% self-serum. **P < 0.01. (b) GANT61-
dependent apoptosis in ATL samples. The PBMC
from healthy donors (n=4) and ATL patients
(n = 4) were treated with 5uM of GANT61 for
72 h. Graphs show percentiles of apoptotic popula-
tion in CD4+ cells **P < 0.01.

viability by GANTG61 treatment in dose- and time-dependent
manners (Fig. 6d,e), which may be caused by apoptosis
(Fig. 6f).

Finally, we evaluated the pharmacological activity of
GANT6!1 on primary ATL samples. Although GANT61 did
not show a clear effect on PBMC derived from healthy donors
and HTLV-1 carriers, its treatment specifically reduced the
viability of ATL samples significantly (Fig. 7a). Flow cytome-
try demonstrated that GANT61 specifically killed CD4+ leuke-
mic cells from ATL patients via apoptosis induction (Fig. 7b).

Discussion

A large number of efforts have collectively concluded that aber-
rant gene expression patterns contribute to the malignant char-
acteristics in ATL and other neoplastic cells. In the present
study, based on the careful analyses of patient samples, we have
demonstrated that EVC is drastically overexpressed in mRNA
and its protein can be specifically detected in ATL cells in con-
trast to normal CD4+ T-cells. To the best of our knowledge, this
is the first report regarding EVC expression and function in
lymphocytes. The results of the microarray indicate that EVC
expression appears to be induced in accordance with disease
progression. EVC1 protein expression is observed in dysplastic
ATL cells derived from patients and a xenotransplantation
model. Because the EVC family may be membrane-associated
proteins (Fig. 4),%? the present study provides us with the pos-
sibility that EVC expressions might be useful cell markers of
HTLV-1-infected T-cells for future clinical purposes.

The EVC family has been identified initially as the responsi-
ble genes for one morphogenic disorder, Ellis van Creveld syn-
drome; it is also believed to play a role in the determination of
body-axis or morphogenesis bgy usually bearing one step of the
HH signaling pathway.?>'"® Knockout studies have demon-
strated that EVC1 and EVC2 cooperatively act as positive
modulators of the HH pathway in mouse fibroblasts and chon-
drocytes. However, abnormal EVC upregulation has not been
reported in any cancers; whether the HH pathway is sensitive
to cellular dynamism of EVC has not been elucidated as yet.
Herein, we demonstrated that overexpression of EVC can be
linked to HH activity in T cells for the first time. In addition,
several experimental results, including the knockdown assay
and GANT61 treatment, suggest totally that the HH pathway
was activated in ATL, which in turn contributed to ATL cell
survival. Further study will be required for mechanistic
insights on how EVC activates HH in T cells.
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Further investigation uncovered that transcription from the
EVC locus was coordinated by epigenetic alteration. In particu-
lar, the lymphoma-associated H3Ac and H3K4me3 accumula-
tions appeared to dominate EVC upregulation. Direct evidence
from patient samples supported the epigenetic reprogramming,
including previously unappreciated H3K4me3 rearrangements,
conferring robust EVC expression. Interestingly, repressive his-
tone mark H3K27me3 was mutually reduced at the EVC locus
in the ATL samples, suggesting that cooperative regulation in
this bivalent domain may define the EVC expression and pos-
sibly HH activity.

HTLV-1 Tax was involved in the regulation of EVC via epi-
genetic regulation. Nuclear localization-deficient Tax mutant
was unable to induce EVC expression, implying that Tax may
participate directly in determination of chromatin architecture.
Indeed, lentiviral expression of Tax partially increased active
histone modifications, which in turn activated HH signaling.
Previously, we and others have reported that Tax physicall
binds with histone modifying factors, including HDAC,®"
SUV39H1%? and SMYD3.%? Interplay between Tax and epi-
genetic rearrangement may be closely involved in the progres-
sion of HTLV-1-infected cells to leukemic cells. Meanwhile,
other ATL-specific epigenetic events including significant
modifications on histone acetylation, H3K4me3 and H3K27me3
clearly dominate stable EVC expression. The alteration of the
epigenetic landscape by Tax and other molecular mechanisms
such as expression changes of epigenetic modifiers will be
elucidated by comprehensive analysis such as a genome-wide
ChIP analysis.

In the context of molecular targeting, a new possibility for
the HH inhibitor was suggested. Recently, aberrant HH activa-
tion and its contribution to cell survival and the cell cycle have
been reported in various cancer cells."1? In agreement with
other tumors where HH is active, we found that ATL was sensi-
tive against GANT61. This compound can inhibit HH signaling
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by preventing DNA binding of the GLI family and has few
impacts on the viability of healthy CD4+ T cells. We note that
we could not confirm the EVC-directed upregulation of com-
mon HH target genes such as Cyclin DI and Bcl-2 in ATL
models (data not shown). Given that the HH pathway regulates
transcription of many genes important for cell fate and many
inhibitors against HH cascade have been developed,"® our
findings suggest that pharmacological drugs that can inhibit
the HH pathway may be feasible for ATL treatment. Identifica-
tion of ATL-specific HH target genes will help understanding
of the HH roles in survival capability.

In summary, we have identified EVC overexpression as a
specific character of ATL and HTLV-1-infected T cells. We
have demonstrated the molecular mechanism that overexpres-
sed EVC1 contributes to ATL cell survival. Considering aber-
rant gene expression associated with cancers, the emerging
relationship between epigenetic regulation and the HH pathway
provides us with conceptual advance in understanding the
broad-acting oncogenic signaling.
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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 bea
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.

Conclusion: The CADM1 versus CD7 plot accurately reflects disease progression in HTLV-I infection, and
CADM1* 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-]) 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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(indolent ATLs and HTLV-I asymptomatic carriers; AC)
revealed that HTLV-I-infected and clonally expanded cells
were purified similarly and that the subpopulations with
downregulated CD7 grew concomitantly with the progres-
sion of HTLV-I infection (15). Although this type of flow-
cytometric analysis was shown to be a useful tool, a sub-
stantial subpopulation of T cells shows downregulated
expression of CD7 under physiologic (16, 17) and certain
pathologic conditions, including autoimmune disorders,
viral infection, and hematopoietic stem cell transplantation
(18-23).

Recently, Sasaki and colleagues reported ectopic over-
expression of the cell adhesion molecule 1/tumor sup-
pressor inlung cancer 1 (CADM1/TSLC1) gene in primary
acute-type ATL cells based on expression profile analysis
(24, 25). CADM1 (/TSLC1) is a cell-adhesion molecule
that was originally identified as a tumor suppressor in
lung cancers (25, 26). In addition, numbers of CD4™
CADM1™ cells have been found to be significantly cor-
related with the proviral load (PVL) in both ATLs and
HTLV-I asymptomatic carriers (25, 27). Thus, CADM1 isa
good candidate marker of HTLV-I-infected cells. In the
present study, we incorporated CADM1 into our flow-
cytometric analysis. In the CADM1 versus CD7 plot of
CDA4% cells, HTLV-I-infected and clonally expanded cells
were efficiently enriched in the CADM1* subpopulations
regardless of disease status. In these cells, stepwise CD7
downregulation (from dimly positive to negative)
occurred with disease progression. The proportion of the
three subpopulations observed in this plot [P,

CADM1negative(neg)CD7positive(pos); D, CADMlposCD7dim;
and N, CADM1P°® CD7"%8] accurately reflected the disease
status in HTLV-I infection. The analysis of comprehensive
gene expression in each subpopulation revealed that the
expression profile of CADM1™" subpopulations in indo-
lent ATLs showed similarities with that in asymptomatic
carriers with high PVL; yet, it was distinct from that in
aggressive ATLs. These D and N subpopulations were
indicative of HTLV:I-infected cells in the intermediate
stage of ATL development.

Materials and Methods

Cell lines and patient samples

TL-Om1, an HTLV-I-infected cell line (28), was pro-
vided by Dr. Sugamura (Tohoku University, Sendai,
Japan). The MT-2 cell line was a gift from Dr. Miyoshi
(Kochi University, Kochi, Japan) and ST-1 was from Dr.
Nagai (Nagasaki University, Nagasaki, Japan). Peripheral
blood samples were collected from in-patients and out-
patients at our hospital, as described in our previous
reports (14, 15). As shown in Supplementary Table S1,
26 cases were analyzed (10 cases of asymptomatic carrier;
5 cases of smoldering-type; 6 cases of chronic-type; and 5
cases of acute-type). All patients with ATL were catego-
rized into clinical subtypes according to Shimoyama'’s
criteria (12, 29). Patients with various complications,
such as autoimmune disorders and systemic infections,
were excluded. Lymphoma-type patients were also
excluded because ATL cells are not considered to exist in
the peripheral blood of this clinical subtype. Samples
collected from six healthy volunteers (mean age 48.8
years; range 34-66 years) were used as normal controls.
The present study was approved by the Institutional
Review Board of our institute (the University of Tokyo,
Tokyo, Japan). Written informed consent was obtained
from all patients and healthy volunteers.

Flow cytometry and cell sorting

Peripheral blood mononuclear cells (PBMC) were iso-
lated from whole blood by density gradient centrifugation,
as described previously (14). An unlabeled CADM1 anti-
body (clone 3E1) and an isotype control chicken immu-
noglobulin Y (IgY) antibody were purchased from MBL.
These were biotinylated (primary amine biotinylation)
using biotin N-hydroxysuccinimide ester (Sigma-Aldrich).
Pacific Orange-conjugated anti-CD14 antibody was pur-
chased from Caltag-Invitrogen. All other antibodies were
obtained from BioLegend. Cells were stained using a com-
bination of biotin-CADM1, allophycocyanin (APC)-CD?7,
APC-Cy7-CD3, Pacific Blue-CD4, and Pacific Orange-
CD14. After washing, phycoerythrin-conjugated streptavi-
din was applied. Propidium iodide (Sigma-Aldrich) was
added to the samples to stain dead cells immediately before
flow cytometry. A FACSAria instrument (BD Immunocyto-
metry Systems) was used for all multicolor flow cytometry
and fluorescence-activated cell sorting (FACS). Data were
analyzed using FlowJo software (TreeStar). The gating
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procedure for a representative case is shown in Supplemen-
tary Fig. S1.

Quantification of HTLV-I proviral load by real-time
quantitative PCR

PVL in FACS-sorted PBMCs was quantified by real-time
quantitative PCR (TagMan method) using the ABI Prism
7000 sequence detection system (Applied Biosystems), as
described previously (14, 30).

Evaluation of HTLV-1 HBZ gene amplification by
semiquantitative PCR

HTLV-1 HBZ gene amplification was performed as
described previously (25). Briefly, the 25-ul. PCR mixture
consisted of 20 pmol of each primer, 2.0 ul of mixed
deoxynucleotide triphosphates (2.5 mmol/L each), 2.5 pL
of 10x PCR buffer, 1.5 uL of MgCl, (25 mmol/L), 0.1 pL of
AmpliTaq Gold DNA Polymerase (Applied Biosystems),
and 20 ng of DNA extracted from cell lines and clinical
samples. The PCR consisted of initial denaturation at 94°C
for 9 minutes, 30 cycles of 94°C for 30 seconds, 57°C for 30
seconds, and 72°C for 45 seconds, followed by 72°C for 5
minutes. The B-actin gene (ACTB) was used as an internal
reference control. The primer sequences used were as fol-
lows: HBZ forward, 5-CGCTGCCGATCACGATG-3’; HBZ
reverse, 5-GGAGGAATTGGTGGACG-3'; ACTB forward, 5'-
CGTGCTCAGGGCTITCIT-3'; and ACTB reverse, 5'-TGAA-
GGTCTCAAACATGATCTG-3’. Amplification with these
pairs of oligonucleotides yielded 177-bp HBZ and 731-bp
B-actin fragments.

FISH for quantification of HTLV-I-infected cells

FISH analysis was performed to detect HTLV-I proviral
DNA in mononuclear cells that had been FACS-sorted on
the basis of the CADM1 versus CD7 plot. These samples
were sent to a commercial laboratory (Chromosome
Science Labo Inc.), where FISH analysis was performed.
Briefly, pUC/HTLV-l plasmid containing the whole-
HTLV-I genome was labeled with digoxigenin by the nick
translation method, and was then used as a FISH probe.
Pretreatment, hybridization, and washing were per-
formed according to standard laboratory protocols. To
remove fluorochrome-labeled antibodies attached to the
cell surface, pretreatment consisted of treatment with
0.005% pepsin and 0.1 N HCl. The FISH probe was
detected with Cy3-labeled anti-digoxigenin antibody.
Cells were counterstained with 4', 6 diamidino-2-pheny-
lindole. The results were visualized using a DMRA2 con-
ventional fluorescence microscope (Leica) and photo-
graphed using a Leica CW4000 cytogenetics workstation.
Hybridization signals were evaluated in approximately
100 nuclei.

Inverse long PCR to assess the clonality of HTLV-I-
infected cells

For clonality analysis, inverse long PCR was performed as
described previously (14). First, 1 ug genomic DNA
extracted from the FACS-sorted cells was digested with PstI

or EcoRI at 37°C overnight. RNase A (Qiagen) was added to
remove residual RNA completely. DNA fragments were
purified using a QIAEX2 Gel Extraction Kit (Qiagen). The
purified DNA was self-ligated with T4 DNA ligase (Takara
Bio) at 16°C overnight. After ligation of the EcoRI-digested
samples, the ligated DNA was further digested with Mlul,
which cuts the pX region of the HTLV-I genome and pre-
vents amplification of the viral genome. Inverse long PCR
was performed using Tks Gflex DNA Polymerase (Takara
Bio). For the Pstl-treated group, the forward primer was 5'-
CAGCCCATTCTATAGCACTCTCCAGGAGAG-3’ and the
reverse primer was 5'-CAGTCTCCAAACACGTAGACTGGG-
TATCCG-3'. For the EcoRl-treated template, the forward
primer was 5-TGCCTGACCCTGCITGCTCAACTCTACG-
TCTTTG-3' and the reverse primer was 5'-AGTCTGGGCC-
CTGACCTTTTCAGACITCTGTITC-3'. Processed genomic
DNA (50 ng) was used as a template. The reaction mixture
was subjected to 35 cycles of denaturation (94°C, 30 sec-
onds) and annealing plus extension (68°C, 8 minutes).
Following PCR, the products were subjected to electropho-
resis on 0.8% agarose gels. Fourteen patient samples were
analyzed. For samples from which a sufficient amount of
DNA was extracted, PCR was generally performed in
duplicate.

Gene expression microarray analysis of each
subpopulation in the CADM1 versus CD7 plot

Total RNA was extracted from each subpopulation in the
CADM1 versus CD7 plot using TRIzol (Invitrogen) accord-
ing to the manufacturer’s protocol. Details of the clinical
samples used for microarray analyses are shown in Supple-
mentary Table S1. Treatment with DNase I (Takara Bio) was
conducted to eliminate genomic DNA contamination. The
quality of the extracted RNA was assessed using a BioAna-
lyzer 2000 system (Agilent Technologies). The RNA was
then Cy3-labeled using a Low Input Quick Amp Labeling Kit
(Agilent Technologies). Labeled cRNA samples were
hybridized to 44K Whole Human Genome Oligonucleotide
Microarrays (Agilent Technologies) at 65°C for 17 hours.
After hybridization, the microarrays were washed and
scanned with a Scanner C (Agilent Technologies). Signal
intensities were evaluated by Feature Extraction 10.7 soft-
ware and then analyzed using Gene Spring 12.0 software
(Agilent Technologies). Unsupervised two-dimensional
hierarchical clustering analysis (Pearson correlation) was
performed on 10,278 genes selected by one-way ANOVA (P
< 0.05). The dataset for these DNA microarrays has been
deposited in Gene Expression Omnibus (accession number
GSE55851).

Expression analysis of miR-31 and Helios transcript
variants of each subpopulation in the CADM1 versus
CD7 plot :

The expression levels of the microRNA miR-31 were
quantified using a TagMan-based MicroRNA Assay
(Applied Biosystems), as described previously (31), and
normalized to RNU48 expression level. Helios mRNA tran-
script variants were examined using reverse transcription
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PCR (RT-PCR) with Platinum Tag DNA Polymerase High
Fidelity (Invitrogen), as described previously (32). To
detect and distinguish alternative splicing variants, PCR
analyses were performed with sense and antisense primer
sets specific for the first and final exons of the Helios
gene. The PCR products were then sequenced to deter-
mine the exact type of transcript variant. A mixture of
Hel-1, Hel-2, Hel-5, and Hel-6 ¢DNA fragments was used
as a "Helios standard" in the electrophoresis of RT-PCR
samples.

Resulis

CADM1 expression based on the CD3 versus CD7 plot
in CD4" cells in primary HTLV-l-infected blood
samples

The clinical profiles of the 32 cases analyzed are shown in
Supplementary Table S1. We first examined CADM1 expres-
sion in each subpopulation (H, I, and L) of the CD3 versus
CD7 plot. Representative data (for a case of smoldering
ATL) are shown in Fig. 1A. The results demonstrate that
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CADM]1 was expressed almost exclusively in the I and L
subpopulations. Drawing a CADM1 versus CD7 plot for
CD4™" cells revealed three distinct subpopulations (P,
CADM1™ECD7P°5; D, CADMIP*CD7%™ and N,
CADM1P®® CD7"%8). As shown in Fig. 1B, the P, D, and
N subpopulations corresponded to the H, I, and L subpo-
pulations in the CD3 versus CD7 plot. In the previous CD3
versus CD7 plot, the lower case (AC no. 2) showed three
distinct subpopulations. However, in the upper case (smol-
dering no. 12}, the H and I subpopulations substantially
intermingled with each other and were not clearly separat-
ed. In contrast, the CADM1 versus CD7 plot clearly revealed
three distinct subpopulations in both cases.

HTLV-I-infected cells are highly enriched in CADM1™
subpopulations

On the basis of previous reports (25, 27), we expected
HTLV-I-infected cells to be enriched in the CADM1™
subpopulations in our analysis. Figure 2A shows the PVL
measurements of the three subpopulations in the CADM1
versus CD7 plot for three representative cases. HTLV-I-
infected cells were highly enriched in the CADM1™ sub-
populations (D and N). The PVL data indicate that most of
the cells in the D and N subpopulations were HTLV-I
infected. Figure 2B shows the results of semiquantitative
PCR of the HBZ gene in representative cases. In the D and
N subpopulations, the HBZ gene was amplified to the
same degree as in the HTLV-I-positive cell line. To confirm
these results, FISH was performed in one asymptomatic
carrier. As shown in Supplementary Fig. S2, HTLV-I-
infected cells were highly enriched in the D and N sub-
populations, which supports the results of the PVL anal-
ysis and semiquantitative PCR of the HBZ gene. In the
FISH analysis, percentages of HTLV-I-infected cells in D
and N did not reach 100%. This may have been due to a
technical issue. Because the cells subjected to FISH analysis
were sorted by FACS, several fluorochrome-conjugated

antibodies may have remained on their surfaces, even
after treatment with protease.

The CADM1 versus CD7 plot accurately reflects disease
progression in HTLV-I infection

Compared with the CD3 versus CD7 plot, the CADM1
versus CD7 plot was revealed to be clear in its distinction of
the three subpopulations and efficient in enrichment of
HTLV-I-infected cells. On the basis of these findings, we
analyzed clinical samples of asymptomatic carriers and
three clinical subtypes of ATL: the smoldering, chronic, and
acute subtypes. Data for representative cases, presented
in Fig. 3A, suggest that the continual changes in the propor-
tions of the three subpopulations are associated with dis-
ease progression. In the CADM1 versus CD7 plot, normal
control samples showed a P-dominant pattern. With pro-
gression of the disease from the asymptomatic carrier state
with alow PVL to that with a high PVL, and to indolent-type
ATL, the D and N subpopulations increased gradually. As
the disease further progressed to acute-type ATL, the N
subpopulation showed remarkable expansion. Data for all
analyzed samples are presented in Fig. 3B. The results
suggest that the CADM1 versus CD7 plot of peripheral
blood samples represents progression of the disease in
HTLV-I carriers. Data for the normal control cases analyzed
are shown in Supplementary Fig. S3. In all normal controls,
the percentages of the D and N subpopulations were low.
Supplementary Fig. S4 shows temporal data for a patient
with chronic-type ATL who progressed from stable disease
to arelatively progressive state and the concomitant change
in the flow cytometry profile.

Clonality analysis of the three subpopulations in the
CADM1 versus CD7 plot

To characterize the three subpopulations further, the
clonal composition of each subpopulation was analyzed
by inverse long PCR, which amplifies part of the provirus
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Figure 3. Proportion of each subpopulation in the CADM1 versus CD7
plots for asymptomatic HTLV-I carriers (asymptomatic carriers) and ATLs
of various clinical subtypes. A, data of representative cases are shown. B,
atwo-dimensional plot of all analyzed samples showing the percentages
of the D and N subpopulations.

long terminal repeat and the flanking genomic sequence
of the integration sites. Cells in each subpopulation were
sorted by FACS, and subjected to inverse long PCR anal-
ysis. Representative results for smoldering-, chronic-, and
acute-type ATL samples are presented in Fig. 4A. Major
clones, indicated by intense bands, were detected in the D
and N subpopulations. The major clones in the D and N
subpopulations in each case were considered to be the
same based on the sizes of the amplified bands, suggest-
ing that clonal evolution is accompanied by downregula-
tion of CD7 expression. Fig. 4B shows representative
results for three cases of asymptomatic carrier. In all cases,
weak bands in the P subpopulation were visible, indicat-
ing that this population contains only minor clones. In
these asymptomatic carriers, the proportion of abnormal
lymphocytes and PVL increases from left to right. The
consistent increase in the D and N subpopulations,
together with growth of major clones as shown in the
inverse PCR analysis, were considered to reflect these
clinical data.

Gene expression profiling of the three subpopulations
in the CADM1 versus CD7 plot

To determine the molecular basis for the biologic
differences among the three subpopulations in the
CADM1 versus CD7 plot, we next characterized the
gene-expression profiles of the subpopulations of the
following clinical subgroups: asymptomatic carriers
(n = 2), smoldering-type ATLs (n = 2), chronic-type ATL
(n = 1), acute-type ATLs (n = 3), and normal controls
(n = 3). The two asymptomatic carriers (nos. 5 and 9) had
high PVLs (11.6 and 26.2%, respectively) and relatively
high proportions of D and N subpopulations (Supple-
mentary Table S1). Unsupervised hierarchical clustering
analysis of the results revealed three clusters (A, B1, and
B2) or two major clusters A and B, where A is composed
solely of the samples of the acute-type N subpopulation
and B is subdivided into two clusters (B1 and B2; Fig. 5A).
The B2 cluster is composed of the P subpopulation of all
clinical subtypes and of normal controls, whereas the B1
cluster is composed of the D and N subpopulations of
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Figure 4. Clonality of subpopulations in the CADM1 versus CD7 plot
analyzed by inverse long PCR. FACS-sorted cells (P, D, and N) were
subjected to inverse long PCR. The black bar indicates duplicate data.
Flow-cytometric profiles and clinical data are also presented. A,
representative cases of smoldering-, chronic-, and acute-type ATL
are shown. B, representative cases of asymptomatic carriers are
shown.
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Figure 5. Comprehensive gene expression analysis of the three subpopulations in the CADM1 versus CD7 plot. A, we conducted an unsupervised hierarchical
clustering analysis of 10,278 genes whose expression levels were significantly changed in the P subpopulation of normal controls (n = 3); P, D, and
N subpopulations of asymptomatic carriers and indolent ATLs (n = 5); and N subpopulation of acute-ATLs (n = 3; one-way ANOVA, P < 0.05). The P and D
subpopulations of acute ATLs and D and N subpopulations of normai controls could not be analyzed because of insufficient numbers of cells. Clustering
resulted in three major clusters: (i) P subpopulations of normal controls (gray) and asymptomatic carriers/indolent ATLs (green); (i) D and N subpopulations of
asymptomatic carriers/indolent ATLs (blue and brown, respectively); and (i) N subpopulations of acute ATLs (red). These results indicate that the
P subpopulations of asymptomatic carriers/indolent ATLs have characteristics similar to those of normal uninfected cells, whereas the D and N
subpopulations of asymptomatic carriers/indolent ATLs have genetic lesions in common. The N subpopulations of acute ATLs are grouped in an independent
cluster, meaning that these malignant cell populations have a significantly different gene expression profile, even compared with the N subpopulations of
indolent ATLs. B, similarity between asymptomatic carriers and indolent ATLs. The Venn diagrams show that 92.1% and 92.2% of genes upregulated in the
D and N subpopulations, respectively, compared with "Normal-P" (P < 0.05), were common to asymptomatic carriers (n = 2) and indolent ATLs (n = 3). C,
similarity between the D and N subpopulations. The Venn diagram shows that 89% of genes upregulated in the D and N subpopulation, compared with
"Normal-P (P < 0.05), overlapped. D, comparison of the N subgroups between acute-ATLs (n = 3) and asymptomatic carriers/indolent ATLs (n = 5). As shown in
the Venn diagram, 67.2% of genes were upregulated (P < 0.05) in the N subpopulations of both acute ATLs and asymptomatic carrier/indolent ATLs. However,
a significant number of genes (20.9%) were upregulated only in the N subpopulation of acute ATLs.

asymptomatic carriers and indolent ATLs (smoldering-
and chronic-type).

acute-type ATL and that of indolent ATLs and asymptom-
atic carriers, although approximately 70% were common

Figure 5B shows a Venn diagram of the upregulated
genes in the D subpopulation (left} or the N subpopu-
lation (right) common to asymptomatic carriers (n = 2)
and indolent ATLs (n = 3). These diagrams demonstrate
that the changes in the gene expression profiles of the D
and N subpopulations of asymptomatic carriers were
similar to those of indolent ATLs. Furthermore, the gene
expression profiles of the D and N subpopulations of
asymptomatic carriers and indolent ATLs were similar
(Fig. 5C). In contrast, the upregulated genes showed
distinct differences between the N subpopulation of

to both (Fig. 5D).

Expression of a tumor suppressor microRNA and
splicing abnormalities of Tkaros family genes in the
three subpopulations

To determine whether the novel subpopulations iden-
tified had other properties in common with ATL cells, we
examined miR-31 levels and Helios mRNA patterns in
sorted subpopulations (31, 32). Expression of miR-31
decreased drastically in the D subpopulation derived
from indolent ATLs and asymptomatic carriers, and was
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even lower in the N subpopulation derived from asymp-
tomatic carriers and indolent/acute ATLs (Fig. 6A). In
addition, examination of Helios mRNA transcript variants
revealed that expression levels of Hel-2, which lacks part
of exon 3, were upregulated in the D and N subpopula-
tions of asymptomatic carriers and indolent ATLs, and it
was dominantly expressed in the N subpopulation of
acute ATLs (Fig. 6B).

Supplementary Fig. S5 presents a summary of this study.
The representative flow-cytometric profile shows how the
CADM1 versus CD7 plot reflects disease progression in
HTLV-I infection. The plot together with the gene expres-
sion profiles clearly distinguished the subpopulations of
distinct oncogenic stages. The groups classified according to
gene expression profile are shown as blue, yellow, and red
and are superimposed on the CADMI versus CD7 plot.
Collectively, our data suggest that CADM1 expression and
stepwise downregulation of CD7 were closely associated

with clonal expansion of HTLV-I-infected cells in ATL
progression.

Discussion

We showed that the CADM1 versus CD7 plot is capable
of discriminating clonally expanding HTLV-I-infected
cells in indolent ATLs and even in asymptomatic carriers,
as well as in acute-type ATLs. Our analysis demonstrated
efficient enrichment of HTLV-I-infected cells in the
CADM™ subpopulations (D and N in the CADM1 vs.
CD7 plot), based on the results of real-time PCR (PVL
analysis), semiquantitative PCR analysis of the HBZ gene,
and FISH analysis (Fig. 2 and Supplementary Fig. S2).
Furthermore, the CADM1 versus CD7 plot was shown to
discriminate the three subpopulations more clearly than
the CD3 versus CD7 plot (Fig. 1). Clonality analysis of
ATLs and asymptomatic carriers (Fig. 4A and B) revealed
that CADM1" subpopulations (D and N) contained

A

0.1
0.01
2.001

6.0001

miR-31/RNU4S
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0.000001

Figure 8. Gene expression pattern
in the CADM1/CD7 subpopulation.
A, miR-31 expression levels
quantified by TagMan-based real-
time PCR. Total RNAs derived from
each subpopulation were isolated
and analyzed by RT-real-time PCR.
RNU48 levels were also measured
as an internal normalizer.
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clonally expanded HTLV-I~infected cells, whereas cells in
the P subpopulation (CADM17) did not show clonal
expansion in this analysis. Current molecular analyses
of ATL cells have been limited to HTLV-I-infected cell
lines and primary cells from acute/lymphoma type ATL,
because in these cases, the predominant expanding clones
are readily available with relatively high purity. However,
the separation of clonally expanding ATL cells from
indolent ATLs and asymptomatic carriers has not yet been
achieved. The CADM1 versus CD7 plot from FACS allows
efficient purification of such clones in vitro.

In an unsupervised clustering analysis of the gene expres-
sion data, the D and N subpopulations of asymptomatic
carriers/indolent ATLs were grouped together, suggesting
that the biologic characteristics of these subpopulations are
similar (Fig. 5A and B) but distinct from the N subpopu-
lation of acute-type ATLs (Fig. 5D). These results support the
notion that in indolent ATLs and even in asymptomatic
carriers, the D and N subpopulations are clonally expanding
cells representing the intermediate oncogenic stage.
Although the D and N subpopulations have similar gene
expression profiles (Fig. 5C), there are potentially important
differences distinguishing these subpopulations, according
to the apparent decrease in the D subpopulation and
increase in the N subpopulation that were observed as the
disease progressed from indolent to acute-type ATL (Fig. 3).
Detailed analysis of the genomic and epigenomic differ-
ences between these two subpopulations will provide us
with information about the genomic and epigenomic
lesions that are involved in disease progression. Another
important finding is that the expression profiles of cells in
the N subpopulation of indolent and acute-type ATLs
showed significant differences, even though the majority
of the genes were common to both groups (Fig. 5D).
Characterization of the genes that show distinct expression
patterns will reveal the molecular events that contribute to
the progression from indolent to aggressive ATLs.

To address whether the emerging molecular hallmark of
ATL was conserved in the novel subpopulations identified,
we examined the miR-31 level and Helios mRNA pattern in
sorted subpopulations (Fig. 6). Through integrative analy-
ses of ATL cells, we recently showed that the expression of
miR-31, which negatively regulates noncanonical NF-xB
signaling by targeting NIK, is genetically and epigenetically
suppressed in ATL cells, leading to persistent NF-xB activa-
tion, and is thus inversely correlated with the malignancy of
the cells (31). The miR-31 levels in the P subpopulations in
asymptomatic carriers and indolent ATLs were as high as
those in normal P subpopulations, PBMCs, and resting T
cells, whereas those in the D subpopulations decreased
significantly and those in the N subpopulations were as

low as in acute-type N subpopulations (Fig. 6A). Previously,

we also identified ATL-specific aberrant splicing of Helios
mRNA and demonstrated its functional involvementin ATL
(32). Asshown in Fig. 6B, the Hel-2 type variant, which lacks
part of exon 3 and thus lacks one of the four DNA-binding
zinc-finger domains, accumulated in the D and N subpo-
pulations of asymptomatic carriers and indolent ATLs, and

was dominantly expressed in the N subpopulation of acute-
type ATLs. Collectively, the molecular abnormality of ATL
cells became evident in the gradual progression from P to D
to N, even in asymptomatic carriers, strongly supporting the
notion that the CADM1/CD7 expression pattern correlates
with the multistep oncogenesis of ATL.

One of the more remarkable findings in the expression
profile analysis was that the D and N subpopulations of
asymptomatic carriers clustered within the same group as
those of the indolent ATL cases (Fig. 5A and B). The
asymptomatic carriers used in this analysis had high PVLs
and relatively high proportions of the D and N subpopula-
tions (Supplementary Table S1). In addition, mono- or
oligoclonal expansion of the HTLV-I-infected cells was
demonstrated in these cases. HTLV-I-infected cells in the
D and N subpopulations of these asymptomatic carriers
comprise clonally expanding cells that are potentially at the
premalignant and intermediate stages according to their
clonality, comprehensive gene expression profile, miR31
expression, and aberrant RNA splicing, all indicating that
they can be categorized as asymptomatic carriers with high
risk of developing into ATL, requiring careful follow-up
(15, 30, 33, 34). Our flow-cytometric analysis of PBMCs
from asymptomatic carriers using the CADM1 versus CD7
plot may provide a powerful tool for identifying high-risk
asymptomatic carriers. Certain indolent ATL cases are dif-
ficult to distinguish from asymptomatic carriers, according
to Shimoyama'’s criteria based on the morphologic char-
acteristics determined by microscopic examination. Char-
acterization of peripheral blood T cells by the CADM1
versus CD7 plot may provide useful information for clinical
diagnosis.

According to Masuda and colleagues, manipulation of
CADM]1 gene expression in leukemic cell lines suggested
that CADM1 expression confers upon ATL cells tissue inva-
siveness and a growth advantage (35). The mechanism by
which HTLV-I infection regulates CADM1 expression and
the significance of CADM1 expression in ATL oncogenesis
will require clarification by future studies.

Finally, as summarized in Supplementary Fig. S5, we
demonstrated that (1) HTLV-I-infected and clonally
expanded cells are efficiently enriched in CADM1™* subpo-
pulations; (2) the proportions of the three subpopulations
in the CADM1 versus CD7 plot, discriminated by CADM1
expression and stepwise downregulation of CD7, accurately
reflect the disease stage in HTLV-I infection; and (3) the
CADM1+CD74™/7 subpopulations are at the intermedi-
ate stage of ATL progression and can be identified even in
asymptomatic carriers. These findings will help to elucidate
the molecular events involved in multistep oncogenesis of
ATL.
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We previously reported that the cell adhesion molecule 1 (CADM1) versus CD7
plot in flow cytometry reflects disease progression in human T-cell leukemia virus
type 1 (HTLV-1) infection. In CD4* cells from peripheral blood, CADM1-CD7* (P),
CADM1*CD74™ (D) and CADM1*CD7~ (N) subpopulations are observed. The D
and N subpopulations increase as asymptomatic HTLV-1 carriers (AC) progress to
indolent adult T-cell leukemia-lymphoma (ATL) and the N subpopulation then
expands in aggressive ATL. In the present study we examined whether the analy-
sis can estimate the risk of developing ATL in advanced AC. Peripheral blood
samples from AC (N = 41) and indolent ATL patients (N = 19) were analyzed by
flow cytometry using the CADM1 versus CD7 plot for CD4* cells and inverse long
PCR (clonality analysis) of FACS-sorted subpopulations. Almost all AC with a high
HTLV-1 proviral load (>4 copies/100 cells) had a CADM1* (D + N) frequency of
>10%. AC with 25% < CADM1* < 50% contained expanded clones similar to
smoldering-type ATL. In many patients in the 25% < CADM1* < 50% group, the
proportion of abnormal lymphocytes was distributed around the 5% line, which
divides AC and smoldering-type ATL in Shimoyama’s classification. In conclusion,
the CADM1 versus CD7 plot is useful for selection of putative high-risk AC. The
characteristics of some AC and smoldering ATL are said to be similar; however,
long-term follow up is required and the clinical outcome (e.g. rate of transforma-
tion) of these cases should be used to determine whether to include them in the

same clinical category.

H uman T-cell leukemia virus type 1 (HTLV-1) is a human
retrovirus that causes HTLV-1-associated diseases such
as adult T-cell leukemia-lymphoma (ATL, a neoplastic disease
of CD4" T cells), HTLV-1l-associated myelopathy/tropical
spastic paraparesis (HAM, a chronic inflammatory disease of
the central nervous system) and HTLV-1 uveitis (HU, a sub-
acute inflammatory disease of the uvea).’ A recent report
estimated that 5-10 million people are HTLV-1-infected
worldwide.® In Japan, the estimated lifetime risk of develop-
ing ATL in HTLV-1 asymptomatic carriers (AC) is 6-7% for
males and 2-3% for females.®™"

We recently developed a flow cytometry-based method that
enables HTLV-1-infected and clonally expanding cells to be
puriﬁed.(s’lo) In the cell adhesion molecule 1 (CADM1) versus
CD7 plot for CD4* cells in peripheral blood mononuclear
cells (PBMC) from HTLV-1-infected patients, three subpopula-
tions (P, CADM1~CD7*; D, CADMI*CD7%™, and N,
CADM1*CD7"7) are consistently observed.'? HTLV-1-infected
cell clones are enriched in the CADM1* subpopulations (D and
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N). In the early stage of ATL development (from AC to indo-
lent ATL), the D and N subpopulations increase concomitantly
with clonal growth of these subpopulations. In the late stage
(from indolent ATL to aggressive ATL), the N subpopulation
expands, indicating loss of CD7 in the CADMI1* subpopula-
tions. Therefore, the CADMI versus CD7 profile enables objec-
tive evaluation of HTLV-1 disease progression regardless of the
disease stage in HTL V-1 infection.

Factors associated with development of ATL have been
reported to include HTLV-1 infection through breastfeeding,
advanced age and family history of ATL.”"'V A recent epide-
miological study in Japan revealed that AC with a high provi-
ral load (PVL, more than four copies per 100 PBMC) are at
high risk of developing ATL."® Other definitive risk factors
for the development of ATL have not been determined.

In this study we propose that our flow cytometry (CADMI1
versus CD7 plot) will help to identify high-risk AC. The
flow cytometric profiles of AC varied widely, with some AC
having increased CADM1" subpopulations to the same degree
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as indolent ATL. These AC were indistinct from early-stage
indolent ATL based on the CADM1 versus CD7 profile, clo-
nality analysis and clinical data (PVL and percentage of abnor-
mal lymphocytes). Our flow cytometric analysis revealed that
some AC and smoldering ATL have similar characteristics,
indicating the need for careful clinical follow up of these cases
and that flow cytometry can be used to identify putative high-
risk AC.

Materials and Methods

Cell lines and patient samples. TL-Om1, an HTLV-1-infected
cell line, was provided by Dr Sugamura (Tohoku University,
Sendai, Japan). Peripheral blood samples were collected from
inpatients and outpatients at our hospital from June 2011 to
September 2014, as described in our previous reports.®'? As
shown in Table 1, 60 cases were analyzed (41 AC; 9 cases of
smoldering-type ATL; 10 cases of chronic-type ATL). All
patients with ATL were categorized into clinical subtypes
according to Shimoyama’s criteria.">'* Patients with various
complications, such as autoimmune disorders and systemic
infections, were excluded. The present study was approved by
the Institutional Review Board of our institute (University of
Tokyo). Written informed consent was obtained from all
patients.

Flow cytometry and cell sorting. Peripheral blood mononu-
clear cells were isolated from whole blood by density gradient
centrifugation, as described previously.® An unlabeled
CADMI1 antibody (clone 3E1) and an isotype control chicken
IgY antibody were purchased from MBL (Nagoya, Japan).
These were biotinylated (by primary amine biotinylation) using
biotin N-hydroxysuccinimide ester (Sigma Aldrich, St. Louis,
MO, USA). A Pacific Orange-conjugated anti-CD14 antibody
was purchased from Life Technologies (Carlsbad, CA, USA).
All other antibodies were obtained from BioLegend (San
Diego, CA, USA). Cells were stained using a combination of
biotin-CADM1, allophycocyanin (APC)-CD7, APC-Cy7-CD3,
Pacific Blue-CD4 and Pacific Orange-CD14. After washing,
phycoerythrin (PE)-conjugated streptavidin was applied. Propi-
dium iodide (PI [Sigma Aldrich]) was added to the samples to
stain dead cells immediately before flow cytometry. A
FACSAria instrument (BD Immunocytometry Systems, San
Jose, CA, USA) was used for all multicolor flow cytometry
and fluorescence-activated cell sorting (FACS). Data were ana-
lyzed using the FlowJo software (TreeStar, San Carlos, CA,
USA). The gating procedure was as described previously.(m)
Briefly, PI" cells and then CD14™ cells were gated out. Next, a
CADMI1 versus CD7 plot for CD4" cells was constructed
(Fig. 1a).

Quantification of human T-cell leukemia virus type 1 proviral
load by real-time quantitative PCR. Proviral load in FACS-
sorted PBMC was quantified by real-time quantitative PCR
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(TagMan method) using the ABI Prism 7000 sequence detec-
tion system (Applied Biosystems, Foster City, CA, USA), as
described previously.®!?

Inverse long PCR to assess the clonality of human T-cell leuke-
mia virus type 1-infected cells. For clonality analysis, inverse
long PCR was performed as described previously.¢ ) First, 1 ne
of genomic DNA extracted from FACS-sorted cells was digested
with Pstl at 37°C overnight. RNase A (Qiagen, Hilden, Ger-
many) was added to remove residual RNA completely. DNA
fragments were purified using a QIAEX?2 gel extraction kit (Qia-
gen). The purified DNA was self-ligated with T4 DNA ligase
(Takara Bio, Otsu, Japan) at 16°C overnight. Inverse long PCR
was performed using Tks Gflex DNA Polymerase (Takara Bio).
The forward primer was 5-CAGCCCATTCTATAGCACTCT
CCAGGAGAG-3' and the reverse primer was 5'-CAGTCTCC
AAACACGTAGACTGGGTATCCG-3'. Processed genomic
DNA (50 ng) was used as the template. The reaction mixture
was subjected to 35 cycles of denaturation (94°C, 30 s) and
annealing plus extension (68°C, 8 min). The PCR products were
subjected to electrophoresis on 0.8% agarose gels. For samples
from which a sufficient amount of DNA was extracted, PCR was
generally performed in duplicate.

Statistical analyses. Statistical comparisons were performed
by Kruskal-Wallis non-parametric anova and Dunn’s proce-
dure for pairwise comparisons using GraphPad Prism version
5.0a (GraphPad Software, San Diego, CA, USA). P <0.05
was taken to indicate statistical significance.

Results

Asymptomatic carriers with high proviral load have increased
CADM1* subpopulations. Because high PVL (more than four
copies per 100 PBMC) is one of the major risk factors for AC
to develop ATL,"? we first analyzed the relationship between
the CADMI1 versus CD7 profile and PVL. A representative
CADMI1 versus CD7 profile is shown in Figure 1(a). As shown
in Figure 1(b), almost all AC with high PVL had CADM1*
(D + N) subpopulations of >10% (24 of 25 cases). Conversely,
AC with a CADM1" population of <10% predominate in those
with a PVL of fewer than four copies per 100 PBMC (15 of 16
cases). In this study, CADMI1" (%) indicates the proportion of
CD4" cells that were CADM1* unless otherwise stated. PVL
indicates the number of HTLV-1 copies/100 PBMC (HTLV-1-
infected T cells generally contain a single integrated provi-
rus)."> To compare both factors directly, the CADM1™* (%) for
PBMC was calculated by taking the percentage of CD4" cells
and all lymphocytes into account. As shown in Figure S1, the
CADMI1* (%) for PBMC was nearly equal to the PVL in AC.

Clonality analysis of CADM1* subpopulations in asymptomatic
carriers and indolent ATL. The three subpopulations (P, D and
N) in the CADMI1 versus CD7 plot were FACS-sorted and
subjected to clonality analysis (by inverse long PCR).

Table 1. Clinical profile of HTLV-1 infected patients in the present study
B 0,
Clinical subtype Number Male Female Age (range) WBC (per pL) Lymphocytes (%) Abnormal lymphocytes
of cases (range) (range) (%) (range)
HTLV-1 AC 41 14 27 52.8 (31-69) 5694 (3110-10360) 33.0 (17.5-44.5) 1.9 (0.0-4.7)
Smoldering 9 3 6 56.0 (43-72) 5561 (2620-7270) 29.9 (11.0-39.5) 9.3 (5.0-24.5)
Chronic 10 5 5 54.3 (43-67) 12345 (7780-25570) 31.6 (5.5-64.0) 32.1 (6.0-60.5)

Average of age, WBC, lymphocytes (%) and abnormal lymphocytes (%) are shown. Proportion of abnormal lymphocytes in the peripheral blood
WBC were evaluated by morphological examination. AC, asymptomatic carrier; HTLV-1, human T-cell leukemia virus type 1; WBC, white blood

cells (normal range, 3500-9100/pL).
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