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Human T-lymphotropic virus 1 (HTLV-1) causes an aggressive malignancy of T lymphocytes called adult
T-cell leukemia/lymphoma (ATLL), and expression of HTLV-1 Tax influences cell survival, proliferation, and
genomic stability in the infected T lymphocytes. Cyclin-dependent kinase inhibitor 1A (CDKN1A/p21waf1/Cip1)
is upregulated by Tax, without perturbation of cell cycle control. During an analysis of the gene expression
profiles of ATLL cells, we found very low expression of CDKN1A in ATLL-derived cell lines and ATLL cells
from patient samples, and epigenetic abnormalities including promoter methylation are one of the mechanisms
for the low CDKN1A expression in ATLL cells. Three HTLV-1-infected cell lines showed high levels of
expression of both CDKN1A and Tax, but expression of CDKN1A was detected in only two of six ATLL-derived
cell lines. In both the HTLV-1-infected and ATLL cell lines, we found that activated Akt phosphorylates
CDKN1A at threonine 145 (T145), leading to cytoplasmic localization of CDKNIA. In HTLV-1-infected cell
lines, cytoplasmic CDKN1A did not inhibit the cell cycle after UV irradiation; however, following treatment
with LY294002, a PI3K inhibitor, CDKN1A was dephosphorylated and relocalized to the nucleus, resulting in
suppression of the cell cycle. In the ATLL cell lines, treatment with LY294002 did not inhibit the cell cycle but
induced apoptosis with the cytoplasmic localization. Therefore, the low CDKN1A expression in ATLL cells may
be a key player in ATLL leukemogenesis, and the abnormal genomic methylation may influence the expression
of not only HTLV-1 Tax but also CDKN1A during long-term development of ATLL from the HTLV-1-infected
T lymphocytes.

Human T-cell lymphotropic virus type 1 (HTLV-1) is the
etiologic agent of adult T-cell leukemia/lymphoma (ATLL), a
fatal CD4� leukemia (20, 21, 38). At present, an estimated 10
to 20 million people worldwide are infected with HTLV-1. The
HTLV-1 infection is endemic in southwestern Japan, Africa,
the Caribbean Islands, and South America. The prognosis of
patients with aggressive ATLL remains poor, with a median
survival time of less than 1 year despite advances in both
chemotherapy and supportive care (28, 29, 37). The viral de-
terminant critical for the progression to T-cell malignancy in
HTLV-1 carriers is thought to be the HTLV-1 transactivator/
oncoprotein Tax (1). Tax is a 40-kDa protein that functions as
a transactivator of viral gene expression and is considered a key
component of the leukemogenic process that results from
HTLV-1 infection (12). Tax interacts with multiple transcrip-
tion factors, such as cyclic AMP-responsive element binding

protein (CREB), nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-�B) family members, TATA-binding pro-
tein (TBP), and transcription factor IIA (TFIIA). Tax also
stimulates the transcription of many genes, including interleu-
kin-2 (IL-2), IL-2R�, PCNA, and PTHrP, as well as the proto-
oncogenes c-fos and c-sis (17). Intriguingly, Tax increases the
levels of cyclin-dependent kinase 1A (CDKN1A/p21waf1) ex-
pression in HTLV-1-infected cell lines (5, 13). The CDKN1A
gene product was originally thought to be purely a cell cycle
inhibitor; however, HTLV-1-transformed T cells grow and pro-
liferate normally, despite abundant CDKN1A expression. On
the other hand, the majority of ATLL cells do not produce a
large amount of Tax protein in vivo since methylation and
deletion of HTLV-1 genomic DNA are frequently found in
ATLL cells (14, 30, 32). Therefore, many important differences
may exist between the intracellular environments of ATLL
cells and HTLV-1-infected cells because several types of trans-
formation events must be accumulated in order for ATLL to
develop.

Recently, we reported that tumor suppressor in lung cancer
1 (TSLC1/IgSF4/CADM1) is overexpressed in acute-type ATLL
cells in a DNA microarray-based survey of gene expression (24).
Expression of a cell adhesion molecule, TSLC1, plays an impor-
tant role in the organ infiltration of ATLL cells (6). In this report,
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we examined the expression profile of ATLL cells, focusing on
genes regulated by HTLV-1 infection. Within the Tax-regulated
genes, we found that CDKN1A was specifically downregulated
in ATLL cells compared with CD4� T lymphocytes, while
CDKN1A was upregulated in the HTLV-1-infected cell lines.
Compared with HTLV-1-infected cell lines, a majority of
ATLL-derived cell lines and primary ATLL cells showed DNA
methylation of the CDKN1A promoter region, with low or no
expression of CDKN1A and Tax; however, no DNA methyl-
ation in CDKN1A was found in the three HTLV-1-infected cell
lines that showed high levels of CDKN1A and Tax. Interest-
ingly, CDKN1A was mainly localized in the cytoplasm in
HTLV-1-infected cell lines and ATLL cell lines and was also
phosphorylated at threonine 145 (T145) by activated Akt in
both cell lines. After treatment with the phosphatidylinositol
3-kinase (PI3K) inhibitor LY294002, Akt was dephosphory-
lated, and CDKN1A was dephosphorylated at T145 and relo-
calized to the nucleus in HTLV-1-infected cell lines, which
increased the percentage of G1-arrested cells. However, de-
phosphorylated CDKN1A remained in the cytoplasm in ATLL
cells to induce apoptosis after LY294002 treatment; the reason
for this is unknown. Therefore, we found that CDKN1A showed
different expression patterns and different functions in HTLV-
1-infected and ATLL-derived cell lines. Since many kinds of
genetic and epigenetic abnormalities are accumulated in the
genomes of HTLV-1-infected cells during the course of devel-
opment to ATLL cells, different expression patterns and func-
tions of CDKN1A in both cell lines might reflect the develop-
mental changes from HTLV-1-infected T cells to ATLL cells.

MATERIALS AND METHODS

Patient samples. All samples were collected at the time of admission to the
hospital before the patients started chemotherapy. The diagnosis of ATLL was
based on clinical features, hematologic characteristics, and the presence of anti-
HTLV-1 antibodies in patient sera. The integration of monoclonal HTLV-1
provirus into the DNA of leukemic cells was confirmed by Southern blot hybrid-
ization. Peripheral blood mononuclear cells (PBMCs) from patients with ATLL
were isolated using Histopaque (Sigma, Saint Louis, MO) by density gradient
centrifugation. Each patient had more than 90% leukemic cells in the blood at
the time of analysis. The study was approved by the Institutional Review Board
(IRB) of the Faculty of Medicine, University of Miyazaki. Informed consent was
obtained from all blood and tissue donors according to the Helsinki Declaration.

Cell lines. Human T-cell acute lymphoblastic leukemia (T-ALL) cell lines
(Jurkat, MOLT4, and MKB-1), HTLV-1-infected T-cell lines (MT-2, MT-4 and
HUT102), and ATLL-derived cell lines (ED, Su9T01, and S1T) were cultured in
RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine se-
rum, 100 U/ml penicillin, and 100 �g/ml streptomycin. The interleukin-2 (IL-2)-
dependent ATLL-derived cell lines KOB, SO4, and KK1 were maintained in
complete RPMI 1640 medium supplemented with 100 Japan reference units
(JRU)/ml of recombinant human IL-2 (Takeda Chemical Industries, Osaka,
Japan).

Oligonucleotide microarray and data analyses. Five micrograms of total RNA
was hybridized to the HU95A microarray (Affymetrix, Santa Clara, CA). The
standard protocol used for sample preparation and microarray processing is
available from Affymetrix and has been described previously (24). Expression
data were analyzed using Microarray Suite, version 5.0 (Affymetrix).

RT-PCR. Total RNA was extracted using Trizol (Life Technologies, Carlsbad,
CA) and converted to cDNA using an RNA-PCR kit (Takara Shuzo, Kyoto,
Japan) according to the manufacturer’s protocol. The following primers (forward
and reverse, respectively) were used: for CDKN1A, 5�-ATGTCAGAACCGGC
TGGGGAT-3� and 5�-TAGGGCTTCCTCTTGGAGAAG-3� (annealing tem-
perature of 55°C); for HTLV-1 Tax, 5�-CCGGCGCTGCTCTCATCCCGAT-3�
and 5�-GGCCGAACATAGTCCCCCAGAG-3� (60°C); for p53, 5�-CCAAGCT
TATGGAGGAGCCGCAGTCAGATCCTAGCG-3� and 5�-TCACAACCTCC
GTCATGTGC-3� (55°C); for �-actin, 5�-TCCTTCTGCATCCTGTCGGCT-3�
and 5�-CCAGAGATGGCCACGGCTGCT-3� (55°C). The reverse transcrip-

tion-PCR (RT-PCR) products were run on agarose gels and visualized by
ethidium bromide staining.

Western blot analysis. Cells were lysed with sodium dodecyl sulfate (SDS)
sample buffer (0.05 M Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 0.01% bromo-
phenol blue, 0.6% 2-mercaptoethanol), subjected to SDS polyacrylamide gel
electrophoresis, and then transferred to polyvinylidene difluoride (PVDF) mem-
branes. The membranes were blocked with 5% nonfat dried milk in Tris-HCl-
buffered saline plus 0.1% Tween 20 and incubated with anti-p21 (C-19; Santa
Cruz Biotechnology, Santa Cruz, CA), anti-p27 (C-19; Santa Cruz), anti-Tax
(MI73; a kind gift of M. Matsuoka, Institute for Virus Research, Kyoto Univer-
sity), anti-p53 (Ab-6; EMD Biosciences, San Diego, CA), anti-Akt (9272; Cell
signaling), anti-phospho-Akt (Ser473; 9271, Cell signaling Technology, Beverly,
MA), anti-phospho-CDKN1A (Thr145; sc-20220-R, Santa Cruz), or anti-�-actin
(AC-15; Sigma) antibodies overnight at 4°C and then incubated with horseradish
peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG for 2 h at room tem-
perature. Immunoblots were then reacted with Lumi-Light Plus reagent (Roche
Diagnostics, Indianapolis, IN). Can Get Signal (Toyobo, Osaka, Japan) was used
to enhance antigenic signals.

Assay for HTLV-1 proviral copy numbers. The primers and the probe for the
pX gene region of HTLV-1 provirus were as follows: the forward primer (pX2-S,
5�-CGGATACCCAGTCTACGTGTT-3�; positions 7359 to 7379), the reverse
primer (pX2-AS, 5�-CAGTAGGGCGTGACGATGTA-3�; positions 7458 to
7439), and the 6-carboxyfluorescein (FAM)-labeled probe (5�-FAM-CTGTGT
ACAAGGCGACTGGTGCC-TAMRA-3�, where TAMRA is 6-carboxytetra-
methylrhodamine) (31). The nucleotide position numbers of HTLV-1 provirus
are according to the published reports (25). RNase P control reagent (Applied
Biosystems, Foster City, CA) was used for the primers and the probe for the
human RNase P DNA gene as an internal control.

Cell growth analysis. Cells were seeded in six-well plates at 1 � 106 cells/ml
and treated with UV radiation (20 J/m2) and/or LY294002 (20 �M). Rates of
proliferation were determined by counting the number of cells every 24 h using
the trypan blue exclusion method.

Real-time quantitative RT-PCR. Real-time RT-PCR was performed on an
ABI Prism 7700 SDS using a predeveloped TaqMan RT-PCR kit (Applied
Biosystems). The expression levels of CDKN1A mRNA and the internal refer-
ence �-actin were measured following the manufacturer’s instructions. The prim-
ers and probes were purchased from Applied Biosystems as TaqMan Gene
Expression Assays.

MSP with bisulfite treatment. One microgram of genomic DNA was treated
with sodium bisulfite as described previously (22). Methylation-specific PCR
(MSP) primers for CDKN1A were designed according to published literature
(40). The following primer sets were used: 5�-GTTGTTTGTTGGAATTCGGT
TAG-3� and 5�-CGACGAATCCGCGCC-3� for the methylated CDKN1A se-
quence, located at �182 to �48 upstream of the transcription start site (230 bp),
and 5�-GTTTGTTGGAATTTGGTTAG-3� and 5�-CAACAAATCCACACCC
AA-3� for the unmethylated CDKN1A sequence (230 bp). Each MSP reaction
mixture incorporated approximately 10 ng of bisulfite-treated DNA, 20 pmol of
each primer, 100 pmol of the deoxynucleoside triphosphates (dNTPs), 2 �l of
10� PCR buffer, 0.2 �l of ExTaq Polymerase (Takara, Tokyo, Japan), and 0.2 �l
of Anti-ExTaq monoclonal antibody (Takara), in a final reaction volume of 20 �l.
Cycle conditions were the following: 1 cycle of 5 min at 95°C; 35 cycles of 30 s at
95°C, 30 s at 50°C, and 30 s at 72°C; and a final cycle of 5 min at 72°C. PCR
products were run on 2% agarose gels and visualized by ethidium bromide
staining.

Immunofluorescence staining. Cells were fixed with 1% formaldehyde, per-
meabilized with 0.5% Triton X-100, stained with antibodies against CDKN1A or
CDKN1B followed by Alexa Fluor 488 green-conjugated second antibody (Life-
Technologies), and then observed under a confocal microscope (Olympus IX81
fluorescence microscope; Olympus, Tokyo, Japan). Cells were counterstained
with 4�,6�-diamidino-2-phenylindole (DAPI) to visualize nuclei.

Cell cycle and apoptosis analyses. Serum-starved cells (2 � 106) were treated
with UV (20 J/m2) and/or LY294002 (20 �M) for the time periods indicated
in the figure legends and stained with propidium iodide (PI). The cells were
then subjected to fluorescence-activated cell sorter (FACS) analysis. The
percentage of cells in each phase of the cell cycle was computed by using the
ModFit LT software program (Becton Dickinson, San Jose, CA). For apop-
tosis analysis, cells were harvested and stained using an annexin V-fluorescein
isothiocyanate (FITC) apoptosis detection kit (MBL Nagoya, Japan) according to
the manufacturer’s protocol.

Statistical analysis. For the cell growth shown in Fig. 3A and 4C, statistical
analyses of the associations between treated and control cells were performed by
a Student’s t test with significance set at P values of 	0.05 or 	0.001, and all data
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are expressed as the means 
 standard deviations of the values as analyzed by
the t test.

RESULTS

Low expression of CDKN1A in ATLL cells. In a previous
study, we reported that 192 genes were specifically upregulated
in acute-type adult T-cell leukemia/lymphoma (ATLL) cells
compared with CD4� T lymphocytes using gene expression
profiles of a DNA microarray system (24). On the other hand,
many genes were induced by HTLV-1 Tax, including IL-2R�,
CDKN1A, and others (4, 9, 18). Previously, the Tax-induced
genes were reported by comparing the expression profiles of
HTLV-1-infected cell lines with those of normal activated pe-

ripheral blood lymphocytes (PBLs) using Affymetrix Hu6800
arrays (19). In the present study we determined the expression
patterns of a series of Tax-induced and Tax-suppressed genes
in comparison with the expression profiles of acute-type ATLL
cells and CD4� T lymphocytes using Affymetrix HU95 arrays.
We detected 108 genes that were upregulated at least 2-fold
(77 genes) or suppressed more than 0.5-fold (31 genes) in the
HTLV-1-infected cells (see Table S1 in the supplemental ma-
terial). Of those 108 genes, 22 (including IL-2R�) were ex-
pressed at least 2-fold higher, and 28 genes were suppressed by
at least 0.5-fold in ATLL cells compared with CD4� lympho-
cytes (Fig. 1A). Interestingly, 18 out of 28 genes upregulated by
HTLV-1 infection were downregulated, with under 0.5-fold

FIG. 1. Downregulation of CDKN1A in ATLL cells. (A) cDNA microarray analysis of gene expression changes in acute-type ATLL. The scatter
plot of DNA microarray signal intensities of ATLL cells from acute-type ATLL patients plotted against the signal intensities of CD4� T
lymphocytes of healthy volunteers is shown. Each dot shows a series of genes which were regulated by HTLV-1 infection (19). The flanking
diagonal lines indicate a 2-fold change in expression. Data points (marked with arrows) corresponding to differentially expressed genes IL-2R� and
CDKN1A are also shown. Names of the genes that were regulated by HTLV-1 infection are listed in Table S1 in the supplemental material. (B
and C) Expression of mRNA (B) and protein (C) for p53, CDKN1A, and Tax in three HTLV-1-uninfected T-ALL cell lines, three HTLV-1-infected
cell lines [HTLV-1 (�)], and six ATLL-derived cell lines was examined by semiquantitative RT-PCR and Western blotting, respectively. The
expression of �-actin is shown at the bottom as a control. (D and E) Expression of mRNA (D) and protein (E) for p53, CDKN1A, and Tax in five
patients with acute-type ATLL and in five healthy controls (CD4� T).
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expression, in ATLL cells (see Table S1-d in the supplemental
material). Cyclin-dependent kinase inhibitor p21waf1

(CDKN1A), an important gene induced by HTLV-1 infec-
tion, was one of the 18 oppositely regulated genes.

To confirm the downregulation of CDKN1A expression
in ATLL cells, we initially determined expression of p53,
CDKN1A, and Tax in three T-ALL cell lines (Jurkat, MOLT4,
and MKB-1), the three HTLV-1-infected cell lines (MT-2,
MT-4, and HUT102), and the six ATLL-derived cell lines (ED,
SO4, Su9T01, S1T, KK1, and KOB) by semiquantitative RT-
PCR and Western blotting (Fig. 1B and C). Three HTLV-1-
infected cell lines highly expressed CDKN1A and Tax while
only two of six ATLL cell lines expressed CDKN1A with low
levels of Tax (S1T and KOB), but every ATLL cell line had
minimal expression of Tax. Therefore, the CDKN1A expres-
sion in S1T and KOB is probably derived from the Tax expres-
sion. For reference, proviral DNA copy numbers in each cell
line were calculated by the pX gene region of HTLV-1 DNA
per RNase P DNA copy as an internal control (Fig. 2B). Three
HTLV-1-infected cell lines and four out of six ATLL cell lines
expressed various levels of p53 mRNA and protein. Among
them, MKB-1 showed a high level of p53 protein expression
with a low level of p53 mRNA expression, suggesting that the
p53 protein degradation system might be inhibited in MKB-1.
We next examined the expression of p53, CDKN1A, and Tax in
CD4� T lymphocytes and leukemia cells from the patients with
acute-type ATLL (Fig. 1D and E). In CD4� single-positive
(SP) T lymphocytes, mRNA and protein of CDKN1A were
clearly expressed, but p53 and Tax were not expressed in any of
the five samples. In ATLL cells, mRNA and protein of
CDKN1A were not detected in any of the five samples. How-
ever, four out of five ATLL samples showed expression of p53
mRNA and protein but not Tax. Tax was detected in one
sample, but the same sample lacked p53. Compared with the
CDKN1A expression levels in CD4� SP T lymphocytes and
HTLV-1-infected cell lines (Fig. 2B), CDKN1A was highly
expressed in HTLV-1-infected cell lines, but there was minimal
expression of CDKN1A in ATLL-derived cell lines and primary
ATLL cells and no expression of CDKN1A in primary CD4�

lymphocytes from acute-type ATLL compared to CD4� lym-
phocytes from healthy volunteers. We next determined the mech-
anism for the low CDKN1A expression in ATLL cells because
downregulation of CDKN1A expression in leukemia is considered
one of the major events required for leukemogenesis.

Downregulation of CDKN1A due to methylation of its
promoter region. Genomic mutations and allelic loss of the
CDKN1A gene are rarely detected in many kinds of cancer
cells, but epigenetic alteration of the CDKN1A locus is re-
ported in select cases (3, 7, 11, 27). We initially determined the
genetic alterations at the CDKN1A locus on chromosome
6p21.2 by spectral karyotyping of acute-type ATLL cells from
61 patients (10) and by a comparative genomic hybridization
method using a high-density DNA microarray of 10 patient
samples and eight ATLL cell lines. We found that no translo-
cations or genetic deletions at the CDKN1A locus were found
in any of the ATLL samples (data not shown). Since hyper-
methylation at the promoter region of CDKN1A was reported
in acute lymphocytic leukemia in children (23), we further
investigated epigenetic modifications in the promoter region of
CDKN1A in leukemia cells from acute-type ATLL patients.

Leukemic cells from eight patients with acute-type ATLL
and PBLs from two healthy volunteers were cultured with
various concentrations of the DNA-demethylating agent 5-aza-
2-deoxycytidine (5-aza-dC) or the histone deacetylase inhibitor
trichostatin A (TSA) for 2 to 4 days. After the treatments, we
found that levels of CDKN1A mRNA were increased in five of
eight ATLL samples by 5-aza-dC but not by TSA although
expression levels of CDKN1A did not change in PBLs from two
healthy volunteers (Fig. 2A and Table 1). Along with the pa-
tient samples, various kinds of T-cell leukemia cell lines (three
T-ALL, three HTLV-1-infected, and six ATLL-derived) were
treated with 5-aza-dC and/or TSA, and the expression of
CDKN1A was determined by quantitative RT-PCR (Fig. 2B).
CDKN1A was highly expressed in all three HTLV-1-infected
cell lines and in two of six ATLL cell lines (S1T and KOB), but
it was expressed at lower levels in all three T-ALL and four of
six ATLL cell lines (ED, SO4, Su9T01, and KK1). After the
5-aza-dC treatment, upregulation of CDKN1A expression was
observed in two of three T-ALL cell lines (Jurkat and MOLT4)
and three of six ATLL cell lines (ED, Su9T01, and KK1). After
the TSA treatment, upregulation of CDKN1A expression was
observed in one T-ALL (MKB-1) and one ATLL (KK1) cell
line, suggesting that downregulation of CDKN1A in T-ALL
and ATLL cell lines was frequently due to DNA methylation of
the CDKN1A promoter region.

We next examined the methylation status of the promoter
region of CDKN1A in various types of T-cell leukemia cell lines
and primary ATLL cells by methylation-specific PCR (MSP).
Since the basal expression of CDKN1A is reportedly due to six
tandem Sp1 binding sites in the CDKN1A promoter region
adjacent to exon 1 (Materials and Methods), a 230-bp frag-
ment of the CDKN1A promoter region containing Sp1 binding
sites in CpG islands was treated with bisulfite and amplified by
a pair of methylation- or nonmethylation-specific primers. As
shown in Fig. 2C, the promoter region in all three T-ALL cell
lines (Jurkat, MOLT4, and MKB-1) was methylated, but it was
unmethylated in all three HTLV-1-infected cell lines (MT-2,
MT-4, and HUT102). In ATLL cell lines, the promoter region
was methylated in two cell lines (ED and Su9T01), par-
tially methylated in three cell lines with lower expression of
CDKN1A (SO4, S1T, and KK1), and not methylated in one cell
line with high expression of CDKN1A (KOB) (Fig. 2B and C).
On the other hand, all five DNA samples from lymphocytes in
peripheral blood from healthy volunteers were not methylated
and showed high expression levels of CDKN1A; three samples
from ATLL leukemia cells were partially methylated, and
two samples were methylated, with minimal expression of
CDKN1A (Fig. 1D and 2D). After 23 DNA samples from
primary acute-type ATLL cells were examined for promoter
methylation by MSP analysis, we found that the promoter
region of CDKN1A was methylated in 22 of 23 samples, with
partial methylation of 17 samples (Table 2). Therefore, the
promoter region of CDKN1A was methylated in most of the
ATLL cells with lower CDKN1A expression levels.

CDKN1A does not contribute to G1 arrest in response to UV
irradiation in HTLV-1-infected and ATLL-derived cell lines.
To examine the functional differences between CDKN1A ex-
pression in HTLV-1-infected and ATLL cell lines, we investi-
gated the p53-mediated DNA repair responses to UV irradi-
ation (Fig. 3A), with the MOLT4 T-ALL cell line as a control.
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FIG. 2. Promoter methylation of CDKN1A is involved in suppression of CDKN1A expression in ATLL cells. (A) Semiquantitative RT-PCR of
CDKN1A expression was performed with mRNA isolated from PBLs from two healthy volunteers and leukemia cells from two acute-type ATLL
patients (Pt 1 and 2) after treatment with 10 �M 5-aza-dC for 72 h or with 1.2 �M TSA for 24 h. The HUT102 cell line was used as a control.
(B) Quantitative RT-PCR of CDKN1A expression was performed with mRNA isolated from various T-leukemia cell lines treated with 10 �M
5-aza-dC for 72 h, with 1.2 �M TSA for 24 h, or with 1.2 �M TSA for 24 h followed by 10 �M 5-aza-dC for 48 h. CDKN1A mRNA expression
levels were normalized to �-actin mRNA expression and are expressed relative to the mRNA level in the normal CD4� T lymphocytes. Proviral
DNA copy numbers for HTLV-1 were measured in each cell line. Statistical analysis was done by a Student’s t test. (C and D) MSP analysis of
the CDKN1A gene promoter. DNAs from various T-leukemia cell lines (C) and primary ATLL cells (D) were treated with bisulfite and subjected
to MSP. A product in the U gel indicates that the CDKN1A gene is unmethylated; a product in the M gel indicates that the gene is methylated.
CD4� T lymphocytes of healthy volunteers were used as a control.
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Three HTLV-1-infected cell lines with high expression levels
of CDKN1A (MT-2, MT-4, and HUT102) did not change their
rates of growth after high-dose UV irradiation (20 J/m2); how-
ever, MOLT4 and ATLL-derived cell lines either without (ED
and Su9T01) or with low (S1T and KOB) CDKN1A expression
significantly decreased their rates of growth after UV irradia-
tion. To further investigate the differences between the re-
sponses of HTLV-1-infected and ATLL-derived cell lines to
UV irradiation, protein expression levels of p53, CDKN1A,
and CDKN1B (p27/KIP1) were examined before and after UV
irradiation since both CDKN1A and CDKN1B induce cell
cycle arrest following DNA damage. After UV irradiation, the
expression level of CDKN1A in KOB cells increased 24 h after
UV irradiation and was mostly sustained until 72 h (data not
shown). In MOLT4 cells, the levels of p53, CDKN1A, and
CDKN1B markedly increased up to 72 h postirradiation (data
not shown). On the other hand, there was no significant change
in any of these proteins at any of the time points after the UV
irradiation in the MT-2 cells (data not shown). In two of the
HTLV-1-infected cell lines (MT-2 and HUT102), the expres-
sion levels of p53, CDKN1A, and CDKN1B were similar be-
fore and 72 h after UV irradiation (Fig. 3B). On the other
hand, ATLL-derived ED and Su9T01 cells did not express
either p53, CDKN1A, or CDKN1B while in the S1T and KOB
cell lines the levels of p53, CDKN1A, and CDKN1B were
slightly increased after UV irradiation. The HTLV-1-infected cell
lines did not respond to UV irradiation with the p53-mediated
DNA repair pathway, suggesting that the overexpression of
CDKN1A in HTLV-1-infected cells did not contribute to the cell
cycle arrest. Therefore, we next determined the subcellular local-
ization of CDKN1A and CDKN1B in these leukemia cell lines,
with MOLT4 cells used as a control, by immunofluorescence
staining (Fig. 3C). In MOLT4 cells, both CDKN1A and
CDKN1B were weakly expressed and localized in the nucleus
and cytoplasm. After UV irradiation, both CDKN1A and
CDKN1B were significantly induced and mostly localized in
the nucleus of MOLT4 cells. Interestingly, both CDKN1A and
CDKN1B proteins mainly localized in the cytoplasm in both
HTLV-1-infected and ATLL-derived cell lines before and af-
ter UV irradiation. Therefore, cytoplasmic CDKN1A and
CDKN1B may contribute to cellular responses other than cell
cycle arrest in response to UV irradiation in HTLV-1-infected
and ATLL-derived cell lines.

Cytoplasmic CDKN1A induced by phosphorylated Akt in
HTLV-1-infected and ATLL-derived cells. Since recent reports
show that cytoplasmic CDKN1A is phosphorylated at threonine

145 (T145) of CDKN1A by phosphorylated Akt (p-Akt) (39), we
next examined the phosphorylation status of CDKN1A and the
activation of the PI3K/Akt signaling pathway in HTLV-1-in-
fected and ATLL cell lines. As shown in Fig. 4A, a high degree
of p-Akt was detected in three HTLV-1-infected cell lines
(MT-2, MT-4, and HUT102) and four ATLL cell lines (SO4,
S1T, KK1, and KOB), compared with low expression of p-Akt
in three peripheral lymphocytes from healthy volunteers. The
expression levels of CDKN1A and CDKN1B were higher in
three HTLV-1 cell lines than in lymphocytes and two ATLL
cell lines (S1T and KOB) (data not shown). CDKN1A was
highly phosphorylated at T145 in three HTLV-1-infected cell
lines and two ATLL cell lines (S1T and KOB), and these cell
lines also exhibited activated PI3K/Akt signaling, as evidenced
with p-Akt. These data suggest that the phosphorylation of
CDKN1A was probably derived from activation of PI3K/Akt
signaling.

To investigate the relationship between activation of PI3K/
Akt signaling and CDKN1A phosphorylation, the expression
level of p-Akt was determined in these cell lines after treat-
ment with the PI3K inhibitor LY294002. After the treatment
with LY294002, the expression levels of p-Akt and p-CDKN1A
were significantly decreased in two HTLV-1-infected cell lines
(MT-2 and HUT102) and two ATLL cell lines (S1T and KOB)
in parallel (Fig. 4B). The LY294002 treatment did not inhibit
the growth rate of the control MOLT4 T-ALL cell line, with
low Akt phosphorylation (data not shown), but significantly
inhibited the growth rates of HTLV-1-infected cell lines and
ATLL cell lines (Fig. 4C). The treatment with LY294002 also
induced cytoplasmic CDKN1A and CDKN1B to relocalize to
the nucleus in both HTLV-1-infected cell lines, but CDKN1A
and CDKN1B did not relocalize to the nucleus in ATLL cell
lines (Fig. 4D).

To determine the difference of cellular responsiveness after
LY294002 treatment between HTLV-1-infected and ATLL
cell lines, the cell cycle progression of MT-2 HTLV-1-infected
cells and KOB ATLL cells was examined before and after UV
irradiation and/or LY294002 treatment. In MT-2 HTLV-1-
infected cells, approximately 60% of the cells were arrested in
the G1 phase after LY294002 with or without UV irradiation
(Fig. 4E). However, �13% of the KOB ATLL cells were in
apoptotic cell death after LY294002 and/or UV irradiation

TABLE 1. Induction of the CDKN1A gene transcription in acute-
type ATLL cells or PBLs after treatment with 5-aza-dC or TSAa

Treatment

CDKN1A transcription (no. of samples)

Unchanged Upregulated

ATLL cells PBLs ATLL cells PBLs

Control 8 2 0 0
5-Aza-dC 3 2 5 0
TSA 8 2 0 0

a Leukemic cells from eight patients with acute-type ATLL and PBLs from two
healthy volunteers were cultured with or without 5-aza-dC or TSA for 2 to 4 days.
After the treatment, expression of CDKN1A was determined by RT-PCR (Fig. 2A).

TABLE 2. Methylation status of the promoter region of CDKN1A
as determined by MSP

Methylation status of
CDKN1A promoter

region

No. of samples
by cell linea

No. of primary
samples by typeb

T-ALL HTLV-1-
infected ATLL PBL Acute-type

ATLL

Methylated 3 0 2 0 6
Partially methylated 0 0 3 0 17
Unmethylated 0 3 1 5 1

Total (% of
methylation rates)

3 (100) 3 (0) 6 (82) 5 (0) 24 (96)

a Cell lines used were three T-ALL cell lines (Jurkat, MOLT4, and MKB-1),
three HTLV-1-infected T-cell lines (MT-2, MT-4, and HUT102), and six ATLL-
derived cell lines (ED, SO4, Su9T01, S1T, KK1, and KOB).

b For primary samples, PBLs were obtained from five healthy volunteers, and
ATLL cells were from 24 patients with acute-type ATLL.
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(Fig. 4E and F). In the HTLV-1-infected cell lines, the relo-
calization of dephosphorylated CDKN1A to the nucleus was
correlated with G1 cell cycle arrest after PI3K/Akt inactivation.
On the other hand, T145-dephosphorylated CDKN1A re-
mained in the cytoplasm but could not prevent apoptotic cell
death after treatment with LY294002 and/or UV irradiation in
ATLL cells. Therefore, along with the phosphorylation of
CDKN1A at T145, the lower expression of CDKN1A in ATLL
cells may contribute to the dysregulation of the p53-dependent
cell cycle arrest.

DISCUSSION

In this study, we showed that CDKN1A was frequently
downregulated in ATLL cells and that the mechanism of
the transcriptional repression primarily involved promoter
methylation, in spite of the upregulation of CDKN1A in
HTLV-1-infected cell lines by Tax. Because severe methyl-
ation of the CDKN1A promoter region has been reported in

acute lymphoblastic leukemia and was associated with an
unfavorable clinical outcome (23), the downregulation of
CDKN1A in ATLL cells by promoter methylation is proba-
bly one of the important events for ATLL leukemogenesis.
Low expression of CDKN1A was detected in primary acute-
type ATLL cells and a few ATLL cell lines with higher
promoter methylation, but CDKN1A was expressed in some
ATLL cell lines with partial promoter methylation. Since
CDKN1A in HTLV-1-infected and ATLL cell lines was
mostly localized to the cytoplasm when CDKN1A was phos-
phorylated at T145 by p-Akt, CDKN1A did not contribute
to p53-dependent G1 arrest after UV irradiation in either
cell line. Therefore, downregulation of CDKN1A transcrip-
tion in ATLL cells may contribute to ATLL leukemogenesis
by permitting progression of the cell cycle.

Earlier results have indicated that the loss of CDKN1B
(p27KIP1) plays a critical role in T-cell transformation following
HTLV-1 infection (2). However, the expression levels of

FIG. 3. Loss of functional CDKN1A response to UV irradiation in HTLV-1-infected and ATLL cell lines. (A) Cell growth curves of an HTLV-1-
negative T-ALL cell line (MOLT4), three HTLV-1-infected cell lines (MT-2, MT-4, and HUT102), and four ATLL-derived cell lines (ED, Su9T01, S1T,
and KOB) before and after UV irradiation. Viable cells were counted using the trypan blue exclusion method at the indicated times after 20 J/m2 UV
irradiation. Samples at 0 h were nonirradiated controls. A Student’s t test was used for statistical analysis. (B) Western blot analyses of p53, CDKN1A,
and CDKN1B following UV irradiation. Each cell line, either untreated (�) or UV irradiated (�; 20 J/m2),was cultured for 72 h to examine protein
expression. (C) Subcellular localization of CDKN1A and CDKN1B with or without (control) UV irradiation. Localization of CDKN1A and CDKN1B
was detected by confocal immunofluorescence analysis. DAPI stain was used to visualize the nuclei. Magnification, �400; bar, 25 �m.
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CDKN1B were not different between three samples of periph-
eral blood lymphocytes and three HTLV-1-infected cell lines
(Fig. 4A). Moreover, the expression levels of CDKN1B
were not significantly different between CD4� lymphocytes
and acute-type ATLL cells (data not shown). On the other
hand, recent findings from several labs have also shown that
HTLV-1 Tax and HTLV-1 infection drastically upregulate ex-

pression levels of both CDKN1A and CDKN1B to cause cell
cycle arrest or cellular senescence just after the infection (15,
33). However, many reports also showed that the HTLV-1-
infected cell lines could grow well and proliferate intensely,
despite abundant CDKN1A expression (5). Notably, we ob-
served the cytoplasmic localization of CDKN1A protein phos-
phorylated at T145 by Akt in HTLV-1-infected and ATLL cell

FIG. 3—Continued.
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lines. It is reported that activation of PI3K/Akt signaling con-
tributes to the phosphorylation of CDKN1A at T145 and of
CDKN1B at T157 with their cytoplasmic localization (15, 26,
34, 35, 36, 39). In HTLV-1-infected cell lines, Tax is reported
to promote Akt phosphorylation by directly binding to PI3K
(18) or by downregulating PTEN transcription through NF-�B
signaling (8). In this study, LY294002-mediated dephosphory-
lation of Akt induced relocation of CDKN1A and CDKN1B
into the nucleus, with accumulation of cells in the G1 phase,

suggesting that cytoplasmic localization of CDKN1A is an
important factor in the antiapoptotic effect in HTLV-1-
infected cell lines. However, most of the CDKN1A and
CDKN1B still remained in the cytoplasm of ATLL cells after
LY294002 treatment, suggesting that mechanisms other than
phosphorylation may contribute to the subcellular localization of
CDKN1A in ATLL cells, and we further speculate that the
nuclear import system of CDKN1A may be disturbed in ATLL
cells for unknown reasons.

FIG. 4. Cytoplasmic sequestration and functional inactivation of CDKN1A in HTLV-1-infected and ATLL cell lines. (A) Expression of Akt,
phospho-Akt (Ser473), CDKN1A, phospho-CDKN1A (Thr145), and CDKN1B in PBLs and HTLV-1-infected and ATLL cell lines was examined
by Western blotting. (B) HTLV-1-infected cell lines and ATLL cell lines were treated with 20 �M LY294002 for 2 h, and Western blot analyses
were performed for phospho-Akt, Akt, phospho-CDKN1A, and CDKN1A. (C) Survival curves of various types of T-cell leukemia cell lines after
treatment with the PI3K inhibitor LY294002. Cells were treated with 20 �M LY294002 for each indicated time point, and their cell numbers were
measured by trypan blue exclusion method (0 h represents the untreated controls). A Student’s t test was used for statistical analysis. (D) The
subcellular localization of CDKN1A and CDKN1B with or without LY294002 treatment was detected by immunofluorescence in various types of
T-cell leukemia cell lines. DAPI stain was used to visualize the nuclei. Magnification, �400; bar, 25 �m. (E) MT-2 and KOB cells were grown under
serum-free conditions and either left untreated (control) or treated with UV radiation (20 J/m2), LY294002 (20 �M), or both UV radiation and
LY294002 and cultured for the indicated times. Cell cycle progression and apoptosis were analyzed by FACS analysis upon PI staining. The
percentage of cells in each fraction at 0 h and 48 h is presented. (F) KOB ATLL cells were treated with UV radiation and/or LY294002 as described
for panel E. The percentage of cells undergoing apoptosis was quantitated by staining with annexin V-FITC and PI, and the distribution of cells
is presented in each quadrant by flow cytometric analysis.
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Neither UV irradiation nor LY294002 treatment induced
apoptotic cell death in HTLV-1-infected cell lines. Tax could
account, at least in part, for the antiapoptotic property of
HTLV-1-infected cells, through, for instance, activation of the
PI3K/Akt pathway, costimulatory receptor signaling (OX40/

OX40L), and enhanced expression of various antiapoptotic
proteins (c-Flip, Bcl-xL, Bfl-1, and Hiap-1) (12). On the other
hand, apoptotic cell death was induced in ATLL cells after UV
irradiation or LY294002 treatment. Since inactivation of Tax
was observed in over 70% of ATLL cells because of genetic

FIG. 4—Continued.
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abnormalities and DNA methylation in the HTLV-1 genome,
apoptotic cell death induced after UV irradiation or LY294002
treatment may be due to a lack of Tax-mediated antiapoptotic
effects. As the promoter region of CDKN1A was also methyl-
ated in the majority of the ATLL patients, the accumulation of
abnormal DNA methylation in ATLL cells may be involved in
leukemogenesis by the downregulation of Tax and CDKN1A
during the progression from HTLV-1-infected cells to ATLL
cells. Recently, the HTLV-1 bZIP factor gene (HBZ) within
unmethylated or undeleted regions of the 3� long terminal
repeat (LTR) has been shown to be consistently expressed and
to promote the cell growth of ATLL cells, suggesting that the

HBZ gene likely is critical for pathogenesis of ATL cells along
with the downregulation of Tax and CDKN1A.
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