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Aduit T-cell leukemia/lymphoma (ATLL) is
the neoplasm caused by human T-cell
leukemia virus type 1 (HTLV-1). We per-

formed oligo-array comparative genomic
hybridization (CGH) against paired
samples comprising peripheral blood

(PB) and lymph node (LN} samples from
13 patients with acute ATLL. We found
that the genome profiles of the PB fre-
quently differed from those of the LN

18 cases investigated had a log2 ratio
imbalance among chromosomes, and that
chromosome imbalances were more fre-
quent in LN samples. Detailed analysis
revealed that the imbalances were likely
caused by the presence of multiple
subclones in the LN samples. Five of
13 cases showed homozygous loss re-
gions in PB samples, which were not
found in the LN samples, indicating that
tumors in the PB were derived from LN

subclones in most cases. Southern blot
analysis of TCRy showed that these mul-
tiple subclones originated from a com-
mon clone. We concluded that in many
ATLL cases, muitiple subclones in the
LNs originate from a common clone, and
that a selected subclone among the LN
subclones appears in the PB. (Blood.
2011;117(20):5473-5478)

samples. The results showed that 9 of

Introduction

Adult T-cell leukemia/lymphoma (ATLL) is the neoplasm caused
by human T-cell leukemia virus type 1 (HTLV-1). The disease is
associated with poor prognosis due to drug resistance, the occur-
rence of opporiunistic infections, a large tumor burden with
multi-organ failure, and hypercalcemia, Shimoyama et al' classi-
fied ATLL into 4 subtypes: smoldering, chronic, lymphoma, and
acute. It is also known that HTLV-1 infection alone does not
facilitate the progress of infected CD4* T cells to fully malignant
ATLL cells. Therefore, the search for genes involved in ATLL
development and for the specific genes involved in each ATLL type
has been actively pursued, albeit with limited success. ATLL~
specific chromosomal abnormalities have yet to be found: however,
a frequent abnormality found in ATLL is 14q11, which has also
been found in other types of T-cell malignancies®® HTLV-1
provirus integration sites have also been extensively sought, and
the sites identified were found to be randomly located. Investiga-
tions relying on G-band and fluorescence in situ hybridization
analyses have not been fruitful in providing a detailed delineation
of the genomic aberrations involved.* The use of high-resolution,
array-based comparative genomic hybridization (CGH) for compre-
hensive chromosome analysis should prove useful in the search for
genomic aberrations. We showed previously that acute and lym-
phoma ATLL types possess distinct genomic profiles, as deter-
mined by bacterial artificial chromosome array CGH.5 It should be
noted, however, that when lymphoma-type ATLL progresses to
manifest more than 2% flower cells in the peripheral blood (PB), it
is then classified as the acute type. We set out to analyze the

genomic aberrations of acute-type ATLL with paited PB and lymph
node (LN} samples in more detail by oligo-array CGH.

An important factor in the diagnosis of ATLL is the identifica-
tion of monoclonal integration of HTLV-1. It has been reported that
the same HTLY-1-infected clone was detected over several years in
a chronic-type ATLL patient.57 These types of HTLV-I1-infected
CD4* T lymphocytes are believed Lo accumulate various changes
during an extensive latency period of over 50 years.? Alterations in
genomic copy number represent one example of the type of
accumulated genomic changes that can occur. In the present study,
we performed high-resolution oligo-array CGH (Agilent Technolo-
gies) using a 44 000-probe set against paired samples obtained
from the PB and LNs of 13 patients with acute-type ATLL.

Methods

ATLL patients and cell lines

We conducted a survey of genomic profiles by examination of PB and LN
samples taken from 13 patients with acute-type ATLL. Paired samples were
collected from cach patient within 14 days of diagnosis. The PB and LN
samples, together with clinical data, were obtained from 13 patients under a
protocol approved by the institutional review board of the Aichi Cancer
Center. Informed consent was provided according to the Declaration of
Helsinki. Patients were diagnosed from those hospitalized between 1988
and 2010 at Imamura-Bunin Hospital and Nagasaki University School of
Medicine. The diagnosis of ATLL was based on clinical features, hemato-
logic characteristics, immunophenotype, and the presence of serum anti-
bodies to ATLL-associated antigens, The median age of the patients was
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Figure 1. Representative protiles of the PB and LN samples of case 1. Ariay
CGH results for case 1 are shown. (A) In the PB sample of case 1, regions of gain
were detested. The log2 ratio of chromosome 3 was 0.53 {arrowhead). The log2
ratios of chromosomes 7 and 8 were the same as for chromosome 3 {dotted line).
(B) In the LN sample of case 1, a log2 ratio imbalance was found. Log2 ratios among
chromoasomes 2, 3, 7, 8, and g differed. The log? ratios of chitomosome 3and 7 were
0.41 {arrowhead and dotted line). Arrows show different log2 ratios: chromosome
2 = 0.10, chromosome 8 = 0.25, and chromosoma 9 = 0.15.

57 years (range, 32-74 years). Detailed patient information is provided in
supplemental Table 1 (available on the Blood Web site: see the Supplemen-
tal Materials link at the top of the online article).

Four cell lines, SP-49. HANKI,!® ATN-1,1' and Jurkat,'? were also
analyzed. SP-49 is a mantle cell lymphoma cell line, HANKI is a natural
killer/T-cell lymphoma line, ATN-1 is an ATLL cell line, and Jurkat is a
T-cell lymphoblast-like cell line.

Peripheral blood samples were obtained from the blood of 8 healthy
male donors, PBMCs were isolated by Ficoll-Paque PLUS centrifugation
(GE Healthcare).

DNA extraction

CD4* cells in PB samples were purified using a magnetic-activated
cell-gorting protocol (Miltenyi Biotec). High—molecular-weight DNA was
extracted from CD4* cells, frozen LNs, and from the SP-49, HANKI,
ATN-1, and Jurkat cell lines using standard proteinase K treatment and
phenol-chloroform extraction.¥ Normal DNA was obtained from PBMC
samples of 8 healthy male donors,

Oligo-array CGH

Characterization of the genomic aberrations was performed using Agilent
44K Whole Human Genome CGH mirays (Agilent Technologies) contain-
ing 44 000 probes. Procedures for DNA digestion, labeling, hybridization,
scanning, and data analyses were performed according to the manufactur-
er’s protocol (Agilent Technologies).

CGH data analysis

CGH data were extracted from scanned images using Feature Extraction
software (version 10.3; Agilent Technologies). Raw data were transferred to
the Genomic Workbench v3.0 software {Agilent Technologies) for further
analysis. We defined gains and losses over a continuous 15-probe dataset as
a linear log2 ratio average of = 005 or = ~0.05, respectively, and
microdeletion for a range of 3-15 probes as a lincar log2 ratio average
of = —04. A detailed explanation of the log2 ratio is available in the
supplemental data. The array CGH data have been deposited in Array-
Express under the accession number E-MEXP-3042.

Southern blot analysis of HTLV-1 integration and TCRy
rearrangement

Integration of the HTLV-1 provirus genome and TCRy rearrangement were
assayed as described previously® ' In brief, DNA samples (5 pg) of LNs
were digested with restriction enzymes (Pstl) and electrophoresed through
0.7% agarose gels, The DNA wag then transferred onto a Hybond N*
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membrane (Amersham Pharmacia Biotech) and hybridized to randomly
primed #2P-labeled DNA probes specific for the HTLV-1 and TCRy genes.
Blots were then washed at the appropriate stringency and visualized by
autoradiography. The HTLV-1 probe comprised a 1.0-kb fragment of the pX
region, which was PCR amplified using the primers 5'-ccacttceeagggttigga-
cag-3' and 3'-tefgecteotititegttaaaaaglagagaaatggg-3', and the TCRy probe
comprised a 0.6-kb fragment of Jy2.1.1

Results

Oligo-array CGH analysis against paired samples obtained
fromthe PB and LNs

In all of the 13 acute-type ATLL cases, genomic aberrations were
detected by oligo-array CGH. Representative profiles of the paired
samples obtained from the PB and LNs in cases 1 and 2 are shown
in Figure 1A and B and Figure 2A and B, respectively.

In the PB sample of case 1, genomic aberration regions showed
a constant log2 ratio. Regions of gain were detected on chromo-
somes 3, 7, and 8. The log2 ratios corresponding to these regions
were (.53, suggesting that there was no imbalance (Figure 1A
arrowhead). On the other hand, imbalance of the log2 ratio
among chromosomes was found for the LN sample of case 1.
Genomic aberrations of the case 1 LN sample were similar to
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Figure 2. Representative profiles of the PB and LN samples of case 2. The
results for case 2 were more complex than those for case 1. In both the PB and the LN
samples of case 2, a log2 rafio imbalance was found. {A) In the PB sample, the
arrowhead and dotted line indicate the majority of log2 ratios of gain and loss regions. Log2
ratios of the majority of loss regions were 0.82. The log2 ratio of chromosome 4 was
~0.67, {B} In the LN sample, the arrowhead and dotted fine indicate the majority of log2
rafios of gain and loss regions. Log? ratios of the majority of loss regions were ~055. The
logR ratio of chromaosome 4 was —0,13. Chromosoma 7 regions of PB and LN samples
are magnified as Ci and Ci, respectively. (G} Clhromosome 7 of the case 2 PB
sample shows complex aberrations (i). This result also indicates a log2 ratio imbalance.
Chromosoms 7 of the case 2 LN sample shows more complex abenations (ii). An arrow
indicates a region {7q11.21-11q.23) without genomic aberration. Ci and Cii suggest that the
genormic profiles of the PBand LN samples differ.
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Table 1. Array CGH results of paired samples of acute-type ATLL

Case Log? imbalance Genomic profiles of Common aberration regions

no. Genoine aberrations PB LN PB and LN between PB and LN ATLL clones

SO Or b R
“+

Total 13 (100%) 5 (38.4%) 8 (61.5%)

ditferent ¥ Multiple subclones

different + Multiple subclones

Monoclone

Multiple subclones

different

different. Multiple subclones

- Monoclone

9 (69.2%) 13 (100%) 9 (69.2%)

+ indicates present; and -, absent,

that of the PB sample. However, the log2 ratios among
chromosomes 2, 3, 7, 8, and 9 differed as follows. Regions of
gain were detected on chromosomes 2, 3,7, 8, and 9, as shown
by the log2 ratios: chromosome 2 = (.10, chromosomes 3 and
7 = 0.41, chromosome 8 = 0.25, and chromosome 9 = (.15
(Figure 1B arrowhead and arrows). The log2 ratio of chromo-
some § was lower than that of chromosomes 3 and 7. Gains of
chromosomes 2 and 9 were detected in the LN sample, but not in
the PB sample. These results indicated that a log2 ratio
imbalance occurred in the LN sample.

Case 2 had a log2 ratio imbalance in both the PB and LN
samples (Figure 2A). The genomic aberrations of the case 2 PB
sample differed from those of the LN sample, as was also found
with case 1. In the case 2 PB smﬁple, regions of loss were detected
on chromosomes 4, 9, and 10, as shown by the log2 ratios:
chromosome 4 = —(0.57 (Figure 2A arrow) and chromosomes
9 and 10 = —0.82 (Figure 2A arrowhead and dotted line). In the
case 2 LN sample, regions of loss were also detected on chromo-
somes 4, 9, and 10, as shown by the log2 ratios: chromosome
4= —0.13 (Figure 2B arrow) and, chromosomes 9 and 10 = —0.55
(Figure 2B arrowhead and dotted line). These data indicated that
both samples had a log2 ratio imbalance. Complex genome
aberrations were found for chromosome 7 in the paired samples
of case 2. Consecutive gain regions were found in the whole of
chromosome 7 of the PB sample (Figure 2Ci, and a region
(7q11.21-11¢.23) without genomic aberrations was found in
chromosome 7 of the LN sample (Figure 2Cii arrow).

A log2 ratio imbalance among chromosomes was present in
many other samples of acute-type ATLL, as summarized in Table 1.

Confirmation of log2 ratio imbalance among chromosomes

A log2 ratio imbalanice among chromosomes was found in many
ATLL clinical samples. We expected that a log2 ratio imbalance
would indicate the presence of clones with different genomic
aberrations. Thercfore, we prepared 2 cell lines, SP-49 and
HANK1, which possess different genomic aberrations. The genomic
DNA of SP-49 was mixed with that of HANK 1. We then conducied
oligo-array -CGH using the mixed-genomic DNA samples at
various ratios.

Array CGH analysis of the SP-49 genome showed some
genomic abertation regions, which were consistent with the G-band
result that had been reported.® Log2 ratios of all’ l-copy gain

regions were 0.55, and log2 ratios of all T-copy loss regions were
~0.80, Imbalance of the log2 ratio among the chromosomes was
not found, The same was true for HANKI, in which genomic
aberration regions were consistent with the G-band result that had
been reported and an imbalance of the log2 ratio among the
chromosomes was not found.'¢

A reprcsematiife array CGH result using a mixed-DNA sample
at aratio of 7:3 (SP-49:HANK ) is shown in Figure.3. The results
showed an imbalance of the log2 ratio among chromosomes. It was
possible to reproduce the log2 ratio imbalance. For ekample, the
log2 ratios of chromosomes 2pi4-pter, 2q14.3-qter, and 7p were
0.55, 0.15, and 0.46, respectively. These log2 ratios clearly
differed, Furthermore, additional regions with different log2 ratios
were found.

These results indicated that some of the clones present in the
sample that had different genome profiles caused a log2 ratio
imbalance in the array CGH result. The log?2 ratio did not differ in
chromosome 2p, which had a copy region identical to bolh SP-49
and HANK 1.
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Figure 3. Confirmation of log2 ratio imbalance among chromosomes. The
manner in which the log2 ratio imbalance occurred was confirmed. (A) SP-49 showed
no imbalance. Log? ratios of gain regions were 0.55 (arowhead and dotted fine).
Log2 ratios of loss regions were - 0.88 (arrowhead and dotted fing). {B) HANK1
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_showed no imbalance. Log2 ratios of gain regions -were 0.55 (arrowhead and

dotted line}. (C) Mixed-genomic DNA at a ratio of 7:3 reproduced the log2 ratio
imbalance, The log2 ratio of chromosome 2p14-pter of the mixed DNA sample was
0.55 (arrowhead). Chromosorme 2p had a copy region identical o both SP-49 and
HANK1., Arrows indicate the log2 raho imbalance.
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Figure 4. Log2 ratio reflects the ratio of tumor. The gerome profiles of mixed-DNA
samples comprising varous raios were superimposed. Gain was detectedin chromosoms
7 of all mixed samples, as shown by the log? ratio: SP-48 = 0.55; 100%, 7:3 = 0.46;70%,
6:4 = 0.32; 60%, 37 = 0.20; 30%. Loss was also detected in chromosome 7 of all mixed
samples as shown by the log? ratio: Sp-48 = ~0.88; 100%, 7:3 = ~0.62; 70%,
64 = ~0.39;60%, 3.7 = ~0,14; 30%. Chromosome 2p had a copy regionidentical o both
SP-49 and HANK1. The log2 ratios never changed in these regions.

Log?2 ratios reflect the ratio of tumor

The genome profiles of mixed-DNA samples comprising various
ratios were superimposed (Figure 4). The ratios of SP-49 to
HANK1 were 7:3, 6:4, and 3:7. These results clearly revealed that
the log2 ratio reflected the ratio of the tumor. When tumors
included in a sample had identical genomic aberration regions, the
log2 ratio never changed in these regions.

Southern blot analysis of HTLV-1 integration and TCRy
rearrangement

HTLV-1 integration

HTLV-1 integration was examined using Southern blot analysis,
and the results showed HTLV-1 integration in all of the 11 cases
cxamined. Fight of the 11 cases examined comprised a mono-
integration band, whereas the others showed multi-integration
bands. (Figure 54)

TCRy rearrangement

Southern blot analysis of TCR Jy rearrangement was also con-
ducted and evaluated as described previously by Moreau et al.l*
The results indicated that all samples were monoclonal (Figure
5B). Five of the 11 cases examined had a 6.8-kb rearrangement
band, and 2:had a 2.9-kb rearrangement band, The others showed
loss of germinal bands. In case 2, one allele of TCRy was
rearranged, because the germinal band of 8.0 kb was weaker than
that of 4.9 kb, Case 7 lost all germinal bands, such as ATN-1, which
“is an ATLL cell line. This result indicated that both alleles of TCRy
were rearranged at Jy2.3, because no deletion: was found in case
7 by array CGH. Given that 3 or more TCR rearrangement bands
were not found, no cases showed definite multi-clonality in tumor
cells. These results indicated that the acute-type ATLL examined
represented a monoclonal tumor comprising TCR rearrangements
and with some possessing multiple integrations of HTLV-1,

Appearance of LN subclones before PB subclones

Array CGH analysis revealed that PB samples from 5 of 13 cages
had homozygous loss regions that were not found in the correspond-
ing LN samples of each case, In case 2, 1p12-1p13.1 of the PB
sample was seen to represent homozygous loss, unlike the case
with the LN sample (Figure 6). However, log2 ratios of same
region in the LN sample seemed to be slightly lower than those of
neighboring regions. This raised the possibility that a minor
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Figure 5. Southern blotanalysis. (A) Southem blot analysis of HTLV-1 integration in
11 of 13 cases. (B) Southem blot analysis of TCRy rearrangement. Arrows indicate
the 8.00- and 4.9-kb gemline bands. Arrowheads indicate the 6.8- and 2.9-kb
reamangement bands. G indicates a gemminal allele; R, rearrangement allele;
G/R, rearrangament of one allele; R/R, rearrangement of both alleles.

subclone was present. The PB samples from cases 1, 4, 8, and
10 also had homozygous loss regions that were not clearly found in
the corresponding LN samples (Table 2).

No cases had a homozygous loss region in the LN samples
when the PB samples had a heterozygous loss in the same regions.
Array CGH and Southern blotting results indicated that multiple
subclones had developed from one clone, Therefore, when 2 clones
were found in a patient, the clone with homozygous loss must have
developed from the clone with heterozygous loss. The homozygous
loss analysis revealed that in about 40% of ATLL patients,
subclones that had appeared in the PB were derived from LN
subclones,
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Figure 8. Homozygous loss region analysis. A representative homozygous loss
region of case 2 is shown {1p12-p13.1). The total scale of the figure is approximately
2 Mb. The arrowhead indicates a homozygous loss region; arrows indicate heterozy-
gous loss regions. Homozygous loss was found only in the PB sampls. The log2 ratio
of this region in the LN sample was slightly lower than thatin the neighboring regions,
suggesting the possibility that a minor subclone may exist in the LNs.
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Table 2. PB samples of 5 of 13 cases only had homozygous loss
regions that were not found in the LN samples

Case Homozygous loss
no. only in PB

Homozygous loss
only in LN

Locus Gene

6p22.3 ATXN1

4q31.21 INFP4B

9q31.2 KLF4

otal 5 : 0

+ indicales present; and —, absent,

Selected subclone of LNs in the PB

Tumor cells in the PB samples of some cases (eg, cases 1 and 9)
appeared to have been selected from multiple subclones. In these
cases, a log2 ratio imbalance was not found in the PB sample but
was found in the LN sample. This indicated that PB samples were
monoclonal and that the LN samples contained multiple subclones.
Both samples from each case had common aberrations, and the
LN samples had aberrations that were not found in the PB samples.
These results may indicate that the LNs contain multiple subclones
with different genomic aberrations, and that one of these subclones
then appears in the PB (Figure 7).

Discussion

The imbalance and differing genomic profiles of PB and LN
samples indicate that acute-type ATLL. comprises multiple
subclones

In this study, we revealed the presence of a log2 ratio imbalance
among chromosomes. of LN samples. in many patients with
acute-type ATLL. Most of the genomic profiles were found to differ
from those of the PB samples. Although monoclonal proliferation
of acute-type ATLL is referred to in the World Health Organization
classification,® these data clearly show that acute-type ATLL

Lymph node

Peripheral blood

Figure 7, Selected subclone from the LN in the PB. Shown is a schematic
representation of a selected subcione from the LN sample in the PB of case 1. Inthe
LN sampile of case 1, atisast 4 subclones exist: a subclone with chromosome 3 and
7 aberrations; a subclone with additional chromosome 8 aberrations; a subclone with
chromosome 3, 7, 8, and & aberrations; and a subclone with chromosome 3, 7, 8, and
2 aberrations. Among these subclones, a subclone with chromosome 38, 7, and
8 aberrations appeared in the PB sample.

CLONAL EVOLUTION OF ATLL 5477

contains multiple subclones that originate as a result of clonal
evolution in ATLL patients.

Shinawi et al' reported a case of pediatric AML in which
2 clones with different chromosome aberrations showed a log2
ratio imbalance as detected by armray CGH. We were able to
reproduce a log2 ratio imbalance among chromosomes by mixing
different ratios of DNA prepared from 2 different cell lines. The
log2 ratio reflected the ratio of tumor clones. Based on these data,
we analyzed the acute-type ATLL data and identified that a log2
ratio imbalance indicated the presence of multiple subclones in a
sample. Minority clones with low log2 ratios could be found in this
experiment by taking advantage of the high seusitivity associated
with the use of array CGH. As a result, the presence of multiple
subclones was unambiguously determined,

Cases showing different genomic profiles between PB and LN
samples reached as high as 69%. We reported previously that
paired samples obtained from different sites had different chromo-
somal aberrations in some cases.!” We also reported that sequential
saniples at chronic and crisis or acute onset and relapse in each case
showed different chromosome aberrations or integrations as deter-
mined by chromosomal CGH or Southern blot analysis.!? Similar
clonal change has been reported previously in some cases of B-cell
lymphoma.'® Although analysis of sequential samples is important

“when examining the stability of multiple subclones, it is difficult to

acquire sequential samples from acute-type ATLL patients because

- these patients require immediate chemotherapy. However, chronic-

type ATLL can be treated with “watchful waiting,” so the clonal
stability of ATLL may be explored in these patients.

Our data indicate that acute-type ATLL comprises multiple
subclones with differing genomic aberrations. Several morphologic
variants of ATLL have been described,” and the presence of a
mixture of cells of different sizes has been reported. However, the
histological type does not correspond to the clinical subtype.'d
Therefore, it is reasonable o postulate that the histological type
does not always reflect. the clinical features because the tumor
subclones may differ at various sites.

HTLV-1 integration and TCRy rearrangement determined by
Southern blotting

We focused on the cell origin of the multiple subclones in each
patient. Southern blot -analysis revealed a monoclonal band of
HTLV-1.integration or monoclonal rearrangement of TCRy in all

“samples examined. These data indicated that the ATLL clones in

each case had a common tumor cell origin. ATLL research and
treatment-utilize the Shimoyama classification. Acute-type ATLL
represents one subtype in the classification, and is considered to be

a monoclonal tumor. Our data are also consistent with this

classification. However, it is possible that multiple subclones in the
LNs possess a diversity that may account for the variable clinical
manifestations and drug resistance that can occur during the
treatment of ATLL.

Selection of leukemic clone and diversity in LNs

Array CGH suggested that the subclones in the PB and LNs
differed even though they are derived from an identical mono-
clonal tumor cell, as determined by in Southern blot analysis.
Given that the clones are derived from one clone, theoretically the
clone with heterozygous loss is never derived from a cell with
homozygous loss. Homozygous loss regions were only present in
the PB samples examined at a frequency of 38% (5 of 13 cases

examined). None of the 3 samples showed homozygous loss
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regions found in the LN samples, indicating that in these cases,
subclones present in the L.Ns were not derived from those in the
PB. These results suggested that the selected subclones appeared
in the PB after subclones developed in the LNs. However, it
remains to be determined how these clones in the PB become stable
during the course of disease. It is also important to determine
whether the tumor cells in the PB can proliferate at the level of
tumor cells in the LNs.

In conclusion, the results of the present study showed that there
are multiple subclones in acute-type ATLL, all of which possess a
common TCR rearrangement and the genomic profiles of which
often differ between the PB and LNs. Cases were identified in
which a selected subclone from multiple subclones in the LN
samples was also identified in the PB samples. ATLL was clinically
classified into 4 subtypes by Shimoyama. However, the specific
genes that characterize acute-type ATLL have not been identi-
fied. Our results reveal that acute-type ATLL is a genetically
heterogeneous neoplasm and that clonal evelution of ATLL
takes place in the LNs.
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Background : ; e :
Enhancer of zeste homolog 2 is a component of the Polycomb repressive complex 2 that medi-
ates chromatin-based gene silencing through trimethylation of lysine 27 on histone H3. This
complex plays vital roles in the regulation of development-specific gene expression.

Design and Methods : ‘ o :

In this study, a comparative microatray analysis of gene expression in primary adule T-cell
leukemia/lymphoma samples was performed, and the results were evaluated for their onco-
genic and clinical significance.

Results

Significantly higher levels of Enhancr of zeste homolog 2 and RING1 and YY1 binding protein
rranscripts with enhanced levels of trimethylation of lysine 27 on histone H3 were found in
adule T-cell leukemia/tymphoma cells compared with those in normal CD4*. T cells.
Furthermore, there was an inverse correlation between the expression level of Enhancer of
zeste homolog 2 and that of miR-101 or miR-128a, suggesting that the altered expression of the
latter miRNAs accounts for the overexpression of the former. Patients with high Enbancer of
zeste homolog 2 or RING1 and YY1 binding protein transcripts had a significantly worse prog-
nosis than those without it, indicating a possible role of these genes in the oncegenesis and pro-
gression of this disease. Indeed, adult T-cell leukemia/lymphoma cells were sensitive to a his-
tone methylation inhibitor, 3-deazaneplanocin A. Furthermore, 8-deazaneplanocin A and his-
tone deacetylase inhibitor panobinostat showed a synergistic effect in killing the cells

Conclusions e ) ) P

These findings reveal that adult T-cell leukemia/lymphoma cells have deregulated Polycomb
repressive complex 2 with over-expressed Enhancer of zeste homolog 2, and that there is the
possibility of a new therapeutic strategy targeting histone methylation in this disease.

Key words: adult T-cell leukemia/lymphoma, human T-cell leukemia virus type-1, Enhancer of
zeste homolog 2, HBK27me3. , ~
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Introduction

The Polycomb group (PeG) proteins play critical roles in
the regulation of development by repressing specific sets
of developmental genes through chromatin modification.”
They form two distinet multimeric complexes, Polycomb
repressive complex 1 (PRC1) and PRC2, which bind to
polycomb responsive elements (PRE), repress genes
required for cell differentiation, and maintain pluripoten-
cy and self-renewal of embryonic stem  cells and
hematopoietic stem cells?® PRC2 consists of Enhancer of
zeste homolog 2 (BEZH2), which has histone methyltrans-
ferase activity, suppressor ol zeste 12 (SUZ12), and
embryonic ectoderm development (BED), which is
required to maintain the integrity of PRC2. Sequence-
specific DNA binding protein YY1, which recognizes PRE,

interacts with EED and recruits PRC2 to a specific chro-

matin domain to be repressed.® EED interacts with his-
tone deacetylase (MDAC) proteins, HDAC1 and HDAC2Z,
and the histone binding proteins RRBP4 (RbAp48) and
RBBP7 (RbAp46).° PRC2 thus also participates in histone
deacetylation. EZH2, as a pant of the PRC2 complex, not
only methylates histone bur also serves as a recruitment
platform for DNA methyluansferases that methylate the
promoter regions of target genes, which is another mech-
anism of gene repression” The more diverse complex
PRCT consists of HPC family proteins that mediate chro-
matin association, HPH family proteins, RING, BMI1, and
others." PRC2 initates trimethylation of lysine 27 on his-
tone H3 (H3K27me3) and, to a lesser extent, lysine 9 of
histone HB35 PRCI recognizes H3K27med through the
chromodomain of the HPC and maintains the trimethyla-
tion. There are a number of reports indicating that such
epigenetically mediated wanscriptional silencing is associ-
ated with cancer development.’” Among these, vncogenic
roles of over-expressed EZH2 have been studied in a vari-
ety of tumors.”

Adule T-cell leukemia/lymphorma (ATL) is a neoplasm of
mature CD4* T-cell origin, etiologically associated with
human T-cell leukemia virus type-1 FHTLV-1).2% Its clini-
cal behavior differs among patients and is subclassified
into four subtypes: smoldering type and chronic type as
indolent subtypes, and acute type and lymphoma type as
aggressive subtypes.” Inactivation of tumor suppressor
genes is one of the key events in development and pro-
gression, and there is a strong accumulation of
p14ARF pd SINK4B/p16INK4A gene deletion/methylation
or p53 gene murations in aggressive subtypes (>60%)."*%
In the present study, for further investigation of the onco-
genesis of ATL, we performed a comparative microarray
analysis of gene expression in primary ATL samples. ATL
cells expressed significantly higher levels of EZH2 and
RYBP (RING1 and YY1 binding protein} transcripts than
CD4* T cells from healthy volunteers. Mareover, acute-
type ATL cells showed significantly higher levels of these
transcripts than chronic-type ATL cells, suggesting that
deregulation of PcG proteins plays a crucial role not only
in the development bur also in the progression of ATL. In
addition, ATL samples were strongly positive for
H3K27me3, and were sensitive to 3-deazaneplanocin A
{IZNep), a histone methylation inhibitor* It has recent-
ly been shown that HDAC inhibitor panobinostar (PS,
also known as LBH589) depletes the levels of EZIM2,
SUZ12, and EED and induces apoptotic death in leukemia
cells * Deregulation of PcG protein genes with over

__ Overexpression of enhanc

expressed EZH2 in ATL cells suggests that ATL is one of
the appropriate target diseases for such epigenetic therapy.

Deslgn and Methods

Sample preparation

This study was approved by the ethics committees of Nagasaki
University, and all clinical samples were obtained after written
informed consent was provided. The diagnosis of ATL was con-
fimned by the monoclonal integration of HTIV-1 proviral DNA in
the genomic DNA of Jeukemia cells. Peripheral blood mononu-
clear cells (PBMCs) were obtained from ATT patients (acute type
22 cases, chronic type 1¥ cases) and healthy adult volunteers by
density gradient centrifugation using Lympho-prep (AXIS
SHIELD, Oslo, Norway). For emrichment of ATL cells, CID4* cells

“were purified From. the PBMCs by the magnetic bead method

{CD4 MicroBeads, Miltenyi Biotee, Aubum, CA, USA) as
described elsewhere. ™ Besides these samples for microarray analy-
sis, we prepared another set of samples for quantitative real-time
RI-PCR (qRI-PCR) and Western blotting (25 ATL patienus, 13
HTIV-1 carriers, and 12 healthy adults) o confirm the results of
microarray analysis, We also used formalin-fixed, paraffin-embed-
ded lymph nodes from 7 patients with lymphoma-type ATL and
5 patients with follicular lymphoma for immunchistochemical
analysis.

ATL cell lines used in this study, SO4, ST1, KK, KOR, and LM-
Y1, were established from respective patients in our laboratory
and have been confitmed to be of primary ATL cell origin® Cells
were maintained in RPMI1640 medium supplemented with 10%
FBS andd 100 Japan reference. units of recombinant intereukin-2
{(rIL-2) (kindly provided by Takeda Pharmaceutical Company, Lid.,
Osaka, Japan). We also used HTLV-1-infected T-cell lines MT2 and
HuT102 and acute T-lymphoblastic leukemia cell lines Jurkat and
MQOLT4, which were maintained witheut 1IL-2.

DNA microarray analysis

RNA was prepared from purified CD4" T cells, and subjected to
hybridization to HGU185A & B micrearray containing 44,760
probe sets for human genes (Affymetrix, Santa Clara, CA, USA) as
described previously. ™ The mean expression intensity of the
internal positive control probe sets (itp/ewwaffymetriv.condsup-
poriechuicallmask_files.affx) was set to 500 units in each hybridiza-
tion, and the fluerescence intensity of each test gene was normal-
ized accordingly. All IGU133A & B micrearray data are available
fromm  the Gene  Expression  Ommibus  website
(hup:tfwww.ncbinlmnifgov/gee) under the accession mimber
(GSE1466.

Quantitative real-time RT-PCR

For confinmation of the results of microarmy analysis, we per-
formed quantitative real-time RT-PCR (qRT-PCR) for PG protein
genes. Total RNA was prepared using Isogen (Wako, Osaka,
Japan). Alter removal of contaminated DNA with DNase
{Message Clean kit; GenHunter, Nashville, TN, USA), cDNA was
constructed from 1 ug of wotal RNA using the SuperScripe I RT-
PCR System {Invitrogen, Carlsbad, CA, USA) according to the
mamifacturer’s instructions. Primers and TagMan probes labeled
with TAMRA dye at the 3' end and FAM at the 5 end are listed in
Ordine Supplementary Table 54, The mRNA levels for PeG family
proteins and porphobilinogen deaminase (PRGD) were measured
from a ¢DNA template using a LightCyderd®0 PCR System
(Roche Diagnostics, Mannhein, Germany). Briefly, reactions were
performed in a 20 ul. volume with 3 ul. (23 ng) of cDNA, 0.5 uM
PCR primers, 0.1 uM TagMan probes, and 10 ul. of LightCycdler
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480 probes Master Mix (Roche Diagnostics). The PCR program
consisted of 95°C for 5 min followed by 50 cydes of 95°C for 10
sec and 60°C for 80 sec. After 50 cycles, the absolute amounts of
PeG protein mRNA and PBGD mRNA wetre interpolated from the
standard curves generated by the dilution method using plasmids
derived from a clone wansfected with pTAC-1 Vector
{BioDynamics Laboratory Inc., Tokyo, Japan) containing ampli-
cons from the PcG family protein and PBGD genes, respectively.
To nomalize these results for vadability in concentration and
integrity of RNA and cDINA, the PBGD gene was used as an inter-
al control in each sample.

For the quandrative PCR for microRNAs (miRNAs), miR-101,
miR-26a, and mik-128a, 10 ng of total RNA (containing miRNA)
was used. RT reaction and real-time quantification were per-
formed using TagMan MicroRNA RT kit and TagMan MicroRNA
assays (hsa-miR-26a, assay I3 000405; hsa-miR-101, assay 1D
002258; hsa-miR-128a, assay ID 002216; RNUGB, assay 1D
001093) (Applied Blosystems, Foster City, CA, USA) in accordance
with the manufacturer’s instructions. Fach PCR reaction misture
contained 10 ul of LightCycler 480 probes Master Mix, 4 ul. of
nuclease-free water, 1 ul of 20X specific PCR pritmer, and § ul. of
RT product. The thermal cycler was programmed as follows: 95°C
for & min, 40 cycles of 95°C for 15 sec, and 60°C for 60 sec. Using
the comparative CT method, we used an endogenous control
(RNUGB) to nomnalize the expression levels of target micro-RNA
by correcting differences in the amount of RNA Ioaded into gPCR
reactions.

Western blot analysis and antibodies

Westem blot analysis was performed as described previously.®
The analysis was performed. using antibadies to FZH2 and
Histone H3 (Cell Signaling Technology, Danvers, MA, USA), phos-

pho EZH2 (Ser21) Bethyl Laboratories, Montgomery, TX, USA),

HaKZ7me3, dimethylated H3K27 (H3K27me2), monomethylated
H3K27 (H3K27mel) (Millipore, Temecula, CA; USA), and B-actin
(Sigma, St. Louis, MO, USA).

hnmunohistochemistry

Immunchistochemical staining for EZH2 and HBK27mes was
petformed on formalin-fixed,” paraffin-embedded lymph node
samples from lymphoma-type ATL patients and follicular lym-
phoma patients as a control. The deparaffinized slides were pre-
treated with DAKO Target Retrieval Solution, pH ¢ (DAKO Japan,
Tokyo, Japan), and heated in a water bath at 95°C for 40 min. For
all stains, the endogenous peroxidase was quenched using 5%
HzOz for 15 min. Sections were then placed in 0.5% non-fat dry
milk for 30 min at oo temperature. The primary antibodies
used were anti-EZH2 antibody (BD Biosciences, San Jose, CA,
USA) and anti-FBK27me8 antibedy (Cell Signaling Technology,
Boston, MA; USA), and were. applied at 1:50 dilution and 1:100
dilution, respectively. They were allowed to react for 1 h at room
temperature, and then the DAKO EnVision™ + Daal Link System-
HRP DAKO Japan, Tokyo, Japan) was applied using diaminoben-
zidine as the chromogen, following the manufacturer’s protocol.

Sensitivity of adult T-cell leukemia/lymphoma cell fings
to DZNep and PS (L1BHE89)

DZNep was synthesized by one of the authors (VEM). Cells
were treated with different concentrations of DZNep for 72 h and
the cell proliferation status was evaluated by an MTS assay using
a Cell Titer 6% AQueos Cell Proliferation Assay kit (Promega,
Madison, WI, USA) in accordance with the manufacturer's
instructions. To analyze the synergistic effect of combined treat-
ment with DZNep and PS {LBFH589) (kindly provided by Novartis
Pharma AG, Basel, Switzerland), cells were treated with DZNep

{(0.2-5.0 uM) and PS (LBLIS89) (3-30 nM) for 48 h. After the cell
proliferation status was evaluated by an MTS assay, the combina-
tion index (CI) for each drug combination was obtained by deter-
mining the median dose effect of Chou and Talalay using the CI

-equation within the commercially available software Caleusyn

(Biosoft).” Cl<1, Cl=1, and Cl»1 indicate synergism, - additive
effect, and antagonism, respectively. Cell viability represents the
value relative to that of the control culture without these agents.

‘Resuits

Microarray analysis shows increased EZHZ
and/or RYBP transcripts in adult T-celf
feukemia/lymphoma cells ‘

In a comparative microarray analysis of primary ATL
samples, we focused on investigating PcG protein genes,
EZHz2, RYBP, BMI-1, and CBX7, in the present study
because ATL cells show many aberrantly hypermethylat-
ed DNA sequences.” ATL cells expressed significantly
higher levels of EZH2 and RYBP wanscripts than CD4* T
cells from healthy adults (Figure 1A and B). In addition,
there was a difference between ATL subtypes in these
expressions, and cells from the acute type showed signifi-
cantly higher levels of these transcripts than the cells from
the chronic type. When patients were separated into two
groups consisting of those with high expression and those
with low expression, the group with high EZH2 or high
RYBP wranscript showed significantly shorter survival than
the respective low-expression groups (Pigure 1E and F),
indicating that high EZHz2 and/or RYBP expression is asso-
ciated with aggressive clinical behavior. Convincingly,
there was a trend toward accumulation of acute-type ATL
in the high EZH2 or the high RYBP expression group: 14
cases of acute type and 6 cases of chronic type in the high
EZH2 group, 7 cases of acute type and 13 cases of chronic
type in the low EZH2 group, 14 cases of acute type and 6
cases of chronic type in the high RYBP group, and 7 cases
ol acute type and 18 cases of chronic type in the low RYBP
group. BMI1 is known to down-regulate the expression of
p14ARE/p16INK4A and lead to neoplastic transforma-
tion.* Chromobox 7 (CBX7), a component of the PRCT, is
also  known 1o repress the transcription of
P14ARF/ p1 6INK4A# Since inactivation of
P14ARE/ p1 SINK4B/p16INK4A genes is one of the key
events in ATL progression, expression of BMI-1 and/or
CBX7 transcript was expected to be elevated in acute-type
ATL cells. There was, however, no difference in these
expressions between ATL subtypes or even between ATL
cells and nommal CD4* T cells (Figure 1C and D). There
was no difference in survival for differenc BAMI-1 or CBX7
expression levels (Figure 1G and H).

Confirmation of increased EZH2 and/or RYBP
transcripts by quaniitative real-time RT-PCR

For confirmation of the resules of microarray analysis,
we quantified the cranscripts of the PeG protein genes
including EZH2 and RYBP by gRT-PCR using ancther set
of samples from ATL patients, healchy adules, HTIV-1 car
riers, and hematologic cell lines including ATL cell lines. In
accordance with the results of microarray analysis, EZH2
and RYBP transcripts were increased in primary ATL cells
compared with these in the cells from healthy adults and
HTLV-1 carriers, with statistically significantly higher val-
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ues in EZH2 in terms of both absolute copy number per 25
ng of wotal RNA and normalized expression level (Ouline
Supplementary Figure $14, a, B, 1). RBBP4 was significantly
higher in primary ATL cells than in the cells from healthy
adults and HTLV-1 carrers in terms of normalized expres-
ston level (Online Supplementary Figure $4 C, ¢). In contrast,
there was no difference in BMIH, YY4, and EED expres-
sions among these groups, although some patients
showed very high BMIY expression (Online Supplememary
Figure $1D, d, E, ¢, E f). Similarly to primary ATL cells,
some ATL cell lines showed high EZH2 expression in
terms of absolute copy number per 25 ng of total RNA
(Ouline Supplementary Figure S14).

EZHZ protein expression with trimethyiation of H3K27
is characteristic in adult T-cell leukemfa/lymphoma
ceifs

We then examined EZH2 and RYBP at the protein level
by Western blotting. A 98-kDa band for EZH2 protein and
a 82-kDa band for RYBP protein were detected in all pri-
mary ATL samples irrespective of subtype, but they were
hardly detected in cells from healthy adults and FHTLV-1
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carriers {Figure 2A, Ouline Supplementary Figure 52, and
data not shown). ATL cell lines and acute T-lymphoblastic
leukemia cell lines also showed intense EZH2 bands. The
serine-threonine kinase Akt phosphorylates EZH2 at ser-
ine 21 and suppresses its methyleransferase activity by
impeding EZH2 binding to histone H8, which results in a
decrease in lysine 27 wimethylation.® EZH2 of ATL cells
was not phosphorylated and was in its active form (Figure
2A). In fact, most primary ATL samples showed the band
for H3K27me3, while the cells from healthy adults lacked
the band (Figure 2B). As it is known that EZH2 plays a cru-
cial role in trimethyladon but not in dimethylation or
monomethylation, the bands for HBK27me2 and
HBK27mel were detected in all samples examined, but
the band for H3K27me8 was limited in primary ATL cells
and ATL cell lines LMY1 and KOB that showed an intense
EZH2 band with a faint phosphorylated EZH2 band
(Figure 2A and B). In contrast, EZH2 was strongly phos-
phorylated in ATL cell lines ST1, SO4, KK1, and acute T-
lymphoblastic leukemia cell lines Jurkat and MOLT 4, and
these cell lines hardly showed the band for H3K27me3.
Collectively, these results indicate that ATL cells express

Figure 4. Microarray analysis of gene expression in primary
ATL cells. (A-D) Expression levels of PcG protein genes were
compared among normal CD4" T cells {(Control), chronic ATL
cells (Chronic), and acute ATL cells (Acute), and results of
EZH2 (A), RYBP (B), BMIL (C), and CBX7 (D) are demonstrated
in box plots. ATL celis showed significantly higher levels of
EZH2 and RYBP transcripts than normal CD4' T cells (Mann-
Whitney's U test), with a higher expression in the acute type
than in the chronle type (Mann-Whitney's U test) (A, B). In con-
trast, there was no statistical difference in the level for 8MIL
or CBX7 among these groups (C, D). (E-H) Overall survival
curves for ATL patients separated into two groups conslisting
of those with high expresslon (H, n=20) and low expression (L,
n=20) for EZH2 (E), RYBP (F), BMI1 (G), or CBX7 (H) are shown.
Patients with high EZH2 or high RYBP expresslon showed sig-
nificantly shorter survival than those In corresponding low
expression droups (log rank test) (E, F). There was no differ-
ence In survival for different BMIL or CBX7 expressions (G, H).
H: high expression group (bold line}, L: low expression group
(thin dotted line). #P<0.05, *:P<0.01
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functionally active EZH2, and as a result, their H3K27 are
trimethylated, and that ATL cell lines LMY1 and KOB pre-
serve this characteristic of primary ATL cells. :

hmmunohistochemical confirmation of the expression
of EZH2 and H3K27me3 in lymph nodes ;

We next used lymph nodes from lymphoma-type ATL
patents for immunohistochemical evaluation of EZH2
expression and H8K27me3. In agreement with the results
of Western blotting, all ATL lymph nodes from 7 patients
were stongly positive for both EZH2 and H3K27me3
without exception in their nuclear staining (Oufiue
Supplementary Figure S3 and data not shown), suggesting
that overexpression of EZH2 with H8K27me3 is a com-
mon teature of ATL cells irrespective of ATL subtypes. In

EZH2
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fractin
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Figure 2. EZH2 proteln expression and histone methylation, (A)
Western blot analysls for EZH2 protein was performed on ptimary
ATL cells, cells from healthy adults, and ATL cell lines. Primary ATL
cells showed a clear 98-kDa band for EZH2 with the absence or
presence of faint bands for phosphorylated EZH2 (p-EZH2). Cells
from heaithy adults hardly showed these bands. ATL cell lines ST1,
$04, and KK1 showed intense bands for both EZH2 and p-EZHZ2, but
LM-Y1 and KOB cells showed intense bands for EZH2 with the
absence of a band for p-EZH2, (B) Western blot analysis for histone
methylation status was performed. Only primary ATL cells and LM-
Y1 and KOB cell lines showed a clear band for H8K27me3, but oth-
ers hardly showed the band. Bands for H3K27me2, H3K27med,, and
histone H3 were observed in almost all samples examined. ’

contrast, in lymph nodes from 5 follicular lymphoma

patients, only a few cells were positive for EZH2 with

some variation among patients and most. cells were nega-

tive for HBK27me8 (Ouline Supplementary Figure $3 and

data wor showen).

Downreguiation of miR-101 and miR-128a may be
responsibie for increased EZH2 expression

So far, more than 700 miRNAs have been identified in
humans, and each miRNA regulates multiple target genes.
miR-101 and miR-26a have been shown to be negative
regulators of EZH2 expression and are depressed in several
types of cancer cells.** miR-128a is known to be a nega-
tive regulator of BMI/ and has been reported to be
involved in glioma cell proliferation. We quantified these
miRNAs in primary ATL cells and cells from HTLV-1 car
riers to investigate the mechanism of EZH2 overexpres-
sion. ATL cells showed signilicandy decreased levels of
miR-101 and miR-128a compared with the cells from
HTIV-1 carriers (Figure 3A and C). Notably, there were

significant inverse correlations between EZH2 expression

and miR-101 expression or EZH2 expression and miR-
128a expression (Figure 8D and E), suggesting that
decrease of these miRNAs accounts for the overexpression
of EZH2. Since genomic loss of miR-101 has been reported
in prostate cancer,* we performed quantitative genomic
PCR for miR-101 in two loci, miR-101-1 {chremasome
1p81) and miR-101-2 (chromosome 9p24). Both loci were
preserved in all 10 ATL samples examined (Ounline
Supplementary Figure $4). The expression.of miR-26a did
not, in contrast, differ berween ATL cells and cells from
HTLV-1 carriers (Figure 8B). Unexpectedly, there was no
significant correlation between BAII1 expression and miR-
128a expression (Figure 35,

Aduft T-cell leukemia/lymphoma cells are sensitive
to DZNep and PS5 (LBHE8S)

We [irst examined the sensitivity of ATL-related cell
lines and acute T-lymphoblastic leukemia cell lines to
DZNep, an inhibitor of S-adenosylhomocysteine hydro-
lase, which has recently been shown to decrease the
expression of EZH2 and histone methylation.®* DZNep
inhibited the proliferation of these cell lines, at concentra-
tions above 0.5 uM (Ouline Supplememary Figure S54). In
contrast, CD4* T cells from healthy adults as a normal
contzol were resistant o DZNep even at 5 pM. Notably,
although DZNep decreased EZH2 expression in ST1, $SO4,
and KK1, it did not decrease but rather increased the
expression in KOB, results which were confirmed by

- Western blot (Ouline Supplementary Figure S5B and C). PS

(LBH589) is also known to decrease the level of EZH2 in
several types of leukemia cells* One hundred nM of PS
(LBH589) decreased EZH2 expression at both transcript
and protein levels in ATL cell lines including KOB and LM-
Y1, which showed a similar EZH2 expression profile to
that of primary ATL cells, namely, high EZH2 expression
with low phosphorylated EZH2 and strong H3K27me3
(Ouline Supplementary Figure S5D and E). We next exam-
ined whether these agents show a synergistic effect orjust
an additive effect. As shown in Onliste Supplementary Figure
S5F {upper panel), the cell viabilities of LM-Y1 treated
with 25 nM PS (LBH589) or 2.5 uM DZNep were 70% and
87%, respectively. A combination of this setting
(LBH:DZNep=1:100) markedly decreased the proportion
of viable cells (40%) compared with that of cells treated
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with either agent alone. Similatly, cell viabilities of KOB
wreated with 25 nM PS (LBH589), 2.5 uM DZNep, or a
combination of these agents were 86%, 93%, and 48%,
respectively. By calculating CI according ro the methaod of
Chou and Talalay,” we found a strong synergistic antipro-
liferative effect in both cell lines (Owuline Supplementary
Figure S5F, lower panel).

Discussion

EZH2 is a critical component of PRC2, which mediates
epigenetic gene silencing through wimethylation of
H3K27 %% EED and SUZ12 are also required for the exhi-
bition of methyltransferage activity and for the localiza-
tion of this complex to target genes.” In an analysis of
genome-wide H3K27 methylation in aggressive prostate
cancer tissues, a significant subset of the target genes were
also targets in embryonic stem cells, suggesting that the
mechanism for gene silencing used to maintain stem cell
renewal is converted inte oncogenesis.® Ectopic expres-
sion of EZH2 is capable of providing a proliferative advan-
tage to primary cells, and its gene locus is amplilied in pri-
mary tumors.” Indeed, increased EZH2 expression has
been reported in several types of cancer cells, and its clin-
ical significance is extensively studied in prostate cancer.™
Amounts of both EZH2 transcript and EZH2 protein were
elevated in retastatic prostate cancer; in addition, clinical-
ly localized prostate cancers that express higher concen-
trations of EZHz2 showed a poorer prognosis. An associa-
ton of increased EZH2 expression with poor prognosis
has also been reported in other solid tumors. Currently,
however, there are only limited reports describing EZH2
expression in hematologic malignancies.

In the present study, we showed for the first time that
EZH2 was overexpressed in ATL cells, and that the

180

120
100 b

iR-101/RNUBB

miR-26a/RNUEB

Carrier  Primary ATL Carrier  Primary ATL

041795945
68021 ..

s Rk

A.,M,.u..,.H..),.:.O.‘;x;g}x:&m

L

miR-128a/RNUBB

~Overospiession of enaicerof

increased EZH2 was not phosphorylated and was in jts
active form. The increased EZH2 seemed to exhibit his-
tone methyltransferase activity i vivo, as supported by the
results that ATL cells from both peripheral blood and
lymph nodes were strengly positive for H3K27me3. Since
EZH2 was almost undetectable in cells from healthy adults
and HTIV-1 carriers, it is likely that deregulation of PRC2
caused by over-expressed EZH2 is involved in the eardy
steps of ATL oncogenesis. Meanwhile, ATL padents with
high EZHZ expression showed shorter survival than
patients with low EZH2 expression, indicating that
increased EZH2 also plays a role in the process of ATL pro-
gression. It has been reported that genes methylared in
cancer cells are specifically packaged with nucleosomes
containing H3KZ27.# However, there are only a few studies
that actually examined H3K27meB in primary tumor cells
or tissues. In one such study, H3K27me3 expression was
unexpectedly lower in breast, ovarian, and pancreatic can-
cers than in corresponding normal tissues, although it has
been reported that there are increased levels of H3K27me3
in breast cancer cell lines.** We do not have an adequate
explanation for these conflicts at present, but there may be
some differences in the process of oncogenesis between
solid tumors and hemnatologic malignancies.

The mechanism of the overexpression of FZH2 in
tumors remains largely unknown. miRNAs regulate gene
expression and play important roles in cellular differentia-
tion and embryonic stem cell development. Recently, two
miRNAs, miR-101 and miR-26a, were found to repress
EZH2 expression. The expression of miR-101 decreases in
parallel with an increase in EZH2 expression during pro-
gression in prostate tumors.* In addition to these mikNAs,
we examined miR-128a, which has been shown to repress
BMI4 expression in glioblastoma, because overexpression
of BMI-1 is associated with the development of malignant
lymphoma.®# ATL cells showed a decreased level of miR-

Figure 3. Quantifative real-
time RT-PCR for miRNAs, (A-
C) Expressions of miR-101
(A), miR-26a (B), and miR-
128a (C) were compared
between ATL patients and
HTLV-1 carrlers. Primary ATL
cells showed slignificantly
lower levels of mIR-101 and
miR-128a (Mann-Whitney's
U test) compared with the
cells from HTLV<L carrlers
(A, C). There was no signifi-
cant difference in miR-26a
expression between the two
groups (B). (D, E, P
Correlation between miRNA
and EZH2 or BMIL expres-
sion was examined. There
were significant inverse cor-
relations hetween normai-
lzed EZH2 expression and
miR-101 ‘expression (D) or
between normalized EZH2
expression and miR-128a
expression (£} (Speanman’s
corralation coefficlent), In
contrast, there was no corre-

Carrier  Primary ATL

oyl TOT L AR
= 030265

50 100
EZH2/PBGD

5.0 10.0
EZHZ/PBGD

15.0

lation between normalized
BMI1 expression and miR-
128a expression {F).
*P<0,08, #xP<0,01

200 400
BMI/PBGD

50.0




| D Sasakieteh |

101 expression compared with the cells From HTLV-1 car-
tiers, which is not caused by genomic loss of the miR-104
gene, in contrast to prostate cancer. Moreover, there was
a clear inverse correlation between EZF2 expression and
miR-101 expression, suggesting that increased EZHZ is
caused by the decrease in miR-101 expression. Although
currently there is no report indicating an association of
miR-128a with EZH2 expression, miR-128a showed exact-
ly the same pawern as miR-101, suggesting thar the
decrease in miR-128a also participates in EZH2 overex-
pression in ATL. By analyzing the -UTR sequence of
EZHz, it has recently been shown that there are two pre-
dicted miR-101 target sites and one predicted miR-26a tar-
get site in the 3~UTR of EZH2.* We performed a similar
analysis and found that there was also a potential target
site for miR-128a near one of the miR-101 target sites

(Ounline Supplememary Figure $6). miR-26a was not

decreased in ATL cells, and there was no correladon
between miR-26a expression and EZH2 expression or
miR-128a expression and BAMI¢ expression. The associa-
don of miR-26a with EZH2 was found in normal cell dif-
ferentiation as a physiological phenomenon but not in
rumor cells. The miRNAs used to regulate normal develop-
raent and differentiation may be different from those used
for the development of tumors. Another possible explana-
tion for the mechanism of increased EZH2 expression in
ATL is inactivation of p14ARF/p15INK4B/p16INK4A
tumor suppressot genes, which frequently  occurs in
ATLM54%3 E7H2 is a molecule downstream of the pRB-
E2F pathway, and inactivaton of these genes allows E2P to
be released from pRB, which results in the upregulation of
EZH2 expression. Several recent reports indicate that
EZH2Z functions to repress the expression of
p14ARF/p1 SINK4B/p1 6INKGA; therefore, increased EZH2
may be used to further decrease the expression of
p14ARE/p4 SINK4B/p1 6INK4AF Since somatic mutations
altering EZH2 (Tyr641) have recently been reported in fol-
licular and diffuse large B-cell lymphomas of germinal-cen-
ter origin,® we performed a similar analysis in 10 primary
ATL samples. There were however no such mutations
(Online Supplementary Figure 57).

ATL is quite resistant to antineoplastic agents and the
median survival droe of those with the aggressive subtypes
is only 13 months, even in a recent multicenter clinical
trial “ Since high EZH2 expression with H3K27me3 seems

to be an essential component for the initiation and promo-
tion of cell proliferation in ATL, we searched for the possi-
bility of therapeutic strategies targeting EZH2. We exam-
ined the sensitivity of ATL cells to agents that have been
shown to inhibit EZH2 expression and histone methyla-
tion. DZNep is a carbocyclic analog of adenosine synthe-
sized more than 20 years ago as an inhibitor of S-adenosyl-
homocysteine hydrolase, which has therapeutic potential
as an-anticancer or antiviral drug® DZNep has recently
aroused interest for its unique features; it decreases the
expressions of FZH2, SUZ12, and EED with inhibition of
HBK27 methylation and induces apoptosis in cancer cells
but not in normal cells.”* ATL cell lines were sensitive to
DZNep and their cell proliferation was attenuated at one-
tenth of the concentration used in these studies. More
interestingly, DZNep showed no toxicity to normal CD4*
T cells as a normal control. Acute T-lymphoblastic
leukemia cell lines showed similar sensitivities to DZNep,
which may indicate that DZNep exerts general toxicity to
leukemia and lymphoma cells not necessarily associated
with histone moditication. Indeed, although DZNep rather
increased EZH2 expression in KOB cells, this cell line was
equally sensitive as other cell lines to DZNep. HDAC
inhibitor PS (LBH589) is an effective agent for cutaneous T-
cell lymphoma and induced complete remission in 2 of 9
patients involved in a phase [ clinical wial® More interest-
ingly, it has been reported recently that combined use of
DZNep and PS (LBH589) yielded more depletion of EZF2
and induced more apoptosis of leukemia cells, but not nor-
mal CD34 (+) bone marrow progenitor cells.” In the pres-
ent study, we showed that the combination of DZNep and
PS (LBH589) exhibited a synergistic effect in killing ATL

cells. Thus, epigenetic therapy by the combined use of

these agents that inhibit histone methylation could lead 10
a breakthrough in the treatment of aggressive ATL.
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SUMMARY

Constitutive NF-«kB activation has causative roles in adult T cell leukemia (ATL) caused by HTLV-1 and other
cancers. Here, we report a pathway involving Polycomb-mediated miRNA silencing and NF-xB activation. We
determine the miRNA signatures and reveal miR-31 loss in primary ATL cells. MiR-31 negatively regulates the
noncanonical NF-kB pathway by targeting NF-xB inducing kinase (NIK). Loss of miR-31 therefore triggers
oncogenic signaling. In ATL cells, miR-31 level is epigenetically regulated, and aberrant upregulation of
Polycomb proteins contribute to miR-31 downregulation in an epigenetic fashion, leading to activation
of NF-xB and apoptosis resistance. Furthermore, this emerging circuit operates in other cancers and
receptor-initiated NF-xB cascade. Our findings provide a perspective involving the epigenetic program,

inflammatory responses, and oncogenic signaling.

INTRODIUCTION

Adult T cell leukemia (ATL) is an aggressive T cell neoplasm with
very poor prognosis (Yamaguchi and Watanabe, 2002). Human
T cell leukemia virus type | (HTLV-1) is recognized as an etiolog-
ical factor in T cell malignancy. Although mounting molecular
evidence has contributed to our ability to cure several cancers
and other diseases, the genetic background of ATL leukemogen-
esis is not yet fully understood. Thus, it is an urgent request to
clarify the molecular mechanism of ATL development.
Constitutive activation of nuclear factor-xB (NF-kB) is
observed in the ATL cell fines and primary isolated tumor cells
from ATL patients, although the viral oncoprotein Tax, a powerful
activator of NF-xB, is not expressed in these malignant cells

(Hironaka et al., 2004; Watanabe et al,, 2005). NF-xB activation
aberrantly contributes to cell propagation and anti-apoptotic
responses in ATL and other cancers (Prasad et al,, 2010). In
our previous study, inhibition of NF-kB activity with a specific
inhibitor, DHMEQ, drastically impaired the levels of ATL cell
growth and resistance to apoptosis (Watanabe et al, 20085),
suggesting that the molecular background of aberrant NF-xB
activation may give us potential therapeutic targets. A recent
report provided a new readout that NF-kB-inducing kinase
(NIK) has a causal role in tumor progression and the aggressive
phenctypes of various cancers, including ATL (Sajtoh et al.,
2008). NIK plays a pivotal role in the noncanonical (alternative)
NF-xB pathway as a crucial kinase in receptor-initiating
signaling, including signaling from CD40, LTBR, and BAFFR.
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Several studies have recently implicated another functional
significance of NIK protein in epithelial cell proliferation, inflam-
matory response, and oncogenic signaling (for review, see Thu
and Richmond, 2010). Although the expression level of NIK is
strictly maintained by proteasomal degradation in normal cells
(Liao et al., 2004), increased level of NIK transcript are observed
in some cancers, causing inappropriate accumulation of NIK
protein without stimuli (Annunziata et al., 2007; Saitoh et al,,
2008). Overexpression of NIK leads to aberrant phenotypes in
several cell types; however, little is known about the abnormal
accumulation of NIK in malignant cells.

Recent advances have led to deeper understanding of a new
aspect of posttranscriptional gene regulation, i.e., regulation by
a class of noncoding RNAs, MicroRNAs (miRNAs) are functional
RNAs with 18-25 nt in length that contribute to a class of cellular
functions by negatively controlling targeted gene expression via
base-pairing to 3 untranslated region (3' UTR). A single miRNA
regulates the expression of multiple genes, and the functions of
miRNAs therefore need to be orchestrated for cellular homeo-
stasis (Ventura and Jacks, 2009). In the context of cancer
pathology, many studies have provided evidences that miRNAs
can act as either oncogenes or tumor suppressors. Although the
relationship between miRNA deregulation and oncogenes has
been clarified in several cancer cells, there has been no inte-
grated analysis of gene expression in ATL. Since miRNAs
have important functions in living cells, miBNA expression
needs to be tightly regulated. Our knowledge about the regula-
tory mechanisms of miRNA expression is very inadequate
because research effort has focused mainly on the role of
miRNAs, which remains one of the most intriguing questions.
miRNA regulation involves multiple steps. miRNA maturation
has been identified as an important step, and its deregulation
leads to progression and development of cancer (Davis et al.,
2008; Trabucchi et al, 2009). Genetic deletion in cancer cells
has also been reported to account for specific miRNA defect
(Varambally et al., 2008). In addition, miRNA expression seems
to be epigenetically programmed. DNA methylation and histone
modification are strong candidates for miRNA regulation and
their abnormalities, therefore, have causal roles in cancer initia-
tion, development, and progression. In particular, Polycomb
group proteins have central functions in cellular development
and regeneration by controlling histone methylation, especially
at histone H3 Lys27 (H3K27), which induces chromatin
compaction {Simon and Kingston, 2009). Recent studies have
revealed that the amount of Polycomb family is closely associ-
ated with cancer phenotypes and malignancy in breast cancer,
prostate cancer, and other neoplasms (Sparmann and van Lo-
huizen, 2006). However, the substantial status of Polycomb
family and their epigenetic impact in ATL cells have not been
documented. Furthermore, the general roles of Polycomb
proteins in MIRNA regulation are mostly unknown. As described
above, since miRNAs are multifunctional molecules in gene
regulation, it is of pivotal importance to clarify the miRNAs
functions and their regulatory circuit in order to formulate
therapeutic strategies.

In the present study, we first performed global miRNA and
mRNA profilings of the ATL cells derived from patients to
precisely define the significance of miRNA expressions and
functions.
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RESULTS

miRNA Expression Signature in Primary ATL Cells

To characterize the miBNA expression signature in the primary
ATL cells, we first performed an miRNA expression microarray
analysis. For results with physiological significance, we used
total RNA prepared from clinical ATL samples (n = 40, Table
S1 available online) and control CD4+ T cells from healthy donors
{n = 22) aged 50-70 years. A strict threshold (p < 1 X 1075 and
two-dimensional hierarchical clustering analysis revealed 81
miRNAs that showed significantly altered levels of expression
in ATL cells compared with those of control CD4+ T cells {Fig-
ure 1A). It is noteworthy that 59 miRNAs out of 61 (96.7%)
showed decreased expression in the primary ATL cells. Among
them, we identified miR-31 as one of the most profoundly
repressed miRNAs in all ATL individuals (fold change, 0.00403;
Figure 1B). miR-31 was recently reported as a tumor suppressor
and/or metastasis-associated miRNA in metastatic breast
cancer. However, the biological functions of miR-31 in lympho-
cytes have not been studied. We therefore focused on the
biological significance and regulatory mechanisms of miR-31
expression in T cells as well as in solid cancers.

mif-31 Negatively Begulates NF-xB Signaling

via NIK Expression

To study the functional significance of miR-31 loss, we attemp-
ted to identify the target genes of miR-31 using four computa-
tional algorithms. We also performed gene expression microar-
ray analysis of the primary ATL cells (n = 52, Table §1) and
normal CD4+ T cells {n = 21) in order to detect aberrations in
gene expression. Selected putative target genes are known to
be involved in cell-cycle regulation and T cell development (Table
82). To experimentally identify the target genes, we performed
reporter-based screens as described below. Luciferase-3’' UTR
reporter assays demonstrated a remarkable negative effect
against upstream gene expression hy the MAP3K714 3’ UTR
sequence {Figure 81B), which is consistent with an initial cloning
report (Malinin et al., 1997). MAP3K14, also known as NIK, has
a central role in noncanonical NF-«B signaling by phosphoryla-
tion of IKKe. A previous report (Saitoh et al, 2008) and the
present results (Table $2) show that NIK is overexpressed in
ATL cells, leading to constitutive NF-«B activation. As shown in
Figure 2A, treatment with a miR-31 inhibitor increased NIK 3
UTR reporter activity, suggesting the involvement of endoge-
nous miR-31 in NIK downregulation. A computational search
predicted one site each of miR-31 and miR-31 antisense
(miR-31% binding sites in the NIK' 3 UTR (Figure 2B). To identify
the regulatory sequence in 3 UTR of NIK, we established addi-
tional two reporters with mutated sequence in each potential
seed region (Figure 2C; Figure 81C). Mutant 1, which contains
mutated sequence in the miR-31 seed region, partially canceled
the negative effect of endogenous miR-31 (Figure S1D) and
prevented the effect of Anti-miR-31 treatment (Figure 2D).
On the contrary, our results suggest that miR-31* does not
patticipate in NIK regulation. miR-31-mediated reporter regula-
tion was also observed in T cell lines (Figure S1E). To confirm
the results, we repeated the experiment to examine whether
miR-31 could inhibit NIK expression through seed sequence.
We made expression plasmid vectors carrying NIK, NIK-3’
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Figure 1. Global Profiling of Celidar miRNA on Primary ATL Cells
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Fold Change (ATL/Normal)

(A Two-dimensional hierarchical clustering analysis and Pearson correlation as similarity measure on the miRNAs expressed at significantly different levels
between the ATL (n = 40) and the control (1 = 22) groups. Sixty-one miRNAs were identified (p < 1 X 10"% and by filtering on more than 5-fold changes. A vertical
branch shows the expression pattern of the selected miRNAs in each individual.

(B) Fold changes inthe 61 miRNAs betwsen ATL and Normal (p < 10”5, fold change »5-fold). Selected miRNAs are arranged according top values. Seealso Table 81.

UTRWT, or NIK-8' UTRMut and tested their expressions in 2937
cells. Results demonstrated that expression of NIK-3/ UTRWT
was inhibited by simuitaneous introduction of miR-31 (Figure 2E).
miR-31 inhibition inversely rescued the NIK level, revealing that
the cellular miR-31 level negatively affected that of the NIK
protein through its 3 UTR sequence. These lines of evidence
collectively demonstrated that miR-31 recognizes and regulates
NIK mRNA through specific binding to its 3’ UTR.

Transient introduction of the miR-31 precursor in TL-Omf1
cells, which were established from an ATL patient, resuited in
downregulation of NIK at the mRNA and protein levels, associ-
ated with downregulation of the phospho-IKKa/p level and
NF-xB activity (Figures S1F and S1G). In contrast, miR-31 inhibi-
tion resulted in accumulation of NIK mRNA and protein in Hel.a
cells (Figure 2F). Manipulation of the miR-31 level clearly indi-
cated that the miR-31 level negatively correlates with cellular
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Figure 2. miR-31 Is a Negative Regulator of NF-«B Pathway by Inhibiting NIK Expression

(A} Beporter-based miR-31's target gene screening. A series of 8 UTR-luciferase reporters was transfected in Hel.a cells together with or without miR-31 specific
inhibitory RNA (Anti-miR-31) or control RNA {Anti-control). Relative values of Dual-luciferase assay are presented. *Non-targst” represents reporter without any
¥ UTR. “di-miR-31" reporter contains two perfect match sequences. The data are presented as mean + SD of three independent expetiments,

(B} Schematic of miR-31 target sites in the MK & UTR.

(C) Mutation-induced reporters, Red box stands for mutated target region {see Figure S1C).

{D) miR-31 negatively regulates MK 3 UTR analyzed by reporter assay {0 = 4, mean + SD). Luciferase activities of reporter series were tested in a presence or
absence of miR-31 inhibitor.

(E) FLAG-tagged NIK protein s negatively regulated through its 3' UTR and miR-31 binding. Plasmid vectors and miR-31 precursor or miR-31 inhibitor are
cotransfected in 203T cells. Western blots showed levels of NIK and endogenous p52. Asterisk indicates nonspecific bands.

{F) NIKmRNA (left) and protein {right) levels in Hela cells measured by quantitative RT-PCR (n = 3, mean = 8D} and western blotting, respectively, Treatment of
miR-31 inhibitor resulted in NIK accumulation. Result of densitometry is shown in the bottom panel. Asterisk indicates nonspecific bands,

(G} Cellular NF-xB activity in Hela cells 0 = 8, mean = SD) in a presence or absence of miR-31 precursor or inhibitor.
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NF-«B activity (Figure 2G). Furthermore, enforced miR-31
expression in B cells attenuated both BAFF and CD40L-medi-
ated NIK accumulation and the subsequent NF-kB signaling
{Figures 2H-2K). Consistent with previous reports (Ramak-
rishnan et al, 2004; Zarnegar et al., 2008b), we also found
decreased levels of IxBa phosphorylation. On the other hand,
TNF-u-triggered canonical NF-xB activation was not affected
by miR-81 in Jurkat cells (Figures S1H-S1K). These results
collectively show that miR-31 inhibits the basal and receptor-
initiated activities of noncanonical NF-xB pathway. With genetic
evidence and an experimental approach, we further demon-
strated that the function of miR-31 is well conserved among
several classes of species (Figures S1L-S10). Taking together
all these results, miR-31, which is almost completely absent
in primary ATL cells, appears to play a critical role in negative
regulation of the NF-xB pathway by manipulating the expression
of NIK.

miR-31 Buppresses ATL Cell Growth and Promotes
Apoptosis by Inhibiting NF«B

Although it was documented that abnormal NIK accumulation in
ATL cells acts as a constitutive activator of the NF-xB pathway,
the mechanism underlying overproduction of NIK remains to be
elucidated. The results described in the previous section indi-
cated that the amount of miR-31 is linked to the level of NIK,
and we therefore speculated that downregulation of miR-31
expression is at least partially responsible for the constitutive
activation of NF-«B in ATL cells. Quantitative RT-PCR revealed
that NIK mRNA levels were negatively correlated with miR-31
levels in primary ATL cell samples (Figure 3A). To investigate
the functional roles of NIK and miR-31, we established TL-
Om1 cells stably expressing the miR-31 or NIK specific shRNA
(shNIK) by retroviral vectors. RT-PCR and western blots showed
that expression of miR-31 or shNIK reduced NIK at mRNA and
protein levels as well as the levels of phospho-IKKa/B, p52,
and [kBo (Figures 3B and 3C). Decreased levels of nuclear
RelA and RelB are considered to represent repressed activities
of the canonical and noncanonical NF-«B pathways, respec-
tively (Figure 3D). EMSA and NF-«B reporter assays also
revealed the repressive function of miR-31 and shNIK on the
NF-«B activity (Figures 3E and 3F; Figures S2A, S2B, $5B, and
85C). Re-expression of NIK led to NF-kB activation that was
inhibited by miR-31, suggesting a reciprocal relationship
between the level of miR-31 and that of NIK.

We and others previously showed that constitutive NF-cB
activation is a strong driver of ATL proliferation and prosurvival
properties. Here, we examined the effects of miR-31 loss on
ATL cell growth. We found that TL-Om1 cells expressing
miR-31 or shNIK showed a significant attenuation of cell prolifer-
ation compared with control cells. In addition, serum starvation
experiments showed greater sensitivity to induced cell death in
NiK-repressed celis (Figure 3G). miR-31 expression showed
the same phenotypic results in other ATL-derived cell lines

(Figures 52GC, S2D, and S5E). Jurkat cells do not have significant
basal activity of NF-xB, and showed no significant difference
in cell growth with or without induced expression of miR-31
(Figure S2E).

Next, we hypothesized that miR-31-mediated NF-kB modula-
tion may affect cellular apoptosis, because numerous studies
have demonstrated that NF-xB activation is a strong antiapop-
totic factor in ATL and other cancer cells. We found that repres-
sion of NIK by miR-31 or shNIK resulted in downregulation of
a subset of genes involved in resistance to apoptosis such as
BCL-XL, XIAP, and FLIP (Figure 3H), suggesting that miR-31
has a role in proapoptosis through inhibition of NF-xB activity.
To assess the biclogical function of miR-31 in apoptosis signals,
we utllized a lentivirus gene transfer system for cell lines and
freshly isolated tumor cells. The lentivirus vector is competent
to infect nondividing cells and the infected cells can be moni-
tored by the fluorescence of Venus. We found that lentivirus-
mediated miR-31 expression promoted basal and Fas-directed
apoptosis in TL-Om1 cells (Figure 31). Venus-negative population
showed no significant changes, demonstrating the specificity of
miR-31 activity. To confirm the relationship among miR-31, NIK,
and NF-kB signaling, we also prepared another retroviral vector
encoding NIK without its 3’ UTR sequence. As restilts, re-expres-
sion of NIK reversed the miR-31-mediated apoptosis. In addi-
tion, miR-31 expression led to caspase 3 activation (Figure 3J).
Collectively, these findings indicate that miR-31 mediates
apoplosis through repression of NIK in ATL cell lines.

Tumor cells from ATL patients primarily represent the malig-
nant characteristics. In fact, miR-31 loss is found from patient
samples (Figures 1 and 3A). To demonstrate the responsibility
of miR-31 for tumor cell survival, we tested whether lentivirus-
mediated miR-31 expression has a killing effect against tumor
cells. After establishment of lentivirus infection, the apoptotic
cells were determined by flow cytometry. The results revealed
that expression of miR-31 facilitated tumor cell death. Since
NIK repression by shRNA lentivirus also showed a strong killing
effect, NIK and NF-«xB activity are suggested as crucial players
for survival in ATL tumor cells (Figure 3K). Strong toxicities
were not observed in normal resting lymphocytes that express
low levels of NIK. Taken together, these lines of experimental
evidence, including data from cell lines and primary ATL cells,
definitively support two notions that (1) miR-31 acts as a tumor
suppressor in T cells, and {2) NiK-regulated NF-«B has pivotal
importance in cancer cell survival.

Loss of miR-31 Qocurs in T Cells with Genetic

and Epigenetic Abnormalities

The results described above together with previous publications
indicate that regulation of miR-81 expression has profound
impacts on multiple functions in human tumors as well as in
normal cells. However, little is known about the regulatory
mechanism of miR-31 expression. The human gene that
encodes miR-31, hsa-miR-31, is located at 9p21.3, which is

{H-1) miR-31 attenuates signal-dependent NF-xB activation in B cells. (H and 1) BJAB cells expressing miR-31 or control RNA were treated with BAFF {0.2 pgfral)
or CD40L (0.5 ug/mi) for indicated time periods. The protein levels of NIK, phospho-IKK«/B, p100/p52 (arrowheads indicate active p52), and phospho-lkBa were
shown, Actin was detected as control. (J) NF-xB activity (n =5, mean = SD) evaluated by NF-xB-luciferase reporter assay at 24 hr after cyiokine treatments. K
NF-xB-dependent gene expressions were inhibited by miR-31 {n = 3, mean + SD). See also Table 52 and Figure 81,
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Figure 8. Loss of miR-311s Responsible for Constitulive NF-xB Activation, Abnormat Celf Growth, and Resistance to Apaptotic Cell Deathin

ATL Cells
{A) Expression levels of miR-31 and NIK in individual ATL patients and normal controls using
coefficient within ATL samples was described in the graph.
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