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Figure 5 Effect of LBH589 on proteins characteristic of adult T-cell leukemialymphoma (ATLL) cells. Cells were treated with either vehicle or
50nMm of LBH589 for 24 h. After cells were harvested, flow cytometric analysis (FCM), real time quantitative RT-PCR and western blotting were
performed. (@ and b) Changes in expression of CCR4 and IL-2R were evaluated by FCM. The results were indicated using RFI. (c-e) Real-time
quantitative RT-PCR and western blotting against HTLV-1 Tax, HBZ and HBZ-SI were performed as described in materials and methods. RT-PCRs
were carried out in duplicate and the average value was used as the absolute amount of each mRNA. The cells were divided into three groups
according to the amount of Tax mRNA; cell lines with high Tax mRNA levels (KOB, MT2 and HuT102), moderate levels (LM-Y1) and low levels
(KK1 ST1 and SO4). The results of western blotting are also shown in each panel. (b-e) Results were expressed as the mean s.d. for three
independent experiments and were also analyzed using Student’s t-test. *P<0.01.

expression of p53 in ST1 and KK1 as well as HuT102 cells
without any accumulation of MDM2, which degrades p53
(Figure 6a). In contrast, the band of p21 was increased
in intensity in these cell lines irrespective of their p53 status.
Among apoptosis-related proteins do of p53, we found
an increase in survivin, a decrease in XIAP, and no change in
BAX, PUMA and Bcl-2 on treatment with LBH589 in ST1 or
HuT102 cells. These results suggest that typical Bcl-2 family
members are not involved in the permeabilization of the
mitochondrial membrane in LBH589-induced apoptosis. Inter-
estingly, LBH589 increased the expression of Bax and PUMA
and decreased that of Bcl-2 and BclxL in KK1 cells carrying
a non-functional p53 mutation. These results indicate that
LBH589 induced apoptosis in ATLL-related cell lines in a
p53-independent manner.

Analysis of caspase-2-related apoptotic pathway

CASP2 and RIPK1 domain containing adaptor with death
domain (also known as RAIDD), RIP, caspase-9 and cyto-
chrome-C are involved in caspase-2-mediated apoptosis and
were upregulated in their expression after LBH589 treatment
(Table 1). The apoptosis induced by tumor necrosis factor-R1
requires the adaptor proteins TRADD, RIP and RAIDD in
addition to caspase-2.*? Recent reports suggest that caspase-2
can cause cytochrome-C's release from mitochondria directly or
indirectly.*>** Additionally, PIDD can interact with RAIDD and
caspase-2, forming a PIDDosome and inducing apoptosis.** We
investigated the expression profiles of caspase-2-related proteins
by western blotting (Figures 6b and c). Caspase-2 was clearly
activated by the treatment with LBH589 and cleaved forms were
observed. Similar results were observed in TRAIL-treated Jurkat
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cells (Figure 6¢c). PIDD (90kDa) is constitutively processed into
51 and 37 kDa forms and cleaved PIDD (37 kDa) is essential for
the activation of caspase-2.*® Furthermore, upregulation of the
expression of general forms of PIDD was observed during the
activation of caspase-2 induced by genotoxic agents.*® ATLL
cell lines and Jurkat cells expressed various forms of PIDD,
levels of which were not increased by LBH589 or TRAIL (Figures
6b and c). RIP was increased and TRADD was decreased in KK1
cells but neither was changed in ST1 or HuT102 cells. Of note,
the activation of RAIDD was a common characteristic in these
cells. Furthermore, the activation of RAIDD was also observed
at the mRNA level in most of the ATLL-related cell lines
(Figure 6d). In KK1 and ST1 cells, the activation of RAIDD
mRNA expression was faint whereas that of protein production
was obvious. We analyzed the 20s proteasome’s activities to
investigate whether RAIDD regulation by LBH589 in these cells
is due to proteasome inhibition (Supplementary Figure 1C).
Activities of 20S proteasome were dramatically impaired by
MG132 in all cells examined and were not changed by LBH589
in KK1 and ST1 cells. The expression of RAIDD mRNA was not
induced by the various chemicals used except LBH589
(Figure 6d, Supplementary Figure 1C, and data not shown).
These results suggest that LBH589 caused the activation of
caspase-2 and RAIDD without activating p53 and PIDD. We
further observed the activation of RAIDD and caspase-2 in
addition to acetylated histones in primary ATLL cells (Figure 6e).

LBH589 induces apoptosis in ATLL cells via caspase-2s
activation

To further investigate the role of caspase-2-mediated apoptosis
in LBH589-induced cell death, we first performed inhibition
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Figure 6 LBH589 activates RAIDD and caspase-2, but not p53. Whether the p53 pathway or caspase-2-related factors contribute to the LBH589-
induced cell death was investigated by using ST1 and HuT102 (p53 wild type) cells, and KK1 (p53 mutated) cells. (a, b and ) Cells were treated
with either vehicle or the indicated concentrations of LBH589 for 24 h. After cells were harvested, western blotting was performed. (c) Western
blotting: tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) (100 ng/ml)-treated Jurkat cells were used as a positive control of typical
apoptosis and LBH589 (12 nm)-treated K562 cells were used as a negative control. (d) Activation of RAIDD by LBH589. After cells were treated
with either vehicle or 50 nm of LBH589 for 24 h, real-time quantitative RT-PCR for RAIDD was performed. The fold increase in each cell line was
obtained by setting the value for the expression without LBH589 as 1.0.
assays of caspases using specific inhibitors. The proportion of ~ cells. Similar results were obtained with HuT102 cells using
Annexin-V-positive cells among TRAIL-treated Jurkat cells was ~ siRNA set #1 (Figure 7b), set #2, and set #3 (Supplementary
reduced from 67 to 20% by the pan-caspase inhibitor Z-VAD Figure 2C and E). Si-caspase-9 also inhibited LBH589-induced
(Figure 7a). LBH589-induced cell death was also attenuated by ~ cell death while si-PIDD and si-RIP caused no change
Z-VAD with the percentage of Annexin-V-positive cells decreas-  (Figure 7b). Similar inhibitory effects by si-RAIDD and
ing from 47 and 54% to 16 and 21% in ST1 and HuT102 cells, ~ si-caspase-2 were observed in JC-1 experiments (Figure 7c).
respectively. The caspase-8 inhibitor was not effective against ~ The effect of si-caspase-9 was less extensive than that of si-PIDD
LBH589-induced cell death, consistent with the finding  orsi-RIP (Figure 7c). These results suggest that RAIDD as well as
that caspase-8 was not activated (Figure 4d). Importantly, the ~ caspase-2 has a critical role in LBH589-induced apoptosis
caspase-2 inhibitor Z-VDVAD had a similar effect to Z-VAD and, importantly, they have active roles upstream of the
in LBH589-treated Jurkat cells, while it had a weak effect in mitochondria.
TRAIL-treated cells (46%). Furthermore, western blotting
revealed that the cleavage of caspase-3 by LBH589 was
inhibited by Z-VDVAD as well as Z-VAD (not shown). These  RAIDD has an initiating role in LBH589-induced
results suggest that LBH589 causes apoptosis in ATLL-related  apoptosis
cell lines in a caspase-dependent manner and activation of ~ Western blotting revealed that si-caspase-2 suppressed the
caspase-2 is essential. cleavage of caspase-9, caspase-3 and PARP as well as the
expression of caspase-2 itself. However, it could not suppress
the activation of RAIDD (Figure 7d). Si-caspase-9 suppressed the
RAIDD as well as caspase-2 has a critical role in cleavage of caspase-3 and PARP as well as the expression
LBH589-induced apoptosis of caspase-9 itself, but could not suppress the activation of
Next, we performed siRNA experiments targeting caspase-2, ~ caspase-2 or RAIDD. Of note, si-RAIDD most effectively
caspase-9, RAIDD, PIDD and RIP to disclose the key triggers of ~ suppressed the cleavage of caspase-2, caspase-9, caspase-3
apoptosis. Annexin-V/Pl assays revealed that siRNA of  and PARP as well as the upregulation of RAIDD expression.
RAIDD significantly repressed LBH-induced cell death, as did Si-PIDD and si-RIP did not alter the expression profiles of
si-caspase-2 (Figure 7b). The proportion of Annexin-V-positive  caspases and RAIDD. These changes were basically similar in
cells was ~65% in si-control cells and 37% in ST1 si-RAIDD ST1 and HuT102 cells. An additional siRNA experiment was
Leukemia
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Discussion

DACi achieved significant biological effects in preclinical
models of cancer including hematological malignancies which
has led to clinical trials.**”~*° Then, it has become important to
re-evaluate the mechanisms of tumor cell death caused by
DACi. These processes will improve the design of further
clinical trials and help in developing novel DACi. In this study,
we showed that a newly developed DACi, LBH589, effectively
induces ATLL cell death both in vitro and in vivo by a unique
mechanism that has not been reported. Our findings uncovered
a new role of caspase2’s activation in the induction of
apoptosis.

It has been recognized that caspase-2-mediated apoptosis is
initiated by death receptors.”>*® However, recent studies
revealed the ability of caspase-2 to engage the intrinsic pathway
in response to DNA damage.***'~* One possibility is that
caspase-2 acts indirectly on the mitochondria, by cleaving the
pro-apoptotic protein BID or by activating Bax and inducing the
release of cytochrome-C.** Another alternative is that caspase-2
directly permeabilizes the mitochondrial membrane and stimu-
lates the release of cytochrome-C independently of the Bcl-2
family including Bax and Bcl-2.>* In addition, a recent report
indicated that caspase-2 became activated in the so called
PIDDosome, a complex of PIDD, caspase-2 and RAIDD, in a
p53-dependent manner.*” In our study, si-caspase-2 and
si-RAIDD inhibited LBH589-induced apoptosis as well as
permeabilization of the mitochondrial membrane. This mechan-
ism is similar to the PIDDosome, however, LBH589-induced
apoptosis was independent of p53 and PIDD was not activated.
In addition, si-PIDD or si-RIP did not alter LBH589-induced
apoptosis. Si-caspase-2 could not suppress the activation of
RAIDD while si-RAIDD effectively suppressed the cleavage of
caspase-2. These results indicated that LBH589 caused the
activation of caspase-2 followed by RAIDD independent of p53
and PIDD. Regarding this point, a previous report suggested that
caspase-2’s activation occurred in a p53-independent manner.>®
Furthermore, two recent studies using PIDD-deficient mice
demonstrated the PIDDosome-independent activation of cas-
pase-2.°®%7 From our results, si-caspase-2 attenuated the
LBH589-induced permeabilization of the mitochondrial mem-
brane and the mRNA expression of cytochrome-C was highly
upregulated by LBH589 probably due to cytochrome-C's
release. In contrast, most of the Bcl-2 family proteins were not
altered by LBH589. In this regard, Robertson et al. suggested
that caspase-2 can directly stimulate the intrinsic pathway
independent of the Bcl-2 family.*> More recently, Sidi et al.
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Figure 7 RAIDD has a critical role in initiating LBH589-induced
apoptosis. (a) Inhibition assay of caspases. Cells were treated with
25nM of LBH589 or 100ng/ml of tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) with indicated concentrations of
caspase-inhibitors for 24 h. Results were evaluated by Annexin-V/Pl
staining. Experiments were performed in triplicate and results were
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performed using set #2 and set #3 siRNAs and results were
similar to Figure 7d (Supplementary Figure 2D and F). The
results indicate that the activation of RAIDD occurs upstream of
the activation of caspase-2 and has an initiating role in LBH589-
induced apoptosis.
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p d as the meants.d. (b and c) Effects of siRNA against
caspase-2, caspase-9, RAIDD, PIDD and RIP. At 24h after transfec-
tion, cells were incubated for 24h with either vehicle or 50 nm
of LBH589. Results were evaluated using Annexin-V/P! staining or the
JC-1 dye and analyzed with flow cytometric analysis. Results were
expressed as the mean £ s.d. for three independent experiments and
were also analyzed using Student’s ttest. *P<0.01 compared with
si-control. (d) Western blotting. At 24 h after transfection, cells were
incubated for 24 h with either vehicle or 50 nM of LBH589 and western
blotting was performed.



demonstrated a caspase-2-dependent  apoptotic program
that bypasses a deficiency of p53 and excess of Bcl-2.°® These
reports are partly consistent with our own observations.
However, our scenario does not work without the activation
of RAIDD. Therefore, our results suggest that ATLL cells make
use of a unique RAIDD-caspase-2-induced intrinsic pathway,
which has not been reported previously. Additionally, as
caspase-2-mediated apoptosis requires caspase-9,°' upregula-
tion of caspase-9 expression by LBH589 is advantageous to the
induction of apoptosis. Although a number of independent
studies strongly support a role for the intrinsic pathway in
DACi-induced apoptosis, the mechanism remains to be fully
elucidated.” Our findings may provide some explanation.

Although there is a consensus that the p53 pathway is
inactivated by Tax in ATLL cells,”® we recently found that
ATLL-related cell lines expressing the wild-type p53 harbor an
intact p53 pathway.>' Some previous findings highlighted the
importance of p53 in the effect of DACi, however, other
studies demonstrated that the expression of wild-type p53 is not
necessary for DACi-induced apoptosis.”®*' Meanwhile, it has
been reported that p21, downstream of p53, is activated by
DACi independent of p53.°# Indeed, the expression of p21
was increased by LBH589 in ATLL-related cell lines irrespective
of their p53 status. In the present study, we clearly showed that
LBH589 does not activate p53 in ATLL-related cell lines with the
wild-type p53, and LBH589 was also effective against p53-
mutant cells via the induction of a p53-like pro-apoptotic
response. A similar phenomenon was reported previously in that
the DACi FR901228 caused a p53-like pro-apoptotic response
in p53 mutant cells and the degradation of the mutant p53
protein.* We further confirmed that LBH589 caused the
degradation of p53 protein in p53 wild-type cells as well as
p53-mutant cells. These results suggest that some types of DACi
including LBH589 act upstream of the p53 pathway and cause
the degradation of even mutated p53 protein via an unknown
mechanism.

We also explored the ATLL-specific mechanisms in LBH589-
induced cell death. Notably, CCR4 and IL-2R, well-known
molecular targets in ATLL therapy, were repressed by the
LBH589 treatment.®*°® We speculated that Tax participates in
the suppression of IL-2R, however, cells with high Tax mRNA
levels actually showed an increase in Tax mRNA expression
after LBH589 treatment. These results indicate that LBH589 can
cause apoptosis even in Tax-expressing ATLL cells. In our study,
mRNA levels of Tax and HBZ in ATLL-related cell lines were not
inversely correlated. In addition, after treatment with LBH589,
mRNA levels of Tax and HBZ changed in parallel. These results
are not consistent with the idea that HBZ can inhibit Tax’s
activation.'® Meanwhile, the expression of HBZ-SI was
suppressed by LBH589 in most of the ATLL-related cell lines.
Although the precise function of HBZ-S is still under investiga-
tion,2* a previous study found that inhibition of HBZ-SI by
shRNA resulted in cell growth inhibition in ATLL cells.?> Thus,
HBZ-S!I could potentially be a molecular target in ATLL therapy
and the decrease in HBZ-SI caused by LBH589 treatment may
also contribute to the apoptosis of ATLL cells. Consequently,
we demonstrated that LBH589 is a promising drug against ATLL,
and also identified a novel intrinsic pathway in LBH589-
induced apoptosis.
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ABSTRACT

Background

Enhancer of zeste homolog 2 is a component of the Polycomb repressive
complex 2 that mediates 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
In this study, a comparative microarray analysis of gene expression in primary
adult T-cell leukemia/lymphoma samples was performed, and the results were

evaluated for their oncogenic and clinical significance.

Results

Significantly higher levels of Enhancr of zeste homolog 2 and RING1 and YY1
binding protein transcripts with enhanced levels of trimethylation of lysine 27 on
histone H3 were found in adult T-cell leukemia/lymphoma 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
Enhancer of zeste homolog 2 or RING1 and YY1 binding protein transcripts had

a significantly worse prognosis than those without it, indicating a possible role
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of these genes in the oncogenesis and progression of this disease. Indeed,
adult T-cell leukemia/lymphoma cells were sensitive to a histone methylation
inhibitor, 3-deazaneplanocin A. Furthermore, 3-deazaneplanocin A and histone
deacetylase inhibitor panobinostat showed a synergistic effect in killing the

cells.

Conclusions

These findings reveal that adult T-cell leukemia/lymphoma cells have
deregulated Polycomb repressive complex 2 with overexpressed Enhancer of
zeste homolog 2, and that there is the possibility of a new therapeutic strategy

targeting histone methylation in this disease.

Introduction

The Polycomb group (PcG) proteins play critical roles in the regulation of
development by repressing specific sets of developmental genes through
chromatin modification.' They form two distinct multimeric complexes,
Polycomb repressive complex 1 (PRC1) and PRC2, which bind to polycomb
responsive elements (PRE), repress genes required for cell differentiation, and
maintain pluripotency and self-renewal of embryonic’ stem cells and
hematopoietic stem cells.>® PRC2 consists of Enhancer of zeste homolog 2
(EZH2), which has histone methyltransferase activity, suppressor of zeste 12
(SUZ12), and embryonic ectoderm development (EED), which is required to

maintain the integrity of PRC2."* Sequence-specific DNA binding protein YY1,
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which recognizes PRE, interacts with EED and recruits PRC2 to a specific
chromatin domain to be repressed.® EED interacts with histone deacetylase
(HDAC) proteins, HDAC1 and HDAC?2, and the histone binding proteins RBBP4
(RbAp48) and RBBP7 (RbAp46).° PRC2 thus also participates in histone
deacetylation. EZH2, as a part of the PRC2 complex, not only methylates
histone but also serves as a recruitment platform for DNA methyltransferases
that methylate the promoter regions of target genes, which is another
mechanism of gene repression.” The more diverse complex PRC1 consists of
HPC family proteins that mediate chromatin association, HPH family proteins,
RING, BMI1, and others.! PRC2 initiates trimethylation of lysine 27 on histone
H3 (H3K27me3) and, to a lesser extent, lysine 9 of histone H3.2 PRC1
recognizes H3K27me3 through the chromodomain of the HPC and maintains
the trimethylation. There are a number of reports indicating that such
epigenetically mediated transcriptional silencing is associated with cancer
development.”® Among these, oncogenic roles of overexpressed EZH2 have
been studied in a variety of tumors.™

Adult T-cell leukemia/lymphoma (ATL) is a neoplasm of mature CD4+ T-cell
origin, etiologically associated with human T-cell leukemia virus type-1
(HTLV-1)."""2 Its clinical behavior is quite diverse 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 progression, and there is a strong accumulation of
p14ARF/p15INK4B/p16INK4A gene deletion/methylation or p53 gene

mutations in aggressive subtypes (>60%).'*?° In the present study, for further
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investigation of the oncogenesis 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.
Moreover, 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 but also in the
progression of ATL. In addition, ATL samples were strongly positive for
H3K27me3, and were sensitive to 3-deazaneplanocin A (DZNep), a histone
methylation inhibitor.2"?® It has recently been shown that HDAC inhibitor
panobinostat (PS, also known as LBH589) depletes the levels of EZH2, SUZ12,
and EED and induces apoptotic death in leukemia cells.?* Deregulation of PcG
protein genes with overexpressed EZH2 in ATL cells suggests that ATL is one

of the appropriate target diseases for such epigenetic therapy.

Design 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 confirmed by the monoclonal integration of
HTLV-1 proviral DNA in the genomic DNA of leukemia cells. Peripheral blood
mononuclear cells (PBMCs) were obtained from ATL patients (acute type 22

cases, chronic type 19 cases) and healthy adult volunteers by density gradient
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centrifugation using Lympho-prep (AXIS SHIELD, Oslo, Norway). For
enrichment of ATL cells, CD4+ cells were purified from the PBMCs by the
magnetic bead method (CD4 MicroBeads, Miltenyi Biotec, Auburn, CA) as
described elsewhere.?® Besides these samples for microarray analysis, we
prepared another set of samples for quantitative real-time RT-PCR (qRT-PCR)
and western blotting (25 ATL patients, 13 HTLV-1 carriers, and 12 healthy
adults), to confirm the results of microarray analysis. We also used
formalin-fixed, paraffin-embedded lymph nodes from 7 patients with
lymphoma-type ATL and 5 patients with follicular lymphoma for
immunohistochemical analysis.

ATL cell lines used in this study, SO4, ST1, KK1, KOB, and LM-Y1, were
established from respective patients in our laboratory and have been confirmed
to be of primary ATLL cell origin.?® Cells were maintained in RPMI1640 medium
supplemented with 10% FBS and 100 Japan reference units of recombinant
interleukin-2 (rlL-2) (kindly provided by Takeda Pharmaceutical Company, Ltd.,
Osaka, Japan). We also used HTLV-1-infected T-cell lines MT2 and HuT102
and acute T-lymphoblastic leukemia cell lines Jurkat and MOLT4, which were

maintained without riL-2.

DNA microarray analysis

RNA was prepared from purified CD4" T cells, and subjected to
hybridization to HGU133A & B microarray 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

(http://www.affymetrix.com/support/technical/mask_files.affx) was set to 500
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units in each hybridization, and the fluorescence intensity of each test gene was
normalized accordingly. All HGU133A & B microarray data are available at the
Gene Expression Omnibus website (http://www.ncbi.nlm.nih.gov/geo) under

the accession number GSE1466.

Quantitative real-time RT-PCR

For confirmation of the results of microarray analysis, we performed
quantitative real-time RT-PCR (qRT-PCR) for PcG protein genes. Total RNA
was prepared using lIsogen (Wako, Osaka, Japan). After removal of
contaminated DNA with DNase (Message Clean kit; GenHunter, Nashville, TN),
¢DNA was constructed from 1 ug of total RNA using the SuperScript Il RT-PCR
System (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's
instructions. Primers and TagMan probes labeled with TAMRA dye at the 3’ end
and FAM at the 5' end are listed in Table 1. The mRNA levels for PcG family
proteins and porphobilinogen deaminase (PBGD) were measured from a cDNA
template using a LightCycler480 PCR System (Roche Diagnostics, Mannheim,
Germany). Briefly, reactions were performed in a 20 ul volume with 5 ul (5 ng)
of cDNA, 0.5 uM PCR primers, 0.1 uM TagMan probes, and 10 ul of LightCycler
480 probes Master Mix (Roche Diagnostics). The PCR program consisted of
95°C for 5 min followed by 50 cycles of 95°C for 10 sec and 60°C for 30 sec.
After 50 cycles, the absolute amounts of PcG protein mRNA and PBGD mRNA
were interpolated from the standard curves generated by the dilution method
using plasmids derived from a clone transfected with pTAC-1 Vector
(BioDynamics Laboratory Inc., Tokyo, Japan) containing amplicons from the

PcG family protein and PBGD genes, respectively. To normalize these results

- 352 -



DOI: 10.3324/haematol.2010.028605

for variability in concentration and integrity of RNA and cDNA, the PBGD gene
was used as an internal control in each sample.

For the quantitative PCR for microRNAs (miRNAs), miR-101, miR-26a, and
miR-128a, 10 ng of total RNA (containing miRNA) was used. RT reaction and
real-time quantification were performed using TagMan MicroRNA RT kit and
TagMan MicroRNA assays (hsa-miR-26a, assay ID 000405; hsa-miR-101,
assay ID 002253; hsa-miR-128a, assay ID 002216; RNU6B, assay |D 001093)
(Applied Biosystems, Foster City, CA, USA) in accordance with the
manufacturer’s instructions. Each PCR reaction mixture contained 10 pl of
LightCycler 480 probes Master Mix, 4 ul of nuclease-free water, 1 ul of 20X
specific PCR primer, and 5 ul of RT product. Thermal cycler was programmed
as follows: 95°C for 5 minutes, 40 cycles of 95°C for 15 sec, and 60°C for 60
sec. Using the comparative CT method, we used an endogenous control
(RNUG6B) to normalize the expression levels of target micro-RNA by correcting

differences in the amount of RNA loaded into qPCR reactions.

Western blot analysis and antibodies

Western blot analysis was performed as described previously.® The
analysis was performed using antibodies to EZH2 and Histone H3 (Cell
Signaling Technology, Danvers, MA, USA), phospho EZH2 (Ser21) (Bethyl
Laboratories, Montgomery, TX), H3K27me3, dimethylated H3K27 (H3K27me2),
monomethylated H3K27 (H3K27me1) (Millipore, Temecula, CA, USA), and
p-actin (Sigma, St. Louis, MO, USA).
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Immunohistochemistry

Immunohistochemical staining for EZH2 and H3K27me3 was performed on
formalin-fixed, paraffin-embedded lymph node samples from lymphoma-type
ATL patients and follicular lymphoma patients as a control. The deparaffinized
slides were pretreated with DAKO Target Retrieval Solution, pH 9 (DAKO
Japan, Tokyo, Japan), and heated in a water bath at 95°C for 40 minutes. For
all stains, the endogenous peroxidase was quenched using 3% H,O> for 15
minutes. Sections were then placed in 0.5% non-fat dry milk for 30 minutes at
room temperature. The primary antibodies used were anti-EZH2 antibody (BD
Biosciences, San Jose, CA, USA) and anti-H3K27me3 antibody (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 hour at room
temperature, and then the DAKO EnVision™ + Dual Link System-HRP (DAKO
Japan, Tokyo, Japan) was applied using diaminobenzidine as the chromogen,

following the manufacturer’s protocol.

Sensitivity of adult T-cell leukemia/lymphoma cell lines to DZNep and PS
(LBH589)

DZNep was synthesized by one of the authors, V.E.M. Cells were treated
with different concentrations of DZNep for 72 hours and the cell proliferation
status was evaluated by a MTS assay using a Cell Titer 96® AQueos Cell
Proliferation Assay kit (Promega, Madison, WI, USA) in accordance with the
manufacturer's instructions. To analyze the synergistic effect of combined
treatment with DZNep and PS (LBH589) (kindly provided by Novartis Pharma

AG, Basel, Switzerland), cells were treated with DZNep (0.3-5.0 uM) and PS
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(LBH589) (3-50 nM) for 48 hours. After the cell proliferation status was
evaluated by a MTS assay, the combination index (Cl) for each drug
combination was obtained by determining the median dose effect of Chou and
Talalay using the Cl equation within the commercially available software
Calcusyn (Biosoft).?® Cl<1, CI=1, and CI>1 indicate synergism, additive effect,
and antagonism, respectively. Cell viability represents the value relative to that

of the control culture without these agents.

Results

Microarray analysis shows increased EZH2 and/or RYBP transcripts in
adult T-cell leukemia/lymphoma cells

In a comparative microarray analysis of primary ATL samples, we focused
on investigating PcG protein genes, EZH2, RYBP, BMI-1, and CBX7, in the
present study because ATL cells show many aberrantly hypermethylated DNA
sequences.®® ATL cells expressed significantly higher levels of EZH2 and
RYBP transcripts than CD4+ T-cells from healthy adults (Figure 1A, B). In
addition, there was a difference between ATL subtypes in these expressions,
and cells from the acute type showed significantly 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 transcript showed
significantly shorter survival than the respective low-expression groups (Figure

1E, F), indicating that high EZH2 and/or RYBP expression is associated with
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aggressive clinical behavior. Convincingly, there was a trend toward
accumulation of acute-type ATL in high EZH2 or high RYBP expression group:
14 cases of acute type and 6 cases of chronic type in high EZH2 group, 7 cases
of acute type and 13 cases of chronic type in low EZH2 group, 14 cases of
acute type and 6 cases of chronic type in high RYBP group, and 7 cases of
acute type and 13 cases of chronic type in low RYBP group. BMI1 is known to
downregulate the expression of p14ARF/p16INK4A and lead to neoplastic
transformation.®! Chromobox 7 (CBX7), a component of the PRC1, is also
known to repress the transcription of p1 4ARF/p16/NK4A.32 Since inactivation of
Pp14ARF/p15INK4B/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 normal
CD4+ T-cells (Figure 1C, D). There was no difference in survival for different

BMI-1 or CBX7 expression levels (Figure 1G, H).

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

For confirmation of the results of microarray analysis, we quantified the
transcripts of the PcG protein genes including EZH2 and RYBP by gRT-PCR
using another set of samples from ATL patients, healthy adults, HTLV-1
carriers, 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 those in the cells from healthy adults and

HTLV-1 carriers, with statistically significantly higher values in EZH2 in terms of
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both absolute copy number per 25 ng of total RNA and normalized expression
level (Figure 2A, a, B, b). RBBP4 was significantly higher in primary ATL cells
than in the cells from healthy adults and HTLV-1 carriers in terms of normalized
expression level (Figure 2C, c). In contrast, there was no difference in BMI1,
YY1, and EED expressions among these groups, although some patients
showed very high BMI1 expression (Figure 2D, d, E, e, F, 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 (Figure 2A).

EZH2 protein expression with trimethylation of H3K27 is characteristic in
adult T-cell leukemia/lymphoma cells

We then examined EZH2 and RYBP at the protein level by western blotting.
A 98-kDa band for EZH2 protein and a 32-kDa band for RYBP protein were
detected in all primary ATL samples irrespective of subtype, but they were
hardly detected in cells from healthy adults and HTLV-1 carriers (Figure 3A,
Supplementary Figure 1, 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 serine 21 and suppresses
its methyltransferase activity by impeding EZH2 binding to histone H3, which
results in a decrease in lysine 27 trimethylation.*® EZH2 of ATL cells was not
phosphorylated and was in its active form (Figure 3A). In fact, most primary
ATL samples showed the band for H3K27me3, while the cells from healthy
adults lacked the band (Figure 3B). As it is known that EZH2 plays a crucial role
in trimethylation but not in dimethylation or monomethylation, the bands for

H3K27me2 and H3K27me1 were detected in all samples examined, but the
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