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Human T-lymphotropic virus type 1 (HTLV-1) is the causative agent of adult T-cell leukemia. The HTLV-1
transactivator, Tax, is implicated as the viral oncoprotein. Naive cells expressing Tax for the first time develop
severe cell cycle abnormalities that include increased DNA synthesis, mitotic arrest, appearance of convoluted
nuclei with decondensed DNA, and formation of multinucleated cells. Here we report that Tax causes a drastic
reduction in Pdslp/securin and Clb2p/cyclin B levels in yeast, rodent, and human cells and a loss of cell
viability. With a temperature-sensitive mutant of the CDC23 subunit of the anaphase-promoting complex
(APC), cdc23"; a temperature-sensitive mutant of cdc20; and a cdh1-null mutant, we show that the diminution
of Pds1p and Clb2p brought on by Tax is mediated via the Cdc20p-associated anaphase-promoting complex,
APCC%2% This loss of Pdslp/securin and Clb2p/cyclin B1 occurred before cellular entry into mitosis, caused
a G,/M cell cycle block, and was accompanied by severe chromosome aneuploidy in both Saccharomyces
cerevisiae cells and human diploid fibroblasts. Our results support the notion that Tax aberrantly targets and
activates APCC?°2°P Jeading to unscheduled degradation of Pdslp/securin and Clb2p/cyclin Bl, a delay or
failure in mitotic entry and progression, and faulty chromosome transmission. The chromosomal instability
resulting from a Tax-induced deficiency in securin and cyclin B1 provides an explanation for the highly

aneuploid nature of adult T-cell leukemia cells.

Human T-lymphotropic virus type 1 (HTLV-1) causes a
malignancy of CD4" T lymphocytes called adult T-cell leuke-
mia and a neurological disorder known as HTLV-1-associated
myelopathy/tropical spastic paraparesis. Adult T-cell leukemia
occurs in 2 to 6% of HTLV-1-infected individuals after a la-
tency period of up to 20 to 40 years. The mechanism for
progression from clinical latency to T-cell malignancy is not
well understood but involves the unique viral transactivator-
oncoprotein Tax, a regulatory protein critical for viral replica-
tion and T-cell transformation. Tax performs two major func-
tions during the HTLV-1 life cycle: first, it mediates potent
activation of viral transcription; second, it usurps regulatory
mechanisms critical for cell growth and division to facilitate
viral replication.

Although there is general agreement on the mechanism of
Tax-mediated HTLV-1 long terminal repeat transactivation,
the exact mechanism through which Tax promotes oncogenesis
is not fully resolved. The effects that Tax exerts on cells are
pleiotropic and include potent NF-kB activation (6, 16, 20, 45,
46), cell cycle perturbation (1, 8, 15, 24, 30-32, 38), and cell
transformation (13, 29, 36, 46). More recently, Jin et al. re-
ported that the interaction between Tax and the human spindle
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checkpoint protein HSMAD-1 causes a spindle checkpoint de-
fect that results in DNA aneuploidy, microsatellite instability,
and the formation of multinucleated giant cells (18, 21). In an
earlier study, we showed that, in naive mammalian cells, Tax
expression causes multiple cell cycle aberrations that include
activation of G,/S entry, increased DNA synthesis, mitotic
slowdown or arrest, and formation of multinucleated cells that
apparently results from an uncoupling of DNA replication
from cell division (25). Together, these results imply a role of
Tax in perturbing critical mitotic functions.

Entry into mitosis requires both the accumulation of mitotic
cyclins (cyclin B) and the activation of their associated kinases,
Cdc2, Cdc28, and Cdkl1 in the fission yeast Schizosaccharomy-
ces pombe, the budding yeast Saccharomyces cerevisiae, and
humans, respectively. The levels of mitotic cyclins are cell cycle
regulated. They rise dramatically in late S phase, peak in G,/M,
and decline rapidly at the end of M phase (4, 9, 40). The
abundance of mitotic cyclins is controlled by a multiprotein
E3-ubiquitin ligase called the anaphase-promoting complex
(APC) and its accessory factors: Cdc20p and Cdhlp. APC-
mediated destruction of mitotic cyclins and other key regula-
tors of mitosis is responsible for proper metaphase to ana-
phase transition and mitotic exit. Cdc20p-associated APC,
APC®*P_ initiates the ubiquitination and proteasome-medi-
ated degradation of Clb2p/cyclin B1 and, most importantly, the
ubiquitination and degradation of Pdslp (securin), a protein
that sequesters the activator of sister chromatid separation, a
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TABLE 1. Strain list

Strain Relevant genotype Source
W303-1a MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 p™ Teresa Dunn
W303-PDS-HA MATa PDS1-HA::URA3 W303 Orna Cohen-Fix
KY630 CLB2-3XHA::URA3 W303 Tami Kleinberger
AFS173 MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3-1 GFP-lacl::HIS3 lacO::LEU2 Andrew W. Murray
785 MATa cdc23-1 ura3 leu2 trpl his3 Angelika Amon
KH123 MATa ura3-52 leu2-3,112 trpl canl ade2 his3-11,15 madlAl::HIS3 Tami Kleinberger
W321 MATa ura3-1 leu2-3,112 trpl-1 ade2-1 his3-11,15 hctl1Al::LEU2 Tami Kleinberger
460 MATa cdc20-1 ura3 leu2 trpl his3 Angelika Amon
785-PDS-HA MATa cdc23-1 ura3 leu2 trpl his3 PDS1-HA::URA3 This work
KH123-PDS-HA MATa ura3-52 leu2-3,112 trpl canl ade2 his3-11,15 madlAl::HIS3 PDSI-HA::URA3 This work
460-PDS-HA MATa cdc20-1 ura3 leu2 trpl his3 PDS1-HA::URA3 This work
W321-PDS-HA MATa ura3-1, leu2-3,112 trpl-1 ade2-1 his3-11,15 hctlAl::LEU2 PDS1-HA::URA3 This work

protease called Espl (separin or separase). The destruction of
Pdslp releases Espl (separase) to degrade Mcdlp/Scclp, a
component of the cohesin complex that is important for sister
chromatid cohesion (7, 41). Proper control of Pdslp/securin
degradation ensures normal metaphase to anaphase transition
and faithful chromosomal transmission during mitosis. The
importance of Pdslp/securin in chromosomal stability is best
demonstrated by recent results showing that its loss results in
abnormal anaphase and DNA aneuploidy (19). The APC“"'P
complex completes the degradation of cyclin B late in M phase
and at the beginning of G, to ensure proper mitotic exit (47).

In this paper, we provide evidence that Tax perturbs mitotic
entry and progression in S. cerevisiae, rodent, and human cells.
As in mammalian cells, Tax expression in S. cerevisiae resulted
in a G,/M slowdown or arrest and a loss of cell viability. The
mitotic defects caused by Tax are associated with a premature
and drastic reduction in Pdslp and Clb2p levels mediated by
APCS92%_ n keeping with the critical roles of Pdslp/securin
and CIb2p/cyclin B1 in mitosis, the aberrant diminution in both
proteins as caused by Tax is accompanied by DNA aneuploidy
in both S. cerevisiae and human cells. Our results support the
idea that Tax promotes aberrant activation of APC“?P to
block mitotic entry and progression. Coupled with its ability to
activate G,/S entry (25, 31, 32, 38), Tax apparently maintains
cells in a metabolically active state that is favorable for viral
replication. The mitotic defects induced by Tax, however, re-
sult in chromosomal instability that leads to severe DNA an-
euploidy. These results provide a molecular explanation for the
frequent chromosomal abnormalities in HTLV-1-infected T
cells and the highly aneuploid nature of adult T-cell leukemia
cells (10, 22, 26, 37).

MATERIALS AND METHODS

Cell culture. (i) Yeast strains, media, and growth conditions. Yeast cells were
grown in YPAD (1% yeast extract, 2% Bacto-peptone, 2% glucose, and 0.01%
adenine), YPGal (1% yeast extract, 2% Bacto-peptone, and 2% galactose), or
synthetic complete (SC) medium with appropriate nutrient supplements. To
induce Tax expression, cells were grown in SC medium with 2% raffinose over-
night. They were then diluted to an A, of 0.3 and allowed to grow for another
4 h, followed by the addition of galactose to 2%. Alternatively, cells were grown
in 2% glucose to mid-log phase, washed once, and resuspended in SC medium
containing 2% galactose. All yeast strains used are derived from W303, and a
strain list is provided in Table 1.

(ii) Mammalian cell culture and media. PA18G-BHK-21 and HeLa cells were
routinely cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), penicillin and streptomycin (100

U/ml each), and 2 mM L-glutamine. Human diploid fibroblast WI-38 cells were
maintained in minimal essential medium (MEM) with the same supplements.

Plasmid construction. Centromere (CEN)-based expression plasmids for wild-
type Tax, Gall0-Tax, were derived by inserting a 500-bp XhoI-Ncol fragment
containing the galactose-inducible GAL10 transcriptional regulatory region and
a 1-kb Ncol-HindIII fragment carrying the fax cDNA into the Xhol and HindIII
sites of plasmids pRS315 and pRS316 containing LEU2 and URA3 selection
markers, respectively. The XhoI-Sacl fragment containing Gall0-Tax was taken
from pRS316 and inserted into pRS314 to produce a similar CEN plasmid with
a TRPI marker. The tax-null mutant Gall0-ATax was generated by filling in the
Ncol site of Gall0-Tax to disrupt the fax reading frame.

S. cerevisiae cell cycle synchronization. S. cerevisiae cells were first grown
exponentially at 30°C to an A4, of 1 to 1.5 and then diluted to an A4, of 0.3 with
addition of hydroxyurea (Fluka) to a final concentration of 0.2 M. After growth
for another 3 h, the S-phase-arrested cells were centrifuged and washed with
fresh medium. When appropriate, cells were treated with nocodazole (Fluka) for
4 to 5 h at a final concentration of 12 pg/ml.

S. cerevisiae immunoblot analysis, immunoprecipitation, and H1 kinase assay.
For immunoblots, yeast cells were harvested by centrifugation at 8,000 rpm in a
microcentrifuge for 2 min. After removal of the supernatants by aspiration, cell
pellets were frozen on dry ice. Typically, the cell pellet from 1.0 A4, of yeast cells
was resuspended in 50 pl of distilled water by vortexing. An equal volume of 2X
cracking buffer (0.1 M Tris-HCI, 20% glycerol, 4% sodium dodecyl sulfate, 2%
B-mercaptoethanol, and 0.001% bromophenol blue) was then added. The cell
suspension was boiled at 100°C for 5 min and frozen on dry ice again. After two
additional freeze-boil cycles, unbroken cells and cell debris were pelleted by brief
centrifugation in the microcentrifuge. The cell lysates were then analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a
12% gel (10 pl/lane) and by immunoblotting.

For immunoprecipitations, cell lysates were prepared by bead-beating yeast
cells for 4 min at 4°C in 200 wl of lysis buffer (250 mM NaCl, 50 mM Tris-HCl
[pH 7.4], 5 mM EDTA, 0.5% Nonidet P-40, 0.1% Triton X-100, 50 mM NaF, 100
mM sodium vanadate, 100 nM okadaic acid, and complete protease inhibitor
cocktail). The extracts were spun to separate beads and cell debris from the clear
lysates. The lysate was incubated with 3 pg of antihemagglutinin (anti-HA) anti-
body (Santa Cruz Biotechnology) at 4°C overnight. Protein G beads (Gibco-BRL)
were then added for 90 min at 4°C to precipitate the immune complex.

For the H1 kinase assay, protein G beads were washed three times with 0.8 ml
of lysis buffer and then suspended in 20 pl of kinase assay cocktail (20 mM
morpholinepropanesulfonic acid [MOPS, pH 7.2], 25 mM B-glycerol phosphate,
5 mM EGTA, 1 mM sodium orthovanadate, 1 mM dithiothreitol). Ten micro-
liters of HA-CIb2p immunoprecipitates were incubated with 10 pl of substrate
cocktail (20 mM MOPS [pH 7.2], 25 mM B-glycerol phosphate, 5 mM EGTA, 1
mM sodium orthovanadate, 1 mM dithiothreitol) containing 2 mg of histone H1
(Upstate Biotechnology) per ml and 50 p.Ci of [y-*P]ATP (3,000 Ci/mmol) in 5
wl for 20 min. The reaction was stopped by the addition of 2X SDS-PAGE
sample buffer, boiled for 5 min, resolved by SDS-12% PAGE. The phosphory-
lated histone H1 was then visualized by autoradiography.

S. cerevisiae flow cytometry and cell viability measurements. One-milliliter
culture samples were taken at the indicated times and collected by centrifugation
in a microcentrifuge. Cells were resuspended and fixed in 500 pl of a buffer
containing 3.7% formaldehyde in phosphate-buffered saline for microscopy. For
flow cytometry, 107 cells were collected by brief centrifugation in a 1.5-ml Ep-
pendorf tube. Ice-cold 70% ethanol (1 ml) was then added to the tube with
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vortexing. Approximately 0.3 ml of the cell suspension was added to 3 ml of a
solution containing 50 mM sodium citrate in a 5-ml Falcon tube. After mixing,
cells were spun at 2,000 rpm for 5 min. The supernatant was discarded, and the
cell pellet was resuspended in 0.5 ml of sodium citrate buffer containing 0.1 mg
of RNase A per ml and incubated at 37°C for 2 h. Thereafter, 0.5 ml of sodium
citrate buffer containing 8 g of propidium iodide per ml was added to stain the
DNA.

The cellular DNA content was determined by fluorescence-activated cell sort-
ing (FACS) (Epics XL-MCL flow cytometer; Beckman-Coulter). Cells were
either sorted by FACS immediately or stored overnight at 4°C in the dark and
processed the next day. Cell viability was measured by first determining cell count
with a hemacytometer. Approximately 500 cells were then plated on a YPD agar
plate in triplicate and incubated at 30°C. Colonies were counted after 2 to 3 days.

Chromosome staining with GFP-Lacl. AFS173, a W303-1a-derived strain
(kindly provided by A. Murray) that contains 256 tandem copies of the lac
operator (lacO) integrated at the LEU2 locus on chromosome 3 and expresses a
green fluorescence protein-Lac repressor (GFP-Lacl) fusion protein under HIS3
promoter control (27), was transformed with pGall0-Tax (wild-type Tax) or
pGall0-ATax (ATax). AFS173/Gal10-Tax and AFS173/Gal10-ATax were grown
to mid-log phase in SC medium containing 2% raffinose and then diluted to an
Agop of 0.3 in the same medium supplemented with 2% galactose to induce Tax
expression. After induction for 4 h, cells were transferred to SC medium without
histidine but with 10 mM aminotriazole for 30 min to induce GFP-Lacl expres-
sion. Cells were subsequently transferred to SC medium with 2% raffinose and
2% galactose and induced for Tax expression overnight or not. The next day,
cells were washed, sonicated, and observed under the microscope to score GFP-
stained chromosomes.

Production of recombinant adenovirus vectors. HEK 293 cells were grown to
confluence (=1.5 X 107 cells per T25 flask) in DMEM with 10% FBS and
infected with the recombinant adenoviruses adeno-Tax and adeno-tTA (gener-
ous gifts from M. Yoshida and D. Morgan, respectively) in 2 ml of serum-free
DMEM at a multiplicity of infection of 10. Cells were infected for 45 min with
rocking every 5 to 10 min. Thereafter, 20 ml of DMEM supplemented with 2%
FBS was added. Virus-infected cells were grown at 37°C for 3 to 4 days until
approximately 70% of the cells detached from the plates, then harvested by
centrifugation at 3,000 X g for 5 min, and resuspended in phosphate-buffered
saline with 10% glycerol. The cell suspension was then subjected to three freez-
ing and thawing cycles over a dry ice-ethanol bath and a 37°C waterbath, with
gentle vortex after each thawing. Cell debris was removed by centrifugation at
3,000 X g for 10 min, and the virus solution was divided into aliquots and stored
frozen at —70°C.

To determine the titer of the recombinant adenovirus vector, low-passage-
number 293 cells were plated at 10° cells per well in a six-well plate 24 h before
infection. The culture medium was then removed and replaced with fresh serum-
free DMEM containing serially diluted viruses. Cells were infected for 1 h at
37°C with rocking every 15 min. The culture medium was removed, and each well
of the plate was evenly overlaid with 2 ml of Opti-MEM containing 5% FBS and
0.5% low-melting-point agarose. The agarose overlay was prepared by mixing
equal volumes of 1% low-melting agarose at 42°C with 10% FBS in Opti-MEM
supplemented with L-glutamine and antibiotics at 37°C. Plaques usually appear in
7 to 10 days. To visualize plaque formation, 1 ml of a staining solution containing
neutral red (0.03%; Quality Biologicals Inc., Gaithersburg, Md.) was added to
each well for 2 h at 37°C. After removal of excess staining solution, the plates
were put in the incubator overnight for the plaques to clear.

Synchronization of HeLa cells by double thymidine block and infection with
recombinant adenovirus vectors. Two million HeLa cells were grown in 6 ml of
DMEM containing10% FBS and 2.5 mM thymidine for 16 h. After an 8-h break
in fresh serum-containing thymidine-free medium, cells were again grown in
thymidine-containing medium for 16 h and released from the G,/S block in
DMEM containing 10% FBS. Eight hours into the second thymidine treatment,
cells were infected at a multiplicity of infection of 10 with the adenovirus vectors
adeno-Tax and adeno-tTA. After release from the G,/S arrest, the cells were
harvested at different times for flow cytometry (25) and Western blotting. West-
ern blots were performed with Tax mouse hybridoma antibody (4C5) and rabbit
polyclonal antibodies against cyclin B1 (Santa Cruz), actin (Santa Cruz), and
human securin (kindly provided by H. Zou [48]).

Retroviral transduction, immunoprecipitation, and histone H1 kinase assay.
The retroviral vectors pBabe-puro and pBabe-tax were produced as reported
previously (25). From 50,000 to 100,000 PA18G-BHK-21 cells in a T-25 flask
were infected with a high-titered stock of pBabe-puro or pBabe-tax at a multi-
plicity of infection of 10 and grown for 36 h. The cells were then harvested and
divided into two portions for Western blot analysis and the H1 histone kinase
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assay. Western blot analysis was performed as described before (25). Antibodies
against cyclin B1, cyclin D3, cyclin E, IkB-a, and actin were from Santa Cruz.

Histone H1 kinase assays were carried out as described above except that
Cdk1 immunoprecipitated from lysates of pBabe-puro- or pBabe-tax-transduced
PA18G-BHK-21 cells was used. Cell lysates were precleared by incubation with
a 50% slurry of protein G-agarose (Life Technologies, Inc.) and 2 pg of normal
rabbit antiserum for 30 min at 4°C. Immunoprecipitation was then carried out as
described previously with 2 pg of a Cdk1 polyclonal antibody (Santa Cruz) and
200 pg of lysates from puromycin-selected PA18G-BHK-21 cells transduced with
pBabe-puro or pBabe-tax. The immunoprecipitate was resuspended in 20 pl of
H1 kinase reaction buffer, and the kinase reaction was carried out as detailed
above.

Metaphase chromosome spread and chromosome analysis. Human diploid
fibroblast WI-38 cells were infected with a high-titered stock of pBabe-puro or
pBabe-tax retroviral vector at a multiplicity of infection of 10. Seventy-two hours
postinfection, cells were fixed in colcemid (0.02 pg/ml) at 37°C for 30 min,
stained with Giemsa (Life Technologies, Inc.) according to standard procedures,
and examined by light microscopy.

RESULTS

Tax induces growth arrest and cell death in S. cerevisiae.
During a LexA-based yeast two-hybrid screen, we noticed that
S. cerevisiae cells harboring a LexA-Tax fusion grew signifi-
cantly more slowly than the vector control. For this reason, we
investigated the effect of direct expression of Tax on S. cerevi-
siae by constructing a galactose-inducible expression cassette
for Tax, Gall0-Tax, and placing it in three centromere-con-
taining, low-copy-number CEN plasmids with URA3, LEU2,
and TRPI markers. The Gall0-Tax/URA3, Gall0-Tax/LEU2,
and Gall0-Tax/TRPI constructs were used interchangeably to
transform a standard haploid S. cerevisiae strain, W303-1a, and
its derivatives. W303-1a/Gall0-Tax grew in raffinose-contain-
ing plates, on which Tax was not expressed (Fig. 1A, Raf), but
failed to grow on galactose-containing plates, on which Tax
expression was induced (Fig. 1B). By contrast, W303-1a/Gal10-
ATax, which is W303-1a with a Tax-null control in which the
ATG translational initiation site of the tax gene was disrupted
by a frameshift mutation, grew equally well on both Raf- and
Gal-containing plates (Fig. 1A, Raf+Gal). Consistent with this
result, the growth of W303-1a/Gall0-Tax cells in liquid me-
dium as measured by light absorbance (Fig. 1C) and cell num-
ber (Fig. 1D) became significantly reduced at 7 h and ceased at
23 h after galactose induction. Cell viability, determined by
plating efficiency on YPAD plates, also declined as a function
of Tax expression (Fig. 1E).

Tax-expressing S. cerevisiae cells become arrested at G,/M.
We have previously found that Tax activates cellular DNA
synthesis but causes a mitotic arrest in naive mammalian cells
made to express Tax for the first time after retroviral trans-
duction (25). To investigate whether Tax also causes a mitotic
arrest in W303-1a cells, we grew W303-1a/Gall0-Tax cells in
galactose medium and analyzed the time course of cell cycle
progression by fluorescence-activated cell sorting (FACS).
Consistent with the notion that Tax causes a mitotic arrest or
slowdown, 6 h after galactose induction, W303-1a/Gal10-Tax
cells but not the Tax-null control began to accumulate 2N
DNA. By 7.5 and 9 h after induction, the majority of W303-
1a/Gall0-Tax cells had accumulated at the G,/M stage (Fig.
2A). Consistent with the G,/M arrest, microscopic examination
revealed an abundance of large-budded cells (74%) 7.5 h after
galactose induction (Fig. 2B). Individual large cells with no
buds were also readily seen, especially with longer galactose
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FIG. 1. Expression of HTLV-1 Tax causes growth arrest and loss of cell viability in S. cerevisiae. (A) W303-1a cells transformed with the
Gal10-Tax (WT-Tax) or Gall0-ATax (ATax) plasmid were streaked on agar plates containing 2% raffinose (Raf) or 2% raffinose plus 2% galactose
(Raf+Gal). Gall0-ATax is the same as Gal10-Tax except that the Tax reading frame was disrupted by filling in the Ncol site that overlaps the ATG
translational start site. (B) Immunoblot (WB) analysis of HTLV-1 tax expression in S. cerevisiae. W303-1a/Gal10-Tax and W303-1a/Gal10-ATax
were induced with galactose as described in Materials and Methods. Cell lysates were prepared, resolved on SDS-12% PAGE, transferred to a
nitrocellulose membrane, and probed with a mouse monoclonal antibody against Tax. (C) W303-1a (solid circles) and W303-1a/Gal10-Tax (solid
triangles) cells were grown in SC medium containing 2% raffinose and transferred to SC medium containing 2% raffinose with or without 2%
galactose at time zero. Aliquots of cells were collected at different time points, and light absorbance at 600 nm was measured with a spectropho-
tometer. (D) The cell number in each aliquot was determined microscopically with a hemacytometer. (E) At different times after galactose
induction, 500 cells each from W303-1a and W303-1a/Gall0-Tax were plated on YPAD plates for 2 days. Colony numbers were counted and
normalized against the number of cells plated. Percent cell viability was plotted as a function of time after induction of Tax expression.

induction (not shown). Many of these large cells exhibited
chromosomal segregation defects, as shown below.

Tax promotes Clb2p and Pdslp degradation in S. cerevisiae.
Mammalian cells that express Tax for the first time develop
severe cell cycle abnormalities that include increased DNA
synthesis, mitotic arrest, appearance of convoluted nuclei and
decondensed DNA, and uncoupling of DNA synthesis from

cell division, which results in the formation of multinucleated
cells (25). These phenomena can be explained by a reduction
in the activity of the mitotic kinase cdkl-cyclin B1, which is
critical for effecting the dramatic changes during mitosis that
include (i) inhibition of DNA synthesis during G,/M, (ii) chro-
mosome condensation and nuclear membrane breakdown, (iii)
formation of the mitotic spindle, (iv) sister chromatid separa-
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FIG. 2. Tax causes S. cerevisiae to undergo G,/M cell cycle arrest. (A) W303-1a cells containing pGall0-Tax (WT-Tax) or pGall0-ATax
(ATax)were grown in SC medium containing 2% raffinose overnight and then transferred to SC medium containing 2% raffinose and 2% galactose
to induce Tax expression for the indicated durations. The cells were then fixed, stained with propidium iodide, and analyzed by flow cytometry.
Note the decrease in the 1N population for Gall0-Tax cells at 6, 7.5, and 9 h after galactose induction. (B) At 1.5, 4.5, and 7.5 h postinduction,

cells were observed under a light microscope and counted.

tion, and (v) possibly cytokinesis. For this reason, we examined
whether Tax affects the CIb2p level in S. cerevisiae.

To this end, we introduced Gall0-Tax and Glal0-ATax into
a W303-1a-derived yeast strain, KY630, in which the gene
encoding CIb2 has been replaced with one encoding HA-
tagged Clb2 (HA-Clb2p). After galactose induction at 30°C
overnight, Tax-positive and Tax-negative cells were treated
with nocodazole, and their Clb2p levels were determined. No-
codazole treatment activates the spindle checkpoint in normal
cells, causing inactivation of APC®2°P  mitotic arrest, and
accumulation of Pdslp and CIb2. Under these conditions, we
found the Clb2p level of Tax-expressing cells to be greatly
decreased compared to that of the Tax-negative control (Fig.
3A). The Cdc28-CIb2 activity in Tax-expressing cells was also
significantly lower (Fig. 3A).

We next examined the effect of Tax on CIb2p levels during
cell cycle progression. KY630/Gall0-Tax cells were grown to
mid-log phase at 30°C and arrested at the G,/S phase with

hydroxyurea. The synchronized cells were divided into two
parts and induced for Tax expression or not by the addition of
2% galactose or 2% glucose. At the same time, cells were
released from cell cycle arrest, and their Clb2p levels were
measured as a function of cell cycle progression. As shown in
Fig. 3B, the CIb2p level of Tax-negative cells reached its peak
at 1.5 h following the release from the G,/S block and declined
drastically at 2 h, indicating normal progression through mito-
sis, as confirmed additionally by FACS (Fig. 3B). By contrast,
the Clb2p level of Tax-positive cells remained reduced at most
if not all time points throughout the progression from S to
G,/M, with the greatest reduction seen at 1 h after release, and
did not show significant cycling at the time point (2 h after
release) when the Tax-negative cells had already exited mitosis
(Fig. 3B). Consistent with the results in Fig. 2A, Tax-expressing
cells became G,/M arrested, as indicated by FACS (Fig. 3B,
1.5, 2, and 2.5 h postinduction).

The reduction in Clb2p level in Tax-expressing cells moti-
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FIG. 3. Tax causes a drastic reduction in Clb2p and Pdslp levels in S. cerevisiae. (A) Tax causes a reduction in CIb2p level. KY630 cells carrying
a gene encoding CLB2-3XHA integrated at the CLB2 locus were transformed with either Glal0-ATax (lanes —) or Gall0-Tax (lanes +). After
induction for 12 h in galactose-containing medium, cells were diluted to an A, of 0.25 and treated with nocodazole (12 wg/ml) for 4 or 5 h.
Immunoblots for Clb2 and Tax were carried out with anti-HA and 4C5 monoclonal antibodies, respectively. Immunoblotting (WB) for the catalytic
subunit of protein phosphatase 2A (PP2Ac) was carried out as an internal protein control. Clb2-associated kinase activity (histone H1 kinase) was
determined with histone H1 as a substrate (see Materials and Methods). (B) Tax promotes a reduction in CIb2p level prior to the onset of mitosis.
KY630/Gall10-Tax cells were cultured in SC medium containing raffinose at 30°C overnight for 12 h, then diluted to 0.25 A, grown to mid-log
phase, and treated with hydroxyurea (0.2 M) for 4 h to arrest cells at G,/S. The synchronized cells were divided into two parts, induced for Tax
expression (Tax +) or not (Tax —) by the addition of 2% galactose or 2% glucose, and simultaneously released from the cell cycle arrest. Cell
lysates were prepared at the indicated times for Clb2, protein phosphatase 2A catalytic subunit, and Tax immunoblots as for panel A. Times after
release and induction (0, 30, 60, 90, 120, and 150 min) are indicated. Flow cytometry was carried out as for Fig. 2A. (C) Tax causes a reduction
in Pds1p level. W303-1a cells carrying a gene encoding Pds1-HA integrated at the PDSI locus were transformed with Gal10-Tax. Cells were grown
at 30°C and synchronized with hydroxyurea as for panel B. Two hours into the hydroxyurea treatment, galactose or glucose was added to the culture
to 2% to induce Tax expression or not for 2 h. Cells were then released from the cell cycle block in galactose-containing (rows +) or
glucose-containing (row —) medium. Cell lysates were prepared and blotted for Pdslp-HA, protein phosphatase 2A catalytic subunit, and Tax as
before. Times (0, 30, 60, 90, and 120 min) after release from G,/S arrest are indicated.
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vated us to examine whether the level of Pdslp, another key ary with hydroxyurea treatment. At 2 h after hydroxyurea treat-
mitotic regulator that is regulated similarly to Clb2p, is also ment, Tax expression was induced (or not) by the addition of
affected by Tax. To this end, we transformed a W303-1a de- galactose (or glucose) for 2 h in the presence of hydroxyurea.
rivative that encodes HA-tagged Pds1p with Gall0-Tax. Cells This condition is slightly different from that in the experiment
were then grown at 30°C and synchronized at the G,/S bound- shown in Fig. 3B and allows accumulation of Tax to occur
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before release of the cell cycle arrest (Fig. 3C, bottom panel,
for Tax expression). Cells were then released from the G,/S
arrest and analyzed for Pdslp by immunoblotting. As indi-
cated, the level of Pdslp in Tax-negative cells increased as a
function of time after release from the G,/S block and declined
as cells progressed through mitosis (Fig. 3C, 90 min after
release). By contrast, the Pdslp level of Tax-positive cells was
significantly reduced at the time of release through the cell
cycle progression and persisted at a reduced level beyond the
point when the Tax-negative cells had exited mitosis, much like
what was observed for Clb2p (Fig. 3B). These data indicate
that the Tax-induced G,/M arrest correlate with a decrease in
Pds1p and Clb2p before cellular entry into mitosis, possibly via
unscheduled degradation.

APCC%2% mediates Tax-induced decreases in Pdslp and
Clb2p levels. We next tested whether the effect of Tax on
Pds1p and CIb2p involves APC. Cdc23p is a tetratricopeptide
repeat protein that constitutes one of the subunits of APC
E3 ubiquitin ligases. Ablation of Cdc23p inactivates APC. A
W303-1a-derived yeast strain, 785-cdc23” (a generous gift of
A. Amon), containing a temperature-sensitive cdc23 mutation
was transformed with the Gall0-Tax plasmid. For ease of de-
tection, the PDSI gene in this strain was also replaced with
PDS1 encoding an HA tag (kindly provided by O. Cohen-Fix).
cdc23"/Gal10-Tax cells grown to mid-log phase at 23°C were
treated with hydroxyurea for 2 h and divided into four por-
tions, each grown at 23°C or 37°C in hydroxyurea- and galac-
tose- or glucose-containing medium for 2 h more (to maintain
cell cycle arrest and induce Tax expression or not at the same
time). The cells were then released from the G,/S arrest in
hydroxyurea-free but galactose- or glucose-containing medium
for 1 h and blotted for Pdslp and Clb2p (Fig. 4A). A CDC23
wild-type control was also carried out at 37°C to make certain
that the activity of Tax is seen at that temperature.

As expected, at the permissive temperature of 23°C, Tax
caused a reduction in Pdslp and Clb2p levels (Fig. 4A, left
panel). Importantly, at the nonpermissive temperature of 37°C,
inactivation of Cdc23p in cdc23"/Gal10-Tax cells significantly
mitigated Tax-induced Pds1p and CIb2p degradation (Fig. 4A,
middle panel). As anticipated from the results in Fig. 3, under
the same conditions, the effect of Tax on the decrease in Pdslp
and Clb2p remained unchanged in CDC23 (wild-type) cells at
37°C (Fig. 4A, right panel, WT). Tax activity was seen at all
time points preceding the time (2 h after release) when Tax-
negative cells exited mitosis. The results at 1 h after the release
from G,/S block are shown.

Because APC©9%P js responsible for the destruction of
Pds1p and for initiating the degradation of Clb2p, we surmised
that the effect of Tax on Pdslp and CIb2p is most likely me-
diated by APC?“*?, This would be consistent with the data
showing that Tax causes a reduction in Pdslp level (Fig. 3C)
and that a reduced by detectable level of Clb2p persisted in the
presence of Tax (Fig. 3B). To investigate whether APCS92%P
or APC“P mediates the activity of Tax, we expressed Tax in
a temperature-sensitive CDC20 (cdc20”), a madl-null, and a
cdhi-null mutant with the same conditions as above. As shown
in Fig. 4B, the effect of Tax on Pds1p and CIb2p could be seen
in the cdh1-null mutant (Fig. 4B, cdhIA), in the cdc20” mutant
at the permissive temperature (Fig. 4B, cdc20", 23°C), and in
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the madI-null mutant (Fig. 4B, mad1A), but not in the cdc20”
mutant at the nonpermissive temperature (Fig. 4B, cdc20%, 37°C).

A closer examination of the results from the cdhl-null mu-
tant further strengthened the notion that APC9<2% is the
target of Tax. The destruction of Cdc20p is mediated by
APCC9MP (33, 34, 35, 44). Because Pdslp degradation is
mediated by APCC9?%P_if Tax activates APC©““*P, then one
might reasonably expect that the effect of Tax on Pds1p will be
further exaggerated when Cdc20p degradation is prevented in
a cdhl-null background. This was indeed the case. As shown in
Fig. 4C, the level of Pds1lp became drastically diminished when
Tax expression was induced in the cdhl-null cells (Fig. 4C,
compare Tax" and Tax ™ in cdhIA cells; also see Fig. 3C for a
comparison with wild-type CDHT). In aggregate, these results
support the notion that activation of APCS4*P by Tax is
responsible for the G,/M arrest and the unscheduled degrada-
tion of Pdslp and Clb2p.

Tax promotes aberrant cyclin B1 degradation in mamma-
lian cells. Prompted by earlier results showing that Tax causes
a mitotic block in mammalian cells (25) and the data from S.
cerevisiae described above, we examined the effect of Tax on
cyclin B1 and securin in mammalian cells. We have previously
generated a retroviral vector, pBabe-tax, with the murine leu-
kemia virus-based retrovirus vector pBabe-puro (25). High-
titered retroviral stocks pseudotyped with the vesicular stoma-
titis virus envelope glycoprotein were produced for pBabe-tax
and pBabe-puro as previously described (25) and used to infect
a baby hamster kidney (BHK) cell line, PA18G-BHK-21 cells,
which harbor a reporter cassette comprising the lacZ gene
under the control of the HTLV-1 long terminal repeat. The
expression of LacZ in PA18G-BHK-21 is highly dependent on
Tax and little B-galactosidase activity could be detected in its
absence (25). This allows Tax expression to be readily scored.

To determine whether Tax affects cyclin B levels, PA18G-
BHK-21 cells were starved for serum for 24 h and then infected
with pBabe-puro or pBabe-tax (wild-type Tax) vector at a mul-
tiplicity of infection of 10. Infected cells were then grown in
DMEM containing 10% fetal bovine serum for 36 h. Total cell
lysates were prepared from each treatment and analyzed for
the levels of cyclin B1, Tax, cyclin D3, cyclin E, IkB-a, and
actin (as a control for protein loading). As predicted from the
results with S. cerevisiae, the level of cyclin B1 (Fig. 5SA) and the
mitotic Cdk1/Cdc2 kinase activity (Fig. 5B) became signifi-
cantly reduced in Tax-transduced cells. In agreement with the
well-established paradigm that Tax potently activates IkB ki-
nase to bring about constitutive phosphorylation and degrada-
tion of IkB-q, the level of IkB-a in Tax-transduced cells also
decreased significantly (Fig. SA). In contrast, both cyclin D and
cyclin E levels became higher in Tax-expressing cells, consis-
tent with activation of DNA synthesis by Tax, as reported
previously (25, 31, 32, 38).

Tax promotes premature cyclin Bl and securin degradation
in synchronized HeLa cells. We next synchronized HeLa cells
at the G,/S phase of the cell cycle by a double 16-h thymidine
block. Eight hours into the second thymidine treatment, HeLa
cells were infected with either a recombinant adenovirus vector
that expressed Tax (adeno-Tax) or a control adenovirus vector
that expressed the Tet activator (adeno-tTA), at a multiplicity
of infection of 10. After release of the infected cells from the
G,/S block, their progression through the cell cycle was ana-
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FIG. 5. Dramatic reduction in cyclin Bl level in Tax-expressing
rodent cells. (A) BHK cells harboring the HTLV-1 long terminal
repeat-lacZ reporter construct were starved for serum for 24 h and
then infected with the pBabe-puro (pBabe) or pBabe-tax (WT-Tax)
retrovirus vector at a multiplicity of infection of 10. The cells were then
grown in DMEM containing 10% fetal bovine serum for 36 h. Total
cell lysates were prepared from each treatment and analyzed for the
levels of Tax, cyclin B1, cyclin D3, cyclin E, IkB-«, and actin (as a
control for protein loading) by immunoblotting (WB) with the respec-
tive antibodies. (B) BHK cells were infected with the pBabe-puro
(pBabe) or pBabe-tax (WT-Tax) retrovirus vector as for panel A. Cells
were harvested and divided into two portions for Western blot (WB)
analysis (Tax, cyclin B1, and actin) and the immunoprecipitation/H1
histone kinase assay. For Cdkl1 assays, cell extracts were immunopre-
cipitated as described in Materials and Methods. One half of the Cdk1
immunoprecipitates was suspended in SDS-PAGE loading buffer, re-
solved by SDS-12% PAGE, and blotted with a rabbit polyclonal an-
tibody against Cdkl (WB: CDK1). The other half of the immunopre-
cipitates was assayed for Cdkl kinase activity with histone H1 as a
substrate as described in Materials and Methods. The phosphorylated
histone H1 was visualized by autoradiography (histone H1 kinase).

lyzed by flow cytometry (Fig. 6A), and their levels of cyclin B1
and securin were measured at various times (Fig. 6B).

As expected, adeno-tTA-infected cells cycled normally.
Their levels of cyclin B1 and securin rose before mitosis (6 to
8 h after release) and fell drastically after mitosis (12 h after
release; Fig. 6B, adeno-Tax — lanes). In contrast, and in agree-
ment with the data obtained from S. cerevisiae and BHK cells,
adeno-Tax-infected cells became slowed down or arrested at
G,/M (Fig. 6A, compare adeno-tTA-infected and adeno-Tax-
infected cells at 8 and 12 h after release), with their cyclin Bl
and securin levels becoming significantly reduced soon after
Tax expression and before the onset of mitosis (see the adeno-
Tax + lanes at 0, 4, 5, and 6 h after release from G,/S arrest).
At 12 h after release from the G,/S block, the majority of the
adeno-tTA-infected cells had exited mitosis, while more than
half of the adeno-Tax-infected cells remained arrested at
G,/M, as indicated by flow cytometry and cyclin B and securin
immunoblots (Fig. 6).

Tax causes infidelity in chromosome segregation and DNA
aneuploidy. As alluded to earlier, the surge in Clb2p/cyclin B
levels and Cdc28-clb2 or Cdkl1-cyclin B1 activity is crucial for
the dramatic changes that occur during mitosis to ensure the
faithful transmission of chromosomes into daughter cells. The
orderly degradation of Pdslp/securin and Clb2p/cyclin B is
critical for controlling sister chromatid separation and mitotic
exit, respectively. The severe deficiency in both proteins prior
to mitosis induced by Tax can therefore adversely impact faith-
ful chromosome transmission. With this in mind, we examined
the fidelity of chromosome segregation in Tax-expressing cells.
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FIG. 6. Tax promotes premature degradation of securin and cyclin B1 in human cells. HeLa cells were synchronized by a double thymidine
block and infected with a recombinant adenovirus vector that expresses Tax, adeno-Tax (Ad-Tax, lanes +) or a control adenovirus vector that
expresses the Tet activator, adeno-tTA (Ad-tTA, lanes —) as described in Materials and Methods. Cells were released from the G,/S arrest for
the times indicated and (A) analyzed by FACS and (B) immunoblotted for Tax, cyclin B1, human securin (hSecurin), and actin.

To this end, we introduced the Gall0-Tax and Gall0-ATax
plasmids into a W303-1a-derived strain whose chromosome III
is marked by a tandem array of 256 copies of the lac operator
site and a gene encoding a GFP-Lacl fusion protein (kindly
provided by Andrew Murray).

Induction of Tax expression by galactose overnight led to the
production of single cells with two fluorescence signals at a
high frequency (Fig. 7A, wild-type Tax). The fraction of Tax-
expressing cells with multiple fluorescence signals was esti-
mated to be approximately 30%. Single cells with three or four
fluorescence signals were also readily detected (Fig. 7A, inset).
Under the same growth condition, the majority of Tax-null
cells (Gall0-ATax) showed a single fluorescence signal ema-
nating from chromosome III (Fig. 7A, ATax). For reasons that
are unclear at present, Tax-positive cells with chromosomal
abnormalities appeared enlarged compared to the normal Tax-
null cells. They appeared to have grown in an isotropic manner
and failed to partition chromosomes properly.

To demonstrate that Tax causes infidelity in chromosome

segregation in human cells, we infected human diploid fibro-
blast WI-38 cells with vesicular stomatitis virus glycoprotein-
pseudotyped pBabe-puro or pBabe-tax at a multiplicity of
infection of 10 for 72 h and analyzed 20 cells each for chro-
mosome ploidy by metaphase chromosome spread. As shown
in Table 2, the control pBabe-puro-infected WI-38 cells con-
sisted of two populations (8 and 12 cells each) containing 43
and 46 chromosomes, respectively. The pBabe-tax-transduced
WI-38 cells, by contrast, exhibited dramatic DNA aneuploidy,
with chromosome numbers ranging from 44 to 134, with a
modal number of 69 (Table 2). The metaphase chromosome
spread of a Tax" WI-38 cell that showed severe aneuploidy
(=120 chromosomes) and that of a Tax-negative control are
shown in Fig. 7B (denoted pBabe-tax and pBabe, respectively).
Together, these results support the notion that the aberrant
degradation of Pdslp/securin and cyclin B induced by Tax
leads to a failure in proper chromosome segregation and mi-
tosis.



5278 LIU ET AL. MoL. CELL. BIOL.

A WT-Tax ATax

B pBabe-Tax pBabe

FIG. 7. Tax induces a chromosome segregation defect in S. cerevisiae and human cells. (A) AFS173 cells containing Gal 10-Tax or Gal10-ATax
were induced for Lacl-GFP and Tax or ATax expression as described in Materials and Methods. Fluorescence microscopy was carried out with
an Olympus IX70 microscope. WT-Tax, Tax" cells containing two or more fluorescent spots are marked with arrows. Inset: a Tax" cell with at least
three fluorescent spots. ATax, Tax-null cells with single fluorescence spots. (B) Metaphase chromosome spread of human diploid fibroblast WI-38
cells infected with a high-titered stock of the pBabe-tax or pBabe-puro (pBabe) retrovirus vector.
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TABLE 2. Karyotypic abnormalities of Tax-expressing
WI-38 diploid cells®

No. of cells (n = 20)

No. of chromosomes

pBabe-puro pBabe-tax
43 8 0
44 0 1
46 12 0
65 0 1
66 0 2
67 0 1
68 0 4
69 0 4
70 0 4
72 0 2
134 0 1

“ Babe-puro and pBabe-tax retrovirus vector-infected WI-38 cells were exam-
ined by metaphase chromosome spread. The chromosome numbers of 20 cells
each were tabulated.

DISCUSSION

In this study, we have shown that expression of HTLV-1 fax
in S. cerevisiae results in a block of the cell cycle at the G,/M
stage and loss of cell viability. We further demonstrate that the
Tax-induced cell cycle defects correlated with a drastic reduc-
tion in Pdslp and Clb2p levels in S. cerevisiae. This diminution
in Pdslp and Clb2p levels and the accompanying decrease in
Cdk1/Cdc28 activity occur prior to cellular entry into mitosis
and are APC“9*°P_mediated. A similarly drastic decline in
cyclin B1 and securin was seen in Tax-expressing rodent and
human cells. The mitotic aberrations elicited by Tax led to
impaired chromosome segregation and severe DNA aneu-
ploidy, among other cellular abnormalities.

A surge in cyclin B level and mitotic cyclin-dependent kinase
activity is required to effect the striking cellular changes that
occur during mitosis. Our results indicate that the premature
degradation of Pdslp/securin and cyclin B caused by Tax de-
lays or prevents proper mitotic entry and progression. Coupled
with the ability of Tax to activate G,/S entry and NF-«kB, the
mitotic block or slowdown brought on by Tax possibly keeps
HTLV-1-infected cells in a metabolically active state to sup-
port viral replication. Because heightened Cdk1-cyclin Bl ac-
tivity at the G,/M boundary prevents new rounds of DNA
synthesis after S phase and promotes chromosome conden-
sation, nuclear membrane breakdown, spindle assembly, and
other mitotic functions, we think that the dysregulated DNA
replication, formation of multinucleated cells (with multiple
nuclei in a chain or a cluster), and cytokinesis defect seen in
Tax-expressing cells (25) may be largely due to the aberrant
destruction of cyclin B and diminution of Cdkl1-Cyclin Bl
activity. This deficiency is further exacerbated by the prema-
ture degradation of Pdslp/securin, so that a severe abnormality
in sister chromatid separation ensues.

It has recently been shown that the release of Esplp/sepa-
rase from Pdslp/securin inhibition is necessary but not suffi-
cient for the former to become active (39). When the Clb2p/
cyclin B1 level is high, separase is phosphorylated at serine
residue 1126 and remains inactive in the absence of Pdslp/
securin (28). Thus, both the degradation of Pdslp/securin and
a reduction in Clb2p/cyclin Bl level are needed for Esplp/
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separase to become active and sister chromatid separation to
commence. The drastic fall in Pdslp/securin and Clb2p/cyclin
B1 levels caused by Tax most likely leads to aberrant separase
activation, the consequences of which, loss of sister chromatid
cohesion and faulty chromosome transmission, are clearly ev-
ident in Tax-expressing cells.

Securin deficiencies in human and mouse cells have been
shown to result in aberrant anaphase progression, chromo-
somal instability, and severe DNA aneuploidy (14, 19, 43). The
data described here lend support to the importance of securin
in safeguarding faithful chromosomal transmission during the
cell cycle. Finally, the deficiencies in securin and cyclin B
caused by Tax can explain why many adult T-cell leukemia cells
are highly aneuploid (10) and large lymphocytes with cleaved/
cerebriform nuclei, commonly known as flower or cloverleaf
cells, appear at high frequency in blood smears from HTLV-
1-seropositive individuals (23, 26, 38). These mitotic deficien-
cies are likely to play an important role in the leukemogenic
process of HTLV-1.

The activity of Tax in promoting mitotic deficiencies imme-
diately raises the question of how HTLV-1-transformed hu-
man T cells (MT2, MT4, and C8166) and Tax-transgenic mice
manage to tolerate Tax expression at a high level without
apparent abnormalities in cell division cycle or development. It
is important to remember that transformed T cells, such as
MT4, that express Tax constitutively have undergone tight
selection during cell culture passage and should not be equated
to the cells that expressed Tax for the first time after gene
transduction, as described here. This interesting difference sug-
gests that some cellular changes in MT4 and other HTLV-1-
transformed T cells may have occurred to render Tax expres-
sion permissible. Mice that express the tax transgene under the
transcriptional control of the HTLV-1 long terminal repeat fell
into two classes, one with high levels of Tax expression in
muscle, and another with high levels of Tax expression in
thymus (30). The former mice developed soft tissue tumors,
while the latter mice exhibited severe thymic atrophy and
growth retardation and died soon after birth (29). It is con-
ceivable that Tax expression in muscle did not cause mitotic
defects because cells there are terminally differentiated and no
longer cycling. It would be of interest to revisit the fax-trans-
genic mice that were growth retarded and with thymic atrophy
to look for mitotic defects in their thymic tissue.

The cellular machineries that regulate cell cycle progression
are highly conserved in evolution. For this reason, it is proba-
bly not surprising that the cell cycle effects of Tax can be
recapitulated in S. cerevisiae. The result showing that the un-
scheduled reduction in Pds1p and Clb2p levels induced by Tax
can be blocked by inactivation of APC or Cdc20p but not by
inactivation of Cdhlp suggests that Tax promotes aberrant and
premature activation of APC<??°P_ The activity of APC92%P
is monitored by the spindle assembly checkpoint, which en-
sures proper attachment of the mitotic spindle to all chromo-
somes before APC“9°2°P js activated for Pds1p destruction and
sister chromatid separation (see references 2, 3, 5, and 11 for
comprehensive reviews). In this manner, the spindle check-
point safeguards the fidelity of chromosome transmission dur-
ing mitosis. Late in mitosis, degradation of Cdc20p mediated
by APC®"! then allows APC to become associated with Cdh1
exclusively (33, 34). Cdhl activity is further regulated by
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Cdcl4, a phosphatase sequestered in the nucleolus that be-
comes released and activated after anaphase and that catalyzes
the removal of the inhibitory phosphate on Cdhl. Finally,
phosphorylation of Cdhl by cyclin A-Cdk2 and/or cyclin E-
Cdk?2 is thought to inactivate it during the interphase. Recent
data from Drosophila and Xenopus cells indicate that a protein
known as regulator of cyclin A (Rcal)/early mitotic inhibitor
(Emil), whose expression is driven by E2F during the G,-S
phase, can associate directly with APC"" and inhibit its ac-
tivity before the onset of mitosis (12, 17, 42).

In Tax-expressing S. cerevisiae and HelLa cells, we detected
an accumulation of Pdslp/securin and Clb2p/cyclin B late dur-
ing the cell cycle progression, at 2 h (Fig. 3B) and 12 h (Fig. 6)
after release from G,/S arrest, respectively. Importantly, the
level of each protein in these cells never reached the peak level
achieved in Tax-null cells. Why have we never seen continued
and constitutive degradation of Pds1p/securin and Clb2p/cyclin
B at these “late” time points? We think this may be a conse-
quence of APCC™P.mediated degradation of Cdc20p (33, 34).
If the target of Tax is indeed APC“??%P as suggested by
analysis of the cdc20” mutant (Fig. 4), then destruction of
Cdc20p would effectively dampen the effect of Tax and allow
some Pdslp/securin (and Clb2p/cyclin B) to accumulate. On
the other hand, if the destruction of Cdc20p is prevented by
deletion of the CDHI gene, then Tax should cause a severe
degradation of Pdslp. Indeed, the Tax phenotype is much
more pronounced in the cdhl-null background, in which the
level of Pdslp in Tax-expressing cdhl-null cells is barely de-
tectable (Fig. 4C), in sharp contrast to the Tax-negative cdhl-
null and the Tax-expressing wild-type CDH1 controls (Fig.
4C and Fig. 3C, respectively). Together, these results argue
strongly that the target of Tax is APC“*%P not APCC"'P,

Tax has been reported to cause a spindle checkpoint defect
by interacting with the human spindle checkpoint protein
MAD1 (21). More recently, it has been reported that in
HTLV-1 Tax-expressing cells, human spindle assembly check-
point factors HSMAD1 and HsSMAD?2 were mislocated from
the nucleus to the cytoplasm (24). This altered localization of
HsMADI1 and HSMAD?2 apparently correlated with loss of
mitotic checkpoint function. Although the interaction between
Tax and HsMADI1 is particularly relevant in the context of this
study, this interaction alone cannot explain the cell cycle ab-
errations described here, as Tax continued to cause growth
arrest and cell cycle aberrations in a mad-I-null S. cerevisiae
mutant (Fig. 4B). Furthermore, while Tax most likely acts via
the spindle checkpoint, we do not think that Tax is inactivating
the spindle checkpoint per se for the following reasons: first,
Tax expression leads to multiple mitotic aberrations (outlined
above) and a loss in cell viability; in contrast, cells without a
functional spindle checkpoint (e.g., due to MADI or MAD?2
deletion) are viable, albeit hypersensitive to spindle depoly-
merizing agents such as nocodazole; second, the absence of a
functional spindle checkpoint does not lead to premature
Pdslp/securin and CIb2p/cyclin B1 degradation and cell death,
as seen in naive cells made to express Tax.

Whether Tax usurps the spindle checkpoint apparatus to
target the activation of APC“?°P remains to be seen. In this
vein, the wealth of information on cell cycle control in §. cere-
visiae and the sophisticated genetics available for it are likely to
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facilitate a better understanding of the mechanism of action of
Tax and the molecular basis for adult T-cell leukemia.
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