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ABSTRACT

Background

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
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 onco-
genic 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 prog-
nosis than those without it, indicating a possible role of these genes in the oncogenesis 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, 3-deazaneplanocin A and his-
tone 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 over-expressed Enhancer of zeste homolog 2, and that there is the
possibility of a new therapeutic strategy targeting histone methylation in this disease.
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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 pluripoten-
cy and self-renewal of embryonic stem cells and
hematopoietic stem cells.>® PRC2 consists of Enhancer of
zeste homolog 2 (EZH2), which has histone methyltrans-
ferase 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, which recognizes PRE,
interacts with EED and recruits PRC2 to a specific chro-
matin domain to be repressed.® EED interacts with his-
tone deacetylase (HDAC) proteins, HDAC1 and HDAC2,
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 mech-
anism of gene repression”” The more diverse complex
PRC1 consists of HPC family proteins that mediate chro-
matin association, HPH family proteins, RING, BMI1, and
others.! PRC2 initiates trimethylation of lysine 27 on his-
tone H3 (H3K27me3) and, to a lesser extent, lysine 9 of
histone H3.® PRC1 recognizes H3K27me3 through the
chromodomain of the HPC and maintains the trimethyla-
tion. There are a number of reports indicating that such
epigenetically mediated transcriptional silencing is associ-
ated with cancer development.’” Among these, oncogenic
roles of over-expressed EZH2 have been studied in a vari-
ety 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)."* 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-

ression, 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 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. 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.* It has recent-
ly 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 over-
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expressed 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 con-
firmed by the monoclonal integration of HTLV-1 proviral DNA in
the genomic DNA of leukemia cells. Peripheral blood mononu-
clear cells (PBMCs) were obtained from ATL patients (acute type
22 cases, chronic type 19 cases) and healthy adult volunteers by
density gradient 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, Aubum, CA, USA) as
described elsewhere.” Besides these samples for microarray analy-
sis, we prepared another set of samples for quantitative real-time
RT-PCR (gRT-PCR) and Westemn 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-embed-
ded 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 ATL cell origin.* Cells
were maintained in RPMI1640 medium supplemented with 10%
FBS and 100 Japan reference units of recombinant interleukin-2
(rIL-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 (ftp://www.affymetrix.com/sup-
pont/echnical/mask_{files.affx) was set to 500 units in each hybridiza-
tion, and the fluorescence intensity of each test gene was normal-
ized accordingly. All HGU133A & B microarray data are available
from the Gene  Expression  Omnibus  website
(http://wwow.nchi.nlm.nih.gov/ges) under the accession number
GSE1466.

Quantitative real-time RT-PCR

For confirmation of the results of microarray analysis, we per-
formed quantitative real-time RT-PCR (qRT-PCR) for PcG protein
genes. Total RNA was prepared using -Isogen (Wako, Osaka,
Japan). After removal of contaminated DNA with DNase
(Message Clean kit; GenHunter, Nashville, TN, USA), cDNA was
constructed from 1 pg 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
Online Supplementary Table S1. 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 pL volume with 5 uL (25 ng) of cDNA, 0.5 uM
PCR primers, 0.1 uM TagMan probes, and 10 uL of LightCycler
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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 ampli-
cons from the PcG family protein and PBGD genes, respectively.
To normalize these results for variability in concentration and
integrity of RNA and ¢cDNA, the PBGD gene was used as an inter-
nal contro] 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 per-
formed 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 ID
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 pL of
nuclease-free water, 1 pL of 20X specific PCR primer, and 5 pL of
RT product. The thermal cycler was programmed as follows: 95°C
for 5 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
(RNU6B) to normalize the expression levels of target micro-RNA
by correcting differences in the amount of RNA loaded into gPCR
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), phos-
pho EZH2 (Ser21) (Bethyl Laboratories, Montgomery, TX, USA),
H3K27me3, dimethylated H3K27 (H3K27me2), monomethylated
H3K27 (H3K27me1) (Millipore, Temecula, CA, USA), and B-actin
(Sigma, St. Louis, MO, USA).

Immunohistochemistry

Immunochistochemical staining for EZH2 and H3K27me3 was
performed 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 9 (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 3%
H:O: for 15 min. Sections were then placed in 0.5% non-fat dry
milk for 30 min 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 h at room
temperature, and then the DAKO EnVision™ + Dual Link System-
HRP (DAKO Japan, Tokyo, Japan) was applied using diaminoben-
zidine as the chromogen, following the manufacturer’s protocol.

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

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 96° 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 (LBH589) (kindly provided by Novartis
Pharma AG, Basel, Switzerland), cells were treated with DZNep

714

|

(0.3-5.0 uM) and PS (LBHS589) (3-50 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 Calcusyn
(Biosoft).” Cl<1, Cl=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 hypermethylat-
ed DNA sequences.®® ATL cells expressed significantly
higher levels of EZH2 and RYBP transcripts 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 transcript showed significantly shorter survival than
the respective low-expression groups (Figure 1E and E),
indicating that high EZH2 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
of acute type and 13 cases of chronic type in the low RYBP
group. BMI1 is known to down-regulate the expression of
p14ARF/p16INK4A and lead to neoplastic transforma-
tion.* Chromobox 7 (CBX7), a component of the PRC1, is
also known to repress the transcription of
p14ARF/p16INK4A > Since inactivation of
p14ARF/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 and D). There
was no difference in survival for different BVI-1 or CBX7
expression levels (Figure 1G and 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 qRT-PCR using another set
of samples from ATL patients, healthy adults, HTLV-1 car-
riers, and hematologic cell lines including ATL cell lines. In
accordance with the results of microarray analysis, FZH2
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 val-
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ues in EZH2 in terms of both absolute copy number per 25
ng of total RNA and normalized expression level (Ornline
Supplementary Figure S14, a, B, ). RBBP4 was significantly
higher in primary ATL cells than in the cells from healthy
adults and HTLV-1 carriers in terms of normalized expres-
sion level (Online Supplementary Figure 51 C, c). In contrast,
there was no difference in BMI4, YY1, and EED expres-
sions among these groups, although some patients
showed very high BMI1 expression (Online Supplementary
Figure S1D, 4, 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
(Online Supplementary Figure S1A).

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

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 pri-
mary ATL samples irrespective of subtype, but they were
hardly detected in cells from healthy adults and HTLV-1
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carriers (Figure 2A, Online Supplementary Figure S2, 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 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
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 trimethylation but not in dimethylation or
monomethylation, the bands for H3K27me2 and
H3K27mel were detected in all samples examined, but
the band for H3K27me3 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 MOLT4, and
these cell lines hardly showed the band for H3K27me3.
Collectively, these results indicate that ATL cells express

Figure 1. 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), BMI1 (C), and CBX7 (D) are demonstrated
in box plots. ATL cells 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 chronic type (Mann-Whitney's U test) (A, B). In con-
trast, there was no statistical difference in the level for BMI1

or CBX7 among these groups (C, D). (E-H) Overall survival
curves for ATL patients separated into two groups consisting
of those with high expression (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 expression showed sig-
nificantly shorter survival than those in corresponding fow
expression groups (log rank test) (E, F). There was no differ-
ence in survival for different BMI1 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.

Immunohistochemical confirmation of the expression
of EZH2 and H3K27me3 in lymph nodes

We next used lymph nodes from lymphoma-type ATL
patients for immunohistochemical evaluation of EZH2
expression and H3K27me3. In agreement with the results
of Western blotting, all ATL lymph nodes from 7 patients
were strongly positive for both EZH2 and H3K27me3
without exception in their nuclear staining (Online
Supplementary Figure 53 and data not shown), suggesting
that overexpression of EZH2 with H3K27me3 is a com-
mon feature of ATL cells irrespective of ATL subtypes. In

A ATL cell lines Healthy adults
O so e se
EZH2 [ S e
p-EZH2
B-actin
Primary ATL
1 2 3 45 86 7 8 9 10 11 12 13
EzH2 5 s
p-EZH2
p-actin
B _ ATL cell lines Healthy adults
4"@\9&?@“’ 123 45 6
H3K27me3 :
H3K27me2
H3K27me1
Histone 3
Primary ATL
; 6
H3K27me3 i
H3K27me2 §
H3K27mel | | S 5 ey, T
Histone 3 e

Figure 2. EZH2 protein expression and histone methylation. (A)
Western blot analysis for EZH2 protein was performed on primary
ATL cells, cells from healthy aduits, 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 healthy adults hardly showed these bands. ATL cell lines ST1,
S04, and KK1 showed intense bands for both EZH2 and p-EZH2, 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 H3K27me3, but oth-
ers hardly showed the band. Bands for H3K27me2, H3K27me1, and
histone H3 were observed in almost all samples examined.
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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 H3K27me3 (Online Supplementary Figure S3 and
data not shown).

Downregulation of miR-101 and miR-128a may be
responsible 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 BAMI/ 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 significantly decreased levels of
miR-101 and miR-128a compared with the cells from
HTILV-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 3D 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 (chromosome
1p31) and miR-101-2 (chromosome 9p24). Both loci were
preserved in all 10 ATL samples examined (Online
Supplementary Figure S4). The expression of miR-26a did
not, in contrast, differ between ATL cells and cells from
HTLV-1 carriers (Figure 3B). Unexpectedly, there was no
significant correlation between BMI1 expression and miR-
128a expression (Figure 3F). ‘

Adult T-cell leukemia/lymphoma cells are sensitive
to DZNep and PS (LBH589)

We first 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 (Online Supplementary Figure S5A). In
contrast, CD4* T cells from healthy adults as a normal
control were resistant to DZNep even at 5 uM. 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 b
Western blot (Online 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
(Online Supplementary Figure S5D and E). We next exam-
ined whether these agents show a synergistic effect or just
an additive effect. As shown in Online 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. Similarly, cell viabilities of KOB
treated 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 to the method of
Chou and Talalay,” we found a strong synergistic antipro-
liferative effect in both cell lines (Online Supplementary
Figure S5F, lower panel).

Discussion

EZH2 is a critical component of PRC2, which mediates
epigenetic gene silencing through trimethylation of
H3K27 ¥* EED and SUZ12 are also required for the exhi-
bition of methyltransferase 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 into oncogenesis. Ectopic expres-
sion of EZH2 is capable of providing a proliferative advan-
tage to primary cells, and its gene locus is amplified 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 metastatic prostate cancer; in addition, clinical-
ly localized prostate cancers that express higher concen-
trations of EZH2 showed a poorer prognosis. An associa-
tion 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 over-expressed in ATL cells, and that the
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increased EZH2 was not phosphorylated and was in its
active form. The increased EZH2 seemed to exhibit his-

“tone methyltransferase activity in vivo, as supported by the

results that ATL cells from both peripheral blood and
lymph nodes were strongly positive for H3K27me3. Since
EZH?2 was almost undetectable in cells from healthy adults
and HTLV-1 carriers, it is likely that deregulation of PRC2
caused by over-expressed EZH2 is involved in the early
steps of ATL oncogenesis. Meanwhile, ATL patients with
high EZH2 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 methylated in
cancer cells are specifically packaged with nucleosomes
containing H3K27.* However, there are only a few studies
that actually examined H3K27me3 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 hematologic malignancies.

The mechanism of the overexpression of EZH2 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 miRNAs,
we examined miR-128a, which has been shown to repress
BMI1 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. Quantitative 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 carriers. Primary ATL
cells showed significantly
lower levels of miR-101 and
miR-128a (Mann-Whitney's
U test) compared with the
cells from HTLV-1 carriers
(A, C). There was no signifi-
cant difference in miR-26a
expression between the two
groups (B). (D, E, F)
Correlation between miRNA
and EZH2 or BMI1 expres-
ey QTR sion was examined. There
KO r=0.30265.......... were significant inverse cor-
4 relations between normal-
R ized EZH2 expression and
miR-101 expression (D) or
between normalized EZH2
expression and miR-128a
expression (E) (Spearman’s
correlation coefficient). In
contrast, there was no corre-
lation between normalized
BMI1 expression and miR-
128a expression (F).
*P<0.05, **xP<0.01
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101 expression compared with the cells from HTLV-1 car-
riers, 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 EZH2 expression and
miR-101 expression, suggesting that increased EZH2 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 pattern as miR-101, suggesting that the
decrease in miR-128a also participates in EZH2 overex-
pression in ATL. By analyzing the 3’-UTR sequence of
EZH2, 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
(Online Supplementary Figure S6). miR-26a was not
decreased in ATL cells, and there was no correlation
between miR-26a expression and EZH2 expression or
miR-128a expression and BMI{ expression. The associa-
tion of miR-26a with EZH2 was found in normal cell dif-
ferentiation as a physiological phenomenon but not in
tumor cells. The miRNAs used to regulate normal develop-
ment 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 suppressor genes, which frequently occurs in
ATL % EZH2 is a mdlecule downstream of the pRB-
E2F pathway, and inactivation of these genes allows E2F to
be released from pRB, which results in the upregulation of
EZH2 expression.” -Several recent reports indicate that
EZH2 functions to repress the expression of
p14ARF/p15INK4B/p16INK4A; therefore, increased EZH2
may be used to further decrease the expression of
p14ARF/p15INK4B/p16INK4A.” Since somatic mutations
altering EZH2 (Tyr641) have recently been reported in fol-
licular and diffuse large B-cell ymphomas of germinal-cen-
ter origin,” we performed a similar analysis in 10 primary
ATL samples. There were however no such mutations
(Online Supplementary Figure S7).

ATL is quite resistant to antineoplastic agents and the
median survival time 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 EZH2, SUZ42, and EED with inhibition of
H3K27 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 modification. 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 I clinical trial.** More interest-
ingly, it has been reported recently that combined use of
DZNep and PS (LBH589) yielded more depletion of EZH2
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 to
a breakthrough in the treatment of aggressive ATL.
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Many transformed lymphoma cells show
immune-phenotypes resembling the cor-
responding normal lymphocytes; thus,
they provide a guide for proper diagnosis
and present promising routes to improve
their pathophysiologic understanding and
to identify novel therapeutic targets. How-
ever, the underlying molecular mecha-
nism(s) of these aberrant immune-
phenotypes is largely unknown. Here, we
report that microRNA-135b (miR-135b)
mediates nucleophosmin-anaplastic lym-
phoma kinase (NPM-ALK)—driven oncoge-
nicity and empowers IL-17-producing im-

lymphoma (ALCL). NPM-ALK oncogene
strongly promoted the expression of miR-
135b and its host gene LEMD1 through
activation of signal transducer and activa-
tor of transcription (STAT) 3. In turn, el-
evated miR-135b targeted FOXO1 in ALCL
cells. miR-135b introduction also de-
creased chemosensitivity in Jurkat cells,
suggesting its contribution to oncogenic
activities of NPM-ALK. Interestingly, miR-
135b suppressed T-helper (Th) 2 master
regulators STAT6 and GATA3, and miR-
135b blockade attenuated IL-17 produc-
tion and paracrine inflammatory response
by ALCL cells, indicating that miR-135b—

mediated Th2 suppression may lead to
the skewing to ALCL immunophenotype
overlapping with Th17 cells. Further-
more, antisense-based miR-135b inhibi-
tion reduced tumor angiogenesis and
growth in vivo, demonstrating signifi-
cance of this “Th17 mimic” pathway as a
therapeutic target. These results collec-
tively illuminated unique contribution of
oncogenic kinase-linked microRNA to tu-
morigenesis through modulation of tu-
mor immune-phenotype and microenvi-
ronment. (Blood. 2011;118(26):6881-6892)

munophenotype in anaplastic large cell

Introduction

MicroRNAs (miRNAs) are endogenous noncoding, 20- to 23-
nucleotide single-stranded RNAs that negatively regulate gene
expression in a sequence-specific manner.! miRNA species are
generated through RNase-mediated processing reaction by two
central RNases 11, Drosha and Dicer, from long primary transcripts
{primary miRNAs {pri-miRNAs]) and incorporated along with core
Argonaute proteins into the RNA-induced silencing complex.
RNA-induced silencing complex interacts mainly with 3’ untrans-
lated region (UTR) of target mRNAs through partial base comple-
mentarity to the 5" miRNA seed region, leading to degradation,
destabilization, or translational inhibition of target mRNAs. miR-
NAs regulate differentiation and functions of various cell types,
including immune cells in a highly context-dependent manner.?
Alteration of miRNome has emerged as a key feature of
cancer-associated dysfunction of gene regulatory networks. Al-
though miRNA dysregulation affects cancer cell behavior with
other genetic and epigenetic abnormalities, full pictures of their
causes and consequences remain to be elucidated.? In hematologic
malignancies, many transformed lymphoma cells show immune-
phenotypes resembling the corresponding normal lymphocytes;
thus, they represent a guide for proper diagnosis and promising
routes to improve our understanding of their pathogenesis and to
identify novel therapeutic targets.* For example, diffuse large

B-cell lymphomas have been shown to be composed of at least
2 prognostic entities, depending on its resemblance to normal
germinal center or activated B cells.> However, the molecular basis
shaping the aberrant immunophenotypes of tumor cells has been
largely unknown, and the relationship between miRNA regulation
and lymphoma phenotype has not been investigated.

Recent studies revealed several mechanisms regulating miRNA
expression.® Although certain oncoproteins, including Myc and
tumor suppressors such as p53, have been linked to the regulation
of miRNA expression,”® involvement of oncogenic tyrosine ki-
nases remains unclear in this regulatory pathway. Anaplastic
lymphoma kinase (ALK) exerts characteristic oncogenic activities
through fusion to several gene partners or mutations both in
hematopoietic and nonhematopoietic solid tumors.>!® Nucleophos-
min (NPM)-ALK is a representative translocation-dependent fusion-
type oncogenic tyrosine kinase in anaplastic large cell lymphoma
(ALCL). Although NPM-ALK drives malignant transformation of
ALCL cells through various molecular mechanisms, including
activation of signal transducer and activator of transcription
(STAT) 3, Ras-ERK, and PI3K oncogenic signaling pathways,’
involvement of miRNAs has not been reported so far. Here, we
have explored unrecognized involvement of miRNAs in the
downstream of NPM-ALK.
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We identified miR-135b as one of the major downstream
executors of NPM-ALK chimeric oncoprotein in ALCL. NPM-
ALK strongly promoted the expression of miR-135b and its host
gene LEMD1 through STAT3 activation. The elevated miR-135b
targeted FOXO1 tumor suppressor. Interestingly, we further re-
vealed the immune modulatory property of miR-135b shaping the
T-cell phenotypes of ALCL cells. miR-135b suppressed T-helper
(Th) 2 master regulators STAT6 and GATA3, and the blockade of
miR-135b attenuated IL-17 production and paracrine inflammatory
response by ALCL cells, suggesting that miR-135b-mediated Th2
suppression may skew the ALCL immunophenotype to overlap
with that of Th17 cells. Antisense-based miR-135b inhibition
reduced tumor angiogenesis and growth in vivo, underscoring the
pathogenic roles of this pathway. Our findings revealed that
miR-135b is involved in NPM-ALK-driven tumorigenesis and
modulation of ALCL immunophenotype, and they also suggest
dynamic commitment of miRNAs to mutual regulation between Th
cell differentiation programs and determination of polarized immu-
nophenotypes of malignant cells.

Methods

Cell lines and reagents

Karpas 299, SUDHL-1, and SUP-M2 cell lines were obtained from the
German Collection of Microorganisms and Cell Cultures. Jurkat, Molt4,
CCRF-CEM, HCT116, HEK293T, HelLa, and lung cancer cell lines were
obtained from the American Type Culture Collection. WI-38 human diploid
fibroblast line was obtained from the RIKEN Cell Bank. Human normal
peripheral blood pan T lymphocytes were purchased from AllCells.
Neuroblastoma cell lines were kindly provided from R. Sakai (National
Cancer Center Research Institute, Tokyo, Japan). Hematologic, neuroblas-
toma, and lung cancer cell lines were maintained in RPMI-1640 (Invitro-
gen) containing 10% FBS, 100 units/mL penicillin, and 100 p.g/mL strepto-
mycin. Other cell lines were maintained in Dulbecco modified eagle
medium (Invitrogen) with 10% FBS. In coculture experiment, Karpas 299
and WI-38 cells were cocultured (in Opti-MEM [Invitrogen] with 1% FBS)
for 48 hours using Transwell tissue culture inserts (0.4-pm pore size; BD
Biosciences). The following antibodies were used: ALK 4C5B8 (Invitro-
gen); STAT3 124H6, p-STAT3 D3A7, Akt 9272, p-Akt 193H12, FOXO1
C29H4, and STAT6 9362 (Cell Signaling Technology); p21 H-164, p27 F-8,
and GATA3 HG3-31 (Santa Cruz Biotechnology); CREG1 299133 (R&D
Systems); CD31 555024 (BD Biosciences); and a-tubulin DM-1A (Sigma-
Aldrich). Kinase inhibitors (WHI-P154, U0126 and LY294002) were
purchased from Calbiochem.

Patient samples

ALCL patients were diagnosed at Juntendo University Hospital and
Juntendo Urayasu Hospital. Investigations were carried out in accordance
with ethical standards authorized by the ethics committees of University of
Tokyo, Juntendo University School of Medicine, and Jichi Medical
University. Written informed consent was obtained in accordance with the
Declaration of Helsinki.

TuD miRNA system, shRNA, and plasmids

Tough decoy RNA (TuD RNA) against miR-135b was designed according
to a previous report.!! Detailed structures of TuD RNA are described in
supplemental Table 1 (available on the Blood Web site; see the Supplemen-
tal Materials link at the top of the online article). shRNAs were designed as
described previously.’2!> TuD RNAs and shRNAs were introduced into
pENTR-H1 vector. Pri-miRNA expression vectors were generated by
cloning short fragments of pri-miRNAs containing pre-miRNA and flank-
ing sequence on both sides of pre-miRNA into pcDNA6.2-GW/EmGFP-
miR (Invitrogen). miRNA sensor vectors were prepared by inserting mature
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miRNA complementary sequences within the Xhol and Not! sites of the
3'UTR of the luciferase gene in the Psicheck 2 dual luciferase reporter
vector (Promega). For other reporter constructs, the 3'UTR segment of each
target gene was cloned into the same luciferase reporter vector. The primer
sequences used are given in supplemental Table 2. For transient transfec-
tion, pre-miR miRNA precursors (Ambion) also were used.

Luciferase reporter assay

Cells were transfected with each reporter construct with pri-miRNA
expression: vector using Lipofectamine 2000 (Invitrogen). Cell extracts
were prepared 24 to 48 hours after transfection, and the ratio of Renilla to
firefly luciferase was measured using the Dual-Luciferase Reporter Assay
System (Promega).

qRT-PCR assays

Quantitative (q)RT-PCR assays were performed as described previously.?
For detection of mRNAs, total RNA was extracted by TRIzol (Invitrogen)
and subjected to reverse transcription using the PrimeScriptll first-strand
cDNA synthesis kit (Takara) according to the manufacturer’s instructions.
qRT-PCR was performed with the 7500 Fast Real-Time PCR System
(Applied Biosystems). The expression levels of mature miRNAs were
determined using TagMan MicroRNA assay kit (Applied Biosystems)
according to the manufacturer’s protocol. Data analysis was done by the
comparative Cr method. Results were normalized to B-actin for pri-miRNA
detection, and RNU44 small nucleolar RNA for evaluation of mature
miRNA. miRNeasy mini kit (QIAGEN) or RecoverAll total nucleic acid
isolation kit for FFPE Tissues (Ambion) was used for RNA extraction from
clinical samples. The primer sequences used are given in supplemental
Table 3.

Chromatin immunoprecipitation analysis

Cells were fixed by adding formaldehyde and then harvested. After
sonication, samples were incubated at 4°C overnight with protein A or
anti-mouse IgG-Dynabeads that had been preincubated with 5 to 10 ug of
antibodies in PBS -and 0.5% BSA. To precipitate STAT3, anti-STAT3
antibody 124H6 (Cell Signaling Technology) was used. Immunoprecipi-
tated samples were eluted and reverse-crosslinked by incubation overnight
at 65°C. Genomic DNA was then extracted with a PCR purification kit
(QIAGEN) and subjected to PCR analysis. The primer sequences used are
given in supplemental Table 3.

Lentiviral gene transfer

TuD RNAs, shRNAs, pri-miRNA, NPM-ALK, or mouse constitutively
active (ca)-STAT3 (A662C/N664C)™ was introduced by lentiviral infec-
tion system (a kind gift from H. Miyoshi, RIKEN, Tsukuba, Japan). TuD
RNAs and shRNAs were transferred into lentivirus vector CS-RfA-EG via
pENTR-H1 vector using LR clonase. Pri-miRNA was similarly transferred
into CSII-EF-RfA-CMV-Puro lentivirus vector using pENTR vector. The
lentivirus production was carried out by transfection of HEK293FT cells
with the vector construct pPCMV-VSV-G-RSV-Rev and pCAG-HIVgp. The
viral particles were collected 48 hours after transfection, titered by Lenti-X
gRT-PCR titration kit (Takara), introduced to cultured cells, and monitored
by flow cytometric analysis to determine infection efficiency.

Immunoblot assay

Cells were lysed with a buffer containing 1% Nonidet P-40, 20mM
Tris-HCl, pH 7.4, 150mM NaCl, SmM EDTA, and 1% protease inhibitor
mixture (Nacalai Tesque). Total cell lysates were subjected to SDS-PAGE
and transferred to Fluoro Trans W membrane (Pall). Immunoblotting was
performed using the indicated antibodies.

Drug sensitivity assay

Jurkat cells were seeded at a density of 1 X 105/mL and split 24 hours
before treatment. After 24-hour treatment with different concentrations of
cytosine B-p-arabinofuranoside (Sigma-Aldrich), cells were collected,
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washed, and reseeded for assay of cell viability and apoptosis. Cell viability
and apoptosis were assessed by WST-8 colorimetric assay (Nacalai Tesque)
and annexin V assay kit (BD Biosciences), respectively.

ELISA

After transfection with miRCURY LNA microRNA power inhibitor (EX-
IQON; Control A or antisense against miR-135b), IL-17F concentrations in
the culture supernatant (72 hours) of Karpas 299 cells were determined by
ELISA kit (R&D Systems; Duoset human IL17F), according to the
manufacturer’s instructions.

In vivo cancer models

C.B-17/IciCrj severe combined immunodeficient (SCID) female mice
(4 weeks of age) were obtained from Charles River Japan. All animal
experimental protocols were performed in accordance with the policies of
the Animal Ethics Committee of the University of Tokyo. Karpas 299 cells
(1 X 105, n = 6/group) were subcutaneously injected in 0.2mL of a
mixture of RPMI-1640 without FBS and 30% Matrigel (BD Biosciences)
into female SCID mice and allowed to grow for 1 week to reach a volume of
50 to 200 mm3. Complexes of miRCURY LNA microRNA power inhibitor
(EXIQON; Control A or antisense against miR-135b) and atelocollagen
(Koken) were prepared according to the manufacturer’s instructions.
Antisense oligonucleotides (5M) with atelocollagen in a 200-pL volume
were administered into the subcutaneous spaces around the tumors at days 7
and 10 after inoculation. Subcutaneous xenografts were measured exter-
nally every day until the end of evaluation periods, and tumor volume was
approximated using the equation vol = (a X b?)/2, where vol is volume, a
the length of the major axis, and b the length of the minor axis.

Immunohistochemistry

Tumor samples excised from the animals were fixed for 1 hour in 10%
neutral-buffered formalin at room temperature, washed overnight in PBS
containing 10% sucrose at 4°C, and embedded in optimal cutting tempera-
ture compound (Tissue-Tek). The samples were then snap-frozen in
dry-iced acetone for immunohistochemistry. Frozen samples were further
sectioned at 10-pm thickness in a cryostat, briefly fixed with 10% formalin,
and then incubated with primary and secondary antibodies. Samples were
observed using an LSM510 Meta confocal microscope (Carl Zeiss).
Quantification of CD31-stained areas was performed in multiple fields on
tumor sections from 6 mice using Photoshop 8.0.1 software (Adobe
Systems) and ImageJ 1.36b software (National Institutes of Health).

GEP analysis

Microarray data for NPM-ALK gene expression signature (GSE6184) and
clinical gene expression profiling (GEP) data of peripheral T-cell lym-
phoma (PTCL) patient samples (GSE19069) were obtained from the
National Center for Biotechnology Information’s Gene Expression
Omnibus.1215 Gene-set enrichment analysis (GSEA) was performed
with GSEA Version 2.0 software available from the Broad Institute
(http://www.broadinstitute.org/gsea/) using microarray data for NPM-
ALK signature (GSE6184) and GSEA-embedded potential miRNA
target gene sets or TargetScan-predicted putative miRNA target lists
(http://www.targetscan.org/).16

Statistical analysis

Statistical analysis was performed using the Student ¢ test or multivariate
ANOVA (for proliferation assay and in vivo analysis; *P < .05; **P < .01,
**k%Pp < 001). All data are expressed as mean = SEM.

Results
Up-regulation of miR-135b in ALCL

Previous microarray analysis on miRNA expression identified
various signatures of aberrant miRNA expression in a wide range
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of hematologic cell lines, including major types of B- and T-cell
lymphoma, lymphoproliferative disorder, T-cell acute lymphoblas-
tic leukemia, and acute myeloid leukemia.!? In this analysis, ALCL
was characterized by increased expression of miR-135b, miR-21,
and miR-27a.!7 We verified the observation using quantitative
RT-PCR analysis on 3 ALCL cell lines carrying NPM-ALK fusion;
Karpas 299, SUDHL-1, and SUP-M2 (Figure 1A-C). Among these
miRNAs, miR-135b was most prominently up-regulated in ALCL
cell lines, and it was reduced by the ALK inhibitor WHI-P154
(Figure 1D), prompting us to track potential downstream effec-
tor(s) of NPM-ALK to miR-135b. Because miR-135b is located in
the first intron of the LEM domain containing 1 (LEMD]1) gene on
1932.1 (Figure 1E), we examined LEMD1 expression levels in
ALCL cell lines. LEMDI1 was also remarkably elevated in ALCL
cells (Figure 1F). ALK inhibition resulted in a potent decrease of
LEMDI1 and primary transcript of miR-135b (pri-miR-135b) in
Karpas 299 and SUDHL-1 cells (Figure 1G), as well as in mature
miR-135b, suggesting that NPM-ALK characterizes high miR-
135b expression in ALCL cells. The effects of WHI-P154 on
mature miR-135b were lower than those on pri-miR-135b, possibly
because of generally high stability of mature miRNAs. In addition,
we measured miR135b expression levels in clinical samples of
ALCL patients and found that miR-135b is elevated in human
primary ALK-positive ALCL samples, compared with reactive
lymph node and ALK-negative ALCL samples (Figure 1H).

NPM-ALK induces LEMD1/miR-135b through STAT3 activation

To examine a direct involvement of NPM-ALK in miR-135b
up-regulation in ALCL cells, we introduced wild-type and kinase-
dead NPM-ALK into the human Jurkat cells and examined the
expression levels of LEMD1 and miR-135b. NPM-ALK but not
kinase-dead NPM-ALK (K210R) induced both LEMD1 and ma-
ture miR-135b in Jurkat cells (Figure 2A), indicating that NPM-
ALK up-regulates the host gene and subsequently miR-135b
through the kinase activity.

Because previous reports demonstrated that NPM-ALK elicits
many downstream pathways, including STAT3, Ras-ERK, and
PI3K signaling pathways,’” we next examined the involvement of
these pathways. Knockdown of NPM-ALK or STAT3 suppressed
the expression of LEMD1 and miR-135b in ALCL cells (Figure 2B
and supplemental Figure 1A),'>1? whereas inhibition of ERK or
PI3K failed to exert such effects (supplemental Figure 1B). We also
confirmed that ca-STAT3 up-regulates LEMDI1 and miR-135b in
Jurkat cells (Figure 2C). Furthermore, we analyzed putative
STAT3-binding sites within the conserved region of LEMDI gene
between human and mouse and showed that STAT3 binds to
putative STAT3-binding sites within the LEMDI genomic region
by chromatin-immunoprecipitation analysis (Figure 2D-E). Reflect-
ing high miR-135b expression, luciferase expression levels from
miR-135b sensor vector were remarkably lower than those from
control sensor vector in ALCL cells but not in Jurkat cells,
confirming that miR-135b is highly active in ALCL cells (Figure
2F). Taken together, these results demonstrate that miR-135b lies
downstream of the NPM-ALK/STAT3 signaling pathway in ALCL.

miR-135b targets FOXO1 and regulates chemosensitivity

Several potential targets of miR-135b with tumor-suppressive
activities were computationally predicted previously'® and in-
cluded APC, LZTS1, LATS2, CREG1, and FOXO1. APC has been
already shown as a target of miR-135b,!? and we validated LZTSI,
LATS2, and FOXO1 using luciferase reporter assay (supplemental
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Figure 1. High expression of miR-135b and LEMD1 in ALCL. (A-C) Expression of mature miR-135b (A), miR-21 (B), and miR-27a (C) in NPM-ALK (+) ALCL cell lines
(Karpas 299, SUDHL-1, and SUP-M2), normal T lymphocytes, and several T-lymphoblastic leukemia cell lines (Jurkat, CCRF-CEM, and Molt4), detected by qRT-PCR
analysis. HCT116 colon cancer cells expressing endogenous miR-135b were used as positive control. ND indicates not detected. (D) Attenuation of miR-135b
expression by ALK inhibitor WHI-P154. Mature miR-135b in Karpas 299 and SUDHL-1 cells was analyzed by qRT-PCR after WHI-P154 treatment (10uM, 4 hours).
(E) Schematic diagram of genomic organization of human LEMD1? gene and miR-135b. As for human LEMD?, several splicing variants have been reported. miR-135b is
located in the first intron of LEMD1 longer transcripts. (F) High expression of LEMD1 in ALCL cells, determined as in panel A. (G) Suppression of LEMD1 and
pri-miR-135b by WHI-P154 (10uM, 1 hour) in Karpas 299 and SUDHL-1 cells, assessed as in panel D (*P < .05; **P < .01; ***P < .001). (H) Expression of miR-135b in
clinical samples of ALCL patients.
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Figure 2. Identification of NPM-ALK-STAT3-miR-135b axis in ALCL. (A) Induction of LEMD1/miR-135b by NPM-ALK. Jurkat cells were transduced with lentivirus carrying
NPM-ALK or kinase-dead NPM-ALK (K210R) and subjected to gRT-PCR analysis. (B) NPM-ALK/STAT3-dependent up-regulation of LEMD1/miR-135b in ALCL. Effects of
shRNAs against NPM-ALK and STAT3 were evaluated in SUDHL-1 cells (*P < .05; **P < .01). (C) Up-regulation of LEMD1/miR-135b by ca-STAT3. Jurkat cells were
transduced with lentivirus carrying mouse ca-STAT3 and subjected to gRT-PCR analysis. (D) STAT3 binding sites in LEMD1 genomic region. Top panel indicates schematic
genomic organization of human LEMD1 gene and miR-135b. Sequence conservation between human and mouse is represented as the percentage of conservation in the Vista
analysis shown in the middle panel. We analyzed putative STAT3-binding sites within the conserved region in ChiP analysis, and we found that STAT3 bound to 3 sites in the
bottom panel, as shown in panel E. Number 1 site (TTAAGGGAA) is conserved between human and mouse. (E) Binding of STAT3 to LEMD1 genomic regions analyzed by
ChIP analysis in SUP-M2 (left) and Jurkat (right) cells. Total chromatin before immunoprecipitation was used as positive control for PCR. Jurkat cells were used as negative
control. (F) Enhanced miR-135b activity in ALCL. Cells were transfected with miRNA sensor vectors and applied to luciferase assay. Reflecting high miR-135b expression,
luciferase expression levels from miR-135b sensor vector were remarkably lower than those from controf sensor vector in ALCL cells but not in Jurkat cells.

Figure 2A-B). To identify the endogenous and functional target(s)
of miR-135b in ALCL cells, we achieved the efficient long-term
suppression of miR-135b activity through the decoy RNA system,
in which RNA decoys against specific miRNA (TuD RNA) are
driven by RNA polymerase III (Figure 3A).!! Introduction of TuD
RNA indeed strongly inhibited miR-135b activity in ALCL cell
lines (Figure 3B-C and supplemental Figure 2C-D).

Using this system, we consequently identified FOXO1 as an
endogenous target of miR-135b in ALCL (Figure 3D-G). The
FOXO1 3'UTR contains a potential miR-135b~binding site and
exogenous miR-135b suppressed FOXO1 protein expression and
its translational efficiency depending on the target site, clarifying

FOXOI1 as a novel target of miR-135b (Figure 3D-F). Knockdown
of miR-135b increased the protein expression of FOXO-dependent
cell cycle inhibitors p21 and p27 as well as FOXO1 itself in ALCL
cells (Figure 3G and supplemental Figure 2E). In Karpas 299 cells
containing a barely -detectable FOXO1, miR-135b suppression
up-regulated p27 and alternatively another positive regulator of
p27, CREGT1 (supplemental Figure 2E).?0 Considering that NPM-
ALK has been shown to inhibit FOXO3a activity through FOXO3a
phosphorylation by AKT activation,> NPM-ALK might thus
regulate a wide range of FOXO family activities via protein
modification and posttranscriptional regulation. Because FOXO
factors are critical mediators in growth inhibitory responses to
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Figure 3. miR-135b targets FOXO1 and regulates chemosensitivity. (A) Structure of TuD RNA expression vector. TuD RNA for miR-135b contains miRNA-binding site
(MBS) that is partially complementary to miR-135b. Details of TuD RNA structure have been described previously.! (B) Introduction of TuD RNA against miR-135b into ALCL
celis. Flow cytometry profiles indicating transduction efficiency in Karpas 299 cells. FSC indicates forward scatter. (C) Inhibition of miR-135b function by TuD RNA for
miR-135b. Left and right panels show gRT-PCR result and luciferase assay monitoring miR-135b activity, respectively. NC indicates negative control. (D) Sequence alignment
between miR-135b and its putative binding site in the FOXO1 3'UTR. (E) miR-135b targets FOXO1. HEK293T cells were transfected with luciferase reporter containing the
FOXO1 3'UTR with wild-type or mutated target site (shown in panel D), along with empty vector, miRNA-lacZ expression control vector (miRNA for lacz), or pri-miR-135b
expression vector [miR-135b (+)]. Luciferase assay was performed 48 hours after transfection (***P < .001). (F) Suppression of FOXO1 protein level by miR-135b. Hel.a cells
were transiently transfected with miR-135b and subjected to immunoblot analysis. (G) Elevated expression of FOXO1, p21, and p27 by miR-135b inhibition in ALCL cells.
SUDHL-1 and SUP-M2 cells were infected with lentivirus harboring TuD-NC or TuD-miR-135b and applied to immunoblot analysis. The quantification results were shown in the
bottom panel. (H) miR-135b-mediated attenuation of chemosensitivity. Jurkat cells with empty or pri-miR-135b vectors were treated with cytosine B-p-arabinofuranoside
(AraC), followed by the assessment of cell viability (left) and apoptosis (right; *P < .05; ***P < .001; n.s., not significant).

M TuD-miR-135b

various stresses, including DNA damage,?? we examined the effect
of miR-135b on the sensitivity to chemotherapeutic drugs to
investigate functional consequences of FOXOI1 alteration by
miR-135b. Although miR-135 overexpression did not affect the
proliferation of Jurkat cells under normal conditions, Jurkat cells

that miR-135b may confer chemoresistance to ALCL cells through
FOXO1 modulation.

Targeting of Th2 regulators STAT6 and GATA3 by miR-135b

overexpressing miR-135b were more resistant to cytosine B-D-
arabinofuranoside (Figure 3H). These results suggest a possibility

It was shown previously that constitutive activation of ALK
chimeric proteins is sufficient to induce cellular transformation and
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Figure 4. Targeting of STAT6 and GATA3 by miR-135b in ALCL. (A) Up-regulation of miR-135b target genes was evaluated on NPM-ALK knockdown using GSEA (dataset
GSE6184). (B) Heat map showing the expression of Th17-related molecules, GATA3, FOXO1, and other ALCL-related genes (GZMB, PRF1, and TCR-related genes) in PTCL.
Gene expression data are derived from GSE19069. In addition to GATA3, FOXO1 expression in ALCL was also lower than those in other PTCLs. ATLL indicates adult T-cell
leukemia/lymphoma; AITL, angioimmunoblastic T-cell lymphoma; and PTCLu, PTCL-unclassifiable. (C) Sequence alignment between miR-135b and its putative binding sites
in the STAT6 and GATA3 3'UTRs. (D) miR-135b targets STAT6 and GATA3. Luciferase activity of the STAT6 and GATA3 3'UTR reporter constructs with wild-type or mutated target site
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that ALK activity is indispensable for the survival of ALK-positive
ALCL cells.? In the pathogenesis of ALCL, ALK elicits reproduc-
ible transcriptome changes, as shown by previous GEP analysis.!?
To gain insight for overall interconnection between NPM-ALK~
driven gene response and miR-135b-mediated gene regulation, we
performed GSEA using the GEP results of ALCL cells with or
‘without shRNA-mediated NPM-ALK inhibition.!216 GSEA demon-
strated a significant up-regulation of miR-135b potential targets on
NPM-ALK suppression, indicating that miR-135b constitutes an

arm of multiple NPM-ALK downstream pathways (Figure 4A and
supplemental Figure 3A). This approach suggested TGFBRI,
SIRT1, cyclin G2, CREGI, Bclllb, and STAT6 as additional
candidate targets of the NPM-ALK-miR-135b pathway:.

ALCL of T-lymphocyte origin has been known to present with a
T- or null-cell phenotype and lack TCR complex-related molecules
such as CD3e and ZAP70, despite the presence of TCR rearrange-
ments (Figure 4B).2 Alternatively, recent GEP analysis in PTCL
has demonstrated the following characters of ALCL cells: high
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expression of Thl7-cell-associated molecules (IL-17A, IL-17F,
and retinoic acid-related orphan receptor [ROR]y), overlapping
with Th17 cells phenotype, low expression of GATA3, and
suppression of TCR components, as summarized in Figure 4B.15
Previous studies also have demonstrated that both Thi and Th2
differentiation programs antagonize Th17-cell differentiation.2*

Along with these observations, reassessment of computational
prediction proposed that miR-135b potentially targets 2 Th2 master
regulators GATA3 and STAT6 (Figure 4C and supplemental Figure
3B). The GSEA result also supported the possibility of STAT6 as a
miR-135b target (supplemental Figure 3A). We thus investigated
the immune modulatory property of miR-135b on ALCL immuno-
phenotype overlapping with Th17 cells. Luciferase assays revealed
that miR-135b targets the 3'UTRs of both STAT6 and GATA3
(Figure 4D). Mutagenesis of potential target sites in their 3'UTR
abrogated the response of STAT6 and GATA3 3'UTR to miR-135b,
confirming direct interactions of miR-135b with STAT6 and
GATA3 (Figure 4D). We further found that suppression of miR-
135b indeed up-regulates protein expression of STAT6 and GATA3
in ALCL cells, demonstrating that both STAT6 and GATA3 are
intrinsic targets of miR-135b in ALCL cells (Figure 4E and
supplemental Figure 3C).

miR-135b blockade suppresses IL-17 production by ALCL cells

IL-4-STAT6 axis and GATA3 are important for Th2 differentiation
of normal lymphocytes.?® In normal lymphocyte differentiation,
lineage-specific transcription factors can both activate and repress
differentiation programs.?*?7 GATA3 simultaneously promotes
Th2 differentiation and represses Thl differentiation, because Thl
regulator T-bet has opposing bidirectional effects.”> A similar

relationship also exists between Thl and Th2 differentiaton pro-
grams and Th17 differentiation programs. As Th1 and Th2 effector
cytokines (IFN-y and IL-4) antagonize Th17 differentiation,2 both
GATA3 and T-bet have been shown to suppress Th17 differentia-
tion.?”-28 On the basis of these concepts, we next examined the
effects of miR-135b suppression on the expressions of Th17-
related molecules. Karpas 299 ALCL cells endogenously expressed
IL-17, and miR-135b suppression attenuated the expression levels
of IL-17A and IL-17F transcripts (Figure 5A), consistent with
GATA3-mediated suppression of Th17 differentiation.?? Blockade
of miR-135b also suppressed the expression of IkB{, a recently
identified key regulator of Th17 differentiation,?? without con-
comitant changes of ROR'y, RORa, or aryl hydrocarbon recep-
tor. In addition, down-regulation of proinflammatory cytokines
including IL-6 and IL-8 was observed by miR-135b suppression
(Figure 5B). Consistently, we confirmed that miR-135b suppres-
sion attenuates IL-17 production in Karpas 299 cells (Figure
5C). Taken together, these findings suggest that NPM-ALK/
STAT3-miR-135b axis polarizes the identity of ALCL cells to
the IL-17-producing immunophenotype resembling Th17 cells
by suppression of GATA3 and STAT6. In addition, miR-135b
knockdown suppressed the expression of granzyme B and
perforin 1, cytotoxic molecules highly expressed in ALCL
(Figure 5D),'5 suggesting that miR-135b affects the broad range
of ALCL immunophenotype.

Modulation of paracrine inflammatory reaction and tumorigenic
potential of ALCL by miR-135b

IL-17 is a proinflammatory cytokine that stimulates the production
of various inflammatory cytokines (eg, IL-18, IL-6, IL-8, G-CSF,
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Figure 6. Regulation of paracrine inflammatory reaction and tumorigenic potential by miR-135b. (A) ALCL cells stimulate proinflammatory cytokine (IL-1B, IL-6, and IL-8)
and chemokine (CCL2, CCL7, CCL20, CXCL1, and CXCL2) production in human fibroblasts through an miR-135b-dependent manner. WI-38 human fibroblasts were
cocultured with Karpas 299 or Jurkat cells and subjected to qRT-PCR assay (*P < .05; ™*P < .01). (B) Growth curves of Karpas 299 subcutaneous tumors after transplantation
into SCID mice and administration with miR-135 antisense-atelocollagen or contro} oligonucleotide—atelocollagen complexes. After random assignment at day 7 after
inoculation (n = 6/group), LNA-based antisense oligonucleotides (5uM) with atelocollagen were administered into the subcutaneous spaces around the tumors at days 7 and
10 and measured (means + SEM; ***P < .001). (C) Effects of miR-135b inhibition on tumor angiogenesis. Representative images of CD31 immunostaining of tumor sections
(left) and quantification of microvessel density measured by CD31-positive area (right). Pixel density was quantified in multiple tumor images from 6 mice per group using

ImageJ 1.36b software. Scale bar represents 100 um (*P < .05).

and GM-CSF) and chemokines (eg, CCL2, CCL7, CCL20, CXCL1,
and CXCL2) from many cell types, such as fibroblasts, endothelial
cells, and neutrophils, and is involved in pathogenesis of autoim-
mune disorders.?® Although the significance of IL-17 in cancer is
Jargely unknown and might depend on cancer-type and context,
proinflammatory and proangiogenic properties of IL-17 have been
associated with tumor progression in several studies.’-3 In this
setting, IL-17 has been shown to augment the secretion of
angiogenic chemokines, such as CXCL1 and CXCL5.3¢ We
analyzed the operational role of miR-135b in tumor develop-
ment of ALCL. Accordingly, coculture experiments demon-
strated that Karpas 299 cells stimulate the production of
proinflammatory cytokines (IL-1B, IL-6, and IL-8) and chemo-
kines (CCL2, CCL7, CCL20, and CXCL1/2) in WI-38 human

fibroblasts in an miR-135b—dependent manner (Figure 6A),
underscoring the involvement of miR-135b in paracrine inflam-
matory response.

We also examined the roles of miR-135b in ALCL tumorigenic
potential in vivo. In a xenograft model, local administration of
LNA-based miRNA inhibitors against miR-135b with atelocolla-
gen suppressed the growth of subcutaneous Karpas 299 tumors
(Figure 6B). Furthermore, the inhibition of in vivo tumor growth
by anti-miR-135b antisense was accompanied with reduced
tumor angiogenesis (Figure 6C). These results thus collectively
suggest that miR-135b-mediated modulation of paracrine inflam-
matory reaction favors tumor microenvironment, also indicating
a therapeutic significance of targeting this axis by miR-135b
interference.
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Figure 7. Summary of roles of miR-135b in ALCL pathogenesis. The present
study demonstrates that NPM-ALK induces LEMD1 and miR-135b expression
through STAT3 in ALCL and that miR-135b targets FOXO1 and two versatile Th2
regulators, GATA3, and STATS6, rendering the IL-17-producing immunophenotype to
ALCL.

Discussion

Here, we identified miR-135b as a downstream mediator of
NPM-ALK/STAT3 signaling (Figure 7). Although NPM-ALK
drives malignant transformation of ALCL cells through various
downstream signaling pathways, including STAT3, Ras-ERK, and
PI3K,’ our study demonstrated the oncogenic aspect of miR-135b
targeting FOXO1 in ALCL pathogenesis (Figure 7). It was shown
previously that miR-135b is highly expressed in embryonic stem
cells and other cancer types, including colorectal and prostate
cancer.!%3%% Considering the essential roles in embryonic stem
cells and the pivotal oncogenic functions of STAT3,% the STAT3-
miR-135b pathway might be widely used in these conditions.
Oncogenic roles of miR-135b also might be supported by up-
regulation of its host LEMDI1, which is alternatively known as
cancer/testis antigen 50, and DNA copy number gain in 1932.1 in
colorectal tumors.3#-40 Although the biologic function(s) of LEMD1
has not been investigated so far, LEMD1 also might contribute to
NPM-ALK-driven oncogenicity and IL-17-producing immunophe-
notype in ALCL. Considering other reports linking NPM-ALK to
inhibition of FOX0O3a activity through PI3K/Akt pathway,?! NPM-
ALK might engage multiple players, including noncoding RNAs to
prevent these central tumor suppressor pathways from activating
by NPM-ALK-induced oncogenic stresses. We also examined
miR-135b expression levels in lung cancer and neuroblastoma cell
lines carrying ALK abnormalities (supplemental Table 4 and Figure
4). miR-135b expression was very low in neuroblastoma cell lines
examined. The H2228 lung adenocarcinoma cell line containing
EML4-ALK fusion expressed miR-135b to some extent, although
at a lower level than ALCL cells. Involvement of miR-135b in the
pathogenesis of some other tumor subtypes engaging ALK abnor-
malities remains to be further elucidated.

Importantly, we uncovered an interesting immune modulatory
property of miR-135b. miR-135b targeted Th2 master regulators
STAT6 and GATA3, and inhibition of miR-135b suppressed IL-17
production by ALCL cells, evidencing the Th17-skewing effect of
miR-135b. ALK-positive ALCL is characterized by the presence of
NPM-ALK and was originally described as a T- or null-cell
phenotype. Loss of T-cell phenotype frequently observed in ALCL,
shown by decreased expression of a3-TCR heterodimer and CD3e,
has been demonstrated to be partly mediated by the perturbation by
NPM-ALK signaling.?? Conversely, it is postulated that the normal
counterpart of ALCL is an activated mature cytotoxic T-cell,
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because of the expression of cytotoxic granule-associated mol-
ecules such as TIA1, gramzyme B, and perforin 1, although CD8 is
usually negative in ALCL and CD4 is positive in 70% cases of
ALCL.* In addition to this aberrant phenotype, a recent molecular
signature study of PTCL revealed that ALCL displays up-
regulation of Th17-cell-associated molecules (IL-17A, IL-17F, and
RORY) and down-regulation of GATA3. The immunophenotype
overlaps with that of Th17 cells, compared with other lymphoma
subtypes such as angioimmunoblastic T-cell lymphoma (AITL),
ALK-negative ALCL, adult T-cell leukemia/lymphoma, and PTCL-
unclassifiable.’ In support of this notion, a most recent report
demonstrates that levels of IL-17, IL-8, and IL-22 were elevated in
untreated ALK-positive ALCL patients’ sera but undetectable in
those of complete remission after chemotherapy,*? reinforcing the
relevance of IL-17-producing immunophenotype of ALCL. Al-
though the underlying mechanisms determining the immunopheno-
types of various lymphomas have been largely unresolved, our
study has demonstrated that a signaling network elicited by ectopic
expression of NPM-ALK oncogene and its downstream miRNA
confers the aberrant immunophenotype of ALCL cells.

Importance of tumor microenvironment in lymphoma develop-
ment has been well investigated in B-cell lymphoma, including
Hodgkin lymphoma.”* A recent report has shown that IL-17—
positive cells were more frequently observed in AITL than in
PTCL-unclassifiable and that both Th17 and mast cells contribute
to the lymphoma-associated proinflammatory environment in
AITL.* In contrast, ALCL is unique in the respect that ALCL cells
produce IL-17 by themselves, which might result in different
clinical features between these lymphoma subtypes. In consistent
with strong effects of IL-17 on neutrophils, extensive neutrophil
infiltration has been observed in some cases of ALCL, as referred to
as neutrophil-rich ALCL, which can sometimes be misdiagnosed as
an inflammatory disease rather than lymphoma.*>#7 Frequent B
symptoms in ALCL also might be attributable to this IL-17—
producing immunophenotype. In this study, antisense-based miR-
135b blockade reduced tumor angiogenesis and growth in an in
vivo tumor model, which observation is consistent with the
proangiogenic function of IL-17 (Figure 6).3334 Although a line of
observations suggest both pro- and antitumor potentials of IL-17 or
Th17 cells in a context-dependent manner,32 the tumor-
suppressive effect of miR-135b inhibition suggests that local
proinflammatory properties of IL-17-producing ALCL cells may
provide the favorable tumor microenvironment through the enhance-
ment of angiogenesis or so in this context. Recent evidence has
revealed that many characteristic aspects of cancer-related biologic
processes, including drug resistance, maintenance of cancer-
initiating cells, and metastasis, are associated with miRNA func-
tion.*® The present study demonstrates another unique contribution
of miRNA dysregulation to tumor development, ie, modulation of
immunophenotype of lymphoma cells and the consequent altera-
tion of tumor milieu by miR-135b.

Among hundreds of miRNAs, miR-326 has been identified so
far as a regulator of Th17 differentiation, which promoted Th17
differentiation via targeting ETS1.% In addition, miR-155 was
recently shown to promote Th17 cell formation in a CD4* T-cell
intrinsic manner.> It was consistent with the finding that miR-155
targets Th2 promoter c-Maf. Our study suggests the presence of
additional regulatory miRNAs of Th17 differentiation through the
inhibition of differentiation program(s) to other helper T-cell
lineage(s). Generally, lineage-specific transcription factors and
cytokines can interfere with the differentiation to other helper
T-cell subsets. Although it requires careful assessment about

— 118 —



