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Critical Role for TSLC1 Expression in the Growth and Organ
Infiltration of Adult T-Cell Leukemia Cells In Vivo’
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Adult T-cell leukemia (ATL) is associated with human T-cell leukemia virus type 1 infection. The tumor
suppressor lung cancer 1 (TSLCI) gene was previously identified as a novel cell surface marker for ATL, and
this study demonstrated the involvement of TSLC1 expression in tumor growth and organ infiltration of ATL
cells. In experiments using NOD/SCID/yc"*" mice, both leukemia cell lines and primary ATL cells with high
TSLC1 expression caused more tumor formation and aggressive infiltration of various organs of mice, Our
results suggest that TSLC1 expression in ATL cells plays an important role in the growth and organ infiltration

of ATL cells.

Human T-cell leukemia virus type 1 (HTLV-1) is the caus-
ative agent of an aggressive form of CD4" T-cell leukemia
termed adult T-cell leukemia (ATL) (7, 14, 18). Carriers of
HTLV-1 have been identified in a number of locations
throughout the world, including parts of Africa; Papua New
Guinea: specific regions in Europe including Romania; parts of
South America including northern Brazil, Peru, northern
Argentina, and Colombia; and the southern part of Kyushu
in Japan (17). Common findings in patients with ATL in-
clude enlargement of peripheral lymph nodes, hepatomeg-
aly, splenomegaly, skin infiltration, and hypercalcemia. The
Tax gene is a unique viral gene thought to play a central role in
HTLV-1-induced transformation. It is responsible for transac-
tivation of the HTLV-1 long terminal repeat (5, 16) and nu-
merous cellular genes involved in T-cell activation and growth,
including those encoding interleukin-2 (TIL-2) (11) and the «
chain of IL-2 receptor (IL-2Ra) (CD25, Tac) (1. 2). The long
latency of ATL development suggests that multiple genetic
events accumulate in HTLV-1-infected cells; however, the pre-

* Corresponding author. Mailing address for Naoki Yamamoto:
AIDS R ch Center, National Institute of Infectious Disease,
1-23-1 Toyama, Shinjuku-ku. Tokyo 162-8640, Japan. Phone: 81-3-
5285-1111. Fax: 81-3-5285-1165, E-mail: nyama@nih.go.jp. Mailing
address for Kazuhiro Morishita: Division of Tumor and Cellular
Biochemistry, Department of Medical Sciences, Faculty of Medicine,
University of Miyazaki, Kiyotake, Miyazaki, Japan. Phone: 81-9-8585-
0985, Fax: 81-9-8585-2401. E-mail: kmorishi@med.miyazaki-u.ac.jp.

 Present address; Department of Pathology. New York University
School of Medicine. 350 First Avenue, New York, NY 10016.

¥ Published ahead of print on 15 October 2008.

cise molecular mechanisms of ATL leukemogenesis following
HTLV-1 infection have not been fully elucidated.

The tumor suppressor lung cancer 1 gene (TSLC1) at
chromosome 1123 has been identified as a tumor suppres-
sor gene in non-small-cell lung cancer (9, 13). In contrast, it
was recently found to be highly and ectopically expressed in
acute-type ATL cells, most ATL cell lines, and HTLV-1-
infected T-cell lines (15). Enforced expression of TSLC1 in
ATL-derived ED-40515(—) cells resulted in higher aggrega-
tions and binding abilities in a human umbilical vein endothe-
lial cell line (HUVEC). These results suggest that TSLCI
might contribute to tumor growth by enhancing aggregation
after infiltration and migration outside blood vessels. Since the
role of TSLC1 overexpression in the course of tumor growth
and organ infiliration of ATL cells remains to be fully eluci-
dated. we investigated the direct involvement of TSLCI in the
growth and infiltration of leukemia cells using C57BL/6J and
NOD-SCID/yc™" (NOG) mice (4, 8).

In order to analyze the tumorigenicity of TSLCI expression
in leukemia cells, a murine IL-2-independent T-lymphoma cell
line (EL4) injected into the intraperitoneum of syngeneic
C57BL/6) mice was used as a model for ATL. ELA cells were
transfected with a pcDNA3 expression plasmid containing
TSLCI, and transformant cells were selected by a limiting-
dilution method in the presence of G-418. We also used EL4
cells expressing a green fluorescent protein-Tax fusion protein
(EL4/GAX) (6) and parental EL4 (EL4/p) as a control. Ex-
pression of Tax protein in EL4 cells. a 38-kDa band of Tax
protein in HUT102 cells, and a 64-kDa band of green fluores-
cent protein-Tax fusion protein in EL4/GAX cells were all
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A :
F1G. 1. Transplantation of EL4 T-cell lymphoma cells expressing TSLC1 shortened the life span of syngeneic mice. (A) Expression of Tax
protein in HUT102. EL4, EL4/GAX, and EL4/TSLCI cells was detected by Western blot analysis. Expression of g-actin protein (ACTB) was

used as a loading control, (B) Expression of TSLCI protein in KK1, EL4, EL4/GAX, and EL4/TSLCI cells was detected by Western blot
analysis. Expression of B-actin protein (ACTB) was used as a loading control. (C) Cell numbers in a growth curve are shown for an average
of three independent counts, and standard deviations are indicated as error bars, (D) Survival curves of C57BL/6 mice inoculated in the
abdominal cavity with EL4, EL4/GAX, or EL4/TSLC1 cells. Cumulative survival rates were calculated by the Kaplan-Meier method and
compared using a log-rank test. (E) Liver sections from all mice were stained with hematoxylin-eosin. The regions of liver metastasis (arrow)
were seen in liver sections from mice inoculated with ELA/TSLCT]I cells but not shown in the liver sections from the mice inoculated with EL4
or EL4/GAX cells, Magnification, x100; bars, 400 pm.
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FIG. 2. Involvement of TSLC1 expression in tumor growth and infiltration of leukemia cells in NOG mice. (A) Expression of TSLCI in
KK1, ED-40515(—), ED/Neo, or ED/TSLCI cell lines was detected by Western blot analysis. Expression of B-actin protein (ACTB) was used
as a loading control. (B) Cell growth curves of ED-40515(—), ED/Neo, and ED/TSLC1 cell lines are shown for an average of three
independent counts, and standard deviations are indicated as error bars. (C) Tumor volumes of mice inoculated subcutaneously with
ED/TSLC1, ED/Neo, or ED-40515(— ) cells after 21 days are shown as the means * standard errors of the means for five mice in each group.
Statistical analysis was done with a Student 1 test. (D and E) The pictures shown were derived from gross photographs of the sacrificed mice
at 1 month after intravenous inoculation of ED/Neo (D) or ED/TSLCI (E) cells. (F) Immunohistochemical staining for TSLC! protein in
liver metastases of the mice inoculated intravenously with ED/TSLC! cells is shown. An arrow indicates a tumor mass with strong staining
with & rabbit anti-TSLC1 antibody. however, the same mass shows no staining with rabbit immunoglobulin (Ig) as a negative control.
Magnification, X 100: bars, 400 pm.
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TABLE 1. Invasion scores of mice inoculated with ED/Neo or ED/TSLC) cells
Invasion score for organ by ohservation:
l’.'cillnl‘i::l;and Macroscopic! Mictoscopic”
Liver Kidney Lung Ovary Spleen Liver Kidney Lung Ovary Spleen
ED/TSLCI
T1 3+ = +/= 1+ ¥ 3+ = 2+ 24 =
T2 3+ = = 1+ = 3+ — 2+ 2+ =
3 34 - bf- 2+ = i+ - 2+ 2+ -
T4 3+ 2 = 1+ = 3+ = 2+ 24 -
T5 2+ - — 2+ v 3+ = 2+ 3+ =
T6 3+ = +/— 1+ = i+ - +/- 2+ =
ED/Neo
N1 = s - - 2+ - 24 = += 3+ =
N2 +i— - = 1+ ke +/— - = 2+ =
N3 > - = 2+ - - - +- 2+ -
N4 - = = 1+ = ~ = = 2+ =
N3 = = — 1+ = ND¥ ND ND ND ND
N6 = = = 1+ = ND ND ND ND ND

" Subjective invasion scores by macroscopic observation were as follows: —. no invasion; +/—. less than 10% invasion in the organ; 1+, 10 to 30% invasion in the
organ; 2+. 30 to 70% invasion in the organ; 3+, over T0% invasion in the organ.
Subjective invasion scores by microscopic observation were as follows: —, no invasion; +/—, less than 1% leukemia cells in the section: 1+, less than 105 leukemia

cells in the section; 24, 10 w 30% leukemin cells in the section; 3+, over 30% leukemia cells in the section

“ND. not done.

detecied by Western blot analysis (Fig. 1A). Expression of a
TSLCI protein in EL4/TSLC1 cells was also shown on Western
blot analysis with KK1, an ATL cell line expressing TSLC1 (12)
(Fig. 1B). In an in vitro cell growth assay, 2 % 10 cells were
incubated. and their growth was analyzed by direct counting
with trypan blue dye staining. EL4 and EL4/TSLC1 cells
showed nearly identical proliferation profiles in vitro, while
Tax-expressing EL4 cells proliferated more slowly (Fig. 1C).
This difference in cell growth might be caused by different
expression vectors, In an in vivo growth assay, 2 % 10° cells of
each cell line were injected into the peritoneal cavity of
C57BL/6J mice: eight mice for ELA cells as controls, 13 mice
for EL4/TSLC1 cells, and eight mice for EL4/GAX cells. All of
the mice died of tumor invasion of various organs with ascitic
fluids in 40 to 120 days. The median survival time of the control
mice injected with EL4 cells or EL4/GAX cells was 72 days.

The mice with EL4/TSLCT1 cells, however, died within 60 days.
with a median survival time of 41 days (Fig. 1D). The pheno-
types of the control mice and the ELA/TSLC1 mice were al-
most identical with invasion of tumors into various organs.
Organ metastasis of tumor cells in three EL4/TSLC1-inoc-
ulated mice, two EL4-inoculated mice, and one EL4/GAX-
inoculated mouse was analyzed and evaluated with hema-
toxylin-eosin staining. The liver was one of the major sites of
metastasis in all three of the EL4/TSLCl-inoculated mice by
histopathological analysis but not in the two EL4-inoculated
mice or the EL4/GAX-inoculated mouse (Fig. 1E). These re-
sults support the role of TSLCI overexpression in T-lymphoma
cells as one of an aggressive factor in the development of
leukemia/lymphoma.

In order to investigate the possibility that overexpression of
TSLC1 promotes tumor growth and/or nfiltration in vivo,

TABLE 2. Clinical charactenistics of patients and pathological findings of organ invasion”

Clinical characteristic

Invasion score in NOG mice®

; TSLC1
Prart Age rsex Diagnosis WBC Lymphocytes  “Pea! Lymph  eXpression

no ( ATE"‘W) (10%iter) ¥ ?:{]m ?S_il; Liver Lung Spleen : od’: score’
1 73M Chronic 7.8 59 47 3+ 3+ 3+ ND I+
2 59/F Chronic 9.0 75 40 3+ 2+ 2+ 1+ 2+

3 66/F Chronic 294 49 75 3+ 3+ 3+ ND 34
4 44T Chronic 22,6 5l 45 3+ 2+ 2+ 2+ 2+
5 43/F Chronic 18.6 63 43 3+ 3+ 3+ ND 2+
6 54M Acute 192.8 65 91 1+ 2+ ND ND 1+
7 58M Acute 67.3 71 80 3+ I+ 3+ ND 2+
8 635/F Acute 29.4 25 60 3+ 2+ ND 3+ 3+
9 68/M Acute 30.0 79 81 3+ 1+ 1+ 24 2+
10 66/F Acute 10.2 38 51 3+ 3+ 3+ ND 3+

“ Abbreviations: M, male; F, female; WBC. white blood cells: ND, not done.

* Subjective invasion scores were as follows; 0, no invasion; 1+, less than 10% leukemia cells in the section; 2+, 10 1 30% leukemia cells in the section; 3+, over

0% leukemin cells in the section.

* Subjective scores of TSLC| expression in pathological immunostaining were us follows; —. no staining; |

+, faint staining in less than 109 of invasive leukemia cells;

2+, weak to moderate staining in 30 to T0% of invasive leukemia cells: 3+, intense staining in more than 70% of invasive leukemin cells.
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FIG. 3. Growth and infiltration of primary ATL cells in various organs of NOG mice based an TSLCI exg

on. (A) I shistochemical

staining of various organs of NOG mice inoculated with leukemia cells from patient 6, 8, 9, or 10 is shown with the use of rabbit anti-TSLC1
antibody or rabbit immunoglobulin (Ig) as a negative control. Sections from patients 8 and 10 showed severe invasion (invasion score, 3) and dense
staining for TSLC1 (expression score, 3). while sections from patients 6 and 9 showed mild invasion (invasion score, 1) and light staining for TSLC1
(expression score, 1). Liver and lung sections from control NOG mice were used as negative controls, and a lymph node from an ATL patient was
used as a positive control. Magnification, x400; bars, 100 um. (B) The diagram of dispersion between mean values of each invasion score and
scores for TSLC1 expression in each NOG mouse inoculated with primary ATL cells showed moderate correlation (R = 0.714).

ATL-derived ED-40515(—) cells (10) were injected into NOG
mice. Since expression of TSLC1 in ED-40515( ) cells is se-
verely reduced by promoter methylation, they were transfected
with either a TSLCI expression plasmid (pcDNA3/TSLCI) or
a mock plasmid (pcDNA3/Neo). ED/TSLCI1 and ED/Neo cells
were identified by selection with G-418. High levels of TSLC1
expression were verified in the ED/TSLCI cells, but not in the
ED/Neo cells, by Western blot analysis (Fig. 2A). The ED/
TSLCI. ED/Neo, and ED-40515(—) cell lines all showed the
same proliferation profile in vitro (Fig. 2B). Cells (10 x 10%)
were inoculated subcutaneously into the postauricular region

of NOG mice, which permitted the observation of tumor
growth macroscopically and the measurement of tumor size
over a relatively short time (3). The ED/TSLC1 cell lines
caused greater formation of larger tumors than did the ED/
Neo and ED-40515(—) cell lines (Fig. 2C). The development
of clinical signs of near-death (e.g.. piloerection, weight loss,
and cachexia) in mice at the time of killing was also more
prevalent with the ED/TSLCI cell line. These results suggest
that TSLCI expression in ATL cells enhances in vivo tumor
growth in NOG mice.

Since the mice died within 4 weeks after subcutaneous in-
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oculation of leukemia cells due to heavy tumor burden, 2 X 10
ED/TSLCI or ED/Neo cells were intravenously injected into
six NOG mice in order to investigate their capacity for invasion
of various organs. After 1 month, we sacrificed the mice to
determine the extent of organ invasion. Macroscopically, all of
the mice injected with ED/TSLC1 cells (six/six) showed severe
liver invasion with swelling of the ovaries. None of the mice
injected with ED/Neo cells showed liver invasion, but they did
show ovarian involvement (Fig. 2D and E). Microscopically, all
of the mice inoculated with ED/TSLC1 cells showed severe
and massive liver and lung invasions. On the other hand, only
one of six mice inoculated with ED/Neo cells showed a large
amount of liver metastasis (Table 1). TSLCI expression in
tumor cells infiltrating the liver was confirmed by immunohis-
tochemical staining (Fig. 2F). Thus, overexpression of TSLCI
in ATL cells might enhance organ invasion, and particularly
invasion of the liver and lung,

Next, we examined whether primary ATL cells with various
levels of expression of TSLC1 could efficiently grow and infil-
trate various organs in NOG mice. TSLCI-positive primary
ATL cells (2 x 107) from five acute-type and five chronic-type
ATL patients were inoculated subcutaneously into the postau-
ricular region of NOG mice (Table 2). All of the mice devel-
oped clinical signs of near-death (e.g., piloerection, weight loss,
and cachexia) 6 to 8 weeks after inoculation, in addition to the
enlargement of the lymph nodes, spleen. lungs, and liver. Mi-
croscopically, ATL cells invaded various organs of all ATL-
bearing NOG mice to different degrees. Based on results of
immunohistochemical staining for TSLCI, all invading leuke-
mia cells expressed TSLCI protein, compared with no TSLC1
expression in these organs in control NOG mice (Table 2 and
Fig. 3A). The dispersion diagram for the levels of invasion and
the levels of TSLCI expression in the leukemia cells showed a
correlation coefficient of 0.714, suggesting that there was a
moderate correlation between invasive capability and the level
of TSLC1 expression (Fig. 3B). Thus, TSLC1 could aid in the
formation of a rapidly growing large tumor and massive infil-
tration of ATL cells into various organs in NOG mice. Since
TSLCI1 is expressed in various types of ATL cells, including
smoldering and chronic types, it might be a promising target
for the development of a new anti-ATL therapy. The NOG
mouse model system described in the present study could pro-
vide a novel means by which to understand and investigate the
further importance of TSLC1 in ATL progression.
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An HIV protease inhibitor, ritonavir targets the nuclear factor-kappaB and
inhibits the tumor growth and infiltration of EBV-positive lymphoblastoid B cells
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Epstein-Barr Virus (EBV)-associated immunoblastic lymphoma
occurs in immunocompromised patients such as those with AIDS
or transplant ndp&mu after Vimry EBY infection or reactiva-
tion of a fection. In the present study, we
eval the effect uf ritonavir, an HIV protease inhibitor. on
EBV-positive li-mplmb!nslmd B cells in vitro and in mice model.
We found that it induced cell-cyele arrest at G,-phase and apopto-
sis through down-regulation of cell-cycle gene cyclin D2 and anti-
apoptotic gene survivin, Furthermore, ritonavir suppressed tran-
scriptional activation of NF-xB in these cells. Ritonavir efficiently
prevenled &ruwth md infiltration of lymphoma cells in various

OD/SCID/vc™" mice at the same dose used for treat-
ment ur patients with AIDS, Our results indicate that ritonavir
targets NF-xB activated in tumor cells and shows anti-tumor
effects. These data also suggesi that this compound may have
promise for trealment or puveuﬂun of EBV. tssmuted I\'mpllch
pru!l&rntwe diseases that occur in i

© 2008 Wiley-Liss, Inc.

Key words: ritonavir; LCLs: NF-~B; NOG mice

Epstein-Barr virus (EBV) is a ubiquitous human +y herpes virus
that estublishes a latent infection more than 90% of adults world-
wide.' lmmumcnmpmmis.ed individuals such as those with AIDS
or transplant recipients are at increased risk for devcloping aggres-

sive EBV-associated lymphoproliferative diseases. EBV is nssocr-
ated with mahgmnt dlscnsce- including Burkitt's Iy'mphomn
nasopharyngeal carcinoma™ and immunoblastic B cell lymphoma
of immunosuppressed individuals, Infection of primary B cells
with EBV results in transformation with growth of the cells in
tight clumps and immortalization of the cells. These immortalized
B cells have an immunoblastic morphology and express each of
the EBV-encoded small RNAs (EBERs), EBV nuclcar antigen
(EBNAs) and latent membrane proteins (LMPs).>> EBERs have
oncogenic potential through inhibition of PKR.” EBNA-2 is a
transactivator that up-regulates expression of cellular genes and
LMPs. LMP-1 may mediate proliferative and survival effects not
only in EBV-transformed B lymphocytes but also in these malig-
nancies that occur long after primary infection. Many immuno-
compromised patients with EBV-associated immunoblastic lym-
phoma have tumors at extranodal sites such as the brain, lung, or
gastrointestinal tract. The prognosis of EBV-associated lympho-
mas is very poor for patients with irreversible immunosuppression
and treatment options are limited.

Despite the diversity in clinical manifestations of hematopoietic
malignancies, strong and constitutive nuclear factor-kappaB (NF-
kB) activation was repomd to be a unique and common character-
istic of malignant cells.”* In resting cells. NF-xB is sequestered as
an inactive precursor by association with inhibitory IkBs in the
cytoplasm. On stimulation, IxBs are rapidly phosphorylated, ubig-
uitinated and degraded by a proteasome-dependent pathway
allowing active NF-kB to translocate into the nucleus where it can
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activate the expression of a number of genes.” LMP-] is an
oncoprotein lhm constitutively activates NF-kB to induce B cell
proliferation.” Lymphoblastoid cell lines (LCLs) express high
level of the antiapoptotic proteins BCL-2, BCL-xL. c-IAPI, Bfi-1
and c-FLIP the targets of NF-xB.'™"" NF-xB activation has been
connected with multiple processes of oncogenesis including con-

trol of apoptosis, cell-cycle, differentiation and cell migration,”
and therefore, inhibition of NF-xB was suggested to be a useful
strategy for cancer therapy.'*™" It has been also reported that inhi-
bition of NF-xB ln EBV-associated lymphomas results in induc-

tion of apoptosis.”’ Therefore, targeting the NF-xB pathway and
inhibition of NF-xB activity is a logical strategy for treating EBV-

associated lymphomas.

Ritonavir, a human immunodeficiency virus type |(HIV-1) pro-
tease inhibitor, has been successfully used in clinical treatments of
HIV infection, with patients exhibiting a rnnri::d decrease in H'[V
virul load and a subsequent increase in CD4™ T-cell counts.
Evidence of other effects by ritonavir on cellular proteases. such
as the cysteine proteases cathepsin D and E, was presented in the
drug's original description, albeit at concentrations >500-fold
above the concentration required for inhibition of HIV protease.
Protease inhibitors have also been shown to directly affect cell
metabolism, interfere with host or fungal proteases and block T-
cell activation and dendritic-cell function.”’** Ritonavir has been
shown to inhibit the chymotrypsin-like activity of the 208 protea-
some, and it activates tl-u: ¢ n3,'11-10trypsm -like activity of the 265
proteasome -.umrersely Ritonavir also has been reported to
inhibit the transactivation of NF-xB induced by activators such as
TNFa, HIV-1 Tat protein and the human herpesvirus 8 protein
ORF74.* It is possible that inhibition of NF-xB activation by rito-
navir is linked to additional pathways other than inhibition of pro-
teasome.”' Protease inhibitors also hu\-rc bcen shown 1o have direct
antiangiogenic and antitumor activity.’'*? Recently, we reported
that ritonavir II'IthIl.S growth and infiltration of ATL cells through
targeting NF-xB.*
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In the present, we demonstrate that inhibition of NF-xB activity
by ritonavir results in marked increase of apoptosis and induce
cell-cycle arrest in EBV-positive lymphoblastoid B cells. We
found thai ritonavir also suppresses the expression of genes
involved in antiapoptosis and cell-cycle progression. In addition.
we established preclinical models using newly developed NOD/
SCID/yc™" (NOG) mouse.'® a unique type of animal, lacking T-,
B- and NK-cells to evaluate the efficacy of antitumor and anti-NF-
xB therapies. In the murine model. ritonavir at the clinically rele-
vant dose potently inhibited the growth and infiltration of EBV-
transformed LCL cells.

Material and methods
Mice and cells

NOG mice were obtained from the Central Institute for Experi-
mental Animals (Kawasaki, Japan). All mice were maintained
under specific-pathogen-free conditions in the Animul Center of
Tokyo Medical and Dental University (Tokyo, Japan). The Ethical
Review Committee of the Institute approved the experimental
protocol.

EBV-positive immortalized lymphoblatoid B-cell lines (LCL-
Ya, LCL-Ao. LCL-Ka and LCL-Ku) were cultured in RPMI 1640
medium supplemented with 10% heat-inactivated fetal bovine se-
rum (JRH Biosciences, Lenexa, KS), 100 U/ml penicillin, and 10
pg/ml streptomycin. Peripheral blood mononuclear cells (PBMCs)
from 3 healthy volunteers were analyzed. Mononuclear cells were
isolated by Ficoll-Paque density gradient centrifugation (GE
Healthcare Biosciences, Uppsala, Sweden) and washed with PBS.

Cell viability assay

The effect of nitonavir on cell viability of LCLs and PBMCs
from healthy donors was examined by the reagent, water-soluble
tetrazolium (WST)-8 (Wako Chemicals, Osaka, Japan). Briefly, 2
% 10° cells were incubated in a 96-well microculture plate in the
absence or presence of various concentrations of ritonavir. After
72 hr of culture, WST-8 (5 pl) was added for the last 4 hr of incu-
bation and absorbance at 450 nm was measured using an auto-
mated microplate reader. Measurement of mitochondrial dehydro-
genase cleavage of WST-8 1o formazan dye provides an indication
of the level of cell viability.

Cell-cycle analysis

Cells were plated at a density of 3 X 10%/ml in 60-mm tissue cul-
ture dishes. Twelve hours after plating, cells were exposed to 40
uM ritonavir for 24 h. Cell-cycle analysis was performed with the
CycleTEST PLUS DNA reagent kit (Becton Dickinson, San Jose,
CA). Briefly, cells were washed with a buffer solution containing
sodium citrate, sucrose and dimethyl sulfoxide, suspended in a so-
lution containing RNase A, and stained with 125 pg/ml propidium
iodide (P1) for 10 min. Cell suspensions were analyzed on EPICS
XL flow cytometer (Beckman Coulter, Fullerton, CA) using
EXPO32 software. The cell population at each cell-cycle phase
wis determined with MultiCycle software (Beckman Coulter).

Assay for apoprosis

Cells were plated at a density of 3 % 10%ml in 60-mm tissue
culture dishes. Twelve hours after plating, cells were exposed to
ritonavir for 72 hr. Apoptosis was quantified by double staining
with Annexin-V-Fluos (Roche Diagnostics, Mannheim, Germany)
and PI (Backman Coulter) according to the instructions supplied
by the manufacturer. Cells were analyzed on EPICS XL flow
cytometer (Beckman Coulter) using EXPO32 software.

Wesrern blot analysis

Treated cells were solubilized at 4°C in lysis buffer containing
62.5 mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 6% 2-mer-
captoethanol and 0.01% bromophenol blue. Samples were sub-
jected 10 electrophoresis on SDS-polyacrylumide gels followed by

transfer to a polyvinylidine difluoride membrane and probing with
the following specific antibodies: polyclonal antibodies against
survivin, cyclin D2 (Santa Cruz Biotechnology. Santa Cruz, CA),
Bcel-X,; (BD Transduction Laboratories, San Jose. CA) and mono-
clonal antibodies against Bel-2, p53, actin (NeoMarkers, Fremont,
CA), PARP (BD Transduction Laboratories) and LMP-1 (DAKO.
Kyoto, Japan). The protein bands recognized by the antibodies
were visualized using the enhanced chemiluminescence system
(Amersham, Piscataway, NI

Electrophoresis mobiliry shift assay (EMSA)

Cells were placed in culture at 1 X 10° cells/ml and examined
for inhibition of NF-xB 24 hr after exposure to ritonavir. Nuclear
proteins were extracted, and NF-xB binding activities 1o kB cle-
ment were examined by EMSA as described previously.® Tn
brief, 5 pg of nuclear extracts were preincubated in a binding
buffer containing 1 pg of goly (d1:dC) (Amersham Biosciences),
followed by addition of **P-labeled oligonucleotide probe con-
raining NF-kB element (5 % 10* c.p.m.). These mixtures were
incubated for 15 min at room temperature. The DNA-protein
complexes were separated on a 4% polyacrylamide gel and
visualized by autoradiography. To examine the specificity of the
NF-xB element probe, unlabeled competitor oligonucleotides
were preincubated with nuclear extracts for 15 min before incu-
bation with probes. The probe or competitors used were prepared
by annealing the sense and antisense synthetic oligonucleotides
as follows: a typical NF-kB element from the /L-2Ra gene.
5'-gatcCGGCAGGGGAATCTCCCTCTC-3": and AP-1 element
of the /L-8 gene, 3-gactGTGATGACTCAGGTT-3". Underlined
sequences represent the NF-xB or AP-1 binding site. To identify
NF-kB protein in the DNA protein complex revealed by EMSA,
we used antibodies specific for various NF-kB proteins. includ-
ing p50, pb3, c-Rel, RelB and p52 (Santa Cruz Biotechnology),
to elicit a supershift DNA protein complex formation. These
antibodies were incubated with the nuclear extracts for 45 min at
room temperature before incubation with radiolabeled probes.

Inoculation of EBV-pasitive immortalized LCLs
and collection of samiples

LCL Cells [LCL-Ya, LCL-Ao, LCL-Ka and LCL-Ku] were
washed twice with serum-free RPMI-1640 medium and resus-
pended in same medium. Mice were anaesthetized with ether and
cells were inoculated subcutaneously (sc) in the postauricular
region of NOG mice at a dose of 1 % 107 cells per mouse. All mice
were sacrificed 3 weeks after inoculation with lymphoma cells.
We measured tumor size 3 weeks after inoculation. Tissues and
various organs of mice were collected and fixed with Streck Tissue
Fixative, then processed to paraffin wax-embedded sections for
staining with hematoxylin and eosin (HE) and immunostaining.

PCR primer and conditions

Detection of the BamHI W repeat region of the EBV genome
was performed using 100 ng of genomic DNA extracted from
LCLs as follows, LCLs were lysed with genomic DNA extraction
buffer (100 mM Tris-HCl pH8.0, 5 mM EDTA, 0.2% SDS. 200
mM NaCl and 200 pg/mL proteinase K) and the lysate was incu-
bated at 50°C for 3 hr. After phenol-chloroform extraction,
genomic DNA was purified by ethanol precipitation procedure. A
121-bp fragment of the EBV W repeat region was amplified by
the forward primer 5-CGCATAATGGCGGACCTAG-3' and
reverse primer 5'-CAAACAAGCCCACTCCCC-3' in a 25 pl
reaction mixture comprising | X AmpliTaq Gold buffer, 3.5 mM
MgClI2, 200 uM dNTP, 300 nM primers. 200 nM probe and 0.025
U/l AmpliTaq Gold. The PCR cycle conditions were as follows:
a DNA denaturation and polymerase activation step of 10 min at
95°C and then 40 cycles of amplification (95°C for 15 sec, 60°C
for 1 min). PCR products were separated by electrophoresis on
agarose gels, stained with ethidium bromide and visualized by
UV-light.
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Fiune 1 - Effect of ritonavir on cell cycle arrest and induction of apoptosis of EBV-positive lymphoblastoid B cells. (a) Effect of ritonavir
on cell cycle progression of EBV-positive lymphoblastoid B cells. Cells were cultured for 24 hr with (+) or without (=) ritonavir (40 uM).
DNA content was analyzed by flow cytometry with PT staiming. Sub G,. S and Go/M indicate the stages of the cell cycle. Data are expressed as
the mean percentages of the cells from three independent experements. Significance of differences between % G, of ritonavir treated (+) and
untreated (—) cells calculated by Student's r-test is shown as P-value with astalisk(s). *p < 0.05 and **p < 0,01, (b) Effect of ritonavir on induc-
tion of apoptosis of EBV-immortalized B-cell lines. Cells were cultured for 72 hr with (+) or without (=) ritonavir (40 uM). (¢) Ritonavir indu-
ces apoptosis of EBV-immortalized B-cell lines in a dose-dependent manner. LCL-Ku cells were cultured for 72 hr with increasing concentra-
tion of ritonavir (0. 10, 20. 30, 40 pM). Cells were harvested and stained with Annexin-V and PI. Apoptosis was analyzed by flow cytometry.
Bottom left quadrants, viable cells; bottom right quadrants, early apoptotic cells. Top right quadrants, nonviable, late apoptotic/necrotic cells.
(dfy Effect of ritonavir on cell viability of LCLs and PBMCs from normal healthy controls, LCLs and PBMCs were incubated in the presence of
various concentrations of ritonavir for 72 hr and viability of the cultured cells was measured by WST-8 assay. Relative viability of the cultured
cells is presented as the mean determined on LCLs and PBMCs from triplicate cultures, A relative viability of 100% was designated as total
number of cells that grew in 72-hr cultures in the absence of ritonavir.

Treatment of tumor-bearing mice wirh ritonavir

Ritonavir was obtained from Abbott Labs, North Chicago. IL.
LCL-Ku cells (1 X 107) were inoculated s.c. in the post-auricular
region of NOG mice. The drug was administered s.c. into the tu-
mor cells inoculated site of mice at doses of 30 mg/kg/day, begin-
ning on day 0 for 3 weeks. The control mice received RPMI-1640
(200 pl) simultaneously. In other experiments, ritonavir or RPMI-
1640 was also administered intraperitoneally into mice as the
same doses stated above, beginning on day 4 for 18 days.

In situ hybridization

EBERs were detected by in sitt hybridization using fluorescein
isothiocyanate (FITC)-conjugated EBER PNA (peptide nucleic
acid}-probe (DAKO). Briefly. formalin-fixed, paraffin-embedded
tissue sections of tumor and various organs were deparaffinized
and hydrated in xylenes and graded alcohol series, then rinsed for

5 min in PBS. Deparaffinized samples were incubated with 10 ng/
Wl of proteinase K for 20 min at 37°C followed by washing, and
then incubated with 0.3% methanol for 30 min at room tempera-
ture. After washing in PBS, the sections were hybridized with
FITC-conjugated EBER-PNA probe in the hybridization solution
for 90 min at 56°C. The slides were washed twice in 0.2 X S8C
for 20 min at 56°C, and incubated with anti-FITC monoclonal
antibody (DAKOQ) for 43 min at 37°C, Followed by washing, the
slides were incubated with horse-radish peroxidase-conjugated
polymer reagent (Envision, DAKO) for 30 min at room tempera-
ture. Positive staining was visualized after incubation of these
samples with a mixture of 0.05% 3.3'-diaminobenzidine tetrahy-
drochloride in 50 mM Tris-HCI1 buffer pH7.6 and 0.01% hydrogen
peroxide for 5 min. The samples were counterstained with hema-
toxlin for 2 min, hydrated completely. cleaned in xylene and then
mounted. The samples were visualized and photographed under
light microscopy (BX41 and DP70; Olympus, Tokyo, Japan),
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FiGure 2 - Rilonuvir inhibits expression of apoptosis- and cell

cycle-associaled proteins. EBV-immortalized B-cell lines were cul-
tured with () or without (=) ritonavir (40 uM) for 24 hr, Cells were
harvested and subjected to Western blot analysis. The polyvinylidene
fluoride membrane was sequentially probed with indicated antibodies.
Arrow indicates full-length PARP (116 kDa) and arrow head indicates
cleaved form of PARP (25 kDa). Essentially the same results were
obtained in 3 experiments and representative data are shown.

Results
Ritonavir induces cell-cvele arrest and apoprosis of LCLs

Ritonavir was examined for its effect on cell-cycle distribution
of EBV-immortalized LCLs (Fig. la). Ritonavir effectively inhib-
ited cell-cycle progression, as evidenced by increased proportion
of the cells in G, phase of LCL-Ao, LCL-Ka, LCL-Ku and LCL-
Ya (LCL-Ao: from 60.1% to 67.19%: LCL-Ka: from 61.2% to
69.99; LCL-Ku: from 52.6% to 57.3%: and LCL-Ya: from 67.4%
to 72.1%). These results indicated that ritonavir induced cell-cycle
wrrest at Gy-phase. The weak accumulation of cells in G, phase by
ritonavir suggests that it might rather be an apoptosis inducer than
a cell growth inhibitor.

Furthermore, we evaluated the effect of ritonavir on the cell via-
bility of LCLs and PBMCs from healthy individuals (Fig. 1d).
Ritonavir effectively reduced the survival of LCLs (LCL-Ao.
LCL-Ka and LCL-Ku) as measured by WST-8 on the third day of
culture in a dose-dependent manner. In contrast, ritonavir hardly
affected the survival of PBMCs from healthy volunteers.

The effect of ritonavir on apoptosis was examined by the
Annexin-V and Pl method. Annexin-V binds to the cells that
express phosphatidylserine on the outer layer of the cell mem-
brane, a charucteristic feature of cells entering apoptosis. Early up-
optotic cells were stained with Annexin V but not with PL. Late
apoprotic and necrotic cells were stained with both fluorescent.
Ritonavir induced increased proportion of cells positive for
Annexin-V and negative for PI in all cell lines (LCL-Ao: from
14.8% to 62.3%: LCL-Ka: from 13.8% to 37.8%; LCL-Ku: from
9.9% to 37.9% and LCL-Ya: from 10.1% to 66.9%) (Fig. 1b).
Ritonavir also induced dose-dependent increasing of Annexin-V
positive and PI negative cells in LCL-Ku cells (Fig. 1¢), indicating
increasing apoptosis of ritonavir-treated cells.

FILTRATION OOF EBV-POSITIVE LCLs
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FiGure 3 - Ritonavir inhibits constitutive NF-xB activation. ()
EBV-immoralized B-cell lines were cultured with (+) or without { —)
ritonavir (40 pM) for 24 hr and sssessed for NF-xB and AP-1-DNA
hinding activity. (h) Cold competition using 100-fold excess of unla
beled NF-xB oligonucleotide, or AP-1 ohgonucleotide (lanes 2-3)
demonstrated the specificity of the protem/DNA binding complexes.
Specificity of NF-xB binding was also determined by using antibodies
to the NF-xB components p50, p65, ¢-Rel, RelB and p52, resulting in
supershift (lanes 4-8). Arrows indicate specific complexes of NF-xB
with wild type NF-xB oligonucleotide. Arrow heads indicate super-
shift. Essentially the same results were obtained in 3 experiments and
representative data are shown

Ritanavir down-regulates the expression of the
cell-cvcle- and apoptosis-ussociared genes

The antiproliferative and proapoptotic effects of ritonavir were
explored by examining the levels of intracellular regulators of
cell-cycle and apoprosis after exposure to ritonavir (Fig. 2). Rito-
navir down-regulated the levels of survivin and cyelin D2 in EBV-
immortalized B-cell lines. We also observed increased cleavage of
PARP in these cells. However, ritonavir did not modulate the
other regulators of cell-cycle and apoplosis such as Bel-X; . Bel-2
and p53. Ritonavir had no effect on the expression of virul pro-
teins such as LMP-1, suggesting that ritonavir may induce cell-
cycle arrest and apoptosis by down-regulating the levels of survi-
vin and cyclin D2 without reducing the virus levels in the cells.

Ritonavir suppresses constitutive NF-xB expressed
by EBV-transformed LCLs

To examine the effect of ritonavir on NF-xB DNA binding,
EMSA was performed. EBV-immortalized B-cell lines were
incubated with or without 40 pM ritonavir for 24 h, and nuclear
extracts were prepared and examined for NF-xB by EMSA.
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