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Fig. 5. Sequential changes in the proportion
of CD4™ T cells in the various tissues early
after intrarectal infection. The percentage of
CD4* T cells in total lymphocytes was
determined by flow ocytometry. Each bar
represents one monkey. The lines indicate
the mean values of two monkeys at each
time point.
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suggest that there is a difference in the effect of virus
infection on CD4 SP T cells, CD4CD8 DP T cells and
CD37 CD4CD8 DP cells early after intrarectal infection.

DISCUSSION

In this study, to observe the early virological events in
various tissues after mucosal infection, SHIV-C2/1-KS661¢
was used to inoculate rhesus monkeys intrarectally and

proviral DNA and infectious viruses were quantified in
various tissues by quantitative PCR and infectious plaque
assay, respectively. At 3 days p.i., proviral DNA was already
present in not only the rectum, but also the thymus, axillary
lymph node, kidney and lung. These results suggested that
the intrarectally inoculated virus spread quickly to the
systemic tissues. Hu et al. (2000) showed that SIV penetrated
the vaginal mucosa of rhesus macaques within 60 min of
intravaginal inoculation, infecting primarily intraepithelial
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Fig. 8. Sequential changes in the proportion
of CD4 single-positive (8P) and CD4CD3
double-positive (DP) T cells in the jejunum
EL and LPL. The percentage of CD4™*
T cells in total lymphocytes was determined
57 by flow cytometry. Each bar represents one
monkey. The lines indicate the mean values
of two monkeys at each time point.
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Fig. 7. Sequential changes in the proportion of CD4 single-
positive (SP) and CD4CD8 double-positive (DP) T cells in the
thymus. The percentage of CD4™" T cells in total lymphocytes
was determined by flow cytometry. Each bar represents one
monkey. The lines indicate the mean values of two monkeys at
each fime point.

dendritic cells (DCs), and that SIV-infected cells were
detected in iliac lymph nodes within 18 h of inoculation.
Because the epithelium of the rectum mucosa is just as rich
in DCs as the vaginal mucosa, it appears that the virus is
transported to the draining lymph nodes by DCs within
several hours of intrarectal exposure in this study. Once
the virus reaches the local lymphoid tissues, systemic dis-
semination might occur shortly thereafter.

Virus levels increased remarkably between 6 and 13 days p.i.
and high levels of proviral DNA and infectious virus were
detected in various lymphoid tissues at 13 days p.i., which
was the time of peak viraemia. Among all the tissues
examined, the mesenteric lymph node had the largest level
of infectious virus. This result is consistent with a previous
study that showed that mesenteric lymph nodes contain
- numerous SIV-infected cells in the early stages of SIV
infection (Canté-Nogués et al., 2001; O'Neil et al,, 1999).
The intestinal tract is constantly exposed to antigens in
foods and pathogens. Therefore, the mesenteric lymph
node, which is a draining lymph node of the intestinal tract,
might have many more activated T cells than other lym-
phoid tissues. Because SIV/HIV-1 can replicate optimally in

activated T cells, the mesenteric lymph nodes might release
the largest numbers of infectious virus.

After the peak of viraemia, the titre of infectious virus in the
lymphoid tissues decreased significantly. Around this time,
it is generally recognized that adaptive immunity is induced
in the host. Therefore, the induction of such acquired
immunity might also result in the suppression of virus
replication in the lymphoid tissues. Moreover, CD4 ™ T cells,
which are the main target and source of amplification of
the virus (Dalgleish et al, 1984; Klatzmann et al, 1984;
Sattentau et al, 1988), were depleted in the lymphoid
tissues by this time, thus resulting in the low level of virus
production there. In contrast, significant proviral DNA
remained in the lymphoid tissues after the peak of viraemia.
The identity of the cells holding this proviral DNA was not
clear, but they might represent a reservoir pool of virus until
the development of AIDS.

In the intestinal tract, infectious virus was detected, but the
virus load was much lower than in the lymphoid tissues.
This is surprising because it was expected that the intestinal
tract would have as many activated lymphocytes as the
mesenteric lymph node and the virus replicates efficiently in
those cells. Some reasons for the low titre of infectious virus
in the intestinal tract were considered. Firstly, the sample
of intestinal tract, which was separated as iEL and LPL,
contains various types of cells and the percentage of CD4™
T cells there was much lower than in samples of lymphoid
tissues, thus giving rise to a lower level of virus production in
the intestinal tract. In addition, there is a possibility that the
intestinal tract has a strong immunity. Following virus infec-
tion, the components of innate immunity might respond
rapidly and provide time for the subsequent development of
adaptive immunity. Natural killer (NK) cells, which are a
critical component of innate immunity to virus infection,
were reported to mediate suppression of HIV-1 replication
by producing CC chemokines or causing cytotoxicity against
HIV-1-infected cells (Baum et al., 1996; Fehniger et al., 1998;
Kottilil et al., 2003; Levy, 2001; Oliva et al., 1998). In the
monkeys used in this study, NK activity using K562 target
cells was measured in PBMCs, intestinal tract and inguinal
and mesenteric lymph nodes (K. Ibuki, N. Saito, Y. Enose,
A. Miyake, H. Suzuki, R. Horiuchi, T. Miura & M. Hayami,
unpublished data). Among these tissues, NK activity was
much higher in the intestinal tract of both normal and
infected monkeys. This result raises the possibility that NK
activity in the intestinal tract contributed to the suppression
of virus replication in the present study.

In the lymphoid tissues, levels of CD4™ T cells decreased
significantly from day 6 p.i.. In contrast, in the intestinal
tract, CD4% T cells remained at the same level as in
uninfected normal controls until 13 days p.i. These results
clearly correlated with the extent of virus replication in the
lymphoid tissues and intestinal tract. However, CD4™ T cells
in the intestinal tract were finally depleted by 27 days p.i. In
previous studies, it was reported that the target tissues or
organs of the virus differed when using CXCR4 or CCR5 as
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co-receptors of virus entry (Harouse et al.; 1999; Reyes et al.,
2004). In the early phase of infection, CXCR4-utilizing
SHIV causes rapid depletion of CD4* T cells in the peri-
pheral blood, but not in the intestinal tissues, whereas
CCR5-utilizing SHIV causes rapid depletion of CD4* T cells
in the intestinal tissues, but not in the peripheral blood.
Recent studies using SIV-infected monkeys showed a
profound and selective loss of memory CD4% CCR5*
T cells in the intestinal tract in the early phase of infection
(Brenchley et al,, 2004; Mehandru et al,, 2004; Mattapallil
et al., 2005; Li et al,, 2005). Moreover, some HIV-1-carrier
studies demonstrated that a significant and preferential
depletion of mucosal CD4™ T cells that express CCR5 occurs
compared with peripheral blood or lymphoid tissues
(Veazey et al, 2000a, b; Centlivre et al, 2005). SIV and
most primary isolated HIV-1 utilize CCR5 as co-receptor
for entry, and target tissues of dual-tropic virus using both
CXCR4 and CCR5 were unknown. In this study, it was
shown that SHIV-C2/1 using both CXCR4 and CCR5 as
co-receptors caused rapid CD4™% T-cell depletion in both
peripheral blood and the intestinal tract.

Among the tissues examined, the thymus and intestinal tract
had a large percentage of CD4CD8 DP T cells. Both tissues
have been reported as sites of maturation of lymphocytes
(Haynes et al., 1990; Lundqvist et al., 1995) and CD4CD8
DP T cells have been proposed to be immature T cells. A
previous study reported that CD4CD8 DP T cells in the
thymus were susceptible to HIV-1 infection (Schnittman
et al., 1990). Moreover, CD4 SP and CD4CDS8 DP T cells
were found to decrease at the same time during acute SIV
infection in rhesus macaques in the thymus (Rosenzweig
et al., 2000) and intestinal tract (Mattapallil er al, 2000;
Smit-McBride et al,, 1998). In this study, however, CD4CD8§
DP T cells started to decrease earlier than mature CD4 SP
T cells in both the thymus and intestinal tract, suggesting
that the resultant effect of virus infection is different between
the mature and immature T cells in each tissue. CD4CD8 DP
T cells were observed to decrease in both tissues before
virus replication. This shows that the virus may indirectly
kill CD4CDS8 DP T cells. Moreover, CD3~ CD4CD8 DP
cells, which are precursors of CD3* CD4CD8 DP cells (Hori
et al, 1991), were also depleted in the thymus after the
peak of viraemia. Further studies of the pathogenesis of
virus infection in immature T cells of the thymus and
intestinal tract may lead to better understanding of the
mechanisms of CD4™ cell depletion in HIV-1-infected
humans.
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DHMEQ, a new NF-xB inhibitor, induces apoptosis and enhances fludarabine effects

on chronic lymphocytic leukemia cells
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Chronic lymphocytic leukemia (CLL) is a low-grade lymphoid
malignancy incurable with conventional modalities of chemo-
therapy. Strong and constituiive nuclear factor kappa B (NF-xB)
aciivation is a characieristic of CLL cells. We examined the efi-
acts of a new NF-xB inhibitor, dehydroxymethylepoxyquinomi-
cin (DHMEQ), on CLL cells. Dehydroxymethylepoxyquinomicin
completely abrogatied constiiutive NF-xB activity and induced
apopiosis of CLL cells. Apoptosis induced by DHMEQ was
accompanied by downregulation of NF-xB-dependent antiapop-
totic genes: ¢-1AP, Bil-1, Bel-X, and c-FLIP. Dehydroxymethy-
lepoxyquinomicin also inhibited NF-xB induced by CD40 and
enhanced fludarabine-mediated apoptosis of CLL cells. Resulis
of this siudy suggest that inhibition of constitutive and
inducibie NF-xB by DHMEQ in combination with fludarabine is
a promising sirategy for the treatment of CLL.

Leukemia (2006) 20, 800-806. doi:10.1038/sj.leu.2404167,;
published online @ March 2006
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introduciion

Chronic lymphocytic leukemia (CLL) is a low-grade B-cell
malignancy predominantly affecting adults over the age of 50
years. The disease course is variable but remains incurable
despite development of nucleoside analogues such as fludarabine
and 2-chlorodeoxyadenosine (cladribine).” Development of a
new treatment option based on the biological basis of CLL cells is
needed to improve the prognosis of CLL. Most chemotherapeutic
agents target the process of DNA replication and division of cells,
therefore are more effective in tumor cells having high prolifera-
tion activity. These agents are not well suited for the treatment of
CLL that shows not proliferation hut instead an accumulation of
cells through resistance to apoptosis.”

Recenily, treatment strategies to target molecules that support
the maintenance and growth of the tumor cells have been
pursued.> Molecular target therapy increases the specificity of
the agent to tumor cells, thereby minimizes undesirable toxicity
to normal cells and provides an opportunity to cure malig-
nancies incurable by conventional chemotherapy.™®

It is important for development of a new treatment strategy of
CLL to clarify a common biological hasis for deregulated
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apoptosis and to develop specific agents that target the required
molecule(s). Despite the diversity in clinical manifestations of
CLL, strong and constitutive nuclear factor kappa B (NF-xB)
activity is reported to be a common characteristic of CLL cells.®
NF-xB activation has been connected with control of apopto-
sis.”® This background suggests that in CLL cells, constitutively
active NF-xB antagonizes apoptotic pathways leading to
inappropriate survival of tumor cells. Recent studies using
antibody against CD40 ligand (CD40L), which inhibits CD40
signaling, and a proteasome inhibitor support this hypoth-
esis.>%10 If so, targeting the NF-xB pathway and inhibition of
NF-xB activity is a Jogical strategy to treat CLL.

Dehydroxymethylepoxyquinomicin (DHMEQ) is a new NF-
B inhibitor that is a 5-dehydroxymethyl derivative of a novel
compound epoxyquinomicin C."' We showed that DHMEQ
inhibits nuclear translocation of NF-xB."?

In the present study, using a new NF-xB inhibitor DHMEQ), we
present data that indicate that constitutive NF-xB activation
supports survival of CLL cells by induction of antiapoptotic
genes. Dehydroxymethylepoxyquinomicin inhibited NF-«xB ac-
tivity induced by CD40 and enhanced fludarabine-mediated
apoptosis of CLL cells, suggesting that inhibition of constitutive
and inducible NF-xB by DHMEQ in combination with fludar-
abine is a promising strategy for the future treatment of CLL.

Materials and methods

Patients

All patients (n=15) were previously diagnosed as having B-cell
CLL according to established clinical and laboratory criteria."?
Patients were either untreated (n=7) or had received cyto-
reductive chemotherapy hefore investigation (n1=8). Relevant
clinical and laboratory data of the patients are included in
Table 1.

Separation procedures and culture

Peripheral blood mononuclear cells (PBMC) were isolated from
heparinized blood samples obtained after informed consent
using gradient centrifugation with Lymphoprep (AXIS SHIELD
PoC AS, Oslo, Norway). Chronic lymphocytic leukemia cells
were purified using a Dynal B-cell-negative isolation kit (Dynal
Biotech, Oslo, Norway). This method produced more than 95%
pure population of CLL cells expressing both CD19 and CD3
(mean 97.8%), as determined by flow cytometry using
aniibodies anti-CD19/FITC and anti-CD5/PE (Dako, Kyoto,



Table 1 Clinical data of the patients studlied

Case #Age (years)Sex WBC Hb Plt Stage (Binet/Rai) Therapy

1 89 M 41.211.614.7A0 None

2 58 M 33.314.213.8A0 None

3 67 M 20.012.713.7A0 None

4 88 M 14.812.010.8A/0 None

5 67 M 7.8 3.516.1C/V Fludara+Pred

6 79 M 712124 95C/HV None

7 57 M 53.511.816.1A/ Fludara

8 83 F  26515.211.6A0 None

9 62 M 487 7.6 27C/NV Fluclara
10 72 M 23.114.310.7 A0 None
I 72 F 745 9.210.2C/1 CVP
12 70 F 128 84 1.7C/NV Fludara
13 72 F 2025 69 1.6C/WNV Fludara
14 a9 M 133.9 7.6 5.9C/IV Fludara
15 75 M 90.811.2 8.7C/WNV Cyclo

Abbreviations: CVP, cyclophosphamide, vincristing, prednisolone;
Cyclo, cyclophosphamide; Fludara, fludarabine; Hb, hemoglobin (%/
di); Pit, platelet count { > 10%/ul); WBC, white blood cell count (x 10°/
).

Japan). We purified normal B cells using the same method,
which produced more than 90% pure population of B cells
(mean 92.7%), assessed by flow cytometry staining with anti-
CD19/FITC antibody {Dako, Kyoto, Japan). Cells were cultured
at 37°C with 5% CO» in RPMI 1640 supplemented with 20%
fetal bovine serum and antibiotics. )

Chemicals

Dehydroxymethylepoxyquinomicin is an NF-xB inhibitor that
blocks nuclear translocation of NF-xB.'"'2 An active metabolite
of fludarabine, 2-fluoroadenine-9-§-D-arabinofuranoside (F-ara-
A), was purchased from Sigma (St Louis, MO, USA). Dehydrox-
ymethylepoxyquinomicin and F-ara-A were dissolved with
dimethylsulfoxide (DMSO) and used for experiments at indi-
cated concentrations. Bisbenzimide H 33342 fluorochrome
(Hoechst 33342) and caspase-3 inhibitor Z-Asp-Glu-Val-Asp-
(DEVD)-FMK were purchased from Calbiochem (Bad Soden,
Germany).

Electrophoretic mobility shift analysis

Electrophoretic mobility shift analysis (EMSA) was carried out
according to the methods described previously.'* Double-
stranded oligonucleotide probes containing the mouse immu-
noglobulin-x light-chain NF-xB consensus site were purchased
from Promega (Madison, WI, USA). Antibodies used for super-
shift assays were as follows: NF-xB p50 (C-19) goat polyclonal
antibody, NF-xB p65 (C-20) and RelB (C-19) rabbit polyclonal
antibody and mouse monoclonal antibodies for c-Rel (B-6) and
MNF-xkB p52 (C-5) (all from Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA).

Cell viability assay

Effects of DHMEQ on cell viability were assayed by color
reaction with 3-(4,5-dimethylthiazol-2-yh-2,5-dipheny! tetrazo-
lium bromide (MTT assay) as described previously.'® After
incubation with DHMEQ at the indicated concentrations and
time points, 2x10° cells treated by MTT solution were
measured by a microplate reader (Bio-Rad, Richmond, CA,
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USA) at a reference wavelength of 570 nm and test wavelength
of 450 nm. The cell viability was expressed as a percentage of
the DMSO-treated control samples.

Apoptosis and analysis of caspase activity

To quantify apoptosis, cells were labeled with FITC-conjugated
Annexin V (BD Biosciences, Palo Alto, CA, USA) followed by
flow cytometric analysis. For analysis of morphological changes
of nuclei, cells were stained by 10um Hoechst 33342, and
photographed through a UV filter. Detection of cleaved caspase
3 was performed by immunohistochemistry. Antibodies used in
these experiments were as follows: rabbit polyclonal antibody
for cleaved caspase 3 (Asp175) (Cell Signaling, Beverly, MA,
USA) and for glyceraldehyde phosphate dehydrogenase (FL335)
{Santa Cruz Biotechnology Inc.). Mouse monoclonal antibody
for Fas (CH-11) (Medical and Biological Laboratories Co., Ltd,
Nagoya, Japan) was used for stimulation of Fas.

Real-time PCR analysis

Total RNA from isolated CLL cells was extracted using ISOGEN
(Nippon Gene Co., Tokyo, Japan) according to the manufac-
turer’s instructions. Single-stranded c¢DNA was synthesized
using TagMan Reverse Transcription Reagents (Applied Biosys-
tems, Norwalk, CT, USA). The primers for Bcl-X;;
Hs00236329_m1 (BCL2L1) c-IAP; Hs00154109_m1 (BIRC3),
Bil-1; Hs00187845_m1 (BCL2A1) and ¢-FLIP; Hs00153439_m1
(CFLAR) were purchased from Applied Biosystems (Tokyo,
Japan). The conditions of real-ime PCR were as follows: 1 ul
of cDNA was added to 25 ul of TagMan Gene Expression Assays
and made up to a total volume of 50 ul with distilled water for
each reaction. Thermal cycler conditions were 2 min at 50°C,
10min at 95°C and then 40 cycles of 155 at 95°C followed by
1 min at 60°C. Results were collected and analyzed using an ABI
PRISM 7000 sequence detection system (Applied Biosystems).

Statistical analysis

Differences between mean values were assessed by two-tailed t-
test. A Pvalue <0.05 was considered to be statistically
significant.

Resulis

Effects of DHMEQ on constitutive NF-xB activity in
primary CLL cells

First we examined the effect of DHMEQ on constitutive NF-vB
activity and its time course in CLL cells (n=5; #1, 2, 6, 7 and
14} by EMSA. As described previously, high NF-wB DNA
binding activity was detected in nuclear extracts from CLL
cells.’® Treatment with 10 ug/ml of DHMEQ almost completely
abrogated NF-xB DNA binding activity within 2 h. DNA hinding
activity of untreated CLL cells served as controls. Representative
results (#7 and 14) are shown in Figure Ta. Supershift analysis of
CLL cells (n=5; #1, 2, 6, 7 and 15) showed that NF-xB DNA
binding activity consists of p50 homodimer (lower band) and
p50/p65 heterodimer (upper band). Representative results (£2
and 15} are shown in Figure 1h. We next examined the effect of
DHMEQ on constitutive NF-xB activity in alt CLL cases stuclied
(n=15). Treatment with 10ug/ml of DHMEQ completely
blocked NF-xB DNA binding activity in all cases. The results
of 10 cases are shown in Figure 1c.
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Figure 1 Inhibition of constitutive nuclear factor kappa B (NF-xB)
activity in CLL cells by dehydroxymethylepoxyquinomicin (DHMEQ).
(a) Time-course studies of NF-xB inhibition by DHMEQ. Chronic
fymphocytic leukemia cells were treated with 10 ug/ml of DHMEQ for
the indicated hours. Nuclear extracts (2 ug) were examined for NF-xB
binding activity by electrophoretic mobility shift analysis (EMSA) with
a radiolabeled NF-xB-specific probe. (b) NF-xB subcomponent
analysis in CLL cells. Subcomponents of MF-xB constitutively
activated in CLL cells were determined by supershift analysis. Nuclear
extracts (2ug) of cells untreated with DHMEQ were subjected to
supershift analysis with antibodies specific for NF-kB p50, p65, p52,
¢-Rel and RelB. (¢) Inhibition of constitutive NF-«B binding activity in
CLL cells. Chronic lymphocytic leukemia cells were treated with (+)
or without (—) 10 ug/ml of DHMEQ for 3 h. Nuclear extracts (2 ug)
were examined for NF-B binding activity by EMSA with a
radiolabeled NF-xB-specific probe. The position of shifted bands
corresponding to NF-xB and free probes are indicated on the left.

DHMEQ selectively induces apoptosis of CLL cells

To evaluate an effect of constitutively active NF-xB on the sur-
vival of CLL cells, we treated CLL cells (n=15) by DHMEQ and
examined their viability. MTT assays revealed that DHMEQ
reduced the viability of all CLL cells examined in a dose (
2 pug/ml, 86.2 +5.9%, 5 ug/ml, 48.24+16.8%, 10 pg/ml, 443+
16.3%) (Figure 2a) and time (24h, 44.3+163%, 48 h,
33.5+17.4%) (Figure 2b) dependent manner and the effects were
significant at all drug concentrations and incubation times tested
(P<0.01). The effects were not significant in control PBMC (n= 5)
and purified peripheral blood B cells (n=3) as shown in Figure 2a
and b.

Constitutively active NF-kB has been thought to antagonize
apoptotic pathways leading to inappropriate survival of tumor
cells.”® Thus, we examined whether DHMEQ induces apoptosis
of CLL cells (n=5; 3, 6, 7, 10 and 11). Flow cytometric
analysis showed a significant increase in the number of Annexin
V-positive cells after 24 h of DHMEQ treatment compared to the
untreated controls  (45.6+£7.7 vs 51%1.2%, P=0.01
{Figure 3a). The increase of Annexin V-positive cells by DHMEQ
treatment was not significant in control PBMC (n=35) and

puiified peripheral blood B cells {n=3) as shown in Figure 3a.

Fragmentation and condensation of the nuclei in CLL cells were
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Figure 2 Dehydroxymethylepoxyquinomicin (DHMEQ) reduces via-
hility of chronic lymphocytic leukemia (CLL) cells. Reduction of
viability of CLL cells treated with DHMEQ. Chronic lymphocytic
leukemia cells, peripheral blood mononuclear cells and purified B
cells were treated with indicated concentrations of DHMEQ for 48h
(a) or were treated for the indicated hours with 10 ug/ml of DHMEQ
(b). Cell viabilities were determined by MTT assay. For each case,
experiments were carried out in triplicate. The data are means-s.d. of
indicated cases. **P<0.01.

clearly demonsirated after DHMEQ treatment by Hoechst
33342 staining, but not in PBMC or purified B cells.
Representative results (#11) are shown in Figure 3b. Treatment
of CLL cells by DHMEQ indluced expression of the cleaved form
of caspase 3, whereas pretreatment with caspase-3 inhibitor -
Z-Asp-Glu-Val-Asp-(DEVD)-FMK reduced expression of cleaved
caspase 3. Representative results (£#11) are shown in Figure 3c.
Jurkat cells treated by anti-Fas antibody served as a positive
control for immunastaining by cleaved caspase 3. These results
indicate that DHMEQ reduces viability and induces apoptosis of
CLL cells.

DHMEQ downregulates expression of antiapoptotic
genes

In order to understand the molecular mechanisms of apoptosis
in CLL cells after NF-xB inhibition by DHMEQ, we next
examined the changes of expression level of antiapoptotic
genes, Bel-X(, c-IAP, c-FLIP and Bfl-1, after DHMEQ treatment
in CLL cells (n=8; #2, 3, 6, 7,9, 11, 13 and 15) by real-time
PCR. These antiapoptotic genes have been reported to be under
the control of NF-xB.” The results shown in Figure 4 demon-
strate significant reduction in the following genes: Bcl-X
(53.44+35.3% reduction, P<0.01), c-IAP (93.3+7.4% reduc-
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Figure 3 Dehydroxymethylepoxyquinomicin (DHMEQ) induces apoptosis of CLL cells. (a) Flow cytometric analysis of Annexin V-reactive cells.
Chronic lymphocytic leukemia cells, peripheral blood mononuclear cells (PBMC) and purified B cells were treated with 5 ug/ml of DHMEQ for
24 h. After labeling with FITC-conjugated Annexin V, cells were analyzed by flow cytometry. For each case, experiments were carried out in
triplicate. The data are means+s.d. of indicated cases. *P<0.05. (b) Nuclear fragmentation of cells treated with DHMEQ. Chronic lymphocytic
leukemia cells, PBMC and purified B cells were treated with or without 10 ug/ml of DHMEQ for 24 h and stained with 10 um Hoechst 33342.
(c) Immunohistological detection of caspase-3 activation after DHMEQ treatment in CLL cells. Chronic lymphocytic leukemia cells were incubated
with or without 5 pug/ml of DHMEQ for 24 h. For inhibition of caspase 3, 20 um of Z-DEVD-FMK was added to the culture media 1h before
DHMEQ addition. For positive control, Jurkat cells treated with 200 ng/ml of anti-Fas antibody for 3 h were used. Cells were spun with a
cytocentrifuge and stained by antibody for cleaved caspase 3 and observed by confocal microscopy. Staining of glyceraldehyde phosphate

dehydrogenase (GAPDH) served as controls.

tion, P<0.01), c-FLIP (28.8+33.4% reduction, P=0.04) and
Bfl-1 (93.348.7% reduction, P<0.01).

DHMEQ enhances the antitumor effect of fludarabine
and inhibits CD40-mediated induction of NF-xB

We next examined whether DHMEQ could enhance the effects
of fludarabine, a key chemotherapeutic agent for CLL. We first
incubated CLL cells (n=5; #4, 6, 10, 11 and 14) with DHMEQ),
F-ara-A or F-ara-A in the presence of 5 ug/ml of DHMEQ and
calculated the 1Csq (the concentration that results in 50%
viability of control). F-ara-A in combination with DHMEQ
significantly enhanced the ICsq of F-ara-A compared with F-ara-
A alone (5.0+5.7 vs 11.3£5.3 ug/ml, P=0.03), suggesting that
DHMEQ enhanced the antigrowth effect of fludarabine on CLL
cells. 1Cs of DHMEQ was 9.6 +4.0 ug/ml. Representative data
are shown as Figure 5a. Although experimental conditions are
different compared with previous reports, ICsq for F-ara-A (#4;
132 ug/ml, 26; 12.4pug/ml, 2#10; 7.8 pug/ml, £11; 12.7 ug/ml,
214; 4.0 pug/ml) indicates that cases other than 214 show
potential resistance for fludarabine.'”
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Figure 4 Effects of dehydroxymethylepoxyquinomicin (DHMEQ) on
genes regulating apoptosis in chronic lymphocytic leukemia (CLL)
cells. Quantification of the gene expression by real-time PCR. Chronic
lymphocytic leukemia cells were treated with or without 10 ug/ml of
DHMEQ for 16 h. The expressions of Bcl-Xy, c-IAP, c-FLIP and Bfl-1
were quantified by real-time PCR. For each case, experiments were
carried out in triplicate. The data are means+s.d. of indicated cases.
*¥P<0.05 and **P<0.01.
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Figure 5 Dehydroxymethylepoxyquinomicin (DHMEQ) enhances antitumor effect of fludarabine in chronic lymphocytic leukemia (CLL) cells.
(a—d) Evaluation of combined effect of DHMEQ and F-ara-A. Chronic lymphocytic leukemia cells were treated with 5 ug/ml of DHMEQ, 2 ug/ml of
F-ara-A or a combination of these two agents for 24 h. (a) MTT assay. (b) Flow cytometric analysis of Annexin V-reactive cells. (c) Immuno- -
histological detection of caspase 3. (d) Nuclear fragmentation of CLL cells detected by Hoechst 33342. In panels a and b, experiments were carried
out in triplicate and the data are means+s.d. of indicated cases. *P<0.05.

We further explored whether the combined effect of F-ara-A
and DHMEQ results in enhanced induction of apoptosis in CLL
cells. The combined treatment showed a significant increase in
the number of Annexin V-positive cells when compared with
F-ara-A alone (DHMEQ 30.9+2.2%; F-ara-A 19.9+12.6%;
DHMEQ plus F-ara-A 53.3+10.2%, P=0.03) (Figure 5h). The
combined treatment also showed a significant increase in
the expression of the cleaved form of caspase 3 and in the
fragmentation or condensation of nuclei. Representative results
(#11) are shown in Figure 5¢ and d. These results indicate that
DHMEQ enhances fludarabine-mediated apoptosis of CLL cells.

As CD40 signals were reported to play an important role in
the survival of CLL cells in vivo, we examined the effect of
DHMEQ on CD40-mediated NF-xB induction in CLL cells
(n=5; #2, 6, 7, 9 and 13). The mean percentage of induction of
NF-«B binding activity was 224.5+65.0% and significant

Leukemia

(P<0.01) when the intensities of the unstimulated samples
were compared with those of CD40-stimulated samples by
densitometry. Dehydroxymethylepoxyquinomicin  abrogated
both constitutive and inducible NF-xB by CD40 activation in
CLL cells. Representative results (#2, 6 and 7) are shown in
Figure 6. '

Discussion

Although previous work using a decoy oligonucleotide for NF-
B indicated that inhibition of NF-xB alone is not sufficient to
induce apoptosis of CLL cells,'® recent studies using proteasome
inhibitors or an antibody against CD40L suggest the importance
of NF-xB in the survival of CLL cells.®? " Our data clearly show
that constitutive activation of NF-xB supports survival of CLL



#2 #6 #7
ant-cso  — + + 0~ 4+ + = 4 +
DHMEQ —_— - —_ - —— o
NF-xB B

Free probe

Figure 6 Dehydroxymethylepoxyquinomicin (DHMEQ) abrogates
constitutive and inducible nuclear factor kappa B (NF-xB) triggered
by CD40. Chronic lymphocytic leukemia (CLL) cells (1 x 10%) were
crosslinked by 500ng/ml of anti-CD40 agonistic mouse antibody
(fmmunotech, Marseille Cedex, France) for 1h and treated with 10 pg/
ml of DHMEQ for 5h. CLL cells crosslinked by isotype-matched 1gG
(Dako) served as controls. Two micrograms of nuclear extracts were
examined for NF-xB binding activity by electrophoretic mobility shift
analysis using a radiolabeled NF-xB probe.

cells. Discrepancies between a previous report using a decoy
oligonucleotide for NF-xB and ours appear to reside in the
experimental conditions and inhibitors used. Inhibition of NF-
kB by DHMEQ is prompt and complete. On the other hand,
inhibition of NF-wB by transduced decoy oligonucleotide
appears to occur gradually. Furthermore, complete inhibition
of NF-xB by the decoy oligonucleotide is difficult because of its
limited transduction efficiency.

Our results also provide insights into the mechanism of
DHMEQ-mediated apoptosis induction in CLL cells. Inhibition
of NF-xB by DHMEQ downregulated the expression of
antiapoptotic genes Bcl-Xy, c-IAP1, ¢-FLIP and Bfl-1, suggesting
that DHMEQ-mediated apoptosis is associated with down-
regulation of NF-wB-dependent genes that regulate apoptosis.
Recent studies, which stress the importance of these genes on
regulation of CLL cell survival, support this notion.”®'? This also
suggests that the survival of CLL is based on a balance between
proapoptotic and antiapoptotic genes. Dehydroxymethylepoxy-
quinomicin is thought to block antiapoptotic activity that
permits the survival of CLL cells, resulting in dominance of
proapoptotic activities.

The results of this study indicate that DHMEQ is a promising
compound to induce NF-xB inhibition by a low molecular
weight compound for the treatment of CLL. The inhibitory effect
of DHMEQ on NF-xB is prompt and definitive even against the
strong constitutive NF-xB activity of CLL cells. Dehydroxy-
methylepoxyquinomicin treatment can induce apoptosis of CLL
cells within 24-48 h. Dehydroxymethylepoxyquinomicin com-
pletely abrogated NF-xB activity and reduced viability of CLL
cells in all cases studied, which is independent of previous
treatment. Unique properties of DHMEQ may minimize adverse
effects on normal cells. Peripheral blood mononuclear cells and
puriiied B cells are resistant to apoptosis by DHMEQ treatment.
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This resistance of resting cells to DHMEQ appears to be an
important feature to avoid undesired effects.

in this study, we evaluated the combined effect of DHMEQ
and fludarabine on survival of CLL cells. Dehydroxymethyle-
poxyquinomicin enhanced the effect of fludarabine on CLL cell,
but the mechanisms of action of these two agents do not
overlap. Blockade of NF-xB by DHMEQ inhibits translocation of
NF-xB into the nucleus and appears to induce apoptosis by
downregulation of NF-xB-dependent antiapoptotic genes. On
the other hand, fludarabine exerts its effects by inhibition of
DNA and RNA synthesis.”® As CLL cells reside in a quiescent
state, inhibition of RMNA synthesis and depletion of proteins
appear to be essential for the cytotoxic action of fludarabine.”’

Dehydroxymethylepoxyquinomicin-mediated  inhibition of
NF-xB may enhance the effect of fludarabine against CLL cells,
especially in vivo. CD40 signals triggered by CLL cells
themselves or by bystander normal T or B cells, expressing
CD40L, drive NF-xB activity and are thought to support survival
of CLL cells.>'® It has been reported that activation of CD40
inhibits fludarabine-induced apoptosis of CLL cells. Activation
of the NF-xB pathway, which mainly involves kB, is one
mechanism of this inhibition. Activation of NF-xB triggered by
CD40 is mediated by degradation of kB and may not require
protein synthesis. Thus, inhibition of protein synthesis by
fludarabine through depletion of mRNA should not affect NF-
«B activation by CD40." In this study, we showed that DHMEQ
could inhibit CD40-mediated induction of NF-xB in CLL cells.
Therefore, DHMEQ appears to be a suitable compound to be
used in combination with fludarabine.

In conclusion, we provided data that suggest that constitutive
NF-xB activation supports survival of CLL cells and that
inhibition of NF-xB by DHMEQ is a promising strategy to treat
CLL. Dehydroxymethylepoxyquinomicin-mediated inhibition of
NF-xB may contribute to enhance effects of fludarabine
by blocking CD40-mediated NF-xB activation of CLL cells
especially in vivo.
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Abstract

Background: Tax is the oncoprotein of HTLV-| which deregulates signal transduction pathways, transcription of genes
and cell cycle regulation of host cells. Transacting function of Tax is mainly mediated by its protein-protein interactions
with host cellular factors. As to Tax-mediated regulation of gene expression of HTLV-1 and cellular genes, Tax was
shown to regulate histone acetylation through its physical interaction with histone acetylases and deacetylases. However,
functional interaction of Tax with histone methyltransferases (HMTase) has not been studied. Here we examined the
ability of Tax to interact with a histone methyltransferase SUV39H1 that methylates histone H3 lysine 9 (H3K9) and
represses transcription of genes, and studied the functional effects of the interaction on HTLV-| gene expression.

Results: Tax was shown to interact with SUV39H 1 in vitro, and the interaction is largely dependent on the C-terminal
half of SUV39H I containing the SET domain. Tax does not affect the methyltransferase activity of SUV39HI but tethers
SUV39HI to a Tax containing complex in the nuclei. In reporter gene assays, co-expression of SUV39HI represses Tax
transactivation of HTLV-1 LTR promoter activity, which was dependent on the methyltransferase activity of SUV39HI.
Furthermore, SUV39H| expression is induced along with Tax in JPX9 cells. Chromatin immunoprecipitation (ChiP)
analysis shows localization of SUV39H | on the LTR after Tax induction, but not in the absence of Tax induction, in JPX9
transformants retaining HTLV-1-Luc plasmid. Immunoblotting shows higher levels of SUV39H1 expression in HTLV-1
transformed and latently infected cell lines.

Conclusion: Our study revealed for the first time the interaction between Tax and SUV39H1 and apparent tethering
of SUV39H1 by Tax to the HTLV-1 LTR. It is speculated that Tax-mediated tethering of SUV39HI to the LTR and
induction of the repressive histone modification on the chromatin through H3 K9 methylation may be the basis for the
dose-dependent repression of Tax transactivation of LTR by SUV39HI. Tax-induced SUV39H!| expression, Tax-
SUV39H | interaction and tethering to the LTR may provide a support for an idea that the above sequence of events may
form a negative feedback loop that self-limits HTLV-1 viral gene expression in infected cells.

Page 1 0of 14

(page number not for citation purposes)



Retrovirology 2006, 3.5

Background

Human T-cell leukemia virus type 1 (HTLV-1) is the caus-
ative agent of an aggressive leukemia known as adult T-
cell leukemia (ATL), as well as HTLV-1 associated myelop-
athy/tropical spastic paraparesis (HAM/TSP) and HTLV-1
uveitis (HU). These diseases develop usually after more
than 40 years of clinical latency [1-4]. No or little, if any,
viral gene expression can be detected in the peripheral
blood of HTLV-1 carriers or ATL cells, indicating that
HTLV-1 is infected latently in vivo [5,6].

The viral protein Tax plays a central role in the develop-
ment of diseases mentioned above in HTLV-1-infected
carriers. Tax can activate transcription of the HTLV-1
genome as well as specific cellular genes including inflam-
matory cytokines and their receptors and adhesion mole-
cules. Tax also shows transforming activity when
expressed in T lymphocytes and fibroblasts [7-10]. Tax is
a 40-kDa nuclear phosphoprotein which is translated
from a spliced HTLY-1 mRNA transcribed from the 3' por-
tion of the genome. Tax regulates multiple cellular
responses by its protein-protein interactions with various
host cellular factors. In the regulation of transcription, Tax
does not bind DNA directly but stimulates transcription
from the HTLV-1 LTR and from the promoters of specific
cellular genes by recruiting cellular transcription factors.
Tax-mediated transcriptional regulation is based on its
interaction with DNA-binding transcription factors such
as members of the cyclic AMP response element binding
protein/activating transcription factor (CREB/ATF), the
nuclear factor-kB (NF-xB), and the serum response factor
(SRF) and with two related transcriptional co-activators
CREB binding protein (CBP) and p300.

In order to activate transcription of the HTLV-1 genome,
nuclear Tax interacts with the CREB/ATF family of tran-
scriptional activators, which bind to the viral long termi-
nal repeat (LTR) [11-14]. The interaction of Tax with
CREB and the CREB response elements in the LTR results
in a CREB response element-CREB-Tax ternary complex
[10]. Tax also binds directly to the KIX domain of the tran-
scriptional co-activators CREB-binding protein (CBP) and
p300 [15,16]. CBP and p300 are histone acetylases and
acetylate substrates such as histones and transcription fac-
tors and may serve as integrators of numerous cellular sig-
naling processes with the basal RNA polymerase Il
machinery [17,18]. This would, in wrn, allow controlled
regulation and interaction with many cellular transcrip-
tion factors including CREB, NF-xB/Rel, p53, c-Myb, ¢-
Jun, c-Fos, and transcription factor 1IB in a signal-depend-
ent and, sometimes, mutually exclusive fashion. In this
context, Tax-mediated repression of transcription of some
cellular genes are explained by functional competition
between transcription factors and Tax [19]. A recent report
that Tax interacts with a histone deacetylase (HDAC) [20]
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showed a novel mechanism by which Tax represses tran-
scription of certain target genes. HDACI is likely to com-
pete with CBP in binding to Tax and functions as a
negative regulator of the transcriptional activation by Tax.

Reversible modification of core histones plays an impor-
tant role in the regulation of gene expression, such as
acetylation, phosphorylation and methylation [21,22].
These covalent modifications, alone or in combination,
act as a scaffold for the recruitiment of specific regulatory
proteins or protein complexes that participate in certain
downstream nuclear process including transcription, rep-
lication and repair [23]. Thus, it is thought that this "his-
tone code" may serve to establish and maintain distinct
chromosomal domains that are epigenetically transmitted
[24,25]. Consisient with the histone code, it has been
revealed that the methylation of histone H3 lysine 9 (H3
K9), a modification associated with transcriptionally
silent heterochromatin, is critical for long-range chroma-
tin regulatory processes [26,27]. Several enzymes are
known to methylate H3 K9, such as murine SUV39H1
and G9a proteins [28,29].

Although regulation of histone acetylation by Tax through
its physical interaction with histone acetylases and
deacetylases has been reported, functional interaction of
Tax with histone methyltransferases (HMTase) has not
been studied. Here we examined the ability of Tax to inter-
act with a histone methyltransferase SUV39H1 and stud-
ied the functional effects of the interaction on HTLV-1
gene expression. We report that Tax interacts with
SUV39H1 in vitro, and that a stronger binding is observed
when mutant proteins retain the C-terminal half of
SUV39H1 encompassing the SAC (SET-associated Cys-
rich) and SET domains of SUV39H1 {30,31]. Our data
indicate that Tax interaction does not affect the meth-
ytransferase activity of SUV39H1, but induces a relocaliza-
tion of SUV39H1 in the nuclei resulting in colocalization
with Tax. Furthermore, co-expression of SUV39H1 with
MN-terminal deletion mutant of Tax resulted in cytoplasmic
distribution of both proteins. We further demonstrate that
SUV39H1 represses Tax transactivation of HTLV-1 LTR
promoter activity depending on the Suv39H1 methyl-
transferase activity and revealed induction of SUV39H1
expression by Tax and tethering of induced SUV39H1 to
the HTLV-1 LTR. These data suggest a possible negative
feedback loop of HTLV-1 gene expression in infected cells,
which may be one of the bases for the induction of HTLV-
1 latency.

Results ‘

HTLY-I Tax interacts with SUV3%HI

To determine whether HTLV-1 Tax has the ability to inter-
act with SUV39H1, we used GST pull-down and co-
immunoprecipitaiion assays by transient transfection of
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Figure |

Tax interacts with SUY39H | in vitro. (a) HEK293T cells were transiently cotransfected with GST-SUV39H!I or GST and Tax.
After 48 h, the cells were lysed and the proteins were affinity purified with Glutathione Sepharose 4B. Purified proteins were
separated by SDS-PAGE, transferred to a PYDF membrane, and probed with anti-Tax antibody Lt-4 (top panel). Expression of
transduced proteins was confirmed by immunoblot analyses of whole cell lysates using respective antibodies (lower panels). (b)
HEK293T cells were transiently co-transfected with expression plasmids, GST-SUV39H1 or GST and Tax. After 48 h, the cells
were lysed and the proteins were immunoprecipitated with Lt-4. The immunoprecipitates were separated by SDS-PAGE,
transferred to a PYDF membrane, and probed with anti-SUV39H 1| or anti-GST antibody (upper panels). Expression of proteins
was confirmed by immunoblot analyses of whole cell lysates using respective antibodies (lower panels). (c) Direct interaction
between SUV39HI and Tax. Bacterially expressed GST-SUV39H1 and GST were purified with Glutathione Sepharose 4B, and
histidine-tagged wild type Tax (His-Tax) was purified with ProBond Resin (Promega). GST-SUV39H | and GST were bound to
Glutathione Sepharose 4B, and mixed with purified His-Tax in PBS. After centrifugation, proteins bound to Glutathione Sepha-
rose 4B were separated by electrophoresis, transferred to a PVDF membrane, and probed with anti-Tax antibody. As a con-
trol, an aliquot of purified His-Tax was run in lane 4. IP, immunoprecipitation; B, immunoblot; H.C., heavy chain

expression vectors for these proteins. Transient transduc-  not co-purified with GST alone (Figure 1a). Conversely,
tion was used for the experiments because the assays were ~ when the cell lysates were immunoprecipitated with anti-
not sufficiently sensitive with endogenous proteins and  Tax antibody Lt-4, the immune complex was shown to
others also encountered this problem [32]. Expression  contain SUV39H1 that was detected by anti-SUV39H1
vectors for the wild type HTLV-1 Tax (pCG-Tax) and GST-  antibody as well as anti-GST antibody (Fig. 1b, upper two
tagged SUV39H1 (pMEG-SUV39H1) were transfected  panels). Absence of Tax protein in the immune complex
into HEK293T cells as described in Materials and Meth-  when GST protein alone was co-expressed denied the pos-
ods. GST-SUV39H1 protein was affinity purified using  sibility that Tax might be co-immunoprecipitated because
Glutathione-Sepharose 4B column from total cellularpro-  of the affinity to GST protein (Fig. 1b, lane 4). Taken
teins. Co-purified proteins were analyzed by immunob-  together, these results suggested that wild type Tax inter-
lotting using anti-Tax monoclonal antibody Lt-4 [33].  acts with SUV39H1 in cultured cells.

Total cellular proteins were also analyzed by immunob-

lotting as controls for protein expression using antibodies ~ Next, we examined direct interaction between Tax and
for SUV39H1, Tax and GST proteins. The results clearly ~ SUV39H1 using bacterially expressed and purified pro-
showed that affinity-purified GST-SUV39H1 complex  teins. GST pull-down assays of histidine-tagged Tax and
contained HTLV-1 Tax protein, whereas Tax protein was  GS8T-fusion SUV39H1 were performed for this analysis.

Page 3 of 14
(page number not for ciiation purposes)



Retrovirology 20086, 3:5

a.
SUV3SHT-W.T.
Bl o] seT 1]
140 81 177 2% 37 412 aa
SUVHI-W.T.,  [85] Bd s 1

SUVIOH1T-ABET

SUVaaH1-Nchromo

SUV3GHT-N4

—

SUVAgHT-ANBS | 68T §-—-;§ d e 11
k]
SUV3AOH1-cysSET g8t - 1@ 5
16
) o
o A —i{/ ‘(3' . & &5
DA b &
& 2 g & & -E% &
G381
pull down) = U —
CBE staining
Figure 2

http:/fwww.retrovirology.com/content/3/1/5

HTLV-1 Tax-W.T.

HTLV- Taciigo TIZETED

160
HTLV-1 Tax-aN108 ! i
102
HTLV-1 Tax-ACBP-B Tz T boed -
78 100

G8T
puit down

Autoradiogram

Analyses of the interacting domains. (a) GST pull-down assays using bacterially expressed GST-tagged wild type and various
mutants of SUV39H 1 and histidine-tagged wild type Tax (His-Tax). A schematic representation of the wild type (SUV39H |-
WT) and those of domain structures of mutants are indicated in the upper panels. Results of the pull-down assays are shown in
the lower panels. Pulled-down proteins were analyzed by SDS-PAGE and immunoblotting with Lt-4 antibody (top of the lower
panels). The bottom panel shows the Coomassie Brilliant Blue (CBB)-stained gel where the wild type and various mutant
SUV39H | proteins were run. (b) Pull-down assays using the wild type GST-SUV39H 1 and in vitro translated wild type and vari-
ous mutant Tax proteins. Schematic description of the structures of wild type and various mutant Tax proteins is presented in
the top panel. Results of the pull-down assays are shown in the top of the lower panels. Pulled-down Tax proteins that were
labeled with 355-methionine were visualized by autoradiography (top of the lower panels). The bottom panel shows the autora-
diogram of the gel where the radio labeled wild type and various mutant Tax proteins were run.

The resulis clearly showed that Tax protein directly inter-
acts with GST-SUV39H1 bui not with G8T protein alone
(Fig. 1c).

Binding domain analysis

To define the domains within SUV39H1 and Tax that are
responsible for the interaction, we performed in vitro
binding assays. First, we constructed various mutants of
SUV39H1 according to the domain structure [34] (Fig. 2a,
upper panel} and examined binding to the His-tagged

wild type Tax protein that was bacterially expressed and
purified by ProBond Resin (Promega). When C-termi-
nally deleted series of SUV39H1 were examined, a mutant
(ASET) that lost the SET domain and the C-terminal
cysteine-rich region, but retained the SET-associated Cys-
tich (SAC) domain, showed a significantly decreased
binding (less than half of the band intensities of the wild
type, AN108 and ACBP-B, when measured by NIH Image
software). Further deletion up to amino acid 118 that
resulted in loss of the SAC domain {(a mutant named
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Immunofluorescence microscope analysis of SUV39H 1| and Tax. (a) HEK293T, HEK293 and Jurkat cells were cultured on glass
coverslips, transfected with SUV39HI or Tax (upper and lower panels, respectively). Large and defined nuclear speckles were
observed in the cells transfected with SUV39H | (upper panels). Rather diffuse nuclear localization was observed in those trans-
fected with Tax (lower panels). Phase contrast photographs are on the left of each immunofluorescence photograph. (b)
HEK293T, HEK293 and Jurkat cells transfected with SUV39H 1 and Tax expression plasmids together. Phase contrast photo-
graphs are on'the left of immunofluorescence photographs. The merged photographs are shown on the right of each panel. (c)
HEK293T and HEK293 cells transfected with SUV39H1 and TaxAN 108 together. The merged photograph is shown on the

HEK293T

HEK293

Jurkat

right.

Nchromo) showed very weak residual binding activity
(about one tenth of the intensities of the wild type,
AN108 and ACBP-B). A mutant retaining only the N-ter-
minal 44 amino acids (N44) totally lost binding activity
(Fig. 2a, top of the lower panels, lanes 2 to 5). Two N-ter-
minally deleted mutants (AN89 and cycSET) were tested
to narrow down the binding region. The AN89 mutant
lacks the N-terminal region including the chromodomain
but retains the region between the chromodomain and
the SAC domain (amino acids 89 to 160). The cycSET
mutant retains the SAC and SET domains with the C-ter-
minal cysteine-rich region. GST pull-down assays showed
that both mutants have strong binding activities, indicat-
ing that the loss of the amino acids from 89 to 160 does
not affect binding activity. Taken together, although the
interaction appears to be complex and may involve sev-
eral domains, the region of amino acids from 161 to 412
(the SAC-SET domains and C-terminal cysteine-rich
region) appears to be enough to show a high affinity for
Tax protein. Since the defined region comprises the cata-

lytic motif required for the HMTase activity [34], the
results shown above indicate that the catalytic region of
SUV39H1 appears to play an important role in the inter-
action with Tax.

We then analyzed the domains of Tax protein responsible
for the interaction with SUV39H1. In addition to the wild
type Tax, we used three kinds of mutants, TaxN180,
TaxAN108 and ACBP-B. TaxN180 has a C-terminal dele-
tion up to 180 amino acids, TaxAN108 a deletion of N-ter-
minal 108 amino acids and ACBP-B a deletion of the CBP
binding domain (amino acids from 79 to 99) (Fig. 2b,
upper panel). After in vitro translation and labeling with
358-Methionine, the wild type Tax and these mutants were
used for in vitro pull-down assays with GST-SUV39H1.
The results demonstrated that the wild type Tax and all
these mutants can bind to SUV39H1 (Fig. 2b, top of the
lower panels). However, TaxN180 showed a significantly
weaker binding compared with other proteins (about half
of the radioactivity of the wild type Tax), suggesting that
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the C-terminal region of Tax may have a higher affinity for
SUV39H1. Furthermore, it was shown that the p300/CBP-
binding domain is dispensable for the interaction with
SUV39H1 (Fig. 2b, top of the lower panels).

Co-localization of Tax and SUV39H [ in vivo

Next, we examined by confocal immunofluorescence
analysis whether the intracellular localization of
SUV39H1 may be influenced by interaction with Tax.
When SUV39H1 alone was transduced in HEK293T,
HEK293 and Jurkat cell lines, it showed large and defined
nuclear speckles as reported previously [32,35] (Fig. 3a,
upper panel). It is known that Tax usually shows speckled
nuclear distribution [36,37], whereas in another report it
shows diffuse nuclear localization [38]. In our experi-
ments using HEK293T and Jurkat cells, transduced Tax
showed diffuse nuclear localization similar to the previ-
ous report [38]. (Fig. 3a, lower panel). However, when
these two proteins were simultaneously transduced,
SUV39H1 protein did not show the speckled distribution
and was diffusely distributed within the nuclei and colo-
calized with wransduced Tax in all these cell lines (Fig. 3b).
Since the distribution of Tax protein did not appear to
have changed in the cells where both proteins were co-
expressed, the results suggest a tethering of SUV39H1 by
Tax.

To examine the possible tethering of SUV39H1 by Tax, we
transduced an N-terminally deleted mutant Tax protein
(TaxAN108) lacking the nuclear localization signal and
the wild type SUV39H1 in HEK293T and HEK293 cell
lines. Transduced TaxAN108 showed a clear cytoplasmic
distribution as expected (Fig. 3c¢). In the presence of
TaxAN108, co-expressed SUV39H1 showed a cytoplasmic
distribution instead of the nuclear localization seen when
expressed alone (Fig. 3c). These results provide supportive
evidence for the idea that Tax influences the cellular local-
ization of SUV39H1.

SUV39H I methyhiransferase activity is not affected by the
interaction with Tax

When iwo proteins interact with each other, functional
modulation is expected to take place. Thus, we first exam-
ined whether association with Tax may affect the HMTase
activity of SUV39H1, using in vitro methyltransferase
assays according to the method reported by Fuks et al.
with slight modifications [39]. First, we measured methyl-
transferase activities of immunoprecipitated SUV39H1
alone that was transduced in HEK293T cells, and studied
the time course of the activities (Fig 4a). SUV39H1 immu-
noprecipitates methylated the substrate H3 (Fig. 4a, top
panel). The levels of methylation appeared to become sat-
urated at 60 min and thereafter (Fig. 4a, middle panel).
Thus, we performed the reaction for 30 min to examine
the effects of Tax on SUV39H1 HMTase activities. When
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Figure 4

Results of in vitro methyltransferase assays. (a) Time course
analysis. Top panel shows a representative fluorogram of the
reaction mixtures at the indicated time points analyzed by
15% SDS-PAGE. The middle panel shows the relative levels
of methylation measured by densitometric analyses of the
bands. Bottom panel, a result of immunoblot analysis of
transduced SUV39H1 by anti-SUV39HI monoclonal anti-
body, showing comparable levels of SUV39H 1| expression in
each sample. (b) A representative result of three independ-
ent experiments of in vitro methyliransferase assays of
SUV39H I eransduced with or without Tax. The reaction
time was 30 min. The second panel shows the relative inten-
sities of the methylated H3 bands. Lower panels show the
resulis of immunoblot analyses of the immunoprecipitates
and whole cell lysates to show the presence of SUV39HI
with or without Tax. IP, immunoprecipitation; |B, immunob-
lot. Antibodies used are indicated on the side of the panels.

Tax was co-expressed with SUV39H1 in HEK293T cells,
the immunoprecipitates showed almost equal levels of
methyltransferase activities compared with that of singly
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expressed SUV39H1 (Fig. 4b, upper two panels). Taken
together, these results suggest that although Tax shows a
high affinity for the region containing the SET domain of
SUV39H1, Tax does not affect the HMTase activity of
SUV39H1 under the experimental condition used.

SUV39HI represses Tax transactivation of HTLV-] LTR
promoter activity

Since Tax interacts with and tethers SUV39H1 without
affecting HMTase activity, it is possible that SUV39H1
associated with Tax will methylate H3 K9 of the local
chromatin where Tax is located, resulting in an interfer-
ence of Tax function. One of the main biological func-
tions of Tax is transcriptional transactivation of HTLV-1
LTR leading to efficient expression of viral RNA and viral
replication in the infected cells. Thus, we examined the
effects of SUV39H1 on transactivating function of Tax
using pHTLV-LTR-Luc as a reporter. When transduced
alone, Tax transactivated the HTLV-1 LTR promoter activ-
ity more than 200- and 20-fold in HEK293 and Jurkat
cells, respectively. However, when SUV39H1 was co-
transduced with Tax, the transactivation was dose-
dependently suppressed in both cell lines down to the
baseline levels with 500 ng or 1000 ng of the SUV39H1
plasmid (Fig. 5a, left and right panels). On the other
hand, SUV39H1 alone showed only a little suppressive
activity on the basal activities of HTLV-1 LTR promoter in
both cell lines with corresponding amounts of the expres-
sion plasmid in the above experiments (Fig. 5b, left and
right panels).

Next, we tested whether repression of Tax transactivation
by SUV39H1 is dependent on the SUV39H1 methyltrans-
ferase activity. For this purpose, we used a loss-of-function
mutant of SUV39H1 (H324L) reported by Lachner et al.
[40], as well as deletion mutants used for the binding
analysis. Co-expression of SUV39H1 (H324L) with Tax
did not show a significant suppression of Tax transactiva-
tion of HTLV-1 LTR promoter activity {Fig. 5¢). Further-
more, co-expression of C-terminal deletion mutants of
SUV39H1 (ASET, Nchromo and N44) did not show any
suppression of Tax transactivation, whereas co-expression
of deletion mutants retaining the SAC-SET region (AN89
and cysSET) showed suppression of Tax transactivation
similarto the levels by the wild type SUV39H1 (Fig. 5¢).

Taken together, these results indicate that the interaction
between SUV39H1 and Tax leads to repression of Tax
transactivating function on HTLV-1 LTR depending on the
HMT activity of SUV39H1.

induction of SUVE9H | expression by Tax and localization
on HTLY-1 LTR

Above results suggest that SUV39H1 may be a cellular pro-
tein counteracting with Tax function. Thus, we next tested

http://www.retrovirology.com/content/3/1/5

the possibility that SUV39H1 expression may be induced
by Tax, using JPX9 cells where Tax expression can be
induced by CdCl, [41]. As was previously reported, treat-
ment of JPX9 cells with CdCl, resulted in a strong induc-
tion of Tax, which was associated with SUV39H1
expression (Fig. 6a, upper figure, upper two panels). Since
CdCl, treatment of Jurkat cells, from which JPX9 cells
were derived, did not show any effects on the levels of
SUV39H1 expression (Fig. 6a, lower figure), SUV39H1
appears to be induced by Tax as one of the Tax target
genes.

Next, we examined whether Tax-induction of SUV39H1
leads to localization of SUV39H1 on the HTLV-1 LTR by
chromatin immunoprecipitation (ChIP) assays using sta-
ble transformants of JPX9 cells transfected with the HTLV-
1 LTR Luc plasmid (JPX9LTR clones). PCR analysis
showed a clear difference between the ChIP samples of
CdCl, treated (48 h) and untreated JPXILTR clones (Fig.
6b, top panel). The intensity of the band was almost 10-
fold stronger in CdCl, treated JPX9LTR cells than that of
untreated cells measured by NIH Image software (Fig. 6b,
second panel). The intensity of the PCR product from the
CdCl, untreated JPX9LTR clones was almost the same as
those from the samples of negative control without anti-
SUV39H1 antibody (Fig. 6b). These results suggest that,
with the induction of Tax expression, at least part of the
induced SUV39H]1 protein is recruited to the HTLV-1 LTR
sequence. Detailed analyses of JPX9LTR clones as to time
course of LTR promoter activities, protein expression lev-
els, intracellular localization and so on are now under way
in our laboratory, which will be reported in a separate

paper.

To examine whether HTLV-1-infected cells express higher
levels of SUV39H1, we studied SUV39H1 expression in T
cell lines derived from ATL cells (Tl-om1 and MT-1) as
well as in those without HTLV-1 infection (Jurkat and
CEM). The results clearly showed higher levels of
SUV39H1 expression in ATL-derived T cell lines compared
with T cell lines without HTLV-1 (Fig 6¢, upper panel).
These results suggest that SUV39H?1 is one of the cellular
target genes of Tax.

Discussion

Tax is a multi-functional regulatory protein encoded by
HTLV-1. Through a protein-protein interaction, Tax dereg-
ulates multiple cellular processes including cell cyclé pro-
gression, signal transduction and transcriptional
regulation, which provide bases for HTLV-1 pathogenic-
ity. In the present study, we demonstrated for the first
time the interaction between HTLV-1 Tax and a histone
methyltransferase SUV39H 1. The interaction was largely
dependent on the C-terminal half of the SUV39H1 pro-
tein that encompasses the SAC and SET domains and the
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C-terminal cysteine-rich region. Interaction with Tax did
not affect the SUV39H1 HMTase activity in in vitro meth-
yltransferase assays. Tax tethered SUV39H1 resulting in
colocalization with Tax in the nuclei and in the cytoplasm
when an NLS (-} Tax mutant was expressed. These data
provide strong supportive evidence for the idea that Tax
directs the cellular localization of SUV39HI1. Reporter
gene assays showed that transduction of SUV39H1
represses Tax transactivation of HTLV-1 LTR promoter
activity, which is dependent on the HMTase activity. Fur-
thermore, endogenous SUV39H1 expression appeared to
be induced by Tax expression in JPX9 cells, and induced
SUV39H1 was shown to be recruited to the HTLV-1 LTR.
Taken together, these data may suggest a negative feed-
back loop of HTLV-1 gene expression in the infected cells,
where the transcriptional activator Tax itself may serve as
a trigger for a self-limiting control over viral gene expres-
sion through the recruitment of SUV39H1 to HTLV-1 LTR
and inducing H3 K9 methylation and a repressive histone
code on the LTR.

By GST pull-down experiments, the Tax binding domain
of SUV39H1 was narrowed down to the region covering
the SAC and SET domains (Fig. 2a). On the other hand,
the SUV39H1 binding domain of Tax was not clearly
defined because all Tax mutants used showed affinities for
SUV39H1 (Fig. 2b). However, the results indicated that
the N-terminal region of about 100 amino acids of Tax is
not essential for a high affinity interaction with SUV39H1
(Fig. 1b). This region contains the nuclear localization sig-
nal (NLS) and the CBP binding domain (CBP-B) [38,42].
The CBP-B of Tax does not appear to be involved in the
binding to SUV39H1, since the amounts of the pull-down
products of the mutants lacking this region (ACBP-B and
TaxAlN108) were almost equal to that of the wild type
(Fig. 2b), and co-expression of SUV39H1 with TaxAN108
lacking NLS showed cytoplasmic localization of
SUV39H1 (Fig. 3¢). Many functional domains reside in
the region where Tax shows a higher affinity for
SUV39H1, such as those involved in the interaction with
IKKy [43], self-dimerization [44], and Rev-like nuclear
export signal [45]. Thus, although SUV39H1 shares a
functional characteristic with p300/CBP as histone modi-
fication enzymes, it appears to interact with Tax in a
region distinct from that of p300/CBP. Consequently, the
competition model proposed for repression of Tax trans-
activation by p53 may not be the mechanism by which
SUV39H1 represses Tax transactivation.

Tax binding domain of SUV39H1 appears to be located in
the C-terminal half region encompassing the SAC-SET and
the C-terminal cysteine-rich regions (Fig. 2a). Our results
contrast with previous reports showing that the N-termi-
nal region of SUV39H1 is involved in the interaction with
other proteins such as HP1b, HPC2, HDACI and 2
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[31,32,46]. The interaction between SUV39H1 and the
above proteins provides a scaffold for a functional multi-
protein complex [39,47,48). Furthermore, the N-terminal
domain of 3-118 amino acids is considered the hetero-
chromatin-targeting region. On the other hand, the SET
domain is considered a dominant module which regu-
lates SUV39H1 function such as chromatin distribution
and protein interaction potentials [31]. The finding that
interaction with Tax does not affect HMT activity of
SUV39H1 (Fig. 4b) may suggest a new potential to form
Tax-containing protein complexes in which above men-
tioned functions of SUV39H1 are preserved.

It was reported that endogenous SUV39H1 is a hetero-
chromatic protein during interphase that selectively accu-
mulates at centromeric positions of metaphase
chromosomes [29,49]. Furthermore, the chromosomal
localization of human SUV39HI1 is very sensitive to pro-
tein expression levels [31]. In the present study, co-expres-
sion experiments showed a re-localization of nuclear
SUV39H1, losing its typical speckled pattern in the pres-
ence of Tax (Fig. 3). SUV39H1 shows a rather diffuse dis-
tribution and co-localization with Tax in all cell lines
used. These resulis suggest a possibility that Tax tethers
SUV39H1 to the region where Tax is localized (Fig. 3b).
This notion is supported by the observation that a mutant
Tax lacking the NLS directs cytoplasmic localization of
SUV39H1 (Fig. 3¢). High levels of expression and coexist-
ence of these proteins can be expected in the cells soon
after HTLV-1 infection where the viral gene is vigorously
transcribed and abundant Tax protein presumably coex-
ists with high levels of SUV39H1 protein induced by Tax.
If Tax tethers SUV39H1, Tax and SUV39H1 may form a
repressive complex at the promoter where Tax is localized,
thereby SUV39H 1 may counteract the transcriptional acti-
vation by Tax. Our results of reporter gene assays and
ChIP analysis showing dose-dependent repression of Tax
transactivation of HTLV-1 LTR and SUV39H1 recruitment
to the LTR after Tax induction in JPX9LTR cells provide a
supportive evidence for this hypothesis. Thus, a negative
feedback loop can be conceived by which HTLV-1 gene
expression is made self-limiting. Since SUV39HI1 can
interact and form a complex with DNA methyltransferases
[39], demonstration of SUV39H1 complex on HTLV-1
LTR may also provide a basis for the mechanism of heavy
CpG methylation of HTLV-1 LTR in the latently infected
cells in the peripheral blood and ATL cells in vive [5].

Conclusion

In the present paper we demonstrated for the first time the
interaction between SUV39H1 and HTLV-1 Tax, and
apparent tethering of SUV39H1 by Tax, leading to co-
localization in the nuclei. Since Tax interaction does not
affect SUV39H1 HMTase activity, Tax-mediated tethering
of SUV39H1 to the LTR and induction of a conforma-
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