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Abstract

Background: The absolute number of adult T-cell leu-
kemia/lymphoma (ATL) cells in peripheral blood is an
essential indicator to evaluate disease status. However,
microscopically counting ATL cells based on morphology
requires experience and tends to be inaccurate due to the
rarity of ATL.

Methods: Based on our research showing that acute-
type ATL cells are specifically enriched in the CD4+/
CD7- (CD7N) fraction, a new analytical method to accu-
rately quantify ATL cells was established using an inter-
nal bead standard and simple four-color flow cytometry.
This method was verified by comparison with microscopic
examination of 49 peripheral blood samples and used to
follow up patients.

Results: A strong correlation was observed between the
number of CD7N cells measured by flow cytometry and
the number of abnormal lymphocytes measured micro-
scopically by experienced technicians [Pearson’s R, 0.963;
Spearman’s rho, 0.921; intercorrelation coefficient, 0.962].
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The linear regression coefficient was close to 1 (f=1.013).
Our methed could detect 1 cell/pL, and the limit of quan-
titation was between 2.9 and 9.8 cells/uL. The frequency
of CD7N cells among CD4+ cells changed during chemo-
therapy, which reflected differences between chemosensi-
tive and chemoresistant cases. Kaplan-Meier analysis with
a log-rank test showed that patients with decreased CD7N
proportion after chemotherapy had significantly longer
disease-specific survival (p=0.003).

Conclusions: Our newly established method quantified
tumor cells in patients with acute-type ATL. Further-
more, this method was useful for assessing the efficacy
of chemotherapy, and the change of the CD7N proportion
could be more important to predict prognosis.

Keywords: adult T-cell leukemia/lymphoma (ATL); flow
cytometry; HAS-Flow; human T-cell leukemia virus type
1 (HTLVA1).
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Introduction

Adult T-cell leukemia/lymphoma (ATL) is a mature T-cell
neoplasm caused by human T-cell leukemia virus type 1
(HTLV-1). According to the classification of the Japanese
Lymphoma Study Group (Shimoyama classification) [1],
ATL is classified into four subtypes: smoldering, chronic,
lymphoma, and acute-type. Chemotherapy should be
offered to patients with acute, lymphoma, and chronic-
type ATL with unfavorable prognostic factors.

A quantitative analysis of ATL cells is essential to
evaluate the therapeutic effect. The number of ATL cells
is currently estimated based on morphological abnormali-
ties. Cells with abnormally hyperlobulated nuclei, which
are termed ‘flower cells’, are characteristic ATL cells, but
ATL cells are not always typical flower cells. ATL cells are
morphologically diverse among cases, and the histologi-
cal feature of ATL is diffuse proliferation of abnormal cells
that vary in size and shape [2]. As discriminating ATL cells
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morphologically from other lymphocytes, particularly
from reactive atypical lymphocytes, is difficult, experience
is required. Consequently, these difficulties cause differ-
ences between examiners and errors; therefore, morpho-
logical quantification of ATL cells tends to be inaccurate.

Many researchers have attempted to develop other
counting methods or to identify markers that reflect the
number of ATL cells [3-9]. The most prevalent method
is HTLV-1 proviral load (PVL), measured by quantitative
real-time polymerase chain reaction [5-9]. Although PVL
in peripheral blocd mononuclear cells (PBMCs) is a sur-
rogate marker of the number of HTLV-l-infected cells, it
has several problems. First, PVL can be affected by the
total number of PBMCs, as it is only expressed as a per-
centage in PBMCs and not an absolute value. Second, PVL
reflects only the burden of infection and is not specific for
ATL cells. Third, PVL may overestimate the frequency of
ATL cells when ATL cells harbor multiple copies within
a single cell [5]. Furthermore, PVL measurements vary
widely among laboratories, and should be standardized
[10]. Finally, the method is time-consuming and is not suf-
ficiently easy to use frequently for clinical testing. There-
fore, establishing a new method to quantify ATL cells
more accurately and easily is required.

We assessed a number of samples from patients with
ATL using 12-color flow cytometry, and have established
the flow cytonietric method named ‘HAS (HTLV- Analyz-
ing System)-Flow,’ to analyze ATL cells. Downregulation
of CD3 and CD7 is observed in ATL cells, and we reported
that CD4-positive cells in patients with ATL can be clas-
sified into three groups of: CD3pesite/CD7wosite (CD7P),
CD3dimly posttive [CIy7dimly posite  (CD7D), and CD3dml postihe/
CD7==t* (CD7N) [11}. Examining the PVL showed that
HTLVl-infected cells were concentrated mainly in the
CD7N fraction in patients with acute-type ATL. Moreover,
the VP repertoire revealed that tumor cells are specifically
enriched in the CD7N fraction, usually to almost 100%
after assessing clonality in the context of the T-cell recep-
tor [11). Therefore, the number of CD7N cells reflects the
number of ATL cells. We applied these findings to a new
clinical test, and established a new analytical method
using simple four-color flow cytometry.

Materials and methods

Patient samples

Peripheral blood samples were collected from patients with acute-
type ATL who were admitted to the Research Hospital at the Institute
of Medical Science, University of Tokyo’ (IMSUT) between June 2011

DE GRUYTER

and December 2012. Some of the patients were transferred to our hos-
pital after a few courses of chemotherapy. This study was approved
by the Research Ethics Committee of IMSUT, and written informed
consent was obtained from all patients in accordance with the Dec-
laration of Helsinki. All patients were diagnosed with acute-type ATL
according to Shimoyama'’s criteria [1] and had not received hemat-
opoietic stem cell transplantation (HSCT). In total, 49 samples from
14 patients were collected before treatment or just before a course
of chemotherapy (Table 1). The effectiveness of chemotherapy was
evaluated using the ATL response criteria [12].

Sample preparation and immunofluores-
cence staining

Peripheral blood was obtained in Vacutainer Hemogard Plus tubes
(BD Biosciences, San Jose, CA, USA) by conventional venipuncture.
As the volume required for our method was only 100 plL, the rest
of peripheral blood samples used for routine laboratory tests were
applied for measurement. A ProCOUNT method using Trucount tubes
(BD Biosciences), in which a known number of fluorescent reference
beads are included, was adopted to measure the absolute number of
cells. First, fluorescently labeled antibodies, consisting of flucrescein
isothiocyanate (FITC)-CD4 (BioLegend, San Diego, CA, USA), phyco-
erythrin (PE)-CD7 (BD Pharmingen, San Jose, CA, USA), allophyco-
cyanin (APC)-CD3 (BioLegend), and PerCP-Cy5.5-CD14 (BioLegend),
were mixed in a Trucount tube. Then, 100 pL of whole peripheral
blood were added to the tube and mixed well. The cells were stained
for 15 min at room temperature. After staining, 1 mL of Cell Lysis
Buffer (BD Biosciences) was added to lyse the red blood cells. After
15 min, the sample was vortexed gently for 10 s and analyzed with
a FACSCalibur flow cytometer (BD Immunocytometry Systems, San
Jose, CA, USA) as soon as possible.

Sorting, cytospin, and Wright-Giemsa
staining

A FACS Aria 11 SORP flow cytometer (BD Immunocytometry Systems)
was used for cell sorting. Sorted cells were fixed on glass slides by
cytospinning (20xg, 5 min) and subjected to Wright-Giemsa staining.

Flow cytometric analysis

Flow cytometry data were analyzed with FlowJo 9.6 (Treestar, San
Carlos, CA, USA). We defined CD4-positive cells according to the gat-
ing procedure shown in Figure 1. The first gate on the FSC versus SSC
plot was set relatively wide so as not to miss lymphocytes (Figure 14),
because adjacent monocytes and hemolytic debris could be excluded
by subsequent CD14-negative selection (Figure 1B) and CD4-positive
selection steps (Figure 1C). Purified CD4-positive cells were drawn in
a pseudo-color plot (Figure 1E) and in a contour plot (Figure 1F). The
borders among CD7P, CD7D, and CD7N in the CD7 versus CD3 plot
were drawn according to contour lines (Figure 1F). Reference beads
were gated in the PE versus FITC plot, according to the manufactur-
er's instructions (Figure 1D). .
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HSCT, hematopoietic stem cell transplantation

The absolute number of cells was accurately calculated from the
ratio of beads to cells in the region of the interest (Figure 1G). For
example, when the total number of beads in a Trucount tube was
52187, the number of CD7N cells in the case in Figure 1 was calculated
as follows: CD7N cells=(5482/100)x(52187/5201)=550.1/uL.

Validation of the flow cytometric
quantification

Cryopreserved PBMCs of acute-type ATL patients were used for vali-
dation of this assay, and CD4+CD7N cells were quantified in the same
way indicated above. As a blank control, phosphate buffered saline
(PBS) was used. The intra-assay variation was assessed by calculat-
ing the coefficient of variation (CV) with 10 different density gradi-
ents ranging from O to 30000 cells/pL. Each sample was assayed
six times. The limits of detection (LoD) and quantitation (LoQ) were
also assessed. The LoQ was determined by the lowest concentration
whose six replicates had a CV <20%. The inter-assay variation was
assessed by calculating the CV of multiple determinations of a same
sample measured on different days.

Conventional assessment of morphologically
abnormal lymphocytes

When samples were examined by flow cytometry, total white blood
cell (WBC) counts (normal range, 3500-9100/uL) were performed
mechanically using an XE-2100 system (Sysmex, Kobe, Japan), and
300-400 WBCs per sample were classified by clinical technicians
who were skilled in morphologically classifying ATL cells. Abnormal
lymphocytes were classified according to the guideline of Japanese
Association of Medical Technologists (JAMT). Briefly, lymphocytes
with nuclear abnormalities, such as lobulated nuclei, multiple
nuclei, evident nucleoli, or high nucleo-cytoplasmic ratio, were clas-
sified as abnormal lymphocytes. The absolute number of morpho-
logically abnormal lymphocytes was calculated by multiplying their
percentage by the total number of WBCs.

Measurement of LDH and siL-2R

Disease status was also followed by lactate dehydrogenase (LDH)
and soluble IL-2 receptor (SIL-2R). LDH activities were measured
by the lactate-to-pyruvate assay according to the recommenda-
tions of the Japanese Society of Clinical Chemistry (normal range,
106-211 1U/L). Serum sIL-2R levels were measured by ELISA (normal
range, 145-519 U/mL).

Statistical analysis

The correlation between the number of CD7N cells measured by
flow cytometry and the number of abnormal lymphocytes meas-
ured by microscopic counting was assessed by Pearson’s correlation
coefficients (R), Spearman’s correlation coefficients (tho), intra-class
correlation coefficients (ICC), and linear regression coefficients.
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Figure1 Flow cytometriyc gating procedure.

CD4-positive cells were properly defined according to the procedure shown here (A-C). CD4-positive cells were classified into CD7P, CD7D,
and CD7N cells according to the contour lines of a CD7 versus CD3 plot (E, F). Reference beads were gated in the PE versus FITC plot (D). The

absolute number of CD7N cells was calculated using this formula (G).

As dala from both measurements followed a log-normal distribu-
tion, these analyses were performed after log-transformation. Bland-
Altman analysis was used to calculate the agreement between flow
cytometric and microscopic counting. In addition, the inverse prob-
ability weighting (IPW) method and mixed model (varying intercepts
and slopes) were used due to the imbalance in sample number and
individual differences belween the patients. Kaplan-Meier analysis
with a post hoc log-rank test was performed for disease-specific sur-
vival stratified by whether relative decrease of the CD7N proportion
after the chemotherapy was over 5% ornot. Statistical analyses were
performed using the GraphPad Prism software, ver..6.0c (GraphPad
Software Inc., San Diego, CA, USA) and SPSS software ver. 20 (IBM
Corp., Armonk, NY, USA).

Results

Abnormal lymphocytes are enriched in the
CD7N fraction

Along with our previous research using 12-color flow
cytomelry, simple four-color flow cytometry could classify

CD4-positive lymphocytes into three groups of: CD7P, CD7D,
and CD7N (Figure 1). Almost all of CD7-negative cells were
dimly-positive for CD3, except for a case in which CD7-nega-
tive cells were all negative for CD3. In the representative case
of acute-type ATL where the proportions of CD7P, CD7D, and
CD7N in CD4+ cells were 2.7%, 1.7%, and 95.6%, the propor-
tions of abnormal lymphocytes in these three fractions were
0.0%, 6.0%, and 99.0%, respectively. Mbrpho]pgical evalua-
tion showed that almost all CD7N cells were morphological
abnormal, whereas none of the CD7P cells were abnormal.

Intra- and inter-assay variation of this flow
cytometric quantification was low

To evaluate the precision of ourassay, we assessed the intra-
assay CVs of 10 different density gradients. The intra-assay
CVs of samples with the average of 1.2, 2.9, 9.8, 20.5, 42.7,
442.7,1073.7, 8081.2, and 30,729.8 cells/uL were 30.69, 31.17,
594, 4.89, 3.64, 4.02, 4.61, 2.45, and 4.98%, respectively. Six
determinations of a blank control were all measured to be
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0 cells/uL. The limit of detection was about 1 cell/uL, and
the limit of quantitation was estimated to be between 2.9
and 9.8 cells/uL. The inter-assay CV was 5.81%.

Correlation between CD7N cells and morpho-
logically abnormal lymphocytes

We found a significant correlation between the number of
~ CD7N cells and the number of morphologically abnormal
lymphocytes (Pearson’s R=0.963, Spearman’s p=0.921,

and ICC=0.962; Figure 2A). Moreover, the linear regression

coefficient was close to 1 [§=1.013, 95% confidence inter-
val (C), 0.991-1.034]. The calculated number of CD7N cells
was often similar to the number of morphologically abnor-
mal lymphocytes. In two cases, flow cytometric analysis
detected ATL cells but microscopic counting did not.

In addition, we reassessed the correlation using
the IPW method and the mixed model considering the
imbalance in sample number and individual differences
between patients. Using the IPW method, Pearson’s
R=0.973, Spearman’s p=0.942, and the linear regression
coefficient was 1.010 (95% CI 0.990-1.030). The regression
coefficient was 0.979 (95% CI 0.893-1.064) in the mixed
model. Almost all results were improved from the crude
analysis, and the influences of sampling imbalance and
individual differences were limited.

The Bland-Altman plot showed good agreement
between both measurements (Figure 2B). There seemed to
be little additive or proportional bias.
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The change in the CD7-CD3 profile was
useful to evaluate the effectiveness of
chemotherapy

We then compared the change in a CD7 versus CD3 plot
of CD4-positive cells during chemotherapy between
chemoresistant and chemosensitive cases. The propor-
tion of CD7N cells in chemoresistant cases increased or
did not change, although the absolute number of CD7N
cells decreased slightly. In the case of Figure 34, i.e.,
both the number of ATL cells and lactate dehydroge-
nase (LDH) decreased after the first course of chemo-
therapy, and the response seemed good. Nevertheless,
the CD7-CD3 profile was almost unchanged. After the
second course, all parameters, including the number
of ATL cells and the LDH and soluble interleukin (IL)-2
receptor levels, increased. The disease was not con-
trolled by chemotherapy, and the patient died after 1
month.

In contrast, the CD7-CD3 profile changed dramatically
in clinically good responders who achieved a complete
response or partial response. Representative data are
shown in Figure 3B. In addition to an abrupt decrease in
the absolute number of CD7N cells, the frequency of CD7N
cells among CD4-positive cells decreased significantly,
whereas the frequency of CD7P cells increased. While
a significant proportion of patients with acute-type ATL
cannot undergo HSCT because of uncontrollable disease,
the patient in Figure 3B received allogeneic HSCT after
several courses of chemotherapy.

Aversge difference = 158.3
™1 98%Ci1(-135.2, 453.7) 5
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Figure2 The correlation between CD7N cells and abnormal lymphocytes.
The correlation between CD7N cells measured by flow cytometry and abnormal lymphocytes measured microscopically was evaluated using
three correlation tests and a linear regression analysis (A). The agreement between the two measurements was analyzed with a Bland-

Altman plot (B).
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Figure3 The CD7-CD3 profile allowed for an assessment of chemotherapy efficacy and could predict prognosis.

A patient with an almost unchanged CD7-CD3 profile after the first course of chemotherapy had an unfavorable prognosis after the second
course (A). In contrast, a patient that showed a good clinical response to chemotherapy exhibited marked changes in the CD7-CD3 profile
after only one course of chemotherapy (B). Kaplan-Meier suvival curves showed ATL patients with decreased CD7N proportion after chemo-
therapy showed significantly longer disease-specific survival (p=0.003) (C).

The pattern of change in the CD7-CD3 profile was
observed repeatedly in many patients to reflect the effec-
tiveness of chemotherapy, and these results suggested
that the change in the CD7-CD3 profile is useful to assess
the effect of chemotherapy.

ATL patients with decreased CD7N propor-
tion after chemotherapy showed longer
disease-specific survival

Next, we focused on the first chemotherapy during flow
cytometric analyses periods, and examined the relation
between the prognosis and the change of clinical param-
eters (Table 2). Consequently, the CD7N proportion was
picked up, and acute-type ATL patients were classified into
two groups by the relative change of the CD7N proportion

after the chemotherapy. The CD7N proportion was consid-
ered decreased when a relative decrease of more than 5%
was achieved after chemotherapy compared with the one
hefore the chemotherapy. ATL patients with decreased
CD7N proportion after chemotherapy showed longer sur-
vival than ones with unchanged or increased (Figure 3C).
A log-rank test showed that there was a significant differ-
ence between the two groups (p=0.003). The difference
suggested that the change in the CD7N proportion could
be more important to predict the prognosis.

Discussion

Based on our previous studies {11, 13], we applied research
findings to a clinical test. We made the procedure as
simple as possible to maximize practicality after several
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Table 2 Thechange of clinical parameters after the first chemotherapy.

After chemotherapy Change of CD7N HSCTafterflow Outcome (days after post-

Before chemotherapy

Patient ID

proportion after

cytometric  chemotherapy evaluation)

siL-2R,

Proportion Absolute number LDH,

sIL-2R,

LDH,

Proportion  Absolute number

of CD7N, %

analysis

chemotherapy

u/mL

/L

of CD7N, /L

UfmL of CO7N,%

/L

of CD7N, /pL

ed of ATL(7)
ed of ATL(93)

ed of ATL(322)
ed of ATL(28)
ed of ATL (54)
ed of ATL(83)
ive in CR (828)

ed of infection (152)*
ed of ATL (270)

ive in CR (565)
ive in CR (559)

oo deve s bema dema  tem ek aew  yew e

D
D
+ D

Increased
108 27,700 Unchanged

651

115.2
5479.9

96.1
9

774 22,600
272 24,100
376

446

538.0
15,144.9

91.6

7.4

97.8

7420 Decreased

72.8 273

181.2

37.6

4200
4040

200.9
116.9
838.5
13,191.0

44.1

D
D
+ D
+ Al

Increased
Increased

717 22,200
3500 Decreased
1490 Decreased
2300 Decreased
392 21,400 Unchanged

347

60.7

48.5

9950

265.3
2640.0

80.5

6450

405

77.7

283
242

57.9

633 11,700
718 73,300

259
655

68.3

731
796.5
3859.2

19.1
3

544.6
290.3
6442.3

79.2

- D
+ D
+ A

200

0.9

3500
17,200
15,500

38.9

96.2

97.0

2840 Decreased
1420 Decreased
7820 Decreased

238
169

452

577.1

582 65.2
251

1951.4

711

12
13
14

=

Al

335.6

59.6

6340

397.8

71.5

Transferred to another hospital 217)*

29.7

14,3

5230

293

115.7

25.9

*ATL was under control when patients were censored.
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trials, and finally established a practical flow cytometry
method to quantify acute-type ATL cells. .

Flow cytometry is highly sensitive in detecting
minimal residual disease (MRD) of hematological malig-
nancies. Similar flow cytometric approach for detection
of MRD in ATL was reported previously, and a multi-par-
ametric approach using CD2, CD3, CD4, CD5, CD7, CD25,
CD26, and CD27 was useful for detection of ATL cells [14].
We established here a more practical and easier flow
cytometric method using only CD3, CD4, CD7, and CD14.
Moreover we limited the use to acute-type ATL cases
because our previous studies showed the expression of
cell surface antigens on ATL cells was slightly different
among subtypes.

Combination of gates is also important and character-
istic of our method. We showed here all the procedures
including gating and quantification so that the method
could be easily applied in other hospitals. This test pro-
vides accurate quantification of CD7N lymphocytes
achieved by establishing an appropriate gating procedure
(Figure 1). As a first gate, two methods are generally used
to gate lymphocytes. One is FSC versus SSC gating, and
the other is CD45 versus SSC gating [15]. The latter method
is often used to analyze malignant hematologic diseases
and eliminate red blood cell debris but is not conveni-
ent to analyze ATL cells because these occasionally lose
[16] or express a high level of CD45. Therefore, we applied
FSC versus SSC gating for lymphocyte gating. Moreover,

- eliminating monocytes is necessary to precisely enumer-

ate CD7N lymphocytes because monocytes are weakly
positive for CD4 and negative for CD7. Hence, we gated out
monocytes carefully by CD14 staining before CD4-positive
selection. Combination of the first wide lymphocyte gate
and the following two strict gates enabled purification of
CD4-positive lymphocytes without excess or deficiency.
Then, CD7N cells were defined according to the contour
lines in a plot of CD4-positive lymphocytes. Drawing the
border between CD7D and CD7N cells was easy because
contour lines clearly and horizontally separated these two
populations. In contrast, the border between CD7P and
CD7D cells was sometimes difficult to determine; thus,
further improvement may be needed. However, the latter
border is not necessary to estimate the number of ATL
cells using this method.

Although the number of ATL cells is currently esti-
mated based on morphologically abnormal cells, mor-
phological evaluation of ATL cells often differs between
examiners. Particularly, morphological enumeration
by inexperienced examiners tends to be inaccurate.
We therefore assessed here the correlation between the
number of CD7N cells and the number of morphologically
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abnormal lymphocytes evaluated only by experienced
technicians (Figure 2A). As expected, a strong correla-
tion was identified. It is noteworthy that the regression
coefficient was very close to 1.0. This new flow cytometric
method is useful for accurate evaluation of ATL cells. Fur-
thermore, only flow cytometry detected ATL cells in two
cases. As the validation study of the assay showed very
low limits of detection and quantitation, flow cytometry
could detect ATL cells more sensitively than microscopic
counting.

The Bland-Altman plot also showed good agree-
ment and the relatively small average difference between
the two measurements (Figure 2B). However, the three
samples with the highest WBCs had high differences
between the two methods. While flow cytometry allows
rapid and accurate analysis of a much }arger number of
cells, manual counting has limitations in accuracy and
the number of counts. Since the absolute number of mor-
phologically abnormal lymphocytes was calculated by
multiplying their percentage by the total number of WBCs,
the margin of error in microscopic counting tended to get
larger as the number of WBCs got higher. Although the
relative differences between the two methods were gener-
ally not so high, these findings suggested the number of
abnormal lymphocytes in samples with high WBC counts
should be carefully examined.

This flow cytometry-based method has many advan-
tages compared to PVL. First, flow cytometry allows for
calculation of the absolute number of ATL cells, which is
not affected by the number of other cells. Second, intra-
and inter-assay variations of our method were confirmed
to be low. The inter- and intra-laboratory variabilities
of the ProCOUNT method are also known to be low [17].
Therefore, this flow cytometric method is precise and can
be easily standardized. Third, it is practical and takes no
more than1h.

In addition to its usefulness for quantitation, we also
found that the change in the CD7-CD3 profile discrimi-
nated cases sensitive to chemotherapy and may predict
prognosis (Figure 3A and B). Serum sIL2R and LDH
levels are also clinically important [18, 19}], but they are
not as specific for disease status because they are influ-
enced by other factors, such as infection, inflammation,
and hemolysis. Patients with a better prognosis tended
to have a markedly better change in the CD7-CD3 profile
after only one course of chemotherapy. In contrast, cases
with unchanged or worse CD7-CD3 profiles after one
course of chemotherapy tended to have an unfavorable
prognosis after the second course, even if the number
of ATL cells decreased, or the levels of sIL-2R and LDH
improved initially.

DE GRUYTER

From various parameters of the CD7-CD3 profile, we
had tried picking up prognostic indicators. We focused
on the first chemotherapy, and examined the change
of various clinical parameters (Table 2) and their rela-
tion with survival. Needless to say, the number of CD7N
cells, as the number of ATL cells, was important to evalu-
ate the disease status through the follow-up, and robust
reduction of the number of CD7N cells was necessary
for a better prognosis. However, the change of the CD7N
proportion seemed more sensitive. We examined the
relationship between the disease-specific survival and
the relative change of the CD7N proportion after chemo-
therapy. Although the number of patients was limited, it
is noteworthy that patients with decreased CD7N propor-
tion had significantly longer survival (Figure 3C). Further
accumulation of cases and longer follow-up are warranted
to elucidate the ability of this method to predict prognosis.

Our experience suggests that this method can be
applied to almost all patients with acute-type ATL. -
However, some limitations should be noted. First, this
method did not accurately detect ATL cells in patients
who had undergone HSCT, as downregulation of CD7 in
CD4-positive non-ATL lymphocytes was observed in most
cases [20]. Second, this method cannot identify ATL cells
in rare cases in which ATL tumor cells lack CD4 expression
or express CD7. Therefore, a brief confirmation of the ATL
phenotype using other surface markers is recommended
before flow cytometric quantification.

In summary, we established a clinical test to accu-
rately quantify ATL cells in patients with acute-type ATL
using simple four-color flow cytometry. This newly estab-
lished clinical application of ‘HAS-Flow’ will provide
more accurate enumeration of ATL cells and assessment
of chemosensitivity.
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One of the hallmarks of cancer, global gene expression alteration, is closely asso-
ciated with the development and malignant characteristics associated with adult
T-cell leukemia (ATL) as well as other cancers. Here, we show that aberrant over-
expression of the Ellis Van Creveld (EVC) family is responsible for cellular Hedge-
hog (HH) activation, which provides the pro-survival ability of ATL cells. Using
microarray, quantitative RT-PCR and immunohistochemistry we have demon-
strated that EVC is significantly upregulated in ATL and human T-cell leukemia
virus type | (HTLV-1)-infected cells. Epigenetic marks, including histone H3 acety-
lation and Lys4 trimethylation, are specifically accumulated at the EVC locus in
ATL samples. The HTLV-1 Tax participates in the coordination of EVC expression
in an epigenetic fashion. The treatment of shRNA targeting EVC, as well as the
transcription factors for HH signaling, diminishes the HH activation and leads to
apoptotic death in ATL cell lines. We also showed that a HH signaling inhibitor,
GANT61, induces strong apoptosis in the established ATL cell lines and patient-
derived primary ATL cells. Therefore, our data indicate that HH activation is
involved in the regulation of leukemic cell survival. The epigenetically deregulat-
ed EVC appears to play an important role for HH activation. The possible use of
EVC as a specific cell marker and a novel drug target for HTLV-1-infected T-cells is
implicated by these findings. The HH inhibitors are suggested as drug candidates
for ATL therapy. Our findings also suggest chromatin rearrangement associated
with active histone markers in ATL.

A dult T-cell leukemia (ATL) is a malignant T-cell disor-
der caused by infection with a human retrovirus, human
T-cell leukemia virus type I (HTLV-1).""® The prognosis of
aggressive types of ATL is poor. At present, ATL is an
intractable disease in human beings. To prevent the develop-
ment of ATL and the poor prognosis that is associated with it,
the development of effective therapies based on the molecular
characteristics is needed.

To explore effective drugs, precise understanding of the
molecular mechanism of ATL pathogenesis is essential. We
have previously reported that genetic and epigenetic imbal-
ances and following aberrant gene expressions are the main
framework for ATL tumor cells.®® In addition, the involve-
ment of systemic downregulation of cellular microRNA has
been implicated in the leukemogenesis of ATL. So far, several
host cellular signaling abnormalities induced by HTLV-1 Tax
in the early phase of infection®® and the aberrant activation
of nuclear factor-kappa B (NF-xB) contribute to ATL leuke-
mogenesis.!? Although other several molecular deregulations
have been suggested in ATL, we have not completely covered
the landscape of signaling networks in ATL.

Recently, Hedgehog (HH) signaling has been reported as an
oncogenic pathway in many types of cancers."'* Constitu-
tive HH activation leads to the overproliferation or survival of

Cancer Sci | September 2014 | vol. 105 | no.9 | 1160-1169

several cancer cells, such as basal cell carcinoma or B-cell
lymphomas.**** There are some HH inhibitors under clinical
trial as drug candidates against those cancers.!!®

In the present study, using ATL patient samples and some
ATL models, we found two specific gene overproductions in
ATL, Ellis Van Creveld syndrome 1 (EVCI) and EVC2, which
belong to the EVC family of genes that are implicated in HH
regulation."’ "' We demonstrated that epigenetically upregu-
lated EVC was associated with cellular HH activity. EVC and
other regulatory factors for HH signaling were responsible for
the survival of ATL cell lines and also primary ATL samples.
Direct evidence from the ATL samples revealed that universal
epigenetic marks associated with actively transcribed genes
were rearranged in the leukemic cells. These findings may
shed light on the abnormal gene expression signature and leu-
kemic cell traits observed in ATL.

Materials and Methods

Patient samples. The primary peripheral blood mononuclear
cells (PBMC) from ATL patients and healthy volunteers were a
part of those collected with informed consent as a collaborative
project of the Joint Study on Prognostic Factors of ATL Devel-
opment (JSPFAD). The project was approved by the University

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty ttd
on behalf of Japanese Cancer Association.
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Fig. 1.

EVC overexpression in ATL. (a, b) Microarray heatmap (a) and box plot (b) of EVC. **P < 0.01. ***P < 0.001. (c) Schematic illustration of

locus encoding EVC1/2. (d) Individual expression values (n = 52) between EVCT and EVC2. (e) EVCT mRNA level in ATL patient PBMC (total,
n = 11; acute, n = 7; chronic, n = 4) and in CD4+ T cells from healthy donors (n = 6) evaluated using quantitative RT-PCR (gRT-PCR). **P < 0.01.
(f) EVCT and EVC2 levels in CADM1 versus CD7 plot subpopulations. Normal P, CD4+/CADM1-/CD7+ T cells from healthy donors; indolent P,
CD4+/CADM1-/CD7+ from indolent ATL patients; Indolent N, CD4+/CADM1+/CD7— from indolent ATL patients; Acute N, CD4+/CADM1+/CD7—
from acute ATL patients. The gene expression microarray dataset is available in Kobayashi et al.®® (g) EVCT levels in various cell lines examined

using qRT-PCR (n = 3, mean =+ SD).

of Tokyo and Showa University research ethics comimittees.
The PBMC were isolated using Ficoll separation and maintained
in RPMI1640 (Invitrogen, Carlsbad, CA, USA) supplemented
with 1% of self-serum and antibiotics (Invitrogen). Clinical
information is shown in the Supporting Information Methods.

Microarray analysis. Gene expression profiling of ATL
patient samg)les and normal CD4+ T cells has been performed
previously.”> The coordinate has been deposited in the Gene
Expression Omnibus database (GSE33615).

Cell culture. The HTLV-1-infected cell lines MT-2 and
HUT102, ATL-derived cells MT-1 and TL-Om1, and other
leukemic cell lines were cultured in RPMI1640 with 10%
FCS. ATL-derived KOB and KK1 were cultured in RPMI1640
with 10% FCS and 10 ng/mL recombinant human IL-2 (R&D
Systems, Minneapolis, MN, USA). The 293T cell was cultured
in DMEM with 10% FCS. All cell lines were cultured at
37°C, with 5% CO,.

Cancer Sci | September 2014 | vol. 105 | no.9 | 1161

Plasmids and HH activity analysis. Tax-encoding plasmids
have been described previously.?” EVCI ¢cDNA was amplified
as two fragments from the human cDNA library. Cellular HH
activity was evaluated using a dual-luciferase assay (Promega,
Madison, WI, USA).®" Briefly, 7 x GLI binding site (GA-
ACACCCA)-luciferase plasmid and control RSV-Renilla plas-
mid were co-transfected into target cells using
Lipofectamine2000 (Invitrogen). At 24 h post-transfection, the
cells were collected and analyzed using a dual-luciferase assay.

Quantitative RT-PCR. Procedures for RNA isolation and RT-
PCR have been described previously.® Primer sets for quanti-
tative RT-PCR (qRT-PCR) are provided in the Supporting
Information Methods.

Epigenetic analyses. Bisulfite treatment was conducted using
a MethylEasy Xceed Rapid DNA Bisulphite Modification kit
(Human Genetic Signatures, NSW, Australia). For evaluating
histone covalent modifications, a chromatin immunoprecipita-

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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Fig. 2. Epigenetic reprogramming in the EVC locus. (a) Schematic of CpG islands and chromatin immunoprecipitation (ChIP) loci. (b) Results of
bisulfite sequencing (+46 to +466 from EVCT transcription start site [TSS]; +905 to +1206 from EVC2 TSS). The black and empty boxes represent
methylated and unmethylated CpG, respectively. (c) EVC RNA levels in Jurkat cells in the presence or absence of epigenetic drugs (n =3,
mean =+ SD). *P < 0.05. (d) Histone covalent modifications at EVC and GAPDH loci in three cell lines were analyzed using PCR-based ChIP assay
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(n = 3, mean = SD).
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tion (ChIP) assay was conducted as described previously.®?%
Anti-H3K4me3 (#9751S; Cell Signaling, Danvers, MA,
USA), anti-AcH3 (#06-599; Millipore, Billerica, MA, USA),
anti-H3K27me3 (#39155; Active Motif, Carlsbad, CA, USA)
and control IgG (I15381; SIGMA, St. Louis, MO, USA) were
used for ChIP. Primers for the qPCR are provided in the
Supporting Information Methods.

Immunohistochemistry. For preparation of the paraffin
block of 293T cells, the cells were fixed in 20% of forma-
lin/PBS for 24 h. After removing the formalin, alcohol
dehydration and paraffin permeation were done using Tis-
sue-Tek VIPSIr (Sakura, Alphen aan den Rijn, The Nether-
lands). Paraffin blocks were sectioned at 3-pm thickness.
The sections were then transferred to coating slide glasses
(Muto pure chemicals, Bunkyo-ku, Tokyo, Japan). After par-
affin removal, the paraffin sections of the 293T and ATL
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cells were treated with 3% H,0,. Antigen-retrieval treatment
was done using Histofine antigen retrieval solution pH9
(Nichirei, Chuo-Ku, Tokyo, Japan) for 20 min under
microwave radiation. After reaction with the first antibody,
anti-EVC antibody (HPA008703, 1:400; SIGMA), and the
second antibody (K5027, ENVISION Kit/HRP [DAB];
Dako, Bunkyo-ku, Tokyo, Japan), the sections were colored
using ENVISION Kit/HRP [DAB] DAB+ (K3468; DAKO).
Finally, the sections were stained with hematoxylin.
Lentivirus construction and production. Detailed procedures
for lentivirus production have been described previously.®
Briefly, replication-defective, self-inactivating lentivirus vectors
were used.®**" SshRNA were cloned into a CS-HI1-EVBsd.
High-titer viral solutions prepared using a centrifugation-
based concentration were transduced into ATL cell lines
using the spinoculation method. The transduced cells were
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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

(a) Empty/shCtrl
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large number of specific gene upregulations in ATL cells.
Among these, the genes encoding EVC1 and EVC2 were
strikingly overexpressed in ATL patient samples, which had a
relationship to disease progression (Fig. la,b). These genes are
located in an identical chromosome 4p/6, 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.*>
CADM1I 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
CADMI1+/CD7— tumorous population (Fig. 1f). The HTLV-1-
infected and ATL-derived cells showed higher levels of EVCI
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 EVC] 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

EVC1/shEVC1 EVC1/shCtrl

x10

Fig. 4. EVC1 expression in ATL cells. (a-e)
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 EVC/ tran-
scription. Although Tax expression did not influence the EVCI
mRNA levels in 293T cells at complete growth conditions, Tax
activated EVC/ transcription in a dose-dependent manner in
serum-starved conditions {lFig. 3a). A NF-xkB activation-
defected Tax mutant, M22,<2 ) showed similar EVCI induction,
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suggesting that EVCI 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 (JHC) 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
EVCI] (Fig. 4a). Using this antibody we investigated EVC1
expression in several aggressive ATL cases. Most ATL cases
showed stable EVCI1 positivity (7/8, 87.5%; two representa-
tives in Fig. 4b,c). We noted that all EVCl-positive cells were
dysplastic. Furthermore, EVC1 expression was clearly detected
in a mouse ATL model that was established using xenotrans-
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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 EVCI1, EVC2 or GLI transcription factors in the HH
cascade. The qRT-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
GLI2W2 (Fig. 5¢). As expected, the knockdown of EVC1 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 EVC1 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.(m’w) We found that different shRNA targeting EVC
and GLI caused a progressive depletion of Venust+ 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 EVC1 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 5 pM 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 GANTG61 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
HTILV-1-infected T-cells for futare 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%l
binds with histone modifying factors, including HDAC,(3 )
SUV39H1%? and SMYD3.?9 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."'® 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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