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Abstract: Human T-cell leukemia virus type 1 (HTLV-1) is the causative agent of adult T-cell
leukemia/lymphoma. The oncogene product Tax of HTLV-I is thought to play crucial roles in
leukemogenesis by promoting proliferation of the virus-infected cells through activation of growth-
promoting genes. These genes code for growth factors and their receptors, cytokines, cell adhesion
molecules, growth signal transducers, transcription factors and cell cycle regulators. We show here
that Tax activates the gene coding for coactivator-associated arginine methyltransferase 1 (CARM1),
which epigenetically enhances gene expression through methylation of histones. Tax activated the
Carm1 gene and increased protein expression, not only in human T-cell lines but also in normal pe-
ripheral blood lymphocytes (PHA-PBLs). Tax increased R17-methylated histone H3 on the target gene
IL-2Rα, concomitant with increased expression of CARM1. Short hairpin RNA (shRNA)-mediated
knockdown of CARM1 decreased Tax-mediated induction of IL-2Rα and Cyclin D2 gene expression,
reduced E2F activation and inhibited cell cycle progression. Tax acted via response elements in intron
1 of the Carm1 gene, through the NF-κB pathway. These results suggest that Tax-mediated activation
of the Carm1 gene contributes to leukemogenic target-gene expression and cell cycle progression,
identifying the first epigenetic target gene for Tax-mediated trans-activation in cell growth promotion.

Keywords: HTLV-1; tax; trans-activation; CARM1; epigenetic

1. Introduction

Human T-cell leukemia virus type 1 (HTLV-1) is the causative agent of adult T-cell
leukemia/lymphoma (ATL), HTLV-1-associated myelopathy (HAM)/tropical spastic para-
paresis (TSP), and other inflammatory diseases [1–6]. Among the viral gene products, Tax
and HTLV-1 basic zipper protein (HBZ) are thought to play crucial roles in the leukemo-
genesis [4,7]. Tax is a pleiotropic protein that interacts with a variety of cellular proteins
such as transcription factors and signaling molecules, leading to the promotion of cell
proliferation. These interactions facilitate Tax activation of cellular transcription factors,
such as cAMP responsive element-binding factor (CREB), serum-responsive factor (SRF)
and nuclear factor (NF)-κB, which lead to activation of not only the HTLV-1 promoter, in
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the long terminal repeat (LTR), but also cellular genes involved in cell proliferation [1].
Accumulating evidence indicates that activation of the NF-κB pathway by Tax is critical
for both immortalization and proliferation of the virus-infected cells [1,8,9]. However,
sustained activation of Tax induces cellular senescence, which can be prevented by HBZ
attenuation of Tax functions, to permit persistent HTLV-1 viral infection [7,10–14]. Tax
target genes identified to date are those encoding for growth factors and their receptors,
cytokines, cell adhesion molecules, growth signal transducers, transcription factors and
cell cycle regulators. We have previously reported that Tax directly activates cell-cycle reg-
ulatory genes such as cyclin D2 and cyclin-dependent kinase 6 (cdk6) via the NF-κB pathway,
which leads to inactivation of the tumor suppressor pRB and activation of the transcription
factor E2F that is essential for cell-cycle progression [15–18]. These observations suggest
that activation of growth-promoting genes by Tax is the primary event for Tax-induced
cell proliferation.

To better understand the roles of Tax in the promotion of cell proliferation, we screened
for Tax-inducible genes in the human T-cell line Kit 225, using DNA microarray, and
identified the Coactivator-associated arginine methyltransferase 1 (Carm1) gene. CARM1,
also known as protein arginine methyltransferase 4 (PRMT4), is a member of the PRMT
family and regulates gene expression by methylating arginine (R) residues of histones,
transcription factors and others [19]. Of note, CARM1 enhances methylation of R17 of
histone H3, which serves as an epigenetic mark for transcriptional activation. Intriguingly,
CARM1 has been reported to enhance transcriptional activation of HTLV-1 LTR by Tax
through direct interaction with Tax [20]. This raises the possibility that CARM1 may
also enhance Tax-mediated activation of cellular genes required for cell proliferation, and
the consequent Tax-mediated cell cycle progression. We thus examined whether Tax
activates the Carm1 gene, and its effects on Tax-mediated target-gene expression and cell
cycle progression.

2. Materials and Methods
2.1. Cell Culture

IL-2-dependent human T-cell line Kit 225 [21] was cultured in RPMI 1640 medium
containing 10% fetal calf serum (FCS) and 0.5 nM IL-2 (Ajinomoto, Yokohama, Japan). To
synchronize Kit 225 cells in resting state, the cells were cultured in the absence of IL-2 for
48 h. IL-2-independent human T-cell line Jurkat [22] and HTLV-1-infected human T-cell
lines MT-1 [23], TL-Om1 [24], HuT 102 [25], MT-2 [26], MT-4 [27] and TL-Su [28] were
maintained in RPMI 1640 medium containing 10% FCS. Peripheral blood lymphocytes
(PBLs) were obtained from a healthy donor, isolated by density gradient using Ficoll-
Paque PLUS (Amersham Pharmacia Biotech, Amersham, UK) and cultured in RPMI 1640
medium containing 20% FCS and 0.15% phytohemagglutinin (PHA) for 72 h, generating
PHA-stimulated PBLs (PHA-PBLs).

2.2. Plasmids

pCARM1-Luc(-1564) was generated by cloning the -1564 to +143 region of CARM1
promoter into the KpnI and HindIII sites of pGL3-Basic (Promega, Madison, WI, USA).
pCARM1DS-Luc was generated by cloning the +522 to +1490 region in the 1st intron of the
Carm1 gene into the KpnI and XhoI sites of pGL3-Promoter (Promega). pENTR-shCARM1-
1~pENTR-shCARM1-4 were generated by replacing the control sequence of pENTR-shCon
with shRNA sequences against CARM1 (listed in RNA interference). pGP34-Luc(-823) was
generated by subcloning the -823 to +27 region of the GP34 promoter from pGP34(-823)CAT
into pGL3-Basic (Promega) [29]. pLTR-Luc, pE2WTx4-Luc, pκB-Luc, pCycD2-Luc(-1624),
pMT2-Tax, pHβAPr-1-neo, pCMV-β-gal, pENTR-shCon, pENTR-shp65, pENTR-shp100-
1, 2 and shRNA-resistant p65 expression vector pENTR-CMV-p65pm were described
previously [15,18].
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2.3. Transfection and Reporter Assay

Reporter plasmids and expression vectors were transfected into the asynchronously
growing Kit 225 or Jurkat cells using the DEAE-dextran method as described previously [16].
pCMV-β-gal was included as an internal control. The cells were cultured in the absence
of IL-2 for 48 h (Kit 225 and Jurkat with shCARM1) or 24 h (Jurkat with Tax alone), and
luciferase activities were determined as described previously [30]. All assays were carried
out in triplicate and results are presented as means ± SD.

2.4. DNA Microarray

Kit 225 cells were infected with Tax-expressing recombinant adenovirus (AxCAIY-
Tax) or control virus (Ad-IWI), cultured for 2 days in the absence of IL-2, and harvested.
Total RNA was isolated and preliminary analysis was carried out using Human Chip
Version 1, which was under development at the time (DNA Chip Research Institute Inc.,
Tokyo, Japan).

2.5. Recombinant Adenovirus

Recombinant adenovirus expressing Tax (AxCAIY-Tax) and control virus (Ad-IWI),
and Ad-shCon were described previously [15,18]. Ad-shCARM1-1~Ad-shCARM1-4 were
generated from pENTR-shCARM1-1~pENTR-shCARM1-4, using the ViraPower Aden-
oviral Expression System (Invitrogen, Carlsbad, CA, USA), according to the supplier’s
protocol. The titer of purified viruses was determined by serial dilution and infection
of 293A cells followed by staining the E2 gene product with the specific antibody raised
against synthetic peptides in rabbit (a kind gift from Dr. M. Ikeda, Tokyo Medical and
Dental University). Infection was carried out as described previously [15].

2.6. RNA Interference

Target sequences of shRNA against CARM1 (shCARM1) were as follows.
shCARM1-1: 5′-GTACACGGTGAACTTCTTA-3′

shCARM1-2: 5′-CTTCTTAGAAGCCAAAGAA-3′

shCARM1-3: 5′-GGATAGAAATCCCATTCAA-3′

shCARM1-4: 5′-GTCTTTAAGTGCTCAGTGTCC-3′

2.7. Quantitative Reverse Transcription (qRT)-PCR

Total RNA was extracted using Isogen II (Nippon Gene). First-strand cDNA was
synthesized using the First Strand cDNA Synthesis Kit for RT-PCR [AMV] (Roche) using
oligo (dT) primer. Quantitative PCR was carried out using KAPA SYBR qPCR Mix (KAPA
Biosystems, Wilmington, MA, USA) and Thermal Cycler Dice Real Time System Single
(TaKaRa, Middleton, WI, USA). Specific primer sets used were as follows.

Carm 1
Fw: 5′-CACGGCCTGGCTTTCTGGTTTGAC-3′

Rv: 5′-CATCCCGCTGCTGAGGTTGTAGGT-3′

Cyclin D2
Fw: 5′-CTGTGTGCCACCGACTTTAGTT-3′

Rv: 5′-GATGGCTGGCCCACACTTC-3′

IL-2Rα
Fw: 5′-GTGGTGGGGCAGATGGTTTATTAT-3′

Rv: 5′-TGTCTGTTCCCGGCTTCTTACCAA-3′

Specific primer set for GAPDH was described previously [31].

2.8. Fluorescence-Activated Cell Sorting (FACS) Analysis

FACS analysis was carried iout as described previously [31]. Cells were fixed with
70% ethanol and stained with propidium iodide (50 µg/mL) containing RNase (50 µg/mL).
Cell samples were analyzed with a FACSCalibur (Becton Dickinson, Franklin Lakes,
NJ, USA).
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2.9. Immunoblot Analysis

Immunoblot analysis was carried out as described previously [16]. The antibodies
used were anti-Tax antibody Lt-4 [7], anti-Cyclin D2 (sc-593, Santa Cruz Biotechnology,
Dallas, TX, USA, 1:1000), anti-CARM1 (12495S, Cell Signaling, Danvers, MA, USA, 1:1000),
anti-β-actin (A1978, SIGMA, Burlington, MA, USA, 1:2000), peroxidase-conjugated anti-
mouse IgG (NA9310, Amersham, Buckinghamshire, UK, 1:5000) and peroxidase-conjugated
anti-rabbit IgG (NA934, Amersham, 1:5000).

2.10. Chromatin Immunoprecipitation (ChIP) Assay

The ChIP assay was carried out as described previously [31]. Antibodies used were
anti-HisH3R17m2 (ab8284, abcam, Waltham, MA, USA), anti-CARM1 (12495S, Cell Signal-
ing) and anti-HA (sc-7392, Santa Cruz Biotechnology) as a negative control. Gene-specific
primer sets used were as follows.

IL-2Rα
Fw: 5′-CTGGGAAGTTGGAATGAGATGAA-3′

Rv: 5′-TAAGAAGCCGGGAACAGACAACAG-3′

β-actin
Fw: 5′-AGTGGGGTGGCTTTTAGGATGG-3′

Rv: 5′-TGCGCAGAAAACAAGATGAGATT-3′

The β-actin gene was used as a negative control. Input was 1/60 of the lysates.

2.11. Statistical Analysis

Reporter assays were carried out in triplicate. Data are presented as means ± SD. Statis-
tical comparisons were made using Student’s t-test and Bonferroni correction. p value < 0.05
was considered as significant.

3. Results
3.1. Tax induces Carm1 Gene Expression in Human T-Cells

To identify novel Tax target genes, we searched for Tax-inducible genes in the hu-
man T-cell line, Kit 225, using DNA microarray. Kit 225 cells are dependent on IL-2 for
cell growth and can be arrested by deprivation of IL-2. Subsequent expression of Tax in
IL-2-starved Kit 225 cells can induce cell cycle progression [15]. Kit 225 cells were infected
with recombinant adenovirus expressing Tax or control virus, cultured for 2 days in the
absence of IL-2 and harvested. Tax-inducible genes were screened by DNA microarray
(Supplementary Tables S1–S3). Top 300 genes, which were induced by Tax, are listed in
Supplementary Tables S1–S3 (100 genes including control genes for each Table) in the
order of degree of induction. These genes include previously reported Tax targets such as
baculoviral IAP repeat-containing 3 (cIAP2) [32], tumor necrosis factor (ligand) superfamily,
member 4 (tax-transcriptionally activated glycoprotein 1, 34 kD) [33], signal transducer
and activator of transcription 5 (STAT5) [34], early growth response 1 and early growth
response 2 [35], BCL2-related protein A1 (BFL1) [36], granulocyte-macrophage colony stim-
ulating factor 2 [37], thioredoxin [38], cyclin-dependent kinase inhibitor 1A (p21Cip1) [39],
intercellular adhesion molecule 1 (CD54) [40], v-jun avian sarcoma virus 17 oncogene ho-
molog (c-jun) [41], vimentin [42], proliferating cell nuclear antigen [43], fascin [44], nuclear
receptor subfamily 4, group A, member 1 (TR3, Nur77) [45], tumor necrosis factor receptor
superfamily, member 9 (4–1BB) [46], tumor necrosis factor ligand superfamily, member 7
(CD70) [47], CD44 [48], Pim-1 [49], Cyclin D1 [50] and major histocompatibility complex,
class I [51]. These observations support the validity of the screening. Among these genes,
we found and focused on the Carm1 gene (Rank 55 in Supplementary Table S1), since
epigenetic genes have not been identified previously as Tax targets.

To confirm that Tax induces Carm1 gene expression in the human T-cell line Kit 225, we
introduced Tax by recombinant adenovirus-mediated gene transfer and examined the level
of Carm1 gene expression by qRT-PCR. The efficiency of recombinant adenovirus-mediated
gene transduction into Kit 225 cells is about 65% [15]. Expression of the Carm1 gene was
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induced about 9-fold (Figure 1A left panel), indicating that Tax can enhance Carm1 gene
expression in resting Kit 225 cells. However, the induction of Carm1 gene expression
could be a consequence of Tax stimulation of cell cycle progression. Thus, we examined
whether Tax can induce Carm1 gene expression in Jurkat cells, which are not dependent
on IL-2 for cell growth. The introduction of Tax into asynchronously growing Jurkat cells
induced Carm1 gene expression about 5.5-fold (Figure 1A, middle panel), suggesting that
activation of Carm1 gene expression by Tax is not a secondary consequence of Tax-mediated
cell cycle progression. We also determined the effect of Tax on Carm1 gene expression
in normal T-cells, using phytohemagglutinin-stimulated peripheral blood lymphocytes
(PHA-PBLs). The efficiency of recombinant adenovirus-mediated gene transduction into
PHA-PBLs is about 45% [10]. Tax also increased Carm1 gene expression in PHA-PBLs about
1.6-fold (Figure 1A right panel), suggesting that Tax regulates Carm1 gene expression in
normal T-cells.

We also examined whether there is correlation between Carm1 gene expression and
Tax expression in HTLV-1-infected T-cell lines. MT-1 and TL-Om1 scarcely express Tax,
whereas HuT 102, MT-2, MT-4 and TL-Su express Tax. The levels of Carm1 mRNA were
examined in these cell lines and normalized by that of GAPDH as an internal control
(Figure 1B). Tax-expressing MT-2, MT-4 and TL-Su showed higher levels of Carm1 expres-
sion than non-expressing MT-1 and TL-Om1, supporting the notion that Tax facilitates
Carm1 gene expression.

Finally, we examined whether CARM1 protein is induced by Tax, by Western blot
analysis, in IL-2-starved Kit 225 cells. The level of CARM1 protein was clearly enhanced in
a time-dependent manner (Figure 1C), indicating that Tax-mediated induction of Carm1
gene expression is also reflected at the protein level.

Taken together, these results indicate that Tax induces Carm1 gene expression in
human T-cells.

3.2. Tax Induces Methylation of Histone H3 on Target Genes

CARM1 stimulates gene expression by methylating histones, such as R17 of histone
H3, generating a positive mark for epigenetic regulation. We thus examined whether
Tax expression enhanced histone methylation on its target genes, assessed by chromatin
immunoprecipitation (ChIP). Kit 225 cells were starved of IL-2 and transduced with Tax, by
recombinant adenovirus-mediated gene transfer, or restimulated with IL-2 as a positive
control. ChIP assay was performed using an antibody that specifically recognizes histone
H3 di-methylated at R17 (HisH3R17m2), which is known to be mediated by CARM1
(Figure 1D). The results show that not only IL-2 stimulation, but also Tax, increased the
methylation of histone H3R17 on the Tax target gene IL-2Rα, suggesting that induction of
CARM1 by Tax and consequent H3 methylation may contribute to the activation of target
genes by Tax.

3.3. Induction of Carm1 Gene Expression Contributes to Tax-Mediated Target-Gene Expression and
Cell Cycle Progression

We next explored whether down-regulation of Tax-mediated induction of CARM1
expression suppressed Tax stimulation of target-gene expression and cell cycle progres-
sion. For this purpose, we utilized shRNA mediated knockdown of CARM1 expression,
constructing expression vectors and recombinant adenovirus expressing shRNA against
four different target sequences of the Carm1 gene. We first examined knockdown effects
of shRNA against CARM1 (shCARM1), in the absence and presence of Tax expression in
IL-2-starved Kit 225 cells, by Western blot analysis (Figure 2A). A reduction in CARM1
expression was observed with shCARM1-1 and -3 both in the absence and presence of
Tax. We thus used shCARM1-1 and -3 for further analyses to exclude off-target effects.
Activation of the NF-κB pathway is critical for Tax-mediated induction of Cyclin D2 ex-
pression and cell cycle progression in IL-2-starved Kit 225 cells [7–10]. Thus, we examined
whether knockdown of CARM1 reduced Tax-mediated activation of an NF-κB reporter
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and the GP34 and Cyclin D2 promoters, which are also activated by Tax, primarily via
the NF-κB pathway. The introduction of shCARM1-1 and -3 reduced Tax activation of the
NF-κB reporter and the GP34 and Cyclin D2 promoters (Figure 2B). These results suggest
that CARM1 contributes to Tax-mediated activation of target-gene promoters through the
NF-κB pathway, a critical mediator of Tax-dependent promotion of cell growth.
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Figure 1. Tax induces CARM1 expression in T-cells. (A) Tax induced Carm1 gene expression in
T-cells. Kit 225 and Jurkat cells were infected with recombinant adenovirus expressing Tax (MOI
200) and further cultured for 48 h in the absence of IL-2. PHA-PBLs were similarly infected with
Tax-expressing virus and further cultured for 72 h in the absence of IL-2. The cells were harvested
and the levels of Carm1 mRNA were measured by qRT-PCR and adjusted by that of GAPDH as
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an internal control. Fold inductions by Tax are indicated. *** p < 0.01. (B) Carm1 gene expression
tends to be higher in Tax-expressing cells than in non-expressing cells. Carm1 gene expression was
examined in indicated HTLV-1-infected T-cell lines by qRT-PCR and normalized by that of GAPDH
as an internal control. Relative expression levels are presented. (C) Tax induced CARM1 protein
expression in T-cells. Kit 225 cells were infected with Tax-expressing adenovirus, further cultured for
24, 48 and 72 h in the absence of IL-2, and harvested. Levels of CARM1 protein were examined by
Western blot analysis. β-actin was used as an internal control. (D) Tax induced methylation of R17 of
histone H3 on the IL-2Rα gene. Kit 225 cells were starved of IL-2, restimulated with IL-2 or infected
with Tax-expressing adenovirus, further cultured for 24 h, and ChIP assay was performed using
anti-HisH3R17m2, anti-CARM1 or anti-HA antibody as a negative control. The immunoprecipitated
IL-2Rα gene fragment was amplified using a specific primer set. The β-actin gene was used as
a negative control.

We next examined whether knockdown of CARM1 expression compromised Tax-
mediated induction of target genes. Kit 225 cells were infected with Tax-expressing ade-
novirus, along with shCARM1-expressing virus. The cells were cultured in the absence
of IL-2, and the expression of Tax target genes IL2Rα and Cyclin D2 was examined by
qRT-PCR. The introduction of shCARM1 significantly reduced Tax-mediated induction of
both IL-2Rα and Cyclin D2 gene expression (Figure 2C). Knockdown of CARM1 slightly
reduced IL-2Rα and Cyclin D2 gene expression in the absence of Tax. This could be due to
knockdown of basal-level expression of CARM1. Although the effects of knockdown of
CARM1 in the presence of Tax were modest, they were much bigger than in the absence of
Tax. In addition, gene transduction efficiency of Kit 225 cells by recombinant adenovirus is
about 65% [15]. Thus the effect is expected to be much bigger in the gene-transduced cells.
A reduction in Cyclin D2 expression was confirmed at the protein level by Western blot
analysis, along with that of CARM1 (Figure 2D). These results suggest that Tax-mediated
induction of CARM1 expression contributes to Tax-dependent activation of target genes.

Finally, we examined the effect of CARM1 knockdown on Tax-mediated activation of
E2F, which is crucial for cell cycle progression. Kit 225 cells were transfected with an E2F
reporter plasmid and Tax expression vector, along with an expression vector for shRNA
against CARM1, and cultured in the absence of IL-2 to reduce endogenous E2F activity.
The introduction of Tax activated the E2F reporter about 17-fold, while knockdown of
CARM1 significantly reduced Tax-mediated activation of the E2F reporter, 5- to 6-fold
(Figure 2E). This suggests that Tax-dependent induction of CARM1 contributes to Tax-
mediated cell cycle progression. We thus examined the effect of CARM1 knockdown on
Tax stimulation of cell cycle progression. Kit 225 cells were infected with Tax-expressing
adenovirus or control virus, along with adenovirus expressing shRNA against CARM1
and cultured for 48 h in the absence of IL-2 to achieve quiescence. CARM1 knocked-down
cells showed a much lower percentage of cells in S phase in Tax-expressing cells than in
control cells (Figure 2F), indicating that Tax induction of CARM1 is a critical component of
Tax-dependent regulation of cell cycle progression.
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Figure 2. Knockdown of CARM1 expression reduces Tax-mediated target-gene induction and cell
cycle progression. (A) Knockdown effects of shRNAs against CARM1. Kit 225 cells were infected
with recombinant adenovirus expressing shRNA against CARM1 with (Tax) or without (Con) Tax-
expressing adenovirus, further cultured for 48 h in the absence of IL-2, and harvested. The levels
of CARM1 protein were examined by Western blot analysis (left panel). β-actin was used as an
internal control. The intensities of bands were measured by ImageJ, and CARM1 protein levels were
normalized by using that of β-actin as an internal control. Relative protein levels are presented (right
panel). (B) Knockdown of CARM1 reduced Tax-mediated activation of target promoters. Kit 225
cells were transfected with pκB-Luc, pGP34-Luc or pCycD2-Luc and Tax expression vector, along
with expression vector for shRNA against CARM1 or control vector. pCMV-β-gal was included as an
internal control. The cells were further cultured for 48 h in the absence of IL-2, and harvested.
Luciferase activities were measured and adjusted by β-galactosidase activities. Fold activations
by Tax are shown. *** p < 0.01. (C) Knockdown of CARM1 reduced Tax-mediated induction of
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target-gene expression. Kit 225 cells were infected with control virus or Tax-expressing adenovirus
along with adenovirus expressing shRNA against CARM1 or control virus. The cells were further
cultured in the absence of IL-2 for 48 h, and harvested. The levels of IL-2Rα and Cyclin D2 mRNAs
were measured by qRT-PCR and adjusted by using that of GAPDH as an internal control. Relative
expression levels are shown. ** 0.01 ≦ p < 0.05, *** p < 0.01. (D) Knockdown of CARM1 reduced
Tax-mediated induction of Cyclin D2 expression. Under the same condition, expression levels of
Cyclin D2 were examined by Western blot analysis (upper panel). β-actin was used as an internal
control. Knockdown of CARM1 was also confirmed. The intensities of bands of CARM1 and Cyclin
D2 were measured by ImageJ and normalized by that of β-actin, which was used as an internal
control. Relative protein levels of CARM1 and Cyclin D2 are presented (middle and lower panels).
(E) Knockdown of CARM1 reduced Tax-mediated activation of E2F. Kit 225 cells were transfected
with pE2WTx4-Luc with the Tax expression vector or control vector, along with the expression
vector for shRNA against CARM1 or the control vector. pCMV-β-gal was included as an internal
control. The cells were cultured in the absence of IL-2 for 48 h, and harvested. Luciferase activities
were measured and adjusted by β-galactosidase activities. Relative luciferase activities are shown.
** 0.01 ≦ p < 0.05. (F) Knockdown of CARM1 reduced Tax-mediated promotion of cell cycle progres-
sion. Asynchronously growing Kit 225 cells were infected with Tax-expressing adenovirus (Tax(+)) or
control virus (Tax(−)), along with adenovirus expressing shRNA against CARM1. The cells were
cultured in the absence of IL-2 for 48 h, and cell cycle distribution was examined by FACS analysis
with DNA content as an indicator. Percent populations of cells in G0/G1, S and G2/M phases
are indicated.

3.4. Tax Activation of Carm1 Requires Sequences in the First Intron of the Carm1 Gene

To explore the molecular mechanism of Tax-mediated induction of Carm1 gene ex-
pression, we examined whether Tax activated the CARM1 promoter. For this purpose,
we cloned the upstream region (−1564 to +143) of the Carm1 gene into a luciferase re-
porter plasmid and examined the effect of Tax on CARM1 promoter activity in Kit 225
and Jurkat cells. Unexpectedly, Tax did not activate this upstream CARM1 promoter con-
struct at all in Kit 225 or Jurkat cells (Figure 3A), suggesting that Tax activates the Carm1
gene through other region(s). A search for Tax-responsive elements in the Carm1 gene
identified multiple NF-κB-like binding sequences in the first intron (Figure 3B). We thus
examined whether this region in the first intron (CARM1DS) is required for Tax-mediated
activation, using CARM1DS cloned upstream of an SV40 core promoter. As expected, Tax
activated CARM1DS in Kit 225 cells (Figure 3C). We thus examined whether Tax activation
of CARM1DS is mediated by the classical NF-κB pathway, using shRNA-mediated knock-
down of the p65 (RelA) component of NF-κB, complemented by rescue by expression of an
shRNA resistant p65. We also knocked down p100, the precursor of p52, the heterodimeric
partner of RelB, which is activated through the nonclassical NF-κB pathway. Knockdown
effects of shRNA against p65 and p100 have been confirmed in a previous report [18].
Knockdown of p65 reduced Tax-mediated activation of CARM1DS in both Kit 225 and
Jurkat cells, while expression of shRNA-resistant p65 reversed these effects (Figure 3D).
Similarly, shRNA against two different target sequences of p100 also reduced Tax activa-
tion of CARM1DS in both cell types (Figure 3E). These results suggest that activation of
CARM1DS, and consequently the Carm1 gene, by Tax, is mediated, at least in part, through
the NF-κB pathway.
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Figure 3. Tax acts via sequences in the first intron of the Carm1 gene. (A) Tax did not activate
the upstream regulatory region of the Carm1 gene. Kit 225 or Jurkat cells were transfected with
pCARM1-Luc with the Tax expression vector or control vector, along with pCMV-β-gal as an internal
control. pLTR-Luc and pGL3-Promoter were used as positive and negative controls, respectively.
The cells were cultured in the absence of IL-2 for 48 h (Kit 225) or 24 h (Jurkat), and harvested.
Luciferase activities were measured and adjusted by β-galactosidase activities. Fold activations
by Tax are shown. (B) Schematic presentation of downstream sequences in the first intron of the
Carm1 gene (CARM1DS). (C) Tax activated sequences in the first intron of the Carm1 gene. Kit 225
cells were transfected with pCARM1DS-Luc with the Tax expression vector or control vector, along
with pCMV-β-gal as an internal control. pLTR-Luc and pGL3-Promoter were used as positive and
negative controls, respectively. The cells were cultured in the absence of IL-2 for 48 h, and harvested.
Luciferase activities were measured and adjusted by β-galactosidase activities. Fold activations by
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Tax are shown. *** p < 0.01. (D) NF-κB p65 (RelA) is involved in activation of CARM1DS by Tax. Kit
225 or Jurkat cells were transfected with pCARM1DS-Luc with the Tax expression vector or control
vector, along with expression vector for shRNA against p65 with or without expression vector for
shRNA-resistant p65 expression vector. pCMV-β-gal was included as an internal control. The cells
were cultured in the absence of IL-2 for 48 h, and harvested. Luciferase activities were measured
and adjusted by β-galactosidase activities. Fold activations by Tax are shown. ** 0.01 ≦ p < 0.05,
*** p < 0.01. (E) NF-κB p100 (precursor of p52, heterodimeric partner of RelB) is involved in activation
of CARM1DS by Tax. Kit 225 or Jurkat cells were transfected with pCARM1DS-Luc with the Tax
expression vector or control vector, along with expression vectors for shRNA against p100 with two
different target sequences. pCMV-β-gal was included as an internal control. The cells were cultured
in the absence of IL-2 for 48 h, and harvested. Luciferase activities were measured and adjusted by
β-galactosidase activities. Fold activations by Tax are shown. ** 0.01 ≦ p < 0.05, *** p < 0.01.

4. Discussion

In this study, we have identified the Carm1 gene as a novel target for Tax-mediated
trans-activation and cell cycle promotion. Adenovirus-mediated introduction of Tax in-
duced Carm1 gene expression not only in human T-cell lines (Kit 225 and Jurkat) but also
in normal PHA-stimulated PBLs. The introduction of Tax into Kit 225 cells enhanced
binding of CARM1 to the Tax target gene IL-2Rα and methylation of histone H3, as shown
by the ChIP assay. ShRNA-mediated downregulation of CARM1 reduced Tax-mediated
activation of the Tax target IL-2Rα and Cyclin D2 genes, decreased activation of E2F and
suppressed cell cycle progression. Although Tax did not activate the 5′ flanking region
of the Carm1 gene, Tax response elements were identified in the first intron of the Carm1
gene containing NF-κB binding sites. Moreover, knockdown of RelA or RelB subunits
reduced Tax activation of CARM1 expression. These results indicate that CARM1 (induced
by Tax through the NF-κB pathway) enhances Tax-mediated target-gene expression and
the consequent cell cycle progression (Figure 4).

Trans-activation of growth-promoting genes by Tax is thought to be crucial for stimula-
tion of proliferation of HTLV-1 infected T-cells. Tax directly activates the cyclin D2 and cdk6
genes through the NF-κB pathway, and induction of cyclin D2 and cdk6 genes is essential
for Tax-mediated promotion of cell cycle progression in IL-2-starved Kit 225 cells [16–18].
CARM1 facilitates gene expression by methylating histones, generating a positive mark for
epigenetic regulation. Expression of Tax increased methylation of HisH3R17 on the target
gene IL-2Rα with concomitant induction of CARM1, and knockdown of CARM1 reduced
Tax-mediated induction of IL-2Rα and cyclin D2 gene expression. Knockdown of CARM1
expression, by shRNA, also reduced cyclin D2 gene expression and decreased activation
of E2F and cell cycle progression, induced by Tax. These results suggest that induction of
CARM1 by Tax facilitates Tax-mediated target-gene expression and the consequent cell
cycle progression, highlighting the Carm1 gene as a crucial target of Tax, in Tax-mediated
promotion of cell proliferation.

CARM1 is reported to enhance Tax-mediated activation of the HTLV-1 LTR [20]. To-
gether with our finding that Tax induces expression of CARM1, these observations suggest
a positive feedback-loop mechanism, regulating the expression of HTLV-1 viral genes,
including Tax, which may further enhance the expression of cellular growth-promoting
genes. This also underscores the importance of Tax-mediated activation of the Carm1 gene.
To the best of our knowledge, the Carm1 gene is the first epigenetic regulator to be identified
as a target of Tax-dependent trans-activation.

Activation of the IL-2Rα and cyclin D2 genes by Tax is primarily mediated through
the NF-κB pathway. Tax-induced enhancement of the binding of CARM1 to the IL-2Rα
gene and methylation of IL-2Rα-associated histone H3 suggest that CARM1 may function
as coactivator for NF-κB. CARM1 is reported to function as a coactivator for a variety of
transcription factors to facilitate the growth of cancer cells [19]. For example, CARM1 is a
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positive regulator of estrogen receptor alpha (ERα) and is required for the estrogen-induced
expression of E2F1 in the MCF7 breast cancer cell line [52]. In colorectal cancers, CARM1
interacts with β-catenin to positively regulate target-gene expression, accompanied by
methylation of R17 of histone H3, and anchorage-independent cell growth [53]. In addition,
CARM1 is reported to function as a transcriptional coactivator for E2F to activate the cyclin
E1 gene [54]. These observations suggest the possibility that CARM1, induced by Tax, may
also function as a coactivator for these transcription factors and contribute to the promotion
of cell proliferation of HTLV-1 infected cells.
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Figure 4. A model of the roles of the Carm1 gene in Tax-mediated target-gene expression and cell
cycle progression. Induction of CARM1 by Tax facilitates Tax-mediated target-gene expression and
cell cycle progression. CARM1 and Tax form part of a transcription complex binding to the HTLV-1
LTR, leading to increased Tax transcription. Tax expression mediates activation of NF-κB, which
binds to Tax response elements in the intron 1 of the Carm1 gene. By methylating R17 of histone H3,
CARM1 functions as a co-activator for NF-κB, promoting transcription of growth-related genes and
cell cycle progression.

CARM1 is often over-expressed in many types of cancers, and functions as a coac-
tivator for transcription factors that drive the transformed phenotype [19]. Targeting
these driver transcription factors themselves may be difficult, but their activities could be
suppressed by removing CARM1 coactivator activity. CARM1 (PRMT4) is ubiquitously
expressed, and its knockout does not adversely impact embryonic development (com-
pared to the knockout of PRMT1 or PRMT5, which is embryonic lethal), suggesting that
therapeutic targeting of CARM1 may be feasible and well tolerated [19]. Tax-mediated
activation of growth-related genes and promotion of cell proliferation is mainly mediated
through the NF-κB pathway [1,8,9]. Our finding that the HTLV-1 oncoprotein Tax induces
expression of CARM1, which subsequently augments Tax-mediated trans-activation of
growth-promoting genes, suggests that CARM1 may represent a new target molecule for
treatment of adult T-cell leukemia (ATL).
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