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Next, a cytotoxicity assay against SNK6 was performed
with PBMCs derived from three healthy volunteers with
various doses of mogamulizumab. This experiment
revealed that cell death increased in a mogamulizumab
dose-dependent manner and there was a difference in
killing activity among individual PBMCs (Fig. 2B). To
determine which cell fraction in PBMCs played a major
role of cytotoxicity, CD56-, CD3-, and CD19-positive cells
were then used as effector cells. The highest percentage of
cell death was observed when target cells were incubated
with CD56-positive cells, showing that NK cells played a
central role (Fig. 2C). These results indicated that moga-
mulizumab killed CCR4-positive T- and NK cells via ADCC.

Effect of mogamulizumab in a murine xenograft model

Recently, we reported a murine xenograft model using
the immunodeficient NOG mouse and the EBV-positive
NK-cell lymphoma cell line, SNK6 (37). We used this
model to determine the in vivo effects of mogamulizu-
mab. After subcutaneous inoculation with SNK6, moga-
mulizumab and PBMCs from healthy volunteers were
administered. Tumor growth was suppressed significantly
in the mogamulizumab-treated group versus the control
group (P < 0.05; Fig. 3A). A representative image of a
tumor-bearing mouse is shown in Fig. 3B. H&E staining
and EBER in situ hybridization showed the extent of the
tumor in each mouse (Fig. 3C and D). In the mogamu-
lizumab-treated mouse, the tumor was regressed with
vacuolar degeneration. On the other hand, tumor expan-
sion and massive infiltration in the dermis were seen in
the control mouse.

CCR4 expression in patients with EBV-associated LPDs

We next examined the expression of CCR4 on EBV-
infected cells from 17 patients with various EBV-associ-
ated T/NK-LPDs using a flow-FISH assay. For comparison,
4 patients with PTLD were also examined. Characteristics
of each patient are summarized in Supplementary Table
S1. CCR4 was expressed on EBV-infected T- and NK cells
in 5 of 5 hydroa vacciniforme, 2 of 8 CAEBV, and 1 of 4
hemophagocytic lymphohistiocytosis cases. CCR4 was
expressed on EBV-infected B-cells in 1 of 4 patients with
PTLD. Representative results of the flow-FISH assay are
shown in Fig. 4A. In patients with hydroa vacciniforme
(patients 1 and 2), TCRy8™ V82™ y8T cells were positive
for EBER, and CCR4 was expressed on the EBER-positive
cells. However, in patient 8 with NK cell-type CAEBV
(CD37CD56%) and patient 14 with hemophagocytic
lymphohistiocytosis (CD3*CD8"), the EBER-positive
cells did not express CCR4.

The fluorescence peak of CCR4-treated cells was not
clearly separated from that of control IgG-treated cells (Fig.
4A). This is likely because the fluorescence signals were
weakened under the harsh conditions of the flow-FISH
assay {13). To further confirm CCR4 expression, we stained
the presumed EBV-infected population with an anti-CCR4
antibody, without in situ hybridization. In patient 1, V82-
positive yOT cells harbored EBV (Fig. 4A). Expression of

CCR4 was clearly recognized in the V82-positive fraction
(Fig. 4B), confirming CCR4 expression on EBV-infected y8T
cells in the patient.

Effects of mogamulizumab against tumor cells from a
patient with hydroa vacciniforme

To examine the effects of mogamulizumab against tumor
cells from patients, an ex vivo ADCC assay was performed.
First, ¥8T cells were isolated from patient 2 by magnetic
sorting. In this patient, the y3T cells harbored EBV (Fig. 4A).
Next, we confirmed that more than 90% of the isolated cells
were positive for TCRyYS, and that these cells expressed CCR4
(Fig. 5A). Then, the y38T cells were incubated with moga-
mulizumab and NK cells from either patient 2 or healthy
volunteer controls. The y8T cells were killed by NK cells
from the patient in the presence of mogamulizumab
(Fig. 5B). Cytotoxicity was also seen when NK cells from
healthy controls were used, and the ADCC activity was
similar between NK cells from the patient and those from
controls.

Discussion ,

EBV-associated T/NK-LPDs, initially proposed by Kawa
and colleagues (44) and subsequently noted by other
researchers (8, 10, 11), are prevalent in eastern Asian
countries, and are characterized by clonal expansion of
EBV-infected T or NK cells. Because EBV-associated T/NK-
LPDs are refractory to conventional chemotherapies and
have poor prognoses, there is a continuing need for novel,
effective treatments. In this study, we clarified that CCR4
was expressed on EBV-positive T and NK cells in EBV-
associated T/NK-LPDs. In particular, in hydroa vaccini-
forme, CCR4 was expressed on EBV-positive y3T cells in
all the (5 of 5) patients tested. Furthermore, the ex vivo
ADCC assay showed that y3T cells isolated from a patient
with hydroa vacciniforme were killed by mogamulizumab.
Importantly, ADCC activity was similar between NK cells
from the patient and those from healthy controls, indicating
that the patient’s NK cells were capable of killing the tumor
cells. Taken together with results from in vitro experiments
and the in vivo mouse xenograft model, our results indicate
that mogamulizumab has potential as a therapeutic agent
for EBV-associated T/NK-LPDs, at least in CCR4-positive
cases.

Among the cell lines used here, SNK1, SNK6, and SNT8
originated from ENKL. All three cell lines expressed CCRA4.
However, Ishida and colleagues reported that CCR4 was
expressed in only 3.7% of tissue samples from patients with
ENKL (18). In the present study, CCR4 was expressed in
only 1 of 6 patients with NK-cell infection. Thus, there was a
discrepancy between established cell lines and patient sam-
ples. A previous report showed that expression of CCR4 on
naive NK cells was limited but that ex vivo culture, in
medium supplemented with interleukin-2, enhanced CCR4
expression (30). Thus, CCR4 expression may have been
induced in ENKL cells in establishing or maintaining these
cell lines.
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Hydroa vacciniforme is characterized by recurrent vesi-
culopapules, usually occurring on sun-exposed areas, and is
seen in children and adolescents (45). In some of these
patients, systemic symptoms, including fever, wasting,
lymphadenopathy, and hepatosplenomegaly, develop and
such systemic disease has been defined as "hydroa vaccini-
forme-like lymphoma" in the fourth WHO classification of
tumors of hematopoietic and lymphoid tissues {(12). EBV-
infected 8T cells infiltrate the superficial dermis and sub-
cutaneous tissue in hydroa vacciniforme (13, 14). If CCR4
expression is seen in 8T cells, what is the role of CCR4 in the
pathogenesis of hydroa vacciniforme? CCR4 plays a major
rolein chemotaxis, and is attracted to its ligands, CCL17 and
CCL22, that are largely expressed in the epidermis (46).
ATLL frequently involves the skin, and CCR4 expression in
ATLL is considered to be closely associated with skin
involvement (24). Like ATLL, CCR4 expression on tumor
cells may be related to the clinical features of hydroa
vacciniforme.

In addition to hydroa vacciniforme, CCR4 was expressed
on EBV-infected T cells in some patients with CAEBV and
hemophagocytic lymphohistiocytosis, and even on B-cells
in a patient with PTLD. Nakayama and colleagues reported
that HTLV-1 promoted CCR4 expression via activation of
the AP-1 family, especially Fra-2 (47). It is also known that
LMP-1, an EBV oncoprotein, activates the AP-1 pathway in
nasopharyngeal carcinoma (48). These reports raise the
possibility that EBV infection indirectly promotes CCR4
expression. If the CCR4 expression promoted by EBV plays
an important role in the pathogenesis of EBV-associated T/
NK-LPDs, targeting CCR4 may be an ideal and definitive
therapy.

In conclusion, mogamulizumab has potential as a new
therapeutic against EBV-associated T/NK-LPDs, particularly
against hydroavacciniforme. Furthermore, this drug may be
effective in other types of EBV-associated T/NK-LPDs, if
CCR4 expression can be confirmed. In fact, the use of
mogamulizumab is now expanding from ATLL to periph-
eral T-cell lymphoma and cutaneous T-cell lymphoma,
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MTOR Inhibitors Induce Cell-Cycle Arrest and Inhibit Tumor
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Abstract

Purpose: Epstein-Barr virus (EBV) infects B cells, as well as T cells and natural killer (NK) cells, and is
associated with T or NK cell lymphoid malignancies. In various tumor cells, mTOR performs an essential
function together with Akt with regard to cell growth. We investigated the effects of mTOR inhibitors on EBV-
associated T- and NK-cell lymphomas. ’

Experimental Design: We investigated the Akt/mTOR activation pathway in EBV-positive and -negative
T-and NK-cell lines (SNT13, SNT16, Jurkat, SNK6, KAI3, and KHYG1). Weevaluated the antitumor effects of
mTOR inhibitors (rapamycin and its analogue, CCI-779) against these cell lines in culture and in a murine
xenograft model that was established by subcutaneous injection of SNK6 cells into NOG mice.

Results: All EBV-positive and -negative T- and NK-cell lines tested displayed activation of the Akt/mTOR
pathway, and treatment with mTOR inhibitors suppressed mTOR activation. The inhibitors induced G, cell-
cycle arrest and inhibited cell proliferation in T- and NK-cell lines. Overall, T cell lines were more sensitive to
rapamycin, but there were no significant differences between EBV-positive and -negative cell lines.
Treatment with rapamycin did not affect lytic or latent EBV gene expression. Intraperitoneal treatment
with CCI-779 significantly inhibited the growth of established tumors in NOG mice and reduced the EBV
load in peripheral blood.

Conclusion: These results suggest that inhibition of mTOR signaling is a promising new strategy for imp-
roving treatment of EBV-associated T- and NK-cell lymphoma. Clin Cancer Res; 20(21); 5412-22. ©2014 AACR.
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Introduction

Epstein-Barr virus {EBV) is a ubiquitous, oncogenic
v-herpes virus that infects up to 95% of the adult population
worldwide. EBV primarily infects B cells, but it can also
infect T cells and natural killer (NK) cells and has been
associated with multiple lymphoid malignancies, including
Burkitt lymphoma, diffuse large B-cell lymphoma, Hodgkin
lymphoma, posttransplant lymphoproliferative disorders,
nasal NK/T-cell lymphoma, hydroa vacciniforme-like lym-
phoma, aggressive NK cell leukemia, and chronic active EBV
disease (1-3). Treatment of EBV-associated lymphoid
malignancies often requires cytotoxic chemotherapies that
are not always successful. Rituximab, a humanized mono-
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clonal antibody against CD20, targets B-cell-specific surface
antigens present on EBV-transformed malignant cells. It has
recently been used for the treatment and prophylaxis of B-
cell lymphoma and lymphoproliferative disorders (4).
However, there is a continuing need for the effective treat-
ment of T- and NK-cell lymphoid malignancies.

The PI3K/Akt signaling pathway is important for the
survival and growth of a range of cancers and is an attractive
target for anticancer therapy (5-7). An important down-
stream target of PISK/Akt is the mTOR, which mediates
phosphorylation of p7086K and 4E-BP, proteins responsi-
ble for the translation and expression of D-type cyclins and
c-myc (8, 9). By preventing these phosphorylation events,
mTOR inhibitors, such as rapamycin and CCI-779 (temsir-
olimus), downregulate such expression and induce G,
cell-cycle arrest (10, 11). It has been shown that mTOR
inhibitors have significant antitumor activities on various
types of cancer, and CCI-779 became the first FDA-
approved mTOR-targeted anticancer agent based on a phase
II trial in patients with advanced renal cell carcinoma (12).

In vitro infection of B cells with EBV induces permanent
growth transformation and this ability to affect cell growth
regulation likely contributes to the development of cancer.
Many of the viral proteins expressed in transformed cells,
including EBV nuclear antigens and latent membrane
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proteins, have profound effects on cell growth regulation
and are required for EBV latent infection and B-cell trans-
formation (13). Latent membrane protein 1 (LMP1) is
considered to be a major oncoprotein of EBV because
activation of NF-xB is required for EBV-induced B-cell
transformation and inhibition of it rapidly results in cell
death (14, 15). On the other hand, Shair and colleagues
have shown that LMP1 also activates PI3K/Akt signaling and
this pathway could be an effective target for the treatment of
EBV-associated B-cell lymphoma (16). It has previously
been shown that the PI3K/Akt/mTOR pathway is activated
in EBV-associated B-cell lymphoma cells and that rapamy-
cin modulates the cell cycle and inhibits cell growth (17-
20). Furthermore, constitutive activation of the mTOR
signaling pathway has been demonstrated in tissue samples
from EBV-positive posttransplant lymphoproliferative dis-
orders (21). LMP1 is expressed in EBV-associated T-and NK-
cell lymphoma, but PI3K/Akt/mTOR pathway activation in
these cells has not been confirmed. Loong and colleagues
examined the effects of rapamycin in an EBV-positive NK
cell lymphoma xenograft model (22). In that study, rapa-
mycin did not show any effects on the tumor growth, but
activation of the mTOR pathway was not evaluated.

In the present study, we evaluatec. the antitumor effects of
mTOR inhibitors on EBV-associated T- and NK-cell lines in
culture and in a murine xenograft model and found that
mTOR inhibitors induce G, cell-cycle arrest and inhibit cell
proliferation. These findings suggest that inhibition of
mTOR signaling is a promising new strategy to improve
treatment of EBV-associated T- and NK-cell lymphoma.

Minterials and Melhnds

Cell lines and reagents
Of the cell lines used in the present study, SNT13 and
SNT16 are EBV-positive T cell lines, SNK6 and KAI3 are EBV-

positive NK cell lines, and Jurkat and KHYG1 are EBV-
negative T- and NK-cell lines, respectively (23-25}). SNT13,
SNT16, SNK6, and KAI3 cells were derived from patients
with chronic active EBV disease or nasal NK/T cell lympho-
ma. MT2 cell line was established from cord mononuclear
cells by coculture with adult T-cell leukemia cells and
harbors human T-cell-leukemia virus type 1. The MT2/
rEBV/9-7 and MT2/1EBV/9-9 cell lines were established
following infection of MT2 cells with the hygromycin-
resistant EBV B95.8 strain (26). The MT2/hyg cell line was
transfected with a hygromycin resistance gene. The NKL cell
line was derived from a patient with NK cell leukemia, and
the TL1 cell line was established from NKL cells infected
with an Akata-transfected recombinant EBV strain carryinga
neomycin resistance gene (27). Jurkat cells were grown in
RPMI-1640 supplemented with 10% heat-inactivated FBS,
penicillin, and streptomycin (complete media). Complete
media supplemented with 100 U/mL human IL2 were used
for SNT13, SNT16, SNK6, KAI3, KHYG1, NKL, and TL1.
Complete media supplemented with 0.2 mg/mL hygromy-
cin were used for MT2/hyg, MT2/1EBV/9-7, and MT2/rEBV/
9-9. TL1 underwent periodic selection with G418,

Rapamycin {Cell Signaling Technology) and CCI-779
(Sigma) were dissolved in DMSO and ethanol, respectively.
The autophagy inhibitor 3-methyladenine (3-MA; Sigma)
was dissolved in DMSO.

Immunoblotting

Cells were lysed directly in sample buffer. Equal amounts
of protein were subjected to SDS-PAGE, transferred to
polyvinylidene difluoride (PVDF) membranes, and incu-
bated with antibody. Antibody against phospho-Akt
(Ser473), Akt, phospho-4E-BP1 (Ser65), 4E-BP1, phos-
pho-p70S6K (Thr389), p70S6K, p27Kipl, LC3B, Atg5-
Atgl12, and caspase-3 (Cell Signaling Technology); B-actin
and PARP (Sigma); and retinoblastoma protein (Rb) and
CDK2 (BD Pharmingen Biosciences) were used for immu-
noblots. To compare the amount of each protein, densito-
metric analysis was performed using Image] software ver-
sion 1.461 (NIH, Bethesda, MD).

Cell numbers and viability

Cells were cultured in 24-well plates at 2 x 10°/mL, and
cell numbers and viability were assayed by trypan blue
exclusion using a Countess automated cell counter {Invi-
trogen). Fxpetiments were performed at least in triplicate.

Cell proliferation assay

Cell proliferation was measured by MTS assay using Cell-
Titer 96 AQueous One Solution Cell Proliferation Assay rea-
gent (Promega). Briefly, 100 uL of cell suspension and 20 L
of MTS reagent were incubated in a 96-well plate for 1 hourat
37°C, and formazan absorbance was measured at a wave-
length of 490 nm. Experiments were performed in triplicate.

Annexin V analysis of apoptosis
Apoptosis was measured using an Annexin V-PE/7-AAD
apoptosis assay kit (BD Pharmingen Biosciences) in
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accordance with the manufacturer’s instructions. Cells were
analyzed by flow cytometry, and viable cells were defined as
negative for Annexin V-phycoerythrin (PE) and 7-aminoc-
tinomycin D (7-AAD) staining, whereas apoptotic cells were
defined as positive for Annexin V-PE and negative for 7-AAD
staining.

Cell-cycle assay

Cells were treated with various concentrations of rapa-
mycin or CCI-779 for 24 hours, fixed with 70% ethanol, and
then washed with ice-cold PBS. Fixed cells were treated with
10 pg/ml DNase-free RNase and stained with 5 pg/ml
propidium iodide (Sigma). Experiments were performed
in triplicate.

Real-time RT-PCR

Viral mRNA expression was quantified by RT-PCR, as
described previously, using f2-microglobulin as an endog-
enous control and reference gene for relative quantification
(28, 29). Each experiment was performed in triplicate.

Xenograft model

Mice of the NOD/Shi-scid/IL-2Ry"™ (NOG) strain were
obtained from the Central Institute for Experimental Ani-
mals (Kawasaki, Japan) and were maintained under specific
pathogen-free conditions in the animal facility of Nagoya
University (Nagoya, Japan). The Ethics Review Committee
of the Institute approved the experimental protocol. SNK6
cells {1 x 10 cells per flank) were suspended in 100 uL and
subcutaneously inoculated into the flanks of mice. Mice
were randomized to drug-treated or control groups (30).
Tumor size was quantified with calipers twice weekly, and
peripheral blood was obtained every 2 weeks. DNA was
extracted from 200 pL of peripheral blood, and real-time
quantitative PCR for EBV DNA was then performed as
described previously (31). CCI-779 was prepared as
described previously (32). Briefly, a 50 mg/mL stock solu-
tion was prepared in 100% ethanol. The drug was diluted in
5.2% Tween-80, 5.2% polyethylene glycol (PEG) to the
appropriate final concentration (final concentration of eth-
anol is 4%). The CCI-779 drug solution (100 ul) was
administrated intraperitoneally (i.p.) 3 times a week for 3
weeks (a total of 9 injections).

Immunohistochemistry

Additional mice were humanely killed at day 25 after
inoculation and tumors were excised. Formaldehyde-fixed,
paraffin-embedded sections (5 pm) were labeled with anti-
Ki-67 antibody (Dako) for 32 minutes at 37°C, followed by
staining with a biotinylated immunoglobulin antibody.
Proliferation index was determined as the percentage of
Ki-67-positive cells + SE per original magnification
(x400). A total of 5 fields were examined and counted
from tumors of control and treated groups.

Statistical analysis
Statistical analyses of cell proliferation, cell cycle, tumor
volume, EBV load, and Ki-67 were performed using Mann-

Whitney U test. Probability values of <0.05 were considered
to be statistically significant.

Fesulls

Rapamycin inhibits mTOR signaling in T- and NK-cell
lines

To confirm activation of the mTOR signaling pathway, we
examined the status of phospho-p70S6K (Thr389) and
phospho-4E-BP1 (Ser65) in an EBV-negative T cell line
(Jurkat), EBV-positive T cell lines (SNT13 and SNT16), an
EBV-negative NK cell line (KHYG1), and EBV-positive NK
cell lines (KAI3 and SNKG). As shown in Fig. 1A, the
phosphorylated form of 4E-BP1was detected in all cell lines
tested, regardless of EBV status. Phosphorylated p70S6K
was not detected in KIA3 but was detected in the other cell
lines tested. Treatment of cell lines with rapamycin induced
almost complete inhibition of p70S6K phosphorylation at
T389 and partial (20%-80%]) inhibition of 4E-BP1 phos-
phorylation at S65, confirming the role of mTOR as their
kinase and indicating the sensitivity of these cells to mTOR
inhibitors (Fig. 1A and Supplementary Fig. S1A). Treatment
of the cell lines with higher concentrations of rapamycin
{100 nmol/L) did not show complete inhibition of 4E-BP1
phosphorylation (data not shown). As it has been well
documented that mTOR functions downstream of the
PI3/Akt pathway (5), we examined the activation of Akt.
As shown in Fig. 1A, phosphorylation at $473 was detected
in all T cell lines indicating strong activation of Akt. How-
ever, phospho-Akt was not detected in NK cell lines. After
treatment with rapamycin, a compensatory increase in Akt
phosphorylation was observed in 4 of the 6 tested cell lines
(SNT16, SNT13, KHYG1, and SNK6).

Inhibition of mTOR signaling by rapamycin suppresses
growth of EBV-positive and -negative T- and NK-cell
lines

To determine whether T- and NK-cell lines were sensitive
to mTOR inhibitors, they were exposed to 10 to 50 nmol/L
of rapamycin, and cell counts were determined after 48 and
72 hours. Neither fresh medium nor additional drugs were
added during the observation period. As shown in Fig. 1B
and C and Supplementary Fig. S2A, we found that growth in
6 T- and NK-cell lines was inhibited by rapamycin in a dose-
dependent manner. In all T- and NK-cell lines, inhibition of
cell growth by rapamycin was statistically significant at 72
hours at all concentrations. Overall, T cell lines were more
sensitive to rapamycin than NK cell lines. In comparison, at
the highest concentration (50 nmol/L) of rapamycin, cell
growth inhibition of SNT16 cells was significantly higher
than in Jurkat cells, whereas there were no significant
differences between Jurkat and SNT13 cells. On the other
hand, no significant differences were observed among EBV-
positive and -negative NK cell lines at concentration of 50
nmol/L (Fig. 1C). The results of cell proliferation assay using
MTS are shown in Supplementary Fig. $2B. Treatment with
10 to 50 nmol/L rapamycin for 72 hours inhibited prolif-
eration of all T- and NK-cell lines in a dose-dependent
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Fgure 1, Effects of rapamycin on phosphorylation status of PIBK/Akt/mTOR signaling components and growth in T and NK lymphoma cell lines.

A, EBV-negative T cell line (Jurkat), EBV-positive T cell lines (SNT16 and SNT13), an EBV-negative NK cell line (KHYG1), and EBV-positive NK cell lines
(SNK6 and KAI3) were treated with 50 nmol/L rapamycin for 1 hour (P-4E-BP1, 4E-BP1, P-p70S6K, and p70S6K) or 24 hours (P-Akt, Akt, and B-actin),
and lysates were blotted for the proteins indicated. B, EBV-positive T cell line (SNT16) and an EBV-positive NK cell line (SNK6) were treated with the
indicated concentrations of rapamycin, and viable cells were counted using the trypan blue exclusion test. Values are means :1: SE of the results

from 4 replicate experiments. *, P < 0.05, as compared with controls. C, T- and NK-cell lines were freated with the indicated concentrations of rapamycin
for 72 hours. Cell number is shown as the ratio of cell numbers in the different treatment groups to DMSO-treated cells. Values are means = SE of the results
from 4 replicate experiments. *, P < 0.05.

manner, When compared with untreated cells, inhibition of 24 hours, stained with propidium iodide, and then ana-
cell proliferation by rapamycin was statistically significant lyzed using flow cytometry. Significant increases in cells in
with 25 and 50 nmol/L in all T- and NK-cell lines. No G, phase were observed after treatment with rapamycin in
significant differences were observed among EBV-positive Jurkat, SNT13, SNT16, and KHYGI cells (Fig. 2A). A similar
and -negative cell lines. All T- and NK-cell lines tested trend was observed in SNK6 and KAI3 cells, but the increase
showed little loss in viability, even at 50 nmol/L rapamycin in cells in the G; phase was not significant (Fig. 2A).
(data not shown). Treatment of cells with rapamycin over Consistent with G, cell-cycle arrest, reduced levels of corre-
longer periods of time resulted in little or no decrease in sponding to cell-cycle markers CDK2 and Rb were also
viability when compared with untreated cells (Supplemen- observed in all cell lines tested together with increased
tary Fig. §2C). levels of p27 Kip1 in Jurkat, SNT16, and KHYG1 following
treatment with rapamycin for 24 hours (Fig. 2B). Together,
Rapamycin induces G, cell-cycle arrest in T- and NK-cell these results suggest that rapamycin induced G, cell-cycle
lines arrest in T- and NK-cell lines.
Induction of cell-cycle arrest by mTOR inhibitors has
been reported to inhibit cancer cell growth (10, 11). We CCI-779 induces inhibition of cell proliferation by G
examined whether growth inhibition of T and NK cells by cell-cycle arrest in T- and NK-cell lines
rapamycin was a result of cell-cycle arrest. T and NK cells We evaluated the effects of CCI-779 on T- and NK-cell
were treated with various concentrations of rapamycin for lines. CCI-779 is a soluble ester analogue of rapamycin and
www.aacrjournals.org Clin Cancer Res; 20{21) November 1, 2014
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Figure 2. Rapamycininduces Gy cell-cycle arrest in T- and NK-cell lines. A, T- and NK-cell lines were treated with the indicated concentrations of rapamycin for
24 hours, fixed, and stained with propidium iodide. Celi-cycle profiles were assessed by flow cytometry. Values are means + SE of 3 independent experiments.

, P < 0.05, as compared with controls. B, T- and NK-cell lines were treated with 50 nmoV/L rapamycin for 24 hours, and lysates were blotted for the
proteins indicated. Numbers below the blots indicate the intensity of each protein relative to untreated cells. Value for untreated cells was set at 1.0.
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is more suitable as an intravenous agent than rapamycin
(11). Treatment with various concentrations of CCI-779 for
72 hours inhibited proliferation of SNT16 and SNKG cells in
a dose-dependent manner (Supplementary Fig. S3A). As
shown in Supplementary Fig. S3B, phosphorylation of both
4E-BP1 and p70S6K was reduced by treatment with CCI-
779, suggesting that mTOR activation was inhibited in these
celllines. Cell-cycle analysis showed an increase in G; phase
cells following treatment with CCI-779, but no decrease in
S-phase was observed in SNT16 cells (Supplementary Fig.
$3C). Immunoblotting of cycle markers showed reduced
levels of Rb in both cell lines and increased levels of p27
Kipl in SNT16 cells, but no decreases in CDK2 were
observed (Supplementary Fig. S3B). These results suggest
that CCI-779 induces inhibition of cell proliferation by G,
cell-cycle arrest, as seen in T- and NK-cell lines treated with
rapamycin.

Rapamycin induces little or no apoptosis in T- and NK-
cell lines

To evaluate whether rapamycin induces apoptosis, T-
and NK-cell lines were treated with 50 nmol/L of rapa-
mycin for 24 and 48 hours, and the cleavage of caspase-3
and PARP was analyzed by immunoblotting. As shown

in Fig. 3A and Supplementary Fig. $1B, slightly increased
levels of cleaved caspase-3 were detected in SNK6 cells,
and slightly increased levels of cleaved PARP were
detected in Jurkat, SNK6, and KAI3 cells after 24-hour
treatment with rapamycin. Decreased levels of PARP or
caspase-3 were not clearly identified. Similar results were
seen in T- and NK-cell lines treated with rapamycin for 48
hours (data not shown). Furthermore, apoptosis was
analyzed by flow cytometry after Annexin V staining.
SNT16 cells treated with rapamycin showed modest
increases in apoptotic cells (Annexin V-positive and 7-
AAD-negative} when compared with untreated cells (Fig.
3B). Similar results were seen in SNT13 {data not shown).
On the other hand, no increase in the number of apo-
ptotic cells was confirmed in SNK6, KAI3, KHYG1, or
Jurkat cells (Fig. 3B and data not shown). Taken together,
these results suggest that rapamycin induces little or no
apoptosis in T- and NK-cell lines.

Effects of rapamycin on autophagy of T- and NK-cell
lines

Previous studies have shown that mTOR inhibitors
induce autophagy in various cancer cells because the
mTOR pathway plays a crucial initiating role in
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Figure 3. Effects of rapamycin on apoptosis and autophagy in T- and NK-cell lines. A, T- and NK-cell lines were treated with 50 nmol/L rapamycin for 24 hours,
and lysates were blotted for caspase-3 and PARP. B, SNT16 and SNK-6 cells were treated with 50 nmol/L rapamycin for 24 hours, and apoptosis was
evaluated by Annexin V-7AAD staining using flow cytometry. C, T- and NK-cell lines were treated with 50 nmol/L. rapamycin for 24 hours, and lysates
were blotted for LC3B and Atg5-Atg12. Cells were also incubated with autophagy inhibitor 3-MA (250 nmol/L) for 1 hour before incubation with rapamycin
and immunoblotting. D, Jurkat and SNT16 cells were incubated with or without 3-MA for 1 hour followed by incubation with 25 nmol/L. rapamycin for

72 hours. Viable cells were counted using the trypan blue exclusion test. Values are means =+ SE of results from triplicate experiments.

autophagy (33, 34). To evaluate whether rapamycin
induces autophagy in T- and NK-cell lines, protein expres-
sion in LC3-I and LC3-1I was examined by immunoblot-
ting. Conversion of LC3-I to the lower migrating form
LC3-11 has previously been used as an indicator of autop-
hagy. The 3-MA inhibition of LC3-I reduction seems to be
true for Jurkat and SNT16 but not for KHYG1, SNT13, or
SNK6 when comparing LC3II/LC3I levels from rapamy-
cin and rapamycin + 3-MA samples (Fig. 3C and Sup-
plementary Fig. $1C). On the other hand, treatment with
rapamycin did not increase the expression of proauto-
phagic protein Atg5-Atgl2 (Fig. 3C). Furthermore, pre-
treatment with 100 or 250 nmol/L 3-MA did not prevent
the rapamycin-induced cell growth inhibition in Jurkat
and SNT16 cells (Fig. 3D). Treatment with combination
of 3-MA and rapamycin did not show significant differ-
ences in the number of cells when compared with rapa-
mycin alone. These results suggest that autophagy may
not be a crucial mechanism of rapamycin-induced cell
growth inhibition in these cell lines.

Presence of EBV in an NK cell line increases
susceptibility to rapamycin

To directly compare the effects of rapamycin in EBV-
positive and -negative cell lines, we administered rapamycin
to MT-2/hyg, MT2/rtEBV/9-7, MT2/rEBV/9-9, NKL, and TL1.
Asshown in Fig. 4A, the EBV-positive NK cell line (TL1) was
more sensitive to rapamycin than its parent cell line (NKL).
On the other hand, rapamycin showed almost equal effects
on EBV-positive T cell lines (MT2/1EBV/9-7 and MT2/rEBV/
9-9) and a control cell line (MT-2/hyg; Fig. 4A). Cell-cycle
analysis showed rapamycin-induced G, cell-cycle arrest in
NKL and TL1 cells, but the effects of rapamycin on the 2 cell
lines were similar (Fig. 4B). Significantincreases in cellsin $-
phase were observed in MT2/rEBV/9-7 when compared
with MT2/hyg. The difference was not significant between
TL1 and NKL cells or between the EBV-positive and -neg-
ative T or NK cells. We evaluated the effects of rapamycin on
Akt/mTOR pathway activation in these cell lines. Compared
with NKL cells, expression of phospho-Akt was upregulated
in TL1 cells. On the other hand, phospho-Akt was expressed
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Figure 4. Presence of EBV in an NK cell line increased susceptibility to rapamycin. A, EBV-positive T celi lines (MT2/rEBV/9-7 and MT2/rEBV/9-9) and their
parental cell fine (MT2/hyg) and an EBV-positive NK cell line (TL1) and its parental cell line (NKL) were treated with the indicated concentrations of rapamycin
for 72 hours. Cell number is shown as the ratio of cell numbers in the different treatment groups to DMSO-treated cells. B, T- and NK-cell lines were
treated with the indicated concentrations of rapamycin for 24 hours and were fixed and stained with propidium iodide. Cell-cycle profiles were assessed by
flow cytometry. Values represent means + SE of 3 independent experiments. *, P < 0.05, as compared with controls. C, T- and NK-cell lines were

treated with 20 nmol/L rapamycin for 1 hour (P-4E-BP1, 4E-BP1, P-p70S6K, and p70S6K) or 50 nmol/L rapamycin for 24 hours (P-Akt, Akt, and B-actin), and
lysates were biotted for the proteins indicated. D, the ratio of P-Akt to Akt was measured, and the value in untreated (control} cells was set as 1.

in MT-2/hyg and MT2/rEBV/9-7 cells but there were no
differences in expression levels (Fig. 4C). Treatment with
rapamycin decreased phospho-Akt expression levels in TL1
cells, whereas a compensatory increase in Akt phosphory-
lation was observed in MT2/hyg and MT2/1EBV/9-7 cells
(Fig. 4C and D). Activation of mTOR was confirmed by
expression of phospho-p7086Kin these cell lines, and it was
suppressed by treatment with rapamycin (Fig. 4C).

Effects of rapamycin on Iytic and latent EBV gene
expression in T- and NK-cell lines

Expression of the following 8 viral genes was analyzed
using real-time RT-PCR: lytic genes encoding BZLF1 and
gp350/220; latent genes encoding EBV nuclear antigen
(EBNA) 1, EBNA2, latent membrane protein (LMP) 1,
LMP2, EBER1, and BamHI-A rightward transcript (BART).
Although EBV-positive T- and NK-cell lines are considered

to be latency type II, BZLF 1 was detected in all tested cell
lines except TL1, and gp350/220 was detected in 2 T cell
lines (SNT13 and MT2; Fig. 5). The expression of these lytic
genes may come from small fractions of EBV-positive T and
NK cells that spontaneously undergo lytic replication.
Expression of BZLF1 decreased in rapamycin-treated SNT16
and KAI3 cells, but this effect was not observed in other cell
lines (Fig. 5). Expression of 6 latent genes did not differ
significantly between rapamycin-treated cells and controls.
Representative results for 2 latent genes (those encoding
LMP1 and EBER1) are shown in Fig. 5.

CCI-779 inhibited growth of established tumor in NOG
mice

We further extended our studies to an in vivo xenograft
model to validate the significance of our in vitro findings.
Because of the poor solubility of rapamycin, we used a
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water-soluble ester derivative of rapamycin, CCI-779, for
treatment of the xenograft model. Subcutaneous inocula-
tion of SNK6 cells into NOG mice resulted in tumor
formation at the site of injection in all mice. Four days
after the inoculation of SNKG cells, mice were treated with
CCI-779 (10 mg/kg, i.p.) for 3 weeks. Mice generally tol-
erated CCI-779 with no apparent toxicity throughout the
experiment. Figure 6A demonstrates a significant antitumor
effect of CCI-779 on tumor growth that was evident 10 days
after the start of treatment. Progressive tumor growth was
prevented during treatment with CCI-779, and tumor
growth after treatment was suppressed for approximately
2 weeks. Subsequently, progressive tumor growth was
renewed, but the tumor volume in CCI-779-treated mice
was significantly smaller than in the control mice at the
end of the study (2,080 + 410 mm?® for CCI-779 group and
3,700 + 300 mm?® for control group; P< 0.01). We repeated
the NOG mouse experiments to confirm the findings, and
the results are shown in Supplementary Fig. S4. Tumor
volume in CCI-779-treated -mice was significantly smaller
than in control mice from 10 days after the start of treatment
until the end of the observation. Peripheral blood was
obtained every 2 weeks and EBV load, which may reflect
tumor progression, was measured by real-time PCR. EBV
load in CCI-779~treated mice was significantly lower than
in the control group but increased rapidly after treatment
(Fig. 6B). Histologic analyses of tumor explants showed
more vacuolar changes in the CCI-779 group (Fig. 6C). To
determine whether the observed tumor growth suppression
was caused by inhibition of cell proliferation, we performed
immunohistochemistry for Ki-67 expression (Fig. 6C). As

shown in Fig. 6D, the average proliferation index in 5
randomly selected microscopic fields of CCI-7-treated mice
was significantly decreased after 3 weeks of treatment
(approximately 30% reduction; P < 0.01).

Discussion

The mTOR is a highly conserved serine/threonine kinase
and is a central regulator of cell growth, metabolism, and
aging (35). Constitutive PI3K/Akt/mTOR activation is crit-
ically involved in a variety of cancers and hematologic
malignancies (5, 6, 35). Previous studies have shown that
the PI3K/Akt/mTOR pathway is activated in EBV-associated
B-cell lymphoma, but it is unclear whether this pathway is
activated in EBV-associated T- and NK-cell lymphomas (17,
18). This study demonstrated that mTOR is activated in
EBV-associated T- and NK-cell lymphoma cells and that
mTOR inhibitors induce G; cell-cycle arrest and inhibit cell
proliferation both in vitro and in vive.

Both p7086K and 4E-BP1 are considered as key mTOR
target proteins, and treatment of cell lines with rapamycin
or CCI-779 resulted in complete inhibition of p70S6K
phosphorylation, whereas inhibition of 4E-BP1 phosphor-
ylation was partial. In some other studies using EBV-positive
B cell lines (21) or other cell lines (36, 37), inhibition of 4E-
BP1 phosphorylation by rapamycin was partial, whereas
inhibition of p70S6K phosphorylation was complete. The
reason is uncertain, but activation of survival signaling
pathways such as Akt may prevent complete inhibition of
4E-BP1 phosphorylation (37). It has been shown that
rapamycin induces Akt activation through an mTOR
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Figure 8, CCl-779 inhibits tumor growth and proliferation in the murine xenograft model. A, CCI-77@ inhibits growth of subcutaneous xenograft tumors in NOG
mice. SNK6 cells (1 x 10° cells per flank) were subcutaneously inoculated into the flanks of mice. Four days after inoculation of SNK8 cells, mice were

blood was obtained every 2 weeks, and EBV load was measured by real-time PCR. *, P < 0.05; n = 8 mice for each group. C, representative images
of hematoxylin/eosin (HE)-and Ki-67-stained sections of tumors are shown after 3 weeks of treatment with vehicle or CCI-779. D, proliferation was measured
by percentage of Ki-67—-positive cells. Values are means + SE of 5 fields in each group.

complex, resulting in the attenuating growth-inhibitory
effect of rapamycin (37). As shown in Supplementary Fig.
S1A, theincreased ratio of phospho -Akt/Akt was marked in
KHYG1 and SNK6. Onthe other hand, small increases in the
ratio of phospho-Akt/Akt was observed in SNT13 and
SNT16 cells, but not in Jurkat cells. Associations between
EBV presence and rapamycin-inducing Akt phosphoryla-
tion were inconclusive.

The presence of EBV may have some effect on sensitivity
to mTOR inhibitors because LMP1 is known to activate
the PI3/Akt pathway, as well as the NF-kB, ¢-JNK, and p38
MAPK signaling pathways (16, 38). The EBV-positive T-
and NK-cell lines used in this study are classified as
latency type 1I and express LMP1. However, there were
no marked differences in sensitivity to rapamycin
between EBV-positive and -negative cell lines. It is pos-
sible that LMP1 has only a small impact on Akt activation
in these cell lines because expression of phospho-Akt was

similar between EBV-positive and -negative cell lines
(Fig. 1A).

T cell lines appeared to be more sensitive to rapamycin
and expression of phospho-Akt in T cell lines was higher
than in NK cell lines regardless of the presence of EBV.
Previous studies have shown that cells with increased Akt
activation are more sensitive to mTOR inhibitors (32, 39).
The tumor cell origin, rather than the existence of EBV, may
have a greater effect on Akt activation and sensitivity to
mTOR inhibitors. Interestingly, an artificially EBV-infected
NK cell line (TL1) was more sensitive to rapamycin than its
parent line (NKL), but there were no differences between
EBV-infected T cell lines (MT2/rEBV/9-7 and MT2/tEBV/
9-9) and the parental line (MT2/hyg). These differences
could be explained by Akt activation, as expression of
phospho-Akt was increased in TL1 cells, but not in MT2/
rEBV/9-7 cells when compared with the parental lines.
Furthermore, LMP1 mRNA was detected in TL1 cells but
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not in MT2/rEBV/9-7 cells (Fig. 5). LMP1-induced PI3K/Akt
activation might have some impact on dysregulation of
mTOR and sensitivity to mTOR inhibitors but further
studies are required.

We established a murine xenograft model of EBV-asso-
ciated NK cell lymphoma and demonstrated tumor growth
suppression by CCI-779 in vive. The results of this study
showed that T cell lines were more sensitive to rapamycin in
vitro, but unfortunately, the xenograft model of T-cell lym-
phoma could not be established. When compared with
SNKG6 cells, SNT13 and SNT16 cells were more dependent
on [L2 for their growth in vitro (data not shown). High
dependency on IL2 for cell growth might explain the dif-
ficulty in establishing a xenograft model using SNT13 or
SNT16 cells. Because rapamycin strongly suppresses IL2-
stimulated T-cell proliferation, it has been used as an
immunosuppressive agent in posttransplant patients
(40). Furthermore, several studies have confirmed the anti-
tumor activity of mTOR inhibitors on T-cell acute lympho-
blastic leukemia or T-cell lymphoma (41, 42). Further
investigations are required to determine whether mTOR
inhibitors have more therapeutic potential with EBV-asso-
ciated T-cell lymphoma than NK cell lymphoma.

In the present study, mTOR inhibitors elicited a cytostatic
response in T and NK lymphoma cells resulting in G, cell-
cycle arrest. Consistent with G, cell-cycle arrest, diminished
CDK?2 and Rb expression and increased p27 Kip1 expression
were observed. G, cell-cycle arrest induced by mTOR inhi-
bitors has been demonstrated in various types of cancers
(10, 11). On the other hand, induction of autophagy or
apoptosisis also considered to be a crucial antitumor effect of
mTOR inhibitors (33, 34, 41-43), although we found that
rapamycin had little or no effect on inducing autophagy or
apoptosis in this study. Taken together, our results suggest
that mTOR inhibitors can reduce cell growth but cannot
cause cell death, resulting in a limited effect in T- and NK-cell
lymphomas. In the murine xenograft model, tumor growth
was completely prevented during treatment with CCI-779,
but progressive tumor growth was subsequently renewed,
suggesting that single-agent therapy is limited. Because the
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The ubiquitous Epstein-Barr virus (EBV) infects not only B cells but also T celis
and natural killer (NK) cells and is associated with various lymphoid malignancies.
Recent studies have reported that histone deacetylase (HDAC) inhibitors exert
anticancer effects against various tumor cells. In the present study, we have eval-
uated both the in vitro and in vivo effects of suberoylanilide hydroxamic acid
(SAHA), an HDAC inhibitor, on EBV-positive and EBV-negative T and NK lym-
phoma cells. Several EBV-positive and EBV-negative T and NK cell lines were trea-
ted with various concentrations of SAHA. SAHA suppressed the proliferation of T
and NK cell lines, although no significant difference was observed between EBV-
positive and EBV-negative cell lines. SAHA induced apoptosis and/or cell cycle
arrest in several T and NK cell lines. In addition, SAHA increased the expression
of EBV-lytic genes and decreased the expression of EBV-latent genes. Next, EBV-
positive NK cell lymphoma cells were subcutaneously inoculated into severely
immunodeficient NOD/Shi-scid/IL-2Rynull mice, and then SAHA was administered
intraperitoneally. SAHA inhibited tumor progression and metastasis in the murine
xenograft model. SAHA displayed a marked suppressive effect against EBV-asso-
ciated T and NK cell lymphomas through either induction of apoptosis or cell

cycle arrest, and may represent an alternative treatment option.

doi: 10.1111/cas.12418

M ore than 90% of the world population is infected by the
Epstein-Barr virus (EBV), which is an oncogenic
v-herpesvirus. Not only B cells but also T cells and natural
killer (NK) cells can be infected by EBV, a condition that is
associated with various lymphoid malignancies, including
Burkitt lymphoma, Hodgkin lymphoma, post-transplant lym-
phoproliferative disorders, extranodal NK/T cell lymphoma,
hydroa vacciniforme-like lymphoma, aggressive NK cell leuke-
mia and chronic active EBV infection.""® The ability of EBV
to establish latent infection and induction of the proliferation
of infected cells make it the significant causative agent in the
pathogenesis of many of these malignancies. Some of these
EBV-associated T and NK cell malignancies are refractory to
conventional chemotherapies and have poor prognoses.”’ For
the treatment and prophylaxis of B cell lymphoma and lym-
phoproliferative disorders, rituximab, a humanized monoclonal
antibody (Ab) against CD20, targets B cell-specific surface
antigens and has been used with marked success.**> However,
novel approaches to molecular targeted therapy are required to
effectively treat T and NK cell malignancies.

Histone deacetylase (HDAC) inhibitors induce acetylation of
histones, thus affecting transcription, and selectively induce
tumor-suppressive genes. In various cancer cell types, HDAC
inhibitors induce differentiation, apoptosis and cell cycle

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

This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and distribution
in any medium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

arrest.®” Moreover, with notable tumor specificity, HDAC
inhibitors have potent anticancer activities, and some exhibit
therapeutic potential through their targeting of epigenetic regu-
lation. Previously, we showed that an HDAC inhibitor, valproic
acid, induced apoptosis and cell cycle arrest in EBV-positive T
and NK lymphoma cells.®’ However, the suppressive effect of
valproic acid in cell lines was modest and was not affected by
the presence of EBV.

Suberoylanilide hydroxamic acid (SAHA) is an FDA-
approved HDAC inhibitor, and its efficacy has been confirmed
by clinical trials for malignant diseases such as non-Hodgkin
Iymphoma, acute myeloid leukemia, breast cancer and cutan-
eous T cell lymphoma.®'® Micromolar concentrations of
SAHA have anticancer effects and a well-established safety
profile.” Furthermore, recent studies have confirmed that
SAHA can induce EBV lytic infection and mediate enhanced
cell death in EBV-positive gastric carcinoma and nasopharyn-
geal carcinoma cells.">'¥ Very recently, a gene expression
profile study identified SAHA as an effective drug candidate
for NK cell neoplasms, including EBV-positive NK lym-
phoma."'¥ However, no in vivo study has evaluated the efficacy
of SAHA in EBV-positive T and NK lymphoma cells.

In the present study, we evaluate the antitumor effects of
SAHA on EBV-positive and EBV-negative T and NK cell lines

Cancer Sci | June 2014 | vol. 105 | no. 6 | 713-722
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and analyze induction of apoptosis, cell cycle arrest and expres-
sion of EBV-encoded genes. To further evaluate the effect of
SAHA, an in vivo model is necessary. A suitable host for
xenotransplantation of human lymphoid cells is the NOD/
Shi-scid/IL-2Ry™™" (NOG) mouse, which is completely immu-
nodeficient and lacks T, B, NK and dendritic cells, as well as
mdcmphagcs (1619 Recently, the proliferation of EBV-positive
T and NK cells has been confirmed by the xenotransplantation
of human pempheral blood mononuclear cells (PBMC) to the
NOG mouse.” Instead of human PBMC, we applied the
xenograft model to evaluate SAHA using an EBV-positive NK
cell line, which is more suitable for the evaluation of drugs.

Materials and Methods

Cell lines. Of the cell lines used, SNTI13 and SNTI6 are
EBV-positive T cell lines,**" Jurkat is an EBV-negative T cell
line,"* KAI3 and SNK6 are EBV-positive NK cell lines, >
and KHYG1 is an EBV-negative NK cell line.** EBV-positive
MT2/tEBV/9-7 and MT2/tEBV/9-9 cell lines were established
by infection of MT2 cells with the hygromycin-resistant B95-8
strain.™2® EBV-negative MT2/hyg/CL2 and MT2/hyg/CL3
cell lines were transfected with a hygromycin-resistant gene.
These four cell lines were used to verify the presence/absence
of EBV in the T cell lines. Similarly, the EBV-negative NKL
cell line was derived from a patient with NK cell leukemia,
and the EBV-positive TL1 cell line was established from NKL
cells infected with an Akata-transfected recombinant EBV
strain  containing a neomycin-resistant gene.”’*® TL1 and
NKL were used to verify the presence/absence of EBV in the
NK cell lines. The characteristics of each cell line are summa-
rized in Table 1.

Jurkat cells were cultured in RPMI 1640 medium supple-
mented with 10% FBS, penicillin, streptomycin and glutamine
(complete medium). SNT13, SNT16, KAI3, SNK6, KHYGI,
TLI and NKL cells were grown in complete medium supple-
mented with 100 U/mL human interleukin-2 (IL-2). MT2
/tEBV/9-7, MT2/tEBV/9-9, MT2/hyg/CL2 and MT2/hyg
/CL3 cells were grown in complete medium supplemented
with 0.2 mg/mL hyg mmycm For xenotransplantation, the
SNKG6 cell line was grown in complete medium supplemented
with human serum and 700 U/mL of human IL-2. All cultures
were maintained at 37°C in 5% CO,.

Cell viability. Suberoylanilide hydroxamic acid (Cayman
Chemicals, Ann Arbor, MI, USA) was dissolved in DMSO. Each

Table 1. Characteristics of the cell lines

Name Cell type  EBV Cell origin

SNT13 T + Chronic active EBV infection
SNT16 T + Chronic active EBV infection
Jurkat T - Acute T lymphoblastic leukemia
KAI3 NK + Chronic active EBV infection
SNK6 NK + Extranodal NK/T cell lymphoma
KHYG1 NK - Aggressive NK cell leukemia
MT2/rEBV/9-7 T + MT2 cell line

MT2/rEBV/9-9 T + MT2 cell line

MT2/hyg/Ci2 T - MT2 cell line

MT2/hyg/CL3 T MT2 cell line

TLT NK + NKL cell line

NKL NK NK-cell leukemia

EBV, Epstein-Barr virus; NK, natural killer.
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cell line (2 x 107 cells per mL) was cultured in 24-well plates.
Human PBMC were isolated from healthy volunteers using
Ficoll-Paque (GE Heathcare AB B;oScmnces Uppsala, Sweden)
gradient centrifugation, and 5 x 10° PBMC per mL were cul-
tured in 24-well plates. Cells were treated with various concen-
trations of SAHA for 96 h. The cell number and viability were
quantified by trypan blue exclusion. Viability was calculated as
the percentage of viable SAHA-treated cells versus DMSO-
treated cells. These experiments were performed in triplicate,
and the results were expressed as mean values with SEM.

Apoptosis assay by flow cytometry. Apoptosis was measured
by flow cytometry using an annexin V-PE/7-AAD apoptosis .
assay kit (BD Pharmingen Biosciences, San Diego, CA, USA)
according to the manufacturer’s protocol.*” Briefly, 2 x 10°
cells were treated with SAHA for 24 h, incubated with annex-
in V-PE and 7-AAD for 15 min, and then analyzed by flow
cytometry. Stained cells were analyzed using the FACSCantoll
flow cytometer and the FlowJo software (Tree Star, Ashland,
OR, USA).

immunoblotting. After 24 and 48 h of treatment with various
concentrations of SAHA, cell pellets were lysed directly in
SDS sample buffer (50 mM Tris-HCI [pH 6.8], 2% SDS, 10%
glycerol, 6% 2-mercaptoethanol and 0.0025% bromophenol
blue). Cell lysates were separated on 10% acrylamide gels by
SDS-PAGE, transferred to PVDF membranes, and immunob-
lotted with Abs. Abs were used against acetyl-histone H3 (Cell
Signaling, Boston, MA, USA), poly (ADP-ribose) polymerase
(PARP; Sigma, St. Louis, MO, USA), latent membrane pro-
tein (LMP) 1 (S12; BD Biosciences, San Jose, CA, USA),®”
EBV nuclear antigen (EBNA) 1°" and B-actin (Sigma).

Cell cycle assay. Cells were treated with various concentra-
tions of SAHA for 48 h and fixed with 70% ethanol. Fixed
cells were treated with DNase-free RNase, stained with
propidium iodide (Sigma) for 15 min, and analyzed by flow
cytometry. Stained cells were analyzed using a FACSCalibur
(Becton Dickinson, San Jose, CA, USA) flow cytometer and
the ModFit LT software (Verity Software House, Topsham,
ME, USA).

RT-PCR assay. RNA was extracted using the QIAmp RNeasy
Mini Kit (Qiagen, Hilden, Germany), and contaminating DNA
was removed by on-column DNase digestion using the RNase-
free DNase Set (Qiagen). Viral mRNA expression was quanti-
fied by one-step multiplex real-time RT-PCR using the
Mx3000P real-time PCR system (Stratagene, La Jolla, CA,
USA) as described previously.®**¥ B2-Microglobulin was
used as an endogenous control and reference gene for relative
quantification.®” Each experiment was performed in triplicate
and was shown as the mean of three samples with the SEM.

Xenograft model using the NOG mouse. Female 6-week-old
or 7-week-old NOG mice were obtained from the Central Insti-
tute of Experimental Animals, Kawasaki, Japan, and main-
tained under specific pathogen-free conditions by the approval
and guidelines of the Nagoya University Experimentation Ani-
mal Committee. On day 0, [ x 10° SNK6 cells were inocu-
lated <ubcutaneouq1y as described prewouslv B9 Each day from
days 4 to 28, the mice were treated 1.p. with 100 mg/kg SAHA
or DMSO (control). Tumor volume was quantified using cali-
pers twice per week and calculated using the following for-
mula: © x short axis x long axis x height/6. On day 30,
mice were killed, and the tumor and organs were excised. RNA
was extracted from the tumor and subjected to real-time RT-
PCR to quantify viral gene expression. Peripheral blood was
collected, and plasma was separated. DNA was extracted from
the plasma and quantified by quantitative real-time PCR.©®
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The Mann—-Whitney U-test was used to compare tumor
volumes, viral mRNA expression and quantity of EBV-DNA.
P-values <0.05 were deemed to indicate statistical significance.
Epstein-Barr virus-encoded small RNA in sitv hybridiza-
tion. Formalin (20%)-fixed and sucrose (0.1%)-fixed tissues
were sectioned into 10-pm slices and treated with 1:10 diluted
proteinase K. The tissues were incubated at room temperature
for 30 min, and were then washed with pure water and ethanol
(96%). The tissues were stained for Epstein—Barr virus-
encoded small RNA (EBER) by in situ hybridization (ISH).
EBER-ISH was performed using the EBER PNA Probe
(Y5200; Dako) and the PNA ISH detection kit (Dako, Glostrup
Denmark) according to the manufacturer’s protocol.*¥

Resuits

Effect of suberoylanilide hydroxamic acid on the viability of T
and natural killer cell lines. Epstein-Barr virus-positive and
EBV-negative T and NK cell lines were cultured with various
concentrations of SAHA. SAHA increased acetylated histone
H3 levels, confirming that SAHA worked as an HDAC inhibitor
(Fig. 1a). SAHA reduced the viability of all treated cell lines in
a dose-dependent manner (Fig. 1b). Next, the same six cell lines
were treated with 5 yM SAHA and assessed at different time
points. The viability of all six cell lines was reduced by treat-
ment with SAHA for 96 h (Fig. Ic). The effects of SAHA
did not differ between EBV-positive and EBV-negative cell
lines. In addition, to compare its effects on EBV-positive and
EBV-negative cell lines, we treated MT2/TEBV/9-7 and MT2
/fEBV/9-9 cells (EBV-positive T cell lines), MT2/hyg/CL2
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and MT2/hyg/CL3 cells (EBV-negative T cell lines), TL1 cells
(EBV-positive NK cell line) and NKL cells (EBV-negative
parental NK cell line) with SAHA. SAHA had similar effects
on the EBV-positive and EBV-negative cell lines (Fig. 2a).
Moreover, human PBMC were treated with SAHA to evaluate
the adverse effects. Viability remained >69% at 96 h, indicating
the absence of adverse effects (Fig. 2b).

Effects of suberoylanilide hydroxamic acid on apoptosis and
the cell cycle of T and natural killer cell lines. To determine
whether apoptosis was induced by SAHA in the tested cell
lines, early apoptotic cells were quantified by annexin V and
7-AAD staining. SAHA increased early apoptotic cells in the
Jurkat, KAI3 and KHYG!1 cell lines (Fig. 3a). In other cell
lines, the proportions of early apoptotic cells were not
increased. Next, the cleavage of PARP was analyzed by immu-
‘noblotting. With the exception of the SNT16 cell line, SAHA
induced the cleavage of PARP in the five cell lines (Fig. 3b).
Next, effects on the cell cycle were investigated. In the SNT16
and KAI3 cell lines, the population of cells in G1 phase was
increased, whereas that in G2 phase was increased in the
SNK6 cell line (Fig. 4). In Jurkat and KHYGI cells, the cell
cycle assay was indeterminate because of the massive cell
death caused by SAHA.

Effects of suberoylanilide hydroxamic acid on Epstein-Barr
virus-encoded genes of Epstein-Barr virus-positive T and natural
killer celi lines. The expression of eight EBV-related genes,
including lytic genes (BZLF1 and gp350/220) and latent genes
(EBNA1, EBNA2, LMPI, LMP2, EBER1 and Bam HI-A
rightward transcripts [BART]) were analyzed using real-time
RT-PCR. In the SNT13, KAI3 and SNK6 cell lines, the
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Fig. 1. Suberoylanilide hydroxamic acid (SAHA) > 0 01 1 5 > 0 0.1 1 5
inhibits the deacetylation of histone H3 protein and SAHA (uM) SAHA (uh)
decreases the viability of T and natural killer (NK)
cell lines. (a) SNT13, SNT16 (Epstein-Barr virus (©) —
[EBV]-positive T cell line), Jurkat (EBV-negative T 5 5
cell line), KAI3, SNK6 (EBV-positive NK cell line) and g 120 *gNﬁg £ 120 == KAI3
- ! € 100 emafpes SNT16 c 100 et SNK6
KHYG1 (EBV-negative NK cell line) cells were S a0 ==0= Jurkat 8 8o v
treated with the indicated SAHA concentrations for 2 60 2 60 ==O=-KHYG1
24 h, and acetylated histone H3 was detected by < 40 = 40
immunoblotting. B-Actin was used as a loading _g_' 20 = 2
control. (b) Each cell line was treated with the 2 g4 . . . : . % o4 .
indicated concentrations of SAHA for 96 h or § 0 24 48 72 96 > 0 24 48 T2 96

(c) with 5 pM SAHA for the indicated times. Data
are expressed as means = SEM.
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expression of BZLLF1, which is an immediate-early gene in the  model. Initially, we inoculated six T and NK cell lines into

Iytic infection cycle, was increased by SAHA (Fig. 5). How-
ever, the expression of the late lytic gene gp350/220 was
increased only in the SAHA-treated SNT13 cell line. These
results indicated that SAHA induced lytic infection in some
EBV-positive T and NK cell lines, although it was abortive.
The expression of BZLF] was decreased in the SAHA-treated
SNTI6 as time went by, while that in mock-treated SNT16
was also decreased. Of the EBV latent genes tested, the
expression of EBNAI, LMP1 and BART was decreased in
most of the cell lines, whereas that of LMP2 was increased by
SAHA (Fig. 5). Next, the EBNA] and LMPI protein levels
were determined by immunoblotting. SAHA decreased the
EBNALI protein level in all cell lines, and that of LMP1 in the
SNT16, KAI3 and SNK6 cell lines (Fig. 6).

in vivo effects of suberoylanilide hydroxamic acid using the
mouse xenograft model. After confirmation of the in vifro
effect of SAHA, we extended our work to an in vivo xenograft

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

immunodeficient NOG mice via various routes. Of the EBV-
positive T or NK cell lines used, only the SNK6 cell line was
engrafted after subcutaneous or intravenous inoculation (Suppl.
Table S1). The Jurkat cell line, which is EBV-negative and
IL-2 independent, could also be engrafted, raising the possibil-
ity that IL-2 dependency may be associated with the engraft-
ment. We cultured six cell lines with the different
concentration of IL-2, and found that SNK6 was less depen-
dent of IL-2 compared with other T/NK cell lines (Suppl. Fig.
S1). We considered that the independency of IL-2 can explain
the success of engraftment, at least partially. Because evalua-
tion of the former was easier, the subcutaneous model was
used in subsequent experiments.

We subcutaneously inoculated 1 x 10° SNK6 cells into
NOG mice. All of the mice developed tumors at the site of
inoculation. Four days after the inoculation, mice were treated
with SAHA daily up to day 28. The treated mice normally
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Fig. 3. Suberoylanilide hydroxamic acid (SAHA) induces apoptosis in several T and natural killer (NK) cell lines. (a) Epstein-Barr virus {EBV)-posi-

tive and EBV-negative T and NK cell lines were treated with 5 uM SAHA for 24 h. Viable cells were defined as those negative for both annexin
V-PE and 7-AAD staining, and early apoptotic cells were defined as those positive for annexin V-PE but negative for 7-AAD staining. (b) T and
NK cell lines were treated with the indicated concentrations of SAHA for 24 or 48 h. The cleavage of poly (ADP-ribose) polymerase (PARP) was

detected by immunoblotting. $-Actin was used as a loading control.

tolerated SAHA without showing any obvious toxicity. During
this period, no significant difference in the body weights of
SAHA-treated and control mice was noted (data not shown).
Until the end of the experiment, the size of tumors in SAHA-
treated mice increased gradually, but the tumor volume was
significantly less than the control group (Fig. 7a). EBER ISH
showed the extent of the tumor in each mouse (Fig. 7b). In the
SAHA-treated mouse, the tumor was regressed with degenera-
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tion. Additionally, SAHA-treated mice showed a significantly
lower plasma EBV-DNA level (Fig. 7¢). Furthermore, SAHA
showed significant inhibitory effects on most EBV-encoded
genes in tumor tissues (Fig. 7d). Finally, we collected samples
from organs at 30 days after inoculation and performed EBER
ISH. EBER-positive cells were detected in the organs of
control mice, but not SAHA-treated mice (Fig. 7e). In the
spleen, liver and lung, EBER-positive cells were sporadically
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Fig. 4. Suberoylanilide hydroxamic acid (SAHA)
arrests the cell cycle in T and natural killer (NK) cell
lines. After treatment with the indicated
concentrations of SAHA for 48 h, T and NK cell
lines were fixed and stained with propidium iodide.

1 5 10 o ! 5 10 Cell cycle profiles were assessed by flow cytometry.
*Because of cell death, the cell cycle assay was
SAHA (uM) SAHA (uM) indeterminable.

observed in focal lesions, indicating hematogenous dissemina-
tion of tumor cells. Conversely, the expansion of EBER-posi-
tive cells from the renal capsule to parenchyma was observed
in the kidney, indicating direct invasion. These results indi-
cated that SAHA inhibited metastasis and invasion of lym-
phoma cells.

Discussion

Histone deacetylase inhibitors affect tumor cell growth and
survival through the induction of cell death by their character-
istics of apoptosis.'® By the upregulation of CDKNIA, HDAC
inhibitors induce cell cycle arrest at the G1/S-phase. More-
over, through elongation of G2-phase, HDAC inhibitors can
mediate G2/M-phase arrest, but this event occurs less fre-
quently than G1 arrest. HDAC inhibitors can also reduce the
expression of proangiogenic factors, resulting in the suppres-
sion of angiogenesis. Furthermore, HDAC inhibitors show
immunomodulatory effects, which enhance tumor cell antige-
nicity and alter the expression of key cytokines, such as tumor
necrosis factor-a, interleukin-1 and interferon-y.* In the pres-
ent study, SAHA markedly suppressed the proliferation of T
and NK lymphoma cell lines, irrespective of the presence of
EBV. The suppressive effect of SAHA was greater than that of
valproic acid as demonstrated in our previous study.®’ In
several T and NK cell lines, SAHA-induced apoptosis was
confirmed by the increase in annexin V-positive cells and
cleavage of PARP. SAHA also induced cell cycle arrest in
several T and NK cell lines. The mechanism of killing
appeared to_differ among the cell lines. A recent study by Kar-
ube er al.'"> shows that suppression of the JAK-STAT path-
way contributes to the suppressive effect of SAHA against NK
cell lymphoma cells. Given the pleiotropic biological effects
of HDAC inhibitors, it is unlikely that a single molecular path-

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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way leading to tumor cell death will be identified in all cell
types.®

Suberoylanilide hydroxamic acid has been reported to
induce EBV lytic infection in EBV-positive gastric and naso-
pharyngeal carcinoma cells."*'* For the treatment of EBV-
associated malignant diseases, induction of lytic infection is
advantageous because it causes lysis of EBV-infected tumor
cells. Furthermore, lytic infection should produce viral pro-
teins with antigenicity that could induce host cellular
responses. BZLF1 is an immediate-early gene and a hallmark
to switch from latent gene to lytic infection.®” In the present
study, SAHA increased the expression of BZLF1 in most
EBV-positive T and NK cell lines, although the late lytic gene
2p350/220 was increased in only one cell line. The lytic infec-
tion induced by SAHA may play a role in its effects on EBV-
infected T and NK cells. Interestingly, BZLF1, which was not
expressed in the SNK-6 cell line in virro, was expressed in the
SNK6-derived tumor from both control and SAHA-treated
mice. We speculate that the expression of BZLFlwas induced
in in vivo culture conditions presumably by nutrients or cyto-
kines, although there is no direct poof of this.

In the present study, SAHA decreased the expression of the
LMPI1 gene and protein in some EBV-positive T and NK cell
lines. LMP1 is a major oncoprotein that is responsible for the
immortalization of primary human B lymphocytes and activa-
tion of the NF-xB, PI3K and JNK pathways.®® Expression
of LMP1 induces several pleiotropic effects, including the
upregulation of adhesion molecules, anti-apoptotic proteins
and cytokines. Recently, we showed that heat shock protein
90 inhibitors repress the LMP1 expression and proliferation
of EBV-positive NK cell lymphoma.®® SAHA also decreased
the expression of EBNAI1 in all of the cell lines. EBNAI is
essential for the maintenance of the viral episome, as well as
for the initiation of latent viral replication.*® EBNAI also
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