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Human T-lymphotropic virus type 1 (HTLV-1) Tax exerts pleiotropic effects on multiple cellular regulatory
processes to bring about NF-�B activation, aberrant cell cycle progression, and cell transformation. Here we
report that Tax stimulates cellular G1/S entry but blocks mitosis. Tax expression in naive cells transduced with
a retroviral vector, pBabe-Tax, leads to a significant increase in the number of cells in the S phase, with an
accompanying rise in the population of cells with a DNA content of 4N or more. In all cell types tested,
including BHK-21, mouse NIH 3T3, and human diploid fibroblast WI-38, Tax causes an uncoupling of DNA
synthesis from cell division, resulting in the formation of multinucleated giant cells and cells with decondensed,
highly convoluted and lobulated nuclei that are reminiscent of the large lymphocytes with cleaved or cerebri-
form nuclei seen in HTLV-1-positive individuals. This contrasts with the Tax-transformed cell lines, PX1
(fibroblast) and MT4 (lymphocyte), which produce Tax at high levels, but without the accompanying late-stage
cell cycle abnormalities. PX1 and MT4 may have been selected to harbor somatic mutations that allow a bypass
of the Tax-induced block in mitosis.

Human T-lymphotropic virus type 1 (HTLV-1) causes acute
T-cell leukemia and lymphoma in a small percentage of in-
fected individuals after a long latency period of up to 20 years.
The mechanisms for viral reactivation from latency and viral
cell transformation are not well understood but involve the
unique viral transactivator-oncoprotein Tax. Tax serves two
major functions during the viral life cycle: first, it mediates
potent activation of viral transcription; second, it usurps reg-
ulatory mechanisms critical for cell activation and division to
serve the metabolic needs of viral replication.

The mechanism by which Tax activates viral transcription is
well understood. The viral transcriptional enhancer consists of
three imperfect 21-bp repeats, each containing a cyclic AMP
response element (CRE) core flanked by 5� G-rich and 3�
C-rich sequences. The CREs in the 21-bp repeats are bound by
the cellular basic domain-leucine zipper (bZip) transcription
factors–-CREB and ATF-1. CREB/ATF-1 and the 21-bp re-
peats, in turn, recruit Tax into stable ternary complexes (3, 55,
59, 65, 68, 69) in which Tax binds the basic domains of CREB/
ATF-1 (1, 5, 48, 67) and makes contacts with the GC-rich
sequences that flank the CRE, thus achieving the exquisite
DNA sequence specificity of Tax-mediated long terminal re-
peat trans-activation (12, 28, 29, 34, 36, 47, 58, 66). In the
context of the ternary Tax-CREB/ATF-1 21-bp repeat com-
plex, Tax further recruits the coactivators CREB binding pro-
tein (CBP), p300, and a CBP-associated factor (P/CAF) for
potent transcriptional activation (7, 18, 19, 23, 31, 34).

How Tax activates infected cells remains incompletely re-
solved. Tax perturbs many of the most fundamental functions

of the cell, leading to potent activation of NF-�B (10, 17, 24,
61, 62), cell cycle dysfunctions (2, 13, 16, 32, 43, 44, 46, 52), cell
transformation (14, 42, 50, 62), and others. Depending on the
cell background, Tax has been reported to induce or prevent
apoptosis (8, 9, 11, 60). Tax is also implicated in inactivating
the functions of tumor suppressors p53 and p16 (35, 49, 56).
More recently, Tax has been reported to (i) inhibit DNA repair
(27, 33), (ii) cause clastogenic changes and micronucleus for-
mation (37, 53), and (iii) induce aneuploidy and formation of
binucleated cells by targeting the spindle checkpoint protein
hsMAD1 (21, 25, 38). Many of the biological activities of Tax
are likely to contribute to the leukemogenic process initiated
by HTLV-1.

The lack of infectivity of cell-free HTLV-1 virions renders
analyses of early events of HTLV-1 infection difficult. Many
of the Tax-expressing HTLV-1 transformed T-cell lines were
derived from patients with adult T-cell leukemia or HTLV-1-
associated myelopathy or tropical spastic paraparesis after pro-
longed passage of their T lymphocytes in culture or by long-
term cocultivation of X-irradiated HTLV-1-producing cells
with primary cord blood or peripheral blood T lymphocytes
(40). As a result, information regarding the initial effect of Tax
on cells had not been well documented. Furthermore, for rea-
sons not completely understood, stable expression of Tax in
cultured cells, with a few exceptions, has been difficult to
achieve, and it appears that Tax expression may be toxic to
many cell types. Finally, a subgroup of transgenic mice express-
ing Tax develop thymic atrophy and die prematurely, whereas
all surviving mice develop mesenchymal tumors (20, 42).

In this study, we use a Moloney murine leukemia virus
(MuLV)-based retroviral vector, pBabe-puro (41), to trans-
duce the tax gene into mammalian cells to examine the bio-
logical effects of Tax immediately after its expression. We
found that Tax affects cell cycle progression at multiple levels;
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most importantly, it activates entry into S phase but delays
mitosis. Tax causes a dramatic uncoupling of DNA synthesis
from cell division, inducing the formation of multinucleated
giant cells and large cells containing nuclei with convoluted
and lobulated structure. This, however, is contrasted by the
relative absence of late-stage cell cycle defects in an HTLV-1-
transformed T-cell line, MT4, and a tumor cell line, PX1,
derived from a tax-transgenic mouse (20, 42). MT4 and PX1
cells may contain specific somatic mutations selected to alle-
viate the block in mitosis induced by Tax. The Tax-mediated
mitotic defects reported here add to the previously described
DNA damages (clastogenic and aneuploidogenic changes) and
cell cycle aberrations (increased G1/S entry) inflicted by Tax.

MATERIALS AND METHODS

Plasmid construction. pBabe-puro (41), an MuLV-based retroviral vector, was
used as to transduce the tax gene. The cDNA for wild-type Tax was derived by
PCR using the Vent polymerase, cloned into pUC18 via BamHI and EcoRI
restriction sites, and confirmed by DNA sequence analysis. The BamHI-EcoRI
fragment was then inserted into pBabe-puro to produce pBabe-Tax. A consensus
Kozak sequence, GCCACC, was incorporated immediately 5� to the transla-
tional initiation codon of Tax for optimal protein expression. The oligonucleo-
tide sequences for the upstream and downstream PCR primers are 5�-CGC
GGA TCC GCC ACC ATG GCC CAC TTC CCA GGG TT-3� and 5�-CGC
GAA TTC TCA GAC TTC TGT TTC TCG GAA ATG T-3�, respectively.

Cell culture and medium. PA18G-BHK-21 (4); 293GP (generously provided
by Viagene, Inc., San Diego, Calif.); NIH 3T3; human diploid fibroblast WI-38;
and a fibroblast cell line, PX1, derived from a Tax-transgenic mouse were rou-
tinely cultured in Dulbecco’s minimum essential medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS), penicillin and
streptomycin (100 U/ml each), and 2 mM L-glutamine. HTLV-1-transformed
cells (MT4) and Jurkat T cells were maintained in RPMI 1640 supplemented
with 10% FBS and antibiotics at the same concentrations. PA18G-BHK-21, NIH
3T3, and WI-38 cells transduced with pBabe-Tax were selected in DMEM con-
taining puromycin (1 g/ml) and 10% FBS.

Retroviral vector production. The packing cell line, 293GP, was derived from
human embryonic kidney cell line 293. It produces MLV Gag and Pol proteins
constitutively. The day before transfection, 293GP cells were plated at 105 cells
per well on a six-well plate, with 2 ml of medium per well. Cells were grown to
70 to 80% confluency and transfected using Lipofectamine (GIBCO/Life Tech-
nologies, Gaithersburg, Md.). For each well of a six-well plate, 2 g of empty
pBabe-puro vector or pBabe-Tax plasmid and 1 g of an expression plasmid,
CMV-VSV-G, for the vesicular stomatitis virus envelope glycoprotein (VSV-G)
were mixed with 11 �l of Lipofectamine to form the DNA-liposome complex.
The mixture was incubated with the cells for 6 h at 37°C. Viral supernatants (500
ml each of pBabe-Tax and pBabe-puro) were collected at 24 and 48 h after
transfection and centrifuged at approximately 300 � g for 10 min to remove cells
and debris and concentrated 1,000-fold to 0.5 ml using a Sorvall SS-34 rotor at
20,000 rpm for 2 h. Viral titer was determined using PA18G-BHK-21 cells and
puromycin selection. The concentrated viral stocks had titers of approximately
109 infectious units per ml.

Transduction of tax gene into NIH 3T3, WI-38, and PA18G-BHK-21 cells and
X-Gal staining. To determine the titer of pBabe-Tax viral stock, PA18G-BHK-21
cells were plated in DMEM medium on six-well plates at a density of 5 � 104

cells per well, 1 day before infection. After overnight growth, the cells generally
reached about 20% confluency. Culture supernatants containing retroviral vec-
tors in different dilutions were then added to the wells together with Polybrene
(Sigma) at a final concentration of 8 g/ml. Infection was allowed to proceed for
4 h; after that the viral supernatant was removed and replaced with fresh me-
dium. The cells were grown for 24 h and then subjected to selection in the same
medium containing puromycin (1 g/ml). Cells were selected in puromycin for 1
week with one change of medium in between. Puromycin-resistant colonies
appeared on the 7th or 8th day after the selection. To stain for �-galactosidase
expression, the cells in each well of the six-well plate were washed once with 2 ml
of phosphate-buffered saline (PBS), fixed with 0.2% glutaraldehyde–1% form-
aldehyde in 1 ml of PBS for 5 min at room temperature, washed twice with 2 ml
of PBS each, and stained with 2 ml of X-Gal solution (PBS containing 2 mM
MgCl2, 4 mM potassium ferricyanide, 4 mM potassium ferrocyanide, and X-Gal
[5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside] [0.4 mg/ml]) at 37°C for 6 h.

The number of puromycin-resistant colonies was used as a measure of the titer
of the retroviral vectors. The titers of pBabe-Tax and pBabe-puro are routinely
105 to 106 infectious units per ml.

Electron microscopy. PA18G-BHK-21 cells were processed for transmission
electron microscopy (TEM) according to conventional methods. Briefly, un-
treated and Tax-transduced cells were individually suspended in 3 ml of culture
fluid, transferred to duplicate 1.5-ml conical Eppendorf microcentrifuge tubes,
and loosely pelleted by centrifugation (12,000 � g for 30 s). Cell pellets were
treated with 2% glutaraldehyde in 0.1 M phosphate buffer for 1 h and postfixed
in 1% phosphate-buffered osmium tetroxide. Cells were stained en bloc with
0.5% uranyl acetate, dehydrated in ethanol and propylene oxide, and embedded
in Poly/Bed 812 resin (Polysciences, Warrington, Pa.). Ultrathin sections were
cut, placed on 200-mesh copper TEM grids, stained with uranyl acetate and lead
citrate, and examined with a JEOL (Peabody, Mass.) 1200 EX transmission
electron microscope.

Western blot analysis and immunofluorescence. Ten million puromycin-resis-
tant PA18G-BHK-21 cells transduced with pBabe-Tax were washed with 5 ml of
PBS twice, harvested by scraping in 5 ml of PBS, and collected by low-speed
centrifugation. Total cellular proteins from each sample were extracted in 240 �l
of RIPA buffer (10 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.5% NP-40, 0.1%
deoxycholate, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, aprotinin [1
g/ml], leupeptin [2 g/ml]). Protein concentrations were determined by the Brad-
ford assay. Typically, 50 �g of proteins was loaded and resolved on a sodium
dodecyl sulfate–10% polyacrylamide gel for Western blot analysis. The proteins
were then transferred to nitrocellulose membranes. The membranes were fur-
ther incubated, using standard protocols, in a blocking solution containing 5%
nonfat milk in PBS for 30 min and probed with a hybridoma antibody, 4C5 (1 to
50 dilution of the hybridoma supernatant in blocking solution), that reacts with
the COOH-terminal region of Tax overnight at 4°C. The secondary horseradish
peroxidase-conjugated, anti-mouse antibody (1:2,000) was from Santa Cruz Bio-
technologies (Santa Cruz, Calif.). Immunofluorescence was performed as previ-
ously described (45) except that the 4C5 antibody was used in combination with
a secondary rhodamine-conjugated donkey anti-mouse immunoglobulin G anti-
body (Jackson ImmunoResearch, West Grove, Pa.). The slides were mounted in
a mounting medium containing 4�,6�-diamidino-2-phenylindole (DAPI; Vect-
ashield; Vector Lab Inc., Burlingame, Calif.) and kept at 4°C in the dark. For
MT4 cells which grow in suspension, eight-chamber culture slides (Nalge) were
coated by adding 300 �l of a mixture of polylysine (1 mg/ml) and concanavalin
A (1 mg/ml) in double-distilled H2O to each slide and allowing them to sit
undisturbed for 20 min at room temperature. The solution was then removed,
and the slide was washed briefly twice with PBS. Cells were then cultured
overnight in 10% CO2 at low density in 300 �l of RPMI medium supplemented
with 10% FBS (heat inactivated). An equal volume of a fixative solution (560 �l
of 37% formaldehyde and 80 �l of glutaraldehyde in 18.6 ml of PBS) was then
added to each well, and the slide was allowed to incubate undisturbed for 5 min
at room temperature. The fixative was then removed, and the slide washed twice
briefly with PBS. The immunofluorescence staining was carried out as described
above.

Flow cytometry. PA18G-BHK-21 cells transduced with pBabe-Tax or pBabe-
puro were harvested by scraping, collected by centrifugation, and washed twice
with 2 ml of cold PBS. Approximately 3 � 106 cells were resuspended in 0.5 ml
of PBS and fixed in 5 ml of 70% ethanol overnight at 4°C. The cells were then
washed twice with 5 ml of cold PBS containing 0.5% bovine serum albumin and
incubated for 30 min at 37°C in 0.5 ml of a solution containing propidium iodide
(PI) (69 mM PI in 38 mM sodium citrate buffer; Boehringer Mannheim, India-
napolis, Ind.) and RNase (5 mg/ml). The cellular DNA content was determined
by fluorescence-activated cell sorting (FACS) (EPICS XL-MCL flow cytometer;
Beckman-Coulter). Data curves were fitted using the ModFit LT software pack-
age (Verity Software House, Inc., Topsham, Maine). To monitor the time course
of Tax expression and cell cycle changes, PA18G-BHK-21 cells were first grown
in DMEM containing 10% FBS, were serum starved for 48 h in DMEM con-
taining 0.2% FBS, were infected with pBabe-puro or pBabe-Tax at a multiplicity
of infection (MOI) of 10, and then were maintained in DMEM containing 20%
FBS for various times. Cells were fixed and subjected to cell cycle analysis as
described above.

BrdU labeling. PA18G-BHK-21 cells transduced with pBabe-Tax or pBabe-
puro were labeled with 5-bromodeoxyuridine (BrdU) (30 �g/ml) for 1 h in
DMEM containing 10% FBS under light-proof conditions. Two million cells
were harvested by scraping and resuspended in 1 ml of PBS at room tempera-
ture. The cell suspension was rapidly injected into an ice-cold 70% ethanol
fixative and incubated overnight at 4°C. Cells were pelleted at 300 � g at 4°C for
5 min and then resuspended in 1 ml of an ice-cold solution containing 0.1%
Triton X-100 and 0.1 M HCl for 1 min on ice. Cells were again pelleted for 5 min
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at 300 � g at 4°C, washed in 5 ml of DNA denaturation buffer (0.15 mM NaCl,
15 �M trisodium citrate dihydrate), pelleted, and then resuspended in 1 ml of
DNA denaturation buffer. To denature DNA, the cell suspension was heated for
8 to 10 min at 90°C and then placed on ice for 5 min. Five milliliters of freshly
prepared dilution buffer (0.1% Triton X-100 and 1% bovine serum albumin in
PBS) was added to the suspension, and the cells were pelleted by centrifugation
for 5 min at 300 � g at room temperature. The supernatant was aspirated, and
the cell pellet was gently vortexed in 100 �l of dilution buffer (PBS containing
0.1% Triton X-100 and 1% bovine serum albumin [wt/vol]). Twenty microliters
of fluorescein isothiocyanate (FITC)-conjugated anti-BrdU antibody (FITC-con-
jugated mouse monoclonal antibody set; BD Bioscience, San Diego, Calif.) was
then added and allowed to incubate for 30 min at room temperature in the dark.
After antibody incubation, 5 ml of the dilution buffer was added into the cell
suspension and cells were centrifuged for 5 min at 300 � g at room temperature.
The cell pellet was then suspended in 1 ml of PI solution as described above, and
incubated for 30 min at 37°C in the dark. Flow cytometry was performed to
detect PI (red) and FITC (green) staining for nuclear DNA and BrdU content,
respectively. FITC-conjugated mouse immunoglobulin G1 was used in place of
anti-BrdU antibody as a negative control. Data curves were fitted using WinList
software program (Verity Software House, Inc.).

RESULTS

HTLV-1 Tax is antiproliferative; Tax expression declines
after cell passage. To facilitate efficient transduction of the tax
gene into mammalian cells we inserted the cDNA of Tax as a
BamHI and EcoRI restriction fragment into the MuLV-based
retroviral vector, pBabe-puro (41), to generate the pBabe-Tax
vector (Fig. 1A). In pBabe-Tax, the tax sequence was engi-
neered to contain a Kozak consensus preceding the transla-
tional start for optimal protein expression. Viral particles
pseudotyped with VSV-G were then produced by cotransfec-
tion of pBabe-Tax with an expression plasmid, CMV-VSV-G
(64), into an MuLV Gag- and Gag-Pol-expressing packaging
cell line, 293GP. Culture supernatants containing the tax vec-
tor were then used to infect a baby hamster kidney (BHK) cell
line, PA18G-BHK-21 (4), harboring a reporter cassette that
comprises the lacZ gene under the control of the HTLV-1 long
terminal repeat. The expression of LacZ in PA18G-BHK-21 is
tightly regulated. No �-galactosidase activity could be detected
in the absence of Tax. By contrast, when tax is introduced into
the cell by DNA transfection or by retroviral vector-mediated
transduction, potent expression of �-galactosidase is induced
and can be readily scored by X-Gal staining. PA18G-BHK-21
cells were first infected with pBabe-Tax and then subjected to
selection in medium containing puromycin for approximately 7
days. During this time, cells not transduced with the vector
became eliminated by drug selection. Initially, puromycin-re-
sistant colonies were individually picked, cloned, and expanded
in culture. However, by the time each individual colony was
grown to approximately 106 to 107 cells, Tax expression was no
longer detectable (not shown). The progressive loss of Tax
expression correlated with tissue culture passage of the entire
population of puromycin-resistant cells freshly transduced with
the Tax retroviral vector. One week following puromycin se-
lection, abundant Tax expression could be detected (Fig. 1B,
passage 0). However, with each subsequent passage, Tax ex-
pression became progressively reduced (Fig. 1B). These results
suggest that Tax confers a proliferative disadvantage to the
cells. This, of course, contrasts with the widely held suspicion
that Tax plays a critical role in cell transformation and tumor-
igenesis.

Tax expression results in formation of multinucleated giant

cells. Unexpectedly, when tax-transduced PA18G-BHK-21
cells were examined under the microscope 1 week after puro-
mycin selection, many giant cells–-each containing an enlarged
cytoplasm and multiple nuclei and with a concomitant loss of
the elongated fibroblast-like morphology–-were observed
(compare Fig. 2A and B). These cells appeared flat and trans-
lucent. Their nuclei were clustered or strung together. The
multinucleated giant cells as well as cells with double, greatly
enlarged, and/or highly lobulated nuclei expressed Tax to high
levels. This is revealed by the intense �-galactosidase color
reaction after staining with X-Gal (Fig. 2A). In a given puro-
mycin-resistant colony, the multinucleated cells that expressed
Tax strongly (as indicated by X-Gal staining) were also sur-
rounded by normal-looking cells that stained weakly with X-
Gal (Fig. 2). We think the heterogeneity of the cell morphol-
ogy is most likely due to the varied levels of Tax expression.
Further confirmation of Tax expression in these cells was car-
ried out by immunofluorescence using a monoclonal antibody,
4C5, which reacts with the COOH-terminal region of Tax
(compare Fig. 3C and F). The nuclei in the multinucleated
cells stained less brightly with DAPI and contained many un-
stained spots (Fig. 3E), suggesting their chromosomes may be
decondensed. Interestingly, a significant fraction of Tax was
found to localize to the cytoplasm of the multinucleated cells
(Fig 3F). We also noticed from immunofluorescence staining

FIG. 1. (A) Construction of a Tax retroviral vector. The MuLV-
based retroviral vector, pBabe-puro, was used to generate pBabe-Tax.
A consensus Kozak sequence, GCCACC, was incorporated 5� to the
translational start codon of Tax. The complete coding sequence for
Tax was then inserted into pBabe-puro via BamHI and EcoRI restric-
tion sites. LTR, long terminal repeat. (B) Tax expression declines
rapidly with passage in cell culture. Tax-transduced PA18G-BHK-21
cells were passaged every 4 to 5 days. Immunoblot analyses were
carried out using 4C5 hybridoma supernatant and 50 �g each of total
proteins from cells transduced with pBabe-puro (lane BHK-21) or
pBabe-Tax harvested after serial passages (passage 0 to 3). Tax-ex-
pressing PX1 cells were included as a control (lane PX-1). Tax expres-
sion was detected 1 week following puromycin selection (passage 0).
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FIG. 2. (A) Tax-expressing PA18G-BHK-21 becomes multinucleated. PA18G-BHK-21 cells were infected with pBabe-Tax (A) or pBabe-puro
(B) and selected for puromycin resistance as described in Materials and Methods. (A) Tax expression in PA18G-BHK-21 cells induces strong LacZ
expression as revealed by X-Gal staining. Magnification, �180.
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that some cells expressed Tax in the nuclei. The significance for
the differences in subcellular localization of Tax is not clear at
present. Importantly, puromycin-resistant PA18G-BHK-21
cells infected with the control pBabe-puro retroviral vector did
not become multinucleated (Fig. 3A to C). Therefore, the
multinucleate cell phenotype seen here is caused by Tax ex-
pression rather than by trivial possibilities such as cell fusion
caused by the VSV-G protein present on the surface of the
retroviral vector used. To determine whether the cellular ef-
fects of Tax were limited to the PA18G-BHK-21 cells, the tax
gene was also transduced into NIH 3T3 (mouse fibroblast)
cells and human WI-38 (embryonic lung fibroblast) diploid
cells. Indeed, following transduction of tax gene into these
cells, similar nuclear and cellular abnormalities were also ob-
served (Fig. 4A and B). These data suggest that Tax expression
results in a defect in late stages of the cell division cycle, most

likely at levels that include nuclear division and cytokinesis.
These cell cycle defects explain the loss of Tax-expressing cells
during passage.

Tax causes nuclear abnormalities and inhibits cytokinesis.
To examine the cellular abnormalities of Tax-transduced
PA18G-BHK-21 cells at a higher resolution, TEM was carried
out. In agreement with the cytological changes seen with light
microscopy, a comparison with the PA18G-BHK-21 cells
transduced with pBabe-puro (Fig. 5A) revealed that the Tax-
transduced cells contain an enlarged cytoplasm with abnormal
or multiple nuclei (Fig. 5B and C). Particularly noteworthy are
the highly convoluted but connected lobules of the nucleus in
Fig. 5B and the three well-separated nuclei in Fig. 5C, which
lend further support to the notion that Tax both induces nu-
clear abnormalities and inhibits cytokinesis. Finally, we also
noticed that heterochromatin appears to feature less promi-

FIG. 3. Tax expression in multinucleated PA18G-BHK-21 cells detected by indirect immunofluorescence. Shown are light-field (A and D),
DAPI staining (B and E), and Tax immunofluorescence (C and F) analyses of PA18G-BHK-21 cells infected with the control pBabe-puro (A to
C) and the pBabe-Tax (D to F) retroviral vectors. A significant fraction of Tax in PA18G-BHK-21 localizes to the cytoplasm. Magnification, �470.

4026 LIANG ET AL. J. VIROL.



nently in these abnormal nuclei, as suggested by the absence of
dark, condensed materials at the periphery of the nuclear
membrane–-possibly one of the consequences of the potent
activation of cellular signaling processes by Tax.

Tax expression increases G1/S entry but delays mitosis. To
examine the effects Tax exerts on cell cycle progression, we
analyzed the pBabe-puro- and the pBabe-Tax-transduced
PA18G-BHK-21 cells by flow cytometry. Tax- or vector-trans-
duced cells were cultured under puromycin selection for 10
days. The puromycin selection was withdrawn on the 11th day,
and the cells were harvested 24 h later for analysis. As shown
in Fig. 6, 72, 16, and 12% of the cells in the pBabe-puro control
were in the G0/G1, S, and G2/M phases of the cell cycle,
respectively (Fig. 6A, the population in region R1 of the inset).
In contrast, large populations of Tax-transduced cells were
found in the S (32%) and G2/M (29%) phases of the cell cycle,
with a concomitant decrease in the fraction of cells in G0/G1
(40%) (Fig. 6B, the cell population in region R1 of the inset).
Consistent with the cytological observation, the pBabe-Tax
population included readily detectable fractions of cells with

6N and 8N chromosome contents not seen in the control (com-
pare Fig. 6A and B). Flow cytometry also revealed that many
of the cells with 4N DNA content contain two distinct nuclei
rather than a single nucleus with 4N DNA, as registered by the
peak fluorescence signals which reflect peak DNA contents
(vertical axis) and nuclear sizes (Fig. 6B, lower part of region
R2 in the inset). Although two cells adhering to each other by
aggregation would also be sorted into this population, we think
many cells in this population were probably binucleated, as
observed under the microscope. It should be noted that few
cells in the control were in this condition (Fig. 6A). To confirm
that Tax expression stimulates DNA synthesis, we labeled the
pBabe-puro and the pBabe-Tax-transduced PA18G-BHK-21
cells with BrdU. As indicated in Fig. 7, significantly more
pBabe-Tax cells (35%; n � 5) than pBabe-puro control cells
(16%; n � 6) incorporated BrdU. Cell cycle effects of Tax were
observed soon after retroviral transduction. In another set of
experiments, we infected serum-starved, G0/G1-arrested
PA18G-BHK-21 cells with pBabe-Tax and pBabe-puro control
vectors, respectively, at an MOI of 10, and monitored the

FIG. 4. Tax induces formation of multinucleated NIH 3T3 and WI-38 human diploid embryonic lung fibroblasts. NIH 3T3 cells transduced with
Babe-Tax (A) and pBabe-puro (C) and WI-38 cells transduced with pBabe-Tax (B) and pBabe-puro (D) were derived as described in the legend
to Fig. 2. Photographs (magnification, �160) were taken 5 days after puromycin selection. (A and B) Note the multinucleated cells with enlarged
cytoplasm.

VOL. 76, 2002 HTLV-1 Tax INDUCES S-PHASE ENTRY BUT INHIBITS MITOSIS 4027



infected cells by flow cytometry at different times. Tax-express-
ing cells emerge from G0/G1 rapidly and in large numbers. As
early as 24 to 48 h after pBabe-Tax transduction, many BHK
cells began to enter into S phase, but they accumulated at

G2/M phase. These cell cycle effects became even more pro-
nounced 72 h after transduction (Fig. 8). These results are
consistent with the notion that although Tax activates cells to
enter into S phase, it simultaneously causes a delay in G2/M

FIG. 5. Nuclear abnormalities and cytokinesis defects in Tax-transduced PA18G-BHK-21 cells. (A) Control pBabe-puro PA18G-BHK-21 cells.
(B) Tax-transduced PA18G-BHK-21 cell with an enlarged cytoplasm and convoluted but connected nuclear lobules. (C) Tax-transduced PA18G-
BHK-21 cell with three well-separated nuclei. Note that heterochromatin features less prominently in the abnormal nuclei in panels B and C, as
suggested by the absence of dark, condensed materials at the periphery of the nuclear membrane.

FIG. 6. Tax activates cells to enter into S phase but arrests them at G2/M phase. PA18G-BHK-21 cells transduced with pBabe-puro (A) or
pBabe-Tax (B) were placed under puromycin selection for 10 days and harvested for FACS analyses. Three million transduced cells were fixed in
ethanol, stained with PI, and sorted by FACS. The DNA contents are as indicated. The inset in each panel shows the integrated total DNA content
as reflected by total fluorescence signal (horizontal axis) and nuclear size as reflected by peak DNA content (vertical axis) of the total cell
population analyzed. The cell number versus DNA content (regions R1, R2, and R3) was plotted. Mean values of the percentage of cells in
different stages of cell cycle in R1 are indicated. Many pBabe-Tax-transduced cells were found to have a DNA content of more than 4N but with
peak fluorescence of a single nucleus, consistent with the microscopic observation that they are multinucleated.
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progression and/or a block in the completion of mitosis. The
activation of S-phase entry coupled with a block in mitosis is
most likely responsible for the great increase in DNA content
in the multinucleated giant cells which simply continued to
synthesize DNA in the absence of cell division. The enlarged
nuclei and nuclear abnormalities seen in other cells probably
reflect different degrees of cell cycle aberration caused by Tax.
In aggregate, these data suggest that, in addition to activating
G1/S entry, Tax induces a block in the late stages of the cell
division cycle in naive cells, at levels that include nuclear divi-
sion and cytokinesis.

PX1 and MT4 are not G2/M arrested and show no cytoki-
nesis defect. With the dramatic cell cycle perturbation caused
by Tax in mind, we examined two Tax-transformed cell lines,
PX1 (a tumor cell line derived from a tax-transgenic mouse)
and MT4, (an HTLV-1-transformed human CD4� T-cell line)
for cell cycle defects. Interestingly, despite elevated levels of
Tax expression, neither cell line exhibited any cell cycle diffi-
culties (Fig. 9), suggesting that they may contain somatic
changes that circumvent the cell cycle block, thus allowing the
potent cellular stimulation initiated by Tax to be exploited for
uncontrolled cell proliferation.

DISCUSSION

In this study, we provide evidence to show that HTLV-1 Tax
expression causes cell cycle dysregulations that include activa-
tion of cellular entry into S phase followed by a block in
mitosis. The effect of Tax on cell cycle is pleiotropic. Many
Tax-expressing cells are bi-, tri-, or multinucleated (Fig. 2 to 5).
The results described herein indicate that many of the Tax-
expressing cells had slowed in completing or were unable to
complete mitosis and/or cytokinesis. The loss of control over

DNA replication and the failure to undergo proper cytokinesis
and cell division as caused by Tax results in the formation of
multinucleated giant cells and large cells with remarkably con-
voluted nuclear structure. The morphological features of the
Tax-expressing cells in our experiments are reminiscent of the
large lymphocytes with cleaved or cerebriform nuclei com-
monly called “flower cells” or “clover-leaf cells” that are often
seen in HTLV-1-seropositive individuals (30, 51, 54, 57). The
data presented here suggest that HTLV-1 Tax is most likely
responsible for such nuclear and cytoplasmic abnormalities. It
should be pointed out that these abnormalities, although fre-
quently seen in HTLV-1-positive individuals, have not yet been
correlated with specific sequelae of HTLV infection (51). They
may simply be a consequence of active Tax expression and vial
replication. In our experiments, the nuclear and cytoplasmic
changes were more dramatic than those seen in flower cells.
This may reflect the regulation of Tax expression by Rex in
virus-infected cells.

The disparate effect of cell proliferation and cellular toxicity
caused by Tax remains a complex issue. We think the cell cycle
dysfunctions are principally responsible for the toxicity of Tax
in various cell types. Under the conditions under which the
Tax-transduced cells were grown, no significant cellular apo-
ptosis was observed and no features of apoptosis were detected
with electron microscopy. Cells with division defects persisted
in normal culture medium containing 10 or 20% FBS. They
became lost during passage, however. We did not attempt to
grow them under the serum-deprived conditions reported to
induce apoptosis previously (60).

Ample examples from papovaviruses, adenovirus, and hu-
man immunodeficiency virus indicate that activation of G1/S
transition is critical for viral replication in mitotically inert
cells. Furthermore, G2/M cell cycle arrest caused by human

FIG. 7. Bivariate DNA and BrdU distributions in BHK cells transduced with pBabe-Tax (A) and pBabe-puro (B), respectively. The ordinate
shows the BrdU incorporation detected with FITC-labeled monoclonal antibody; the abscissa shows the total DNA content detected with PI.
Relative nuclear DNA and BrdU levels were computed using the WinList program. Region R2 denotes the cell population in S phase. The G1 and
G2 populations are also boxed.
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immunodeficiency virus Vpr has been shown to significantly
augment viral production (6, 15, 26, 63). We think the cell cycle
perturbations brought on by Tax most likely are also conse-
quences of cellular activation necessary for productive viral

replication. Presumably, activation of cell cycle entry coupled
with inhibition of mitosis by Tax keeps the HTLV-1-infected
cells in a metabolically active state for viral replication. The
inability of Tax-expressing cells to exit the cell cycle mostly
causes the steady decline of Tax expression in the transduced
cell population. To extend this line of thinking further, we
think HTLV-1-infected T cells that actively produce viral par-
ticles in vivo and become arrested at mitosis are not likely to
survive. This activity of Tax immediately raises a question re-
garding PX1 and MT4 cells that produce Tax to high levels.
Both cell lines show considerable Tax expression without the
accompanying abnormalities in the late stages of cell division
cycle. How can the differences between Tax-transduced (NIH
3T3, WI-38, and PA18G-BHK-21) and Tax-transformed (PX1
and MT4) cells be reconciled? It is important to remember
that the transformed cells–-MT4 and PX1–-that express Tax
have undergone stringent selection in cell culture and in vivo,
respectively, and should not be equated to the cultured cells
that expressed Tax for the first time after retroviral transduc-
tion, as described here. This interesting difference suggests that
some cellular changes in transformed cells must have occurred
to render Tax expression permissible. We speculate that cell-
specific changes in PX1 and MT4 may be responsible for their
progress through the cell cycle. Although other HTLV-1 gene
products may play a role in cells containing the proviral ge-
nome, such as MT4, the ability of PX1 cells to divide indicates
that these other viral genes are not required for successful
release of the blockade of mitosis. Since PX1 cells are derived
from transgenic mouse tumors, the underlying regulatory
mechanism may point to an important process related to the
pathogenesis of HTLV-1 and the development of adult T-cell
leukemia.

What is the biochemical basis for the dramatic cell activation
and cell cycle changes caused by Tax? Considering the fact that
Tax is capable of interacting with a wide range of cellular
proteins, including CREB/ATF-1, CBP, and P/CAF, to acti-
vate HTLV-1 transcription, we think equally elaborate protein-
protein interactions are likely to mediate its activation of the
cell and its interference with the cell cycle. The Tax-mediated
activation of G1/S transition that we observed is consistent with
studies showing that Tax activates CDK4 and CDK6 (44, 52)
and can trigger interleukin-2-dependent T cells to enter into
cell cycle in an interleukin-2-independent manner (46). This
function appears to be coincident with the ability of Tax to
activate the NF-�B pathway (43). In this sense, we think
NF-�B activation may be one facet of a broad and general
cellular activation mechanism of Tax. Tax has been shown to
induce the expression of the cyclin-dependent kinase inhibitor
p21CIP1/WAF1 (2, 13). We are in the process of examining the
status of various cell cycle regulators in Tax-expressing cells.
One explanation for our observations is that Tax activates cells
to replicate DNA via a mechanism not fully understood at
present, and this constitutive activation, at the same time,
results in a block in the completion of mitosis as reflected by an
inability of cells to undertake cytokinesis, yet accompanied by
multiple rounds of inappropriate DNA synthesis. Further ex-
periments are needed to determine whether the inability to
complete mitosis is a necessary consequence of the activation
of S-phase entry by Tax.

Jin et al. (25) had previously reported that the interaction

FIG. 8. Kinetics of G1/S transition and G2/M arrest caused by Tax.
Two million PA18G-BHK-21 cells were serum starved; infected with
pBabe-Tax (left panels) or pBabe-puro (right panels) at an MOI of 10;
and grown in 20% FBS for 12, 24, 48, and 72 h. Flow cytometry and
data analyses were carried out as described in the legend to Fig. 6.
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between Tax and hsMAD1 causes a spindle checkpoint defect
that was proposed to be the cause of aneuploidy, microsatellite
instability, and formation of multinucleated giant cells. Indeed,
HeLa cells transfected with a Tax-expressing plasmid form
binucleated cells (21, 25). While the Tax-induced block in
mitosis may be due to Tax-hsMAD1 interaction and defects in
spindle checkpoint control, the fact remains that Tax influ-
ences the cell cycle at multiple levels. We have recently found
that Tax is a noncompetitive inhibitor of the major serine/
threonine phosphatase 2A (unpublished data), which is a ma-
jor negative regulator of many signaling pathways, including
the mitogen-activated protein kinase cascade; DNA replica-
tion; transcription; cell cycle progression, including execution
of the spindle checkpoint; the I�B kinase signaling pathway;
and the TOR (target of rapamycin) kinase signaling pathway
(for comprehensive reviews, see references 39 and 22)–-to
mention just a few. How the cell cycle changes caused by Tax
can be linked to its ability to activate I�B kinase and NF-�B;
the interaction of Tax with some of the cell cycle regulators,
such as p16, HsMAD1, and serine/threonine phosphatase 2A;
or the interaction of Tax with CBP and P/CAF will be a subject
of intense interest.
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