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Human T-lymphotropic virus type 1 (HTLV-1) is the causative agent of adult T-cell leukemia/lymphoma
(ATL), a malignancy of CD4� T cells whose etiology is thought to be associated with the viral trans-activator
Tax. We have shown recently that Tax can drastically upregulate the expression of p27Kip1 and p21CIP1/WAF1

through protein stabilization and mRNA trans-activation and stabilization, respectively. The Tax-induced
surge in p21CIP1/WAF1 and p27Kip1 begins in S phase and results in cellular senescence. Importantly, HeLa and
SupT1 T cells infected by HTLV-1 also arrest in senescence, thus challenging the notion that HTLV-1 infection
causes cell proliferation. Here we use time-lapse microscopy to investigate the effect of Tax on cell cycle
progression in two reporter cell lines, HeLa/18x21-EGFP and HeLa-FUCCI, that express enhanced green
fluorescent protein (EGFP) under the control of 18 copies of the Tax-responsive 21-bp repeat element and
fluorescent ubiquitin cell cycle indicators, respectively. Tax-expressing HeLa cells exhibit elongated or stalled
cell cycle phases. Many of them bypass mitosis and become single senescent cells as evidenced by the
expression of senescence-associated �-galactosidase. Such cells have twice the normal equivalent of cellular
contents and hence are enlarged, with exaggerated nuclei. Interestingly, nocodazole treatment revealed a small
variant population of HeLa/18x21-EGFP cells that could progress into mitosis normally with high levels of Tax
expression, suggesting that genetic or epigenetic changes that prevent Tax-induced senescence can occur
spontaneously at a detectable frequency.

Human T-lymphotropic virus type 1 (HTLV-1) is the etio-
logical agent of adult T-cell leukemia/lymphoma (ATLL).
HTLV-1 oncoprotein Tax is known to induce DNA damage,
micronuclei formation, multinucleation, and DNA aneuploidy.
The genomic instability caused by Tax is thought to play an
important role in ATLL development (6, 14, 27). We have
shown recently that Tax prematurely activates the anaphase-
promoting complex/cyclosome (APC/C), a multisubunit E3
ubiquitin ligase that controls metaphase to anaphase transition
and mitotic exit. APC/C activation by Tax leads to polyubiq-
uitination and degradation of Skp2 and inactivation of SCFSkp2,
the E3 ligase that targets p27Kip1 (referred to as p27 herein),
the G1/S and S cyclin-dependent kinase inhibitor, for degrada-
tion. This, in turn, causes stabilization of p27 (20). Tax also
trans-activates the p21CIP1 (p21) promoter in a p53-indepen-
dent manner (4) and increases p21CIP1 mRNA stability (54).
The dramatic rise in p21 and p27 levels slows down cell cycle
progression and induces rapid cellular senescence that we

termed Tax-IRS (20). Importantly, HeLa and SupT1 cells in-
fected by HTLV-1 also become senescent soon after infection
(25). Similar activities of Tax have been observed for CD34�

hematopoietic progenitor cells by others (49, 50).
Consistent with the notion that p21 and p27 upregulation

mediates Tax-IRS, p21 is mislocalized and p27 downregulated
in HTLV-1-transformed T cells (HTxT cells) that express Tax
(20, 25). The p21 and p27 deficiencies in HTxT cells correlate
with the latter’s capacity to avoid Tax-IRS (20). Indeed, HOS,
a human osteosarcoma cell line dually deficient in p21 and p27,
was able to sustain Tax expression and HTLV-1 infection with-
out becoming arrested in senescence immediately (25). Inter-
estingly, although Tax-transduced or HTLV-1-infected HOS
cells continue to grow and divide, they show severe nuclear
aberrations and double-stranded DNA breaks (25). Their
growth rate was also significantly reduced. These results
strongly suggest that productive HTLV-1 infection results in
Tax-induced APC/C activation, p21 and p27 upregulation,
DNA damage, and senescence. While the loss of p21 and p27
CKIs function and/or expression from HOS cells allows senes-
cence to be delayed or prevented, the latter may continue to
divide in the presence of Tax and develop DNA damage and
genomic instability (25).

Several studies have shown that Tax can impair cellular
response to DNA damage and induce genomic instability (9,
12, 38, 39). Tax-expressing cells resumed DNA synthesis more
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rapidly than control cells after ionizing radiation-induced S-
phase checkpoint activation (3, 22). Tax has also been shown to
attenuate ATM kinase activity and sequester huChk2 on chro-
matin (9). Finally, it has been reported recently that expression
of Tax induces H2AX focus formation and H2AX phosphory-
lation (5). Here we use two HeLa reporter cell lines, HeLa/
18x21-EGFP (53) and HeLa-FUCCI, that express enhanced
green fluorescent protein (EGFP) under the control of 18
copies of the Tax-responsive 21-bp repeat element and Cdt1/
geminin fluorescent ubiquitin cell cycle indicators, respectively,
to investigate the effect of Tax on cell cycle progression. We
found that Tax-expressing cells had elongated or stalled cell
cycle phases. As previously reported, Tax dramatically upregu-
lates the levels of the cyclin-dependent kinase inhibitors p21
and p27, while it downregulates those of Skp2 and cyclin B1.
Tax-expressing cells often bypass mitosis and become arrested
in senescence. This effect of Tax correlates with the drastic
upregulation of p21 and p27 and a reduction in cyclin B1 levels.

Unexpectedly, nocodazole treatment of Ad-Tax-transduced
HeLa/18x21-EGFP cells revealed a subpopulation that ex-
pressed Tax to high levels but progressed normally to meta-
phase like non-Tax-expressing cells, suggesting that epigenetic
and/or genetic changes in this subpopulation prevented Tax-
induced mitotic abnormalities and senescence. Elucidation of
the cellular pathways that lead to the prevention of Tax-IRS in
these cells may shed light on how cancer cells evade p21 and
p27-mediated senescence.

Tax-expressing HeLa cells stall in cell cycle progression. We
have shown previously that many cells expressing Tax progress
through S, G2, and M phases of the cell cycle with difficulties
despite the mitogenic activities of Tax. This aberrant cell cycle
is accompanied by a dramatic rise in the levels of G1/S cyclin-
dependent kinase inhibitors p21 and p27, starting in S phase,
persisting through G2 and M, and finally ending in cellular
senescence. To investigate the impact of Tax on cell cycle
progression from S through M, we transduced HeLa/18x21-

FIG. 1. Ad-Tax-transduced cells lag in S and G2 phases of the cell cycle. (A) Schematic diagram of the schedules of Ad-Tax transduction and
nocodazole treatment. Under the conditions used, 60% of Ad-Tax-transduced cells remained attached to the culture dish after incubation with
nocodazole for 24 h. (B and C) Fifty thousand HeLa/18x21-EGFP cells in 1 ml Dulbecco modified Eagle medium (DMEM) containing 10% fetal
bovine serum (FBS) and antibiotic supplements were seeded in each well of a six-well plate and then grown at 37°C in 5% CO2 for 24 h. Culture
medium was then removed by aspiration and replaced with 1 ml of the same medium with or without Ad-Tax or Ad-tTA. Where appropriate, each
well received approximately 2 � 106 PFU of adenovirus vector (final MOI, �20). Under this condition, approximately 60% of cells became
transduced. The cells were then incubated at 37°C in 5% CO2 for another 24 h. Again, the medium was removed by aspiration and replaced with
1 ml of the same medium containing 100 ng/ml nocodazole, incubated for another 24 h, and then photographed. The photographs are composites
that merge both the phase-contrast and the EGFP images. Most, if not all, Ad-tTa-treated cells became round and detached from the culture dish
after nocodazole treatment. (C) Ad-Tax-transduced HeLa/18x21-EGFP cells were treated with nocodazole as in panel A. The fractions of
Ad-Tax-treated cells that remained attached or detached, respectively, are as detailed for panel A. (D and E) Histograms of cell sizes (D) and
EGFP expression (E) as determined by forward light scattering (FSC-A) and fluorescence intensity (GFP-A). Blue and red traces represent,
respectively, the attached and detached populations of Ad-Tax-transduced cells after nocodazole treatment.
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EGFP cells with Ad-Tax or Ad-tTa at a multiplicity of infec-
tion (MOI) of approximately 20 for 24 h and then treated the
transduced cells with nocodazole for an additional 24 h (see
Fig. 1A for the treatment protocol). It is important to note that
the titers of the adenoviral vectors were determined in
HEK293 cells and that their infectivity in HeLa or HeLa/
18x21-EGFP cells is substantially lower. Under the condition
used, approximately 60 to 70% of cells were transduced as
judged by EGFP expression. Nocodazole disrupts microtu-
bules and prevents mitotic spindle assembly, thereby activating
the spindle checkpoint to cause metaphase arrest. Nocodazole-
treated cells progress to M with a high level of cyclin B-Cdk
activity and become round but fail to undergo metaphase to
anaphase transition (see Fig. 1B for an example). Such met-
aphase-arrested round cells are easily detached from culture
plates and can be isolated for further studies. As indicated in
Fig. 1B, most, if not all, untransduced HeLa cells treated with
nocodazole became round, as expected. They readily detached
from the cell culture dish upon shaking. In contrast, no cell
rounding was observed for the majority of EGFP-positive (and
hence Tax-positive) Ad-Tax-transduced HeLa/18x21-EGFP
cells after nocodazole treatment (Fig. 1C). These cells re-
mained attached to the culture flask. Flow cytometry further
indicated that they were larger (Fig. 1D, blue versus red trace)
and expressed EGFP to a higher level than the detached pop-

ulation (Fig. 1C and E, blue versus red trace). Under the
experimental conditions depicted in Fig. 1A, cells that became
round (approximately 40% of total cell population) can be
easily dislodged from the flask after shaking, and most were
EGFP negative (�70% of the detached population), as might
be expected for cells not expressing Tax (Fig. 1C and E, red
trace). Unexpectedly, a small but significant fraction (�30% of
the detached population, 12% of the total population) was
EGFP positive (Fig. 1C and E, red trace, right peak).

These results were further confirmed by flow cytometry.
Indeed, the majority of the control Ad-tTa-/nocodazole-
treated cells detached from the plate and were arrested in
metaphase with twice the DNA content [Fig. 2A, Ad-tTa (D)]
of the G1 population seen in untreated and asynchronously
grown cells (Fig. 2B, Ad-tTa). The Ad-Tax-/nocodazole-
treated cells were also divided into attached and detached
populations as indicated (Fig. 1A). Those that detached from
the plate exhibited flow cytometry histograms very similar to
those of the detached population of the control [Fig. 2A, com-
pare Ad-Tax (D) and Ad-tTa (D)]. Surprisingly, one-third of
the detached cells expressed Tax (as indicated by the EGFP
signal; Fig. 1E). This point is elaborated upon below. In con-
trast, the majority of the adherent cells in the Ad-Tax-/nocod-
azole-treated population had DNA content consistent with late
S or G2 [Fig. 2A, Ad-Tax (A)]. Two smaller but sizable pop-

FIG. 2. Variant population of HeLa cells resistant to Tax-induced senescence. (A) Flow cytometry histograms of nocodazole-treated, Ad-tTa-
or Ad-Tax-transduced HeLa cells. For flow cytometry and immunoblots, 1 � 106 HeLa and HeLa/18x21-EGFP cells were grown, respectively, in
15 ml Dulbecco modified Eagle medium (DMEM) plus supplements in a T75 flask. Cells were then treated with adenovirus vectors and
nocodazole. Round cells were detached from the flask by vigorous shaking, transferred to a 50-ml tube, and washed twice with 15 ml of
phosphate-buffered saline (PBS) solution. Cells that remained attached were trypsinized, collected, and washed twice with PBS. Cell pellets were
resuspended in 1 ml PBS, and the cell numbers in each population were counted using a hemacytometer. The majority of Ad-tTa-transduced cells
detached from the plate after nocodazole treatment [Ad-tTa(D)]. Approximately one-third of the nocodazole-treated, Ad-Tax-transduced cells
were detached from the flask. The Ad-Tax-transduced cells were divided into detached [Ad-Tax (D)] and attached [Ad-Tax(A)] populations.
(B) Flow cytometry histograms of asynchronously grown HeLa cells transduced by Ad-tTa and Ad-Tax. For flow cytometry, HeLa cells were fixed
in 1% paraformaldehyde, permeabilized with ethanol, treated with DNase- and protease-free RNase A (catalog number EN0531; Fermentas), and
stained with propidium iodide (PI) as previously reported (20). Detection of EGFP and PI fluorescence was carried out using a fluorescence-
activated cell sorter (Beckman-Coulter Epics XL-MCL flow cytometer). The fractions of cells in G0/G1, S, and G2/M were computed using the
ModFit LT software package. (C) Immunoblots of cell lysates prepared from Ad-Tax-transduced HeLa/18x21-EGFP cells that detached from [lane
(D)] or remained attached to [lane (A)] the culture dish after nocodazole treatment. The lysate of asynchronously grown cells (lane As) was
included for comparison. The antibodies used for the blots are as indicated.
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ulations of cells were found to have G1 and greater than two
times G1 DNA contents [Fig. 2A Ad-Tax (A)]. The G1 and
especially the G2 population with enlarged cell sizes likely
represent Tax-expressing cells that are senescent or are becom-
ing senescent, as reported before (20). Those cells with greater
than G2 DNA content [20%; Fig. 2A, Ad-Tax (A)] are likely to
have undergone DNA endoreduplication or hyperreplication
and synthesized more than the normal equivalent of DNA.
This population of cells is also seen in asynchronously grown
Ad-Tax-transduced cells not treated with nocodazole (Fig. 2B,
Ad-Tax, 14%) and in Ad-tTa-transduced cells (Fig. 2B, Ad-
tTa, 6.3%) but at lower levels.

The attached and detached Ad-Tax-/nocodazole-treated
cells were compared for the levels of p21, p27, cyclin A, cyclin
B1, Skp2, Tax, and �-actin by immunoblotting. As anticipated,
the levels of p21 and p27 were dramatically increased in the
attached population, which consisted mostly of Tax-transduced
cells, compared to those in the detached population and the
asynchronously grown control (Tax-negative) cells [Fig. 2C,
compare lane (A) to lanes (D) and As], consistent with the
notion that the senescent program was activated in these Tax-
positive adherent cells. The levels of cyclin B1 (Cyc B) and
Skp1 were reduced in these cells (Fig. 2C) as previously de-
scribed, a reduction attributed to the premature activation of
the anaphase-promoting complex by Tax (20). The level of
cyclin A was slightly higher in the same population, suggesting
that some cells in this group likely remained in late S or G2 and
had not progressed to mitosis.

The levels of p21 and p27 were low or barely detectable in
the detached cell population [Fig. 2C, lane (D)], consistent
with relatively normal cell cycle progression. Further, these
cells had a high level of cyclin B1 that coincided with mitosis
entry [Fig. 2C, compare lanes (D) and (A)]. As mentioned
before, the flow cytometry histogram of the detached popula-
tion of Ad-Tax-/nocodazole-treated cells was largely the same
as that of the Ad-tTa control [compare Fig. 2A Ad-Tax (D)
and Ad-tTa (D)]. Interestingly, the level of Tax expression in
this cell population was similar to that of the attached fraction
(Fig. 2C), even though only 30% of the population was trans-
duced by Ad-Tax, as revealed by positive EGFP expression
(Fig. 1C and E). The level of Tax expression per detached
“senescence-resistant” cell is therefore higher. This may be
related to the cellular changes in senescent cells that down-
regulate gene expression in general. These results suggest that
while many Ad-Tax-transduced HeLa/18x21-EGFP cells did
not enter mitosis and some became arrested in G1/senescence,
a small but sizable variant population (12% of the total, 30%
of the detached population) expressed Tax but were capable of
progressing to metaphase normally much like the untrans-
duced and the Ad-tTa-transduced cells. These variants appear
to have spontaneously emerged in the HeLa/18x21-EGFP cell
population. Indeed, multiple subclones of HeLa/18x21-EGFP
with variable degrees of resistance to Tax-IRS have now been
isolated (data not shown).

Tax-expressing cells bypass mitosis and become senescent.
Cdt1 (Cdc10-dependent transcript 1) and Cdc6 are two pro-
teins that bind to a six-subunit protein complex known as the
origin recognition complex (ORC), which assembles on the
origins of DNA replication (Ori) of eukaryotic chromosomes.
The assembly of the ORC-Cdt1-Cdc6 “prereplicative complex

(pre-RC)” takes place during late M to G1 phase of the cell
cycle and licenses DNA for a new round of replication. As a
part of pre-RC, Cdt1 is responsible for recruiting the mini-
chromosome maintenance (MCM) DNA helicase to the Ori to
initiate DNA replication (47). Once DNA replication is initi-
ated during G1/S transition, Cdt1 becomes the target of two E3
ligases, SCFSkp2 and Cul4-DDB1-Cdt2 (18, 35). Ubiquitin/pro-
teasome-mediated degradation of Cdt1 prevents the relicens-
ing of DNA replication (35). In contrast, illegitimate accumu-
lation of Cdt1 leads to DNA endoreduplication or DNA
hyperreplication (47). Cul4-DDB1-Cdt2 also directs Cdt1 pro-
teolysis during M and G1 in response to DNA damage. Gemi-
nin, a protein expressed during S/G2/early M, further binds
Cdt1 and prevents it from interacting with the MCM complex,
thereby blocking the refiring of DNA replication origin (7, 47).
Geminin is a substrate of APCCdh1, and its degradation during
mitosis and early G1 allows Cdt1 activity to be restored in G1

to license a new round of DNA replication (47).
In an elegant study, Sakaue-Sawano et al. have used fluo-

rescent protein fusions of Cdt1 and geminin to monitor cell
cycle progression in live cells (41). These derivatives of Cdt1
and geminin are known as fluorescent, ubiquitination-based
cell cycle indicator (FUCCI) (41). They take advantage of the
fact that the levels of Cdt1 and geminin are tightly regulated by
Cul4-DDB1-Cdt2 and SCFSkp2 and by APCCdh1, respectively.
In the FUCCI constructions, the region spanning amino acid
residues 30 to 120 of Cdt1, which mediates Cdt1 ubiquitination
and degradation, is fused to a fast-folding form of the mono-
meric Kusabira Orange (mKO) fluorescent protein. Similarly,
the region encompassing amino acid residues 1 to 110 of gemi-
nin is fused to the monomeric Azami Green (mAG) fluores-
cent protein. When mKO-Cdt130–120 and mAG-geminin1–110

are stably coexpressed, the fluorescence signal localizes to the
nucleus of a dividing cell and changes from red (during G1,
when Cdt1 accumulates) to yellow (G1/S transition, when both
Cdt1 and geminin are expressed) to green (S/G2/M, when
geminin accumulates) and then disappears upon mitotic exit.
These fluorescent fusion proteins are expressed from the trans-
lational elongation factor 2 promoter, and both expression
cassettes have been cloned into a lentivirus vector, pCSII (41).

To investigate the effect of Tax on cell cycle progression,
Cdt1 and geminin FUCCIs were stably coexpressed in HeLa
cells through lentivirus vector-mediated gene transfer. Dual
FUCCI-transduced HeLa cells were clonally isolated using a
cell sorter based on the expression of both orange and green
fluorescent proteins. Clones were then expanded into stable
cell lines. The cycling of fluorescent reporters in HeLa FUCCI
cells was as expected, red3yellow3green3colorless3red, re-
flecting progression through different cell cycle stages
(G13G1/S transition3S, G23M3G1). A representative pho-
tograph of one such cell line is shown (Fig. 3). As indicated,
cells expressing Cdt1-FUCCI were, in general, smaller (Fig.
3B, red box) and with smaller nuclei, consistent with their
being in G1. On the other hand, cells expressing geminin-
FUCCI were in S/G2 and, as might be expected, larger (Fig.
3B, green box) and with larger nuclei. Finally, rounding cells
undergoing mitosis were colorless (see cells in small black and
white boxes in Fig. 3A and B, respectively), in keeping with the
loss of geminin during M phase of the cell cycle.

We had previously derived two reporter cell lines, HeLa/

3004 NOTES J. VIROL.



18x21-EGFP and SupT1/18x21-EGFP, for detecting Tax ex-
pression and HTLV-1 infection (25, 53). The transduction of
the tax gene into these cells using a replication-defective ade-
novirus vector (Ad-Tax), using a lentivirus vector (LV-Tax), or
after cocultivation with HTLV-1-producing MT2 cells results
in trans-activation of EGFP expression driven by 18 copies of
the Tax-responsive 21-bp repeat enhancer element and can be
easily visualized by fluorescence microscopy (25, 53). To ob-
serve the cell cycle effect of Tax in single live cells, we infected
sparsely seeded HeLa/18x21-EGFP with Ad-Tax at an MOI of
20 for 24 h. As mentioned above, under this condition, 60 to
70% of reporter cells became transduced by Ad-Tax. The cells
were then monitored using time-lapse microscopy. As shown in
Fig. 4A and in the accompanying movie (see Movie S1 in the
supplemental material), over the course of 138 h, the untrans-
duced HeLa cell (colorless) in the visual field continued to
proliferate and formed a sizable colony (compare Fig. 4A and
B). The Ad-Tax-transduced cell (in green), however, became
enlarged and showed significant cell movement but failed to
undergo cell division and assumed a senescence phenotype
(compare Fig. 4A and B). Similar time-lapse movies were
made with Ad-Tax-transduced HeLa-FUCCI cells. In this in-
stance, although Tax expression could not be directly scored
using a fluorescence indicator, cells displaying mitotic abnor-
malities (attributed to Tax) could be readily captured micro-
scopically. Similar to what is shown in Fig. 4A, untransduced
cells progressed through the cell cycle with the expected
changes of fluorescence indicators (see Movie S2 in the sup-
plemental material). As anticipated, during mitosis, the color-
less cells became round and then divided into two daughter
cells, which then entered into G1 (red). The “Ad-Tax-trans-
duced” cell, however, progressed through G1 (red), G1/S tran-
sition (yellow), S (green), and G2 (green) slowly, as reflected by

the FUCCI changes, but never underwent the cell rounding
characteristic of mitosis. These cells lost geminin expression
only about 44 h into the time-lapse series and directly entered
G1/senescence (red) thereafter without undergoing mitosis
(cell rounding) and cell division (see cells marked with arrows
in Fig. 4C and D; Movie S2). A similar analysis of Ad-tTa and
Ad-Tax-transduced FUCCI cells that had been synchronized
by double thymidine treatment indicates that the Ad-Tax cells
persisted in Cdt1 and geminin expression after release from
the G1/S arrest (compare Ad-Tax versus Ad-tTa at 6, 12, and
24 h after release in Fig. 4E), consistent with a lengthening of
G1/S transition, S, and G2 phases similar to what is revealed in
the time-lapse movie. Direct counting of cells expressing Cdt1-
FUCCI and geminin-FUCCI also indicates that FUCCI re-
porters faithfully reflected the cell cycle status of the Ad-tTa-
transduced cells with most cells in G1/S before the release from
the double thymidine block (Fig. 4F, left panel). After release,
the cell population in S/G2 progressively increased (Fig. 4F,
left panel). In contrast, the progression of Ad-Tax-transduced
cells through the cell cycle was stalled, with many persisting in
G1/S, S, and G2 states (Fig. 4F, compare the S/G2 populations
of Ad-tTa- and Ad-Tax-transduced cells). These results indi-
cate that Tax-expressing cells progressed through an aberrant
cell cycle, bypassed mitosis, and entered into senescence. They
further provide an explanation for the enlarged cellular and
nuclear sizes or binucleated morphology of Tax-expressing or
HTLV-1-infected HeLa or SupT1 cells (20, 25). Finally, the
Tax-transduced cells that did undergo one cell division as re-
flected by two adjoining EGFP-positive cells also became ar-
rested in senescence (Fig. 4G and H, marked by arrows and
enlarged in insets). Because Ad-Tax transduction was done on
sparsely plated single cells, the adjoining doublets of senescent
cells were derived mostly from single Ad-Tax-transduced cells

FIG. 3. Derivation of a HeLa cell line expressing the Cdt1 and the geminin FUCCI reporters. The lentivirus FUCCI reporter vectors,
LV-mKO2-hcdt1(30/120) and LV-mAG-Gem(1/110), were obtained from Atsushi Miyawaki (Laboratory for Cell Function and Dynamics, Brain
Science Institute, RIKEN, Japan). LV-mKO2-hcdt1(30/120) and LV-mAG-Gem(1/110), carrying the Cdt1 and the geminin FUCCI reporter
cassettes, respectively, were produced by DNA transfection of HEK293T cells as reported previously (20). HeLa cells were then transduced with
LV-mKO2-hcdt1(30/120) and LV-mAG-Gem(1/110) at an MOI of 5, respectively, and grown in Dulbecco modified Eagle medium (DMEM)
containing 10% fetal bovine serum (FBS) for 3 days. Doubly transduced HeLa cells were sorted, one cell per well, into 96-well plates using a BD
FACSAria cell sorter and grown in the presence of 200 �l of DMEM containing 20% FBS, 2 mM L-glutamine, and antibiotics for 7 days. Clones
of interest were identified by fluorescence microscopy and further expanded. A representative HeLa-FUCCI cell line was plated for single colonies.
Cells were then visualized by fluorescence (A) and phase-contrast (B) microscopy. As indicated, cells expressing Cdt1 are generally smaller
(represented by cells in the red box in panel B; see corresponding cells in panel A), consistent with their being in the G1 phase of the cell cycle.
Cells expressing geminin are in S/G2 phases and are larger (represented by cells in the green box in panel B; see corresponding cells in panel A).
Rounding cells are in mitosis and colorless (see representative cells in corresponding small black or white boxes).
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after one round of cell division rather than from two indepen-
dently Ad-Tax-transduced cells fortuitously landing next to
each other. Finally, the human diploid fibroblast cell line
WI-38 also became senescent when transduced by Ad-Tax
compared to those transduced by the Ad-tTa control (Fig. 4I
and J). These data, together with our previous results showing
that Tax causes SupT1 cells to become irreversibly arrested in
cell cycle progression (25), demonstrate that Tax-IRS readily
occurs in many cells.

In this study, we have used two reporter cell lines and time-
lapse microscopy to investigate the complex cell cycle abnor-
malities induced by Tax. We found that many Tax-expressing
cells progressed through elongated G1/S and S/G2 with diffi-
culties and often bypassed mitosis and became irreversibly
arrested in senescence. That Tax-expressing cells bypass mito-

sis explains why they manage to progress through S phase yet
remain single senescent cells, often with enlarged nuclei or two
nuclei. These results confirmed and extended earlier findings
on the effect of Tax on cell cycle progression (20). Unexpect-
edly, a small but sizable fraction of HeLa/18x21-EGFP cells
was found to be capable of dodging Tax-IRS, suggesting that
during passage in culture, genetic or epigenetic changes that
prevent senescence can spontaneously occur in a cell popula-
tion.

Cellular senescence induced by Tax is due primarily to a
dramatic rise in the levels of p21 and p27 associated with the
transcriptional activation and stabilization of p21 mRNA and
the stabilization of p27 protein. The transcriptional activation
of p21 by Tax is p53 independent and is mediated by two Sp1
motifs near the start site of the p21 mRNA (4, 54). The mech-

FIG. 4. (A and B) Time-lapse microscopy images of HeLa/18x21-EGFP transduced by Ad-Tax. Ad-Tax-transduced and untransduced cells
were EGFP positive (marked by arrows) and EGFP negative, respectively. Cells in the same field were photographed at time zero (A) and at 138 h
later (B). Phase and fluorescence images are merged. (C and D) Time-lapse photographs of HeLa-FUCCI cells transduced by Ad-Tax.
HeLa-FUCCI cells were transduced by Ad-Tax and monitored by time-lapse photography (see Movies S1 and S2 in the supplemental material)
for 140 h. Cells in the same field were photographed at time zero (panel C) and 140 h later (panel D). (E) Stalled cell cycle progression of
Tax-transduced cells. HeLa-FUCCI cells were synchronized in G1/S by two cycles of thymidine treatment. At the start of the second thymidine
cycle, cells were transduced with Ad-tTa or Ad-Tax vector at an MOI of 20. The transduced cells were then released into the S phase by thymidine
removal and visualized for Cdt1 and geminin by fluorescence microscopy at 0, 3, 6, 8, 10, 12, and 24 h postrelease. Only photographs taken at 0,
6, 12, and 24 h are shown. (F) Cell cycle progression of Ad-tTa- and Ad-Tax-transduced HeLa-FUCCI cells as determined by FUCCI expression.
HeLa-FUCCI cells from panel A were counted based on FUCCI expression. Fractions of cells expressing red (solid), yellow (shaded), and green
(blank) fluorescence were calculated and plotted. (G and H) Tax-expressing cells become senescent. One hundred thousand HeLa/18x21-EGFP
cells were plated sparsely as single cells in a six-well plate and simultaneously transduced with Ad-Tax at an MOI of 20. They were then grown
for 5 days in culture. Ad-Tax-transduced HeLa/18x21-EGFP cells were fixed and stained for senescence-associated �-galactosidase (SA-�-Gal)
activity per the manufacturer’s protocol described in the senescence �-galactosidase staining kit purchased from Cell Signaling (catalog number
9860). Cells were visualized for EGFP expression and SA-�-Gal activity using an Olympus IX81 fluorescence microscope equipped with a tunable
RGB filter (CRI Micro*Color; Cambridge Research & Instrumentation, Inc.) The colored phase (E) and fluorescence (F) images were merged
to show a direct correlation of Tax expression and senescence. Doublet senescent cells are marked by arrows, and their images are enlarged in the
insets. (I and J) Tax induces senescence in WI-38 cells. Human diploid fibroblast WI-38 cells were plated and infected with Ad-Tax (I) or Ad-tTa
(J) and stained for SA-�-galactosidase as in panels G and H.
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anism responsible for Tax-mediated stabilization of p21
mRNA, however, remains unclear at present. The stabilization
of p27 appears to be caused by the inappropriate activation of
the mitotic exit program controlled by the E3 ubiquitin ligase
activity of the APC/C and the premature loss of Skp2 (20, 24).

We have previously reported that Tax-expressing HTLV-1-
transformed T-cell lines almost invariably express drastically
lowered levels of p27 and have high levels of cytoplasmically
localized and therefore functionally inactive p21 (references 20
and 25 and our unpublished results). Consistent with the role
of these two cyclin-dependent kinase inhibitors in Tax-IRS, the
variant HeLa population that progressed normally into meta-
phase with abundant Tax expression also had only low to mod-
erate levels of p27 and p21. In-depth analyses of these variants
may allow the mechanism responsible for Tax-IRS to be elu-
cidated.

Our earlier studies indicate that the increase in p21 and p27
levels induced by Tax occurs in the S/G2 phases of the cell cycle
after Tax is expressed (20). This may be the reason Tax-ex-
pressing cells do not arrest in G1 immediately after Tax ex-
pression and continue to progress slowly through G1/S, S,
and G2. The premature APC/C-mediated degradation of Skp2
and cyclin B1 also occur during S/G2. As p27 can associate
with and inhibit CDK1-cyclin A and CDK1-cyclin B1 com-
plexes, the lowering of the level of cyclin B1 and the rise in the
level of p27 likely act in concert to severely reduce cyclin
B1-Cdk1 activity and disrupt transition to mitosis. Thus, most
Tax-expressing cells simply do not have sufficient cyclin B-
Cdk1 activity for mitosis and progress into senescence (G1)
with G2/M DNA. This can explain the time-lapse microscopy
showing that Tax-transduced (or HTLV-1-infected) cells by-
passed mitosis and became arrested in G1 as oversized single
cells with enlarged nuclei or sometimes two nuclei. It is im-
portant to point out that although many Tax-expressing cells
could bypass mitosis altogether, some did complete mitosis
only to enter into irreversible G1 arrest immediately after (see
Fig. 2A, 4E, and 4F). How the latter population manage to
divide without activating the spindle checkpoint is not clear.

As Tax is thought of as a viral oncoprotein, earlier studies
have focused on demonstrating its functional resemblance to
the oncoproteins of small DNA tumor viruses. It has been
amply documented that Tax induces expression of genes en-
coding D-type cyclins, particularly cyclin D2, and CDK4 (1, 13,
21, 36, 42), due, in part, to the potent NF-�B activation by Tax
(13). Tax also accelerates progression through G1 by binding to
and stabilizing the enzymatic complexes formed by cyclin D
family members and CDK4 and CDK6 (10, 11, 23, 32, 44).
Furthermore, Tax has also been demonstrated to increase E2F
production (17, 36). These activities of Tax impact tumor sup-
pressor Rb to drive G1/S transition. Along this line of reason-
ing, Tax has been shown to inactivate p53 by facilitating the
formation of a p65 RelA and p53 complex, which assembles on
p53-responsive promoters to block p53-mediated transcription
(15, 40). Notably, Tax has also been reported to reduce ex-
pression of p18INK4C and p19INK4D (13) and inactivates
p16INK4 (26, 45) and p15INK4B via direct binding (46). Finally,
in addition to the aforementioned impact of Tax on the G1/S
restriction point, the potent activation of NF-�B by Tax is
known to upregulate many anti-apoptotic proteins, including
Bcl-xL (29, 31, 51), c-FLIP (19, 37), survivin (16, 30), HIAP-1

(33, 52), and Bcl-2 (2, 34). Curiously, the mitogenic and anti-
apoptotic activities of Tax notwithstanding, few ATL cells con-
tinue to express Tax (48), and cell transformation by HTLV-1
or Tax in cell culture is inefficient (8). We think cellular senes-
cence induced by Tax should be considered a host checkpoint
mechanism against aberrant activation of potentially onco-
genic signaling pathways. Our results and those of others show-
ing that Tax expression leads to mitotic aberrations and irre-
versible cell cycle arrest support a model of ATL development
in which the senescence-causing activity of Tax has to be ef-
fectively countered by cellular epigenetic or genetic changes
(20, 25), by the silencing of HTLV-1 gene expression (48), or
by other viral factors, such as the recently discovered HBZ
protein, in order for the virus-infected cells to continue to
divide and proliferate (28, 43).
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