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Abstract

Adult T-cell leukemia (ATL) and HTLV-1 associated myelopathy/tropical spastic paraparesis (HAM/TSP) are associated with
Human T-cell lymphotropic virus type 1 (HTLV-1) infection. The viral transactivator, Tax is able to mediate the cell cycle
progression by targeting key regulators of the cell cycle such as p21/waf1, p16/ink4a, p53, cyclins D

1–3
/cdk complexes, and

the mitotic spindle checkpoint MAD apparatus, thereby deregulating cellular DNA damage and checkpoint control.
Genome expression profiling of infected cells exemplified by the development of DNA microarrays represents a major advance

in genome-wide functional analysis. Utilizing cDNA microarray analysis, we have observed an apparent opposing and para-
doxical regulatory network of host cell gene expression upon the introduction of DNA damage stress signal. We find the ap-
parent induction of cell cycle inhibitors, and pro- as well as anti-apoptotic gene expression is directly linked to whether cells
are at either G1, S, or G2/M phases of the cell cycle. Specifically, a G1/S block is induced by p21/waf1 and p16/ink4a, while
pro-apoptotic expression at S, and G2/M is associated with caspase activation, and anti-apoptotic gene expression is associ-
ated with up regulation of Bcl-2 family member, namely bfl-1 gene. Therefore, the microarray results indicating expression of
both pro- and anti-apoptotic genes could easily be explained by the particular stage of the cell cycle. Mechanism and the func-
tional outcome of induction for both pathways are discussed. (Mol Cell Biochem 245: 99–113, 2003)
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Introduction

Genome expression profiling exemplified by the development
of DNA microarrays represents a major advance in genome-
wide functional analysis [1, 2]. Using a single assay, the tran-
scriptional response of each gene to a change in its cellular
state can be measured, whether it is a viral infection, host cell

cycle changes, chemical treatment, or genetic perturbation.
Specifically, systematic approaches for identifying the bio-
logical functions of cellular genes altered during changes
such as viral infection, are needed to ensure rapid progress
in defining significant genome sequences in directed experi-
mentation and applications.

Utilizing a number of microarray procedures from various
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retrovirally infected cells, we have recently observed an ap-
parent opposing and paradoxical regulatory network of host
cell gene expression upon the introduction of stress signals.
Specifically, we have observed induction of both pro- and
anti- apoptotic genes in cells that express viral activators.
Induction of these cellular host genes is enhanced upon in-
troduction of stress signals, such as gamma irradiation. Here,
as a proof of principal, we describe the effects of a viral ac-
tivator that controls both host cell cycle checkpoints [3–13],
apoptotic machinery [14–26], and show how cells at various
stages of the cell cycle induce an opposing pro- or anti-ap-
optotic effect upon stress.

Adult T-cell leukemia (ATL) and HTLV-1 associated my-
elopathy/tropical spastic paraparesis (HAM/TSP) are asso-
ciated with human T-cell lymphotropic virus type 1 (HTLV-1)
infection (reviewed in [27]). The viral transactivator Tax is
able to mediate the cell cycle progression by targeting key
regulators of the cell cycle such as p21/waf1, p16/ink4a, p53,
cyclins D

1–3
/cdk complexes, and the mitotic spindle check-

point apparatus [3–13, 28], thereby deregulating cellular
DNA damage and checkpoint control.

It is widely believed that viral activators control, other than
the regulation of transcription, pathways essential to DNA
damage checkpoint. Components of the DNA damage detec-
tion pathway are integrators, such as tumor suppressor ATM,
which coordinates the activities of the recombinational repair
processes, and checkpoint/cell cycle inhibitors [29–31]. Cel-
lular checkpoint/cell cycle inhibitors such as Chk1 [32], Chk2
[33], p53 [29], p21/waf1 [29, 34], GADD45 [26], and 14-3-
3 [24–29] are upregulated in order to provide sufficient time
for repair prior to the critical phases of DNA replication and
mitosis. However, loss or alleviation of checkpoints by viral
activators may increase spontaneous and induced chromo-
somal aberrations by reducing DNA repair efficiency or in-
duce apoptosis. Therefore, all three components of the DNA
damage surveillance, integrators, repair processes, and cell
cycle checkpoints, are targets of viral activators resulting in
host genome instability.

We have previously shown that HTLV-1 infected cells ar-
rest at the G1/S boundary when subjected to cellular stress.
Upon gamma irradiation, elutriated cells at the early G1 phase
were blocked at G1/S, whereas uninfected control cells trans-
gressed into the S phase [3, 4]. Interestingly, we and others
[3, 4, 14–18] have also observed HTLV-1 infected cells to
undergo increased apoptosis upon cellular stress. Therefore,
viral activators such as Tax are capable of stimulating both
pro- [14–18] and anti-apoptotic [19–21] pathways. These
apparently contradictory findings were also observed in our
recent microarray experiments where cells showed both pro-
and anti-apoptotic gene expression upon DNA damage. Here
we show that (i) When using unsynchronized cells, various
pathways including cell cycle inhibitors such as p21/waf1,
p16/ink4a, and IL-10; anti-apoptotic genes, such as DAD-1

and Bcl-xL, and pro- apoptotic genes, such as RIP, BAX,
MKK3, NIP3, caspase 3, and caspase 10 are all upregulated
in Tax expressing cells following DNA damage, (ii) a puri-
fied G0/G1 population of Tax expressing clones exhibit a
block at G1/S upon introduction of gamma irradiation, where-
as a Tax CREB mutant clone was unable to maintain the G1/
S block, (iii) purified and gamma irradiated S and G2/M
fractionated Tax expressing cells, showed an immense de-
cline of both S and G2/M and an increase in apoptotic cells.
This pattern of apoptosis was not seen in the Tax CREB
mutant clone, implying that Tax utilizes the CREB/p300/
PCAF pathway for both G1/S checkpoint and apoptosis re-
lated gene expression.

Materials and methods

Cell culture

C81 (C8166) is a human T-cell lymphocyte virus type 1 in-
fected T-cell line and CEM (12D7) is an uninfected human
T-cell line established from patients with T-cell leukemia. C81
cells contain low amounts of viral proteins and do not release
virus particles. These cells contain one complete and two
deleted proviral genomes [68–70]. Chronic T Lymphocytic
Leukemia (CTLL) cells have previously been described [3,
4], which are mouse T-cell lines dependent on IL-2 for their
growth. However, upon transfection and selection of the Tax
gene, these cells become IL-2 independent. Here, they are
designated as CTLL/WT (CTLL cells transfected with wild
type Tax) and CTLL/703 (CTLL cells transfected with a CREB
Tax mutant, M47). The M47 Tax mutant, has two amino acid
substitutions at positions 319 and 320. Both cell types are IL-
2 independent. A comparison of Tax expression in C81, WT,
and 703 cells has been published previously. C81 and WT
cells have similar number of Tax proteins expressed [4, 8].
Human HeLa cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% Fetal
Bovine Serum (FBS), 1% penicillin, streptomycin antibi-
otics, and 1% L-Glutamine (Quality Biological). All lym-
phocytes were grown in RPMI-1640 with 10% FBS, 1%
streptomycin, penicillin antibiotics, and 1% L-glutamine, and
incubated in a 5% CO

2 
incubator

 
at 37°C.

cDNA array hybridization

Cells were grown to mid-log phase (5.0 × 106), pelleted and
washed twice with cold D-PBS without Ca2+/Mg2+. Total
RNA was extracted on ice using TRIzol Reagent (Life Tech-
nologies, Inc.). Purified RNA was analyzed on a 1% agarose
gel for quality and quantity. Gene expression of HTLV-1 in-
fected C8166 (with and without gamma irradiation treatment)
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and uninfected CEM (12D7) was performed as previously de-
scribed [3, 4], using Atlas Human cDNA Expression Array
(Clontech Laboratories Inc., Palo Alto, CA, USA) according
to manufacturer’s recommendations. In brief, 1 µg of poly
A+ RNA each was purified using a CHROMA SPIN-200 col-
umn, and reverse transcribed into 32P-labeled cDNA. The
CHROMA SPIN-200 column was used to purify the 32P-
labeled cDNA from unincorporated 32P-labeled dNTPs and
small (< 0.1 kb) cDNA fragments. Each sample was then hy-
bridized to the human cDNA expression array overnight with
continuous agitation at 68°C. Next day, the array was washed
3 times with gentle agitation, first wash with 2 × SSC + 1%
SDS and the last 2 washes were with 0.1 × SSC + 0.5% SDS
at 37°C. Arrays were exposed to a PhosphorImager Cassette
and analyzed using Molecular Dynamics ImageQuant soft-
ware.

Gamma-irradiation and flow cytometry

γ-irradiation was performed using a J.L. Shepherd and As-
sociates Mark I Irradiator machine (model 68A utilizing a pair
of 6000 Ci 137 Cs sources in type 6810 capsules). The dos-
age of irradiation was 7.7 Grays (Gys). To prepare cells for
flow cytometric analysis, samples were centrifuged at 3,000
rpm in a Sorvall RT 6,000 at 4°C for 5 min. Cell pellets were
washed twice with D-PBS without Ca2+/Mg2+ and centri-
fuged. Cell pellets were then resuspended in 70% ethanol and
kept at 4°C. Once all samples were collected, they were then
centrifuged at 3,000 rpm at 4°C for 10 min. Cell pellets were
re-hydrated on ice for 15 min with D-PBS without Ca2+/Mg2+.
Cells were pelleted and resuspended in 1 ml of propidium
iodide (PI) staining solution (50 µg/ml propidium iodide,
10 µg/ml RNase A, 0.1% NP-40, D-PBS with Ca2+/Mg2+).
Samples were then subjected to flow cytometry using a Becton
Dickinson FACS Caliber with a 488-nm argon laser. Acquisi-
tion was done using CELLQuest software (Becton Dickinson)
and analysis was performed with ModFit LT software (Ver-
ity Software House, Inc.).

Centrifugal elutriation

CTLL/WT and CTLL/703 cultures were grown and harvested
at log phase of growth (total of 1 × 109). Cultures were washed
once with D-PBS without Ca2+/Mg2+ and 3 mM EDTA, pH
7.5 (elutriation buffer), and resuspended in the same buffer.
A Beckman J6-MI elutriation rotor was washed with 70%
ethanol followed by elutriation buffer and then the rotor was
brought to 2700 rpm and 18°C. Cells were loaded at 18 ml/
min and 150-ml fractions were collected at flow rates of 23,
27, 30, 38, 45, 50, and 70 ml/min. Fractions were washed
once, centrifuged, resuspended with D-PBS with Ca2+/Mg2+,
and divided equally for 0 and 24 h samples (± γ-irradiation).

The zero hour fraction aliquots were processed and placed
in 70% ethanol for FACS analysis. The γ-irradiated-24 h sam-
ples were placed in complete media, γ-irradiated with a 770
Rads, and cultured for 24 h at 37°C. All samples were fur-
ther processed for FACS analysis using propidium iodide
staining.

Transient transfection assays

Lymphocytes (CEM [12D7]) were grown to the mid-log phase
of growth in complete RPMI-1640 medium. Cells were co-
transfected with various plasmid DNAs, including wild type
Tax (WT), Tax (M47), Tax (M22), Bfl-1 CAT, Bfl-1 mkB
CAT, and pU

3
R-CAT (HTLV-LTR-CAT) using electroporation

[8] and harvested for CAT assay 18 h following transfection.
HeLa cells were transfected with either pCMV-bfl-1 (15 µg)
or an empty pCMV vector as a control using electroporation.
Cells were plated into 100-mm plates with complete DMEM
medium. After 24 h, cells were treated with either cyclo-
hexamide alone (10 µg/mL) or together with γ-irradiation
(770 Rads). At day 5, the media was removed and cells were
washed with PBS, stained with 2 ml of 0.4% Trypan Blue,
and counted for cell survival.

Mass spectrometry

The in-gel digestion was performed based on a procedure
previously described by Fernandez et al. [35]. The gel bands
of interest were excised from a 4–20% Tris glycine SDS-
PAGE and digested overnight at 37°C with 0.2 µg of trypsin
(Promega, modified sequencing grade trypsin). Digested
samples were desalted using C

18
 ZipTips (Millipore) accord-

ing to the manufacturer’s protocol. A 1 µl aliquot of sam-
ple was taken for peptide mass mapping on a PerSeptive
Biosystem DEPRO MALDI-TOF Mass Spectrometer using
α-cyano-4-hydroxycinnamic acid as the matrix. Analysis was
performed in the linear delayed-extraction mode with exter-
nal calibration. Protein identification by mass mapping was
performed through the program available from the Univer-
sity of California at San Francisco (http://rafael.ucsf.edu/
cgi-bin/msfit), the ProFound program at the Rockefeller
University (http://prowl.rockefeller.edu/cgi-bin/ProFound),
the PepSearch program at the EMBL in Heidelberg (http://
www.mann.embl-heidelberg.de/Services/PeptideSearch/
FR_peptideSearchForm.html), Mascot (www.matrixscience.com),
and TagIdent available on the ExPASy World Wide Web server.

Immunoprecipitations and immunoblotting

Extracts and immunoprecipitations were performed as pre-
viously described [3, 4]. Amounts of extracts used are as
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noted in figure legends. Antibodies used were α-p21/waf1
(C-19), α-Bax (N-20), α-p16/ink4a (N-20), α-PARP (N-20),
α-Caspase 3 (H-277) from Santa Cruz Biotech, α-14-3-3 τ/
θ (Ab-1) from Calbiochem, and α-Tax1 (generous gift of Dr.
S. Gitlin).

RNase protection assay

The RNase Protection Assay (RPA) was performed using
the RiboQuantTM RPA kit (BD Pharmingen, San Diego, CA,
USA) with two multi-probe mouse template sets (mAPO-1
and mAPO-2). Assays were performed according to manu-
facture’s recommendations using RNA from CTLL/WT and
CTLL/703 cells with and without irradiation treatment.

Results

Expression of cell cycle blockers, pro- and anti-apoptotic
genes in HTLV-1 infected T cells

We and others have previously observed that HTLV-1 in-
fected cells undergo increased apoptosis upon cellular stress
[14–21, 28]. To determine the mechanism, we initially inves-
tigated the overall expression of cellular mRNAs in HTLV-
1 infected cells by utilizing human cDNA expression arrays
(Clontech, 588 genes). As seen in Fig. 1A, various pathways
including cell cycle inhibitors, such as p21/waf1, p16/ink4a,
and IL-10, were upregulated in HTLV-1 infected, Tax ex-
pressing ,T cells. Also both anti-apoptotic genes, such as
DAD-1 and Bcl-xL, and pro- apoptotic genes, such as RIP,
BAX, MKK3, NIP3, caspase 3, and caspase 10 (C81 vs. CEM
column) were up regulated in Tax expressing cells. Using
stringent wash conditions, induced expression of these genes
in infected cells ranged anywhere from 1.2–2.0 fold over that
of the uninfected CEM control cells. Similar regulation of
theses genes have also been previously reported [3, 4, 36].

Interestingly, γ-irradiation of Tax expressing cells (γ-C81
vs. C81) showed a further increase of cdk inhibitors, such as
p16/ink4a, and pro-apoptotic genes, such as caspase 10. A
FACS histogram of the cells before and after irradiation re-
vealed an increase in the G1 as well as apoptotic cells [data
not shown, 3, 4]. It was also noted that the cDNA filter arrays
used here could not distinguish between p16/ink4a and p19/
ink4d since both sequences are derived from the same region
of these two genes and printed as unspliced cDNAs on the
filters. We therefore performed Western blots to distinguish
between the two cdk inhibitors and further confirmed results
obtained from the microarray experiments. A collective sam-
ple of gene products detected by Western blot is shown in Fig.
1B, where upregulation of p16/ink4a, p21/waf1, and Bax was
observed from the Tax expressing cells.

Fig. 1. Comparison of cell cycle, pro-, and anti-apoptotic genes in HTLV-
1 infected and uninfected T-cells. (A) Gene expression of uninfected (CEM
[12D7]) and HTLV-I infected (C81) T-cells treated with or without gamma
irradiation, were performed using the Human Atlas cDNA Expression Ar-
ray (588 genes, Clontech, USA). ImageQuant software was used to obtain
actual counts from blots. In comparing cDNA blots we correlated house-
keeping genes ubiquitin and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as controls for normalizing the data. The normalized counts were
then used to calculate the fold induction for each gene of interest. Name,
functional pathway, and fold induction for selected genes are listed. (B)
Comparison of cell cycle, pro-, and anti-apoptotic protein expression in
HTLV-1 Infected T-cells. Western blot analysis from CEM and C81 (IL-2
independent) were performed using 50-microgram quantities of whole-
cell extracts, loaded onto a Tris-Glycine 4–20% polyacrylamide gel
(Invitrogen), transferred to a PVDF membrane, and Western blotted with
either α-p21/waf1 rabbit polyclonal Ab, α-Tax rabbit polyclonal Ab, α-
p16/ink4a rabbit polyclonal Ab, or α-Bax rabbit polyclonal Ab. Lane 1 con-
tains C81 (HTLV-1 infected T-cell) and lane 2 contains CEM (uninfected)
extracts.
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Induction of cell cycle block and apoptosis in Tax
expressing cells

To examine the possible effects of Tax on pro- and anti-ap-
optotic pathways, we utilized centrifugal elutriation of a
Tax+ clone, CTLL/WT (WT) and a CREB mutant Tax clone,
CTLL/703 (703). Both clones express similar levels of Tax
protein as judged from western blots [data not shown, 3, 4].
Figures 2A and 2B (top panels) depicts the flow cytometric
analysis of WT and 703 cells before and after γ-irradiation.
γ-Irradiation of either unsynchronized or elutriated G0/G1,
S, and G2/M cell populations was performed. Irradiation of
either unsynchronized cell types resulted in a similar FACS
profile, except there was an appearance of an apoptotic peak
only in WT and not in 703 cells after 24 h of treatment (WT
cells, sub G

1
, 27.14% vs. 703 cells, sub G

1
, 0%).

However, a more interesting set of results emerged when
using elutriated cells. Similar to our previous results with
human HTLV-1 infected T-cells [3,4], a primarily G0/G1
population of the Tax+ clone (WT) were blocked at G1/S
upon exposure to γ-irradiation (89.80 vs. 83.28%). Interest-
ingly, the CREB mutant, 703, was unable to maintain a G1/
S block (82.06 vs. 29.71%) and traversed into the S (15.87
vs. 42.92%) and G2/M (2.08 vs. 27.92%) phases without any
apparent apoptosis. The ability of wildtype, but not a mutant
Tax cell line, to maintain a G1/S block may be attributed to
the observed increase of p21/waf1 cdk inhibitor, which as-
sociates with cyclin A/cdk2 [3, 4], and/or increased expression
of p16/ink4a cdk inhibitor, which regulates Rb phosphoryla-
tion [37].

Upon γ-irradiation of S and G2/M fractionated WT cells,
an immense decline of both S and G2/M populations (S:
76.68 vs. 16.92%, G2/M: 60.95 vs. 9.94%) and an increase
in apoptotic cells (from S fraction: 0 vs. 50.17%, from G2/
M fraction: 0 vs. 23.38%) were observed. In dramatic con-
trast, irradiation of 703 purified fractions, showed no G1/S
block or apoptosis, as was evident in the G0/G1 (82.06 vs.
29.17%) and S fractions (73.64 vs. 35.44%, Fig. 2B). A tran-
sient block of the G2/M population in 703 cells was observed
(73.73 vs. 65.71%), where cells eventually traversed into the
G1 phase 12 h later (data not shown). More importantly, we
observed no apoptosis from any of the G0/G1, S, or G2/M
populations in 703 cells. Collectively, these results imply that
the Tax/CREB/PCAF interaction/pathway, as present in the
WT cells, is important for both the G1/S checkpoint, by in-
creasing the expression of G1/S blockers such as cdk inhibi-
tors p21/waf1 [3, 4] p16/ink4a, and IL-10 [38], as well as the
S and G2/M mediated apoptosis, as evident in the induction
of pro-apoptotic genes [39].

For the pro-apoptotic pathway, we next examined the DNA
damage surveillance network markers such as poly (ADP-
ribose) polymerase (PARP), a zinc-finger DNA binding pro-
tein that detects and signals DNA strand breaks [22, 23].

Studies using knock-out animal data and various inhibitors
have shown that PARP plays a key role in DNA base exci-
sion repair (BER) and execution of programmed cell death
by negatively regulating Ca2+/Mg2+-dependent endonucleases
(CME) [40–42]. To further investigate the apoptosis observed
in the S and G2/M fractions of WT cells, we examined the
status of PARP in WT elutriated cells. We used MOLT-4 cells
as a positive control cell line (containing wild type p53) which
are readily apoptosed upon irradiation [43]. Results of such
an experiment is shown in Fig. 2C, where each of the WT
fractions S, S/G2, and G2/M, revealed degradation of PARP,
similar to that observed in the MOLT-4 cells. PARP has been
shown to be a common downstream substrate for the cystine
protease CED-3/CPP32 subfamily member, caspase 3. West-
ern blot for caspase-3 in WT Tax expressing cells showed an
increase in the pro-caspase-3 protein in the S, S/G2, and G2/
M fractions upon gamma irradiation (Fig. 2C, second panel),
implying that the apparent apoptosis in these fractions may
be related to an increase in caspase protein levels and subse-
quent PARP cleavage.

Loss of G2/M checkpoint and apoptosis

To define the initial and upstream signal for the pro-apoptotic
pathway in the S and G2 stages in WT cells, we focused on
the G2/M checkpoint protein, 14-3-3. 14-3-3 proteins are
highly conserved family members found in yeast, plant, and
mammalian cells [24]. Ten mammalian isoforms have been
discovered: α, β, δ, ε, γ, η, τ, θ, σ, and ζ. While α and δ are
phosphorylated isoforms of β and ζ, respectively, τ is spe-
cific for T lymphocytes, and σ for epithelial cells [24]. Collec-
tively, 14-3-3 members modulate the interactions of signaling
cascade proteins, such as Raf, MEK, Bcr-Abl, PKC, c-Abl,
and PI-3 kinases, and control G2/M checkpoint by interact-
ing with cdc25, Chk1, Wee1, and cyclinB/cdc2 [24, 25].

We, therefore, decided to examine the levels of 14-3-3 τ un-
der normal and γ-irradiation conditions to determine whether
suppression of 14-3-3 protein expression or alternative com-
plexing with other protein partners might explain the lack of
a S and G2/M checkpoint in Tax expressing cells. As shown
in Figs 3A and 3B, levels of 14-3-3 did not change in either
unfractionated or fractionated cells upon gamma irradiation.
Since 14-3-3 τ interacting proteins have previously not been
defined, we therefore sought to examine interacting partners
and whether their binding status to the 14-3-3 protein changed
after γ-irradiation. For this we performed immunoprecip-
itations with anti-14-3-3 antibody, separated proteins on SDS/
PAGE and determined polypeptide composition of partners
by MALDI-TOF Mass Spectrometry. Immunoprecipitates
(IPs) of 14-3-3 τ from CTLL/WT, CTLL/703, and MOLT-
4 were run on a 4–20% gradient SDS/PAGE, Coomassie
stained, and various reproducible bands were further proc-
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Fig. 2. Effect of γ-irradiation on elutriated cells. Panel A represents CTLL/WT cells and panel B represents CTLL/703 cells which were grown to mid log
phase of growth in the absence of exogenous IL-2. Unsynchronized (top panels) and elutriated G0/G1, S, and G2/M fractions were harvested, washed in D-
PBS and either directly FACSed at 0 h (left panels) or γ-irradiated and cultured for 24 h prior to FACS analysis (right panels). Each panel depicts cell cycle
histogram profiles and percentages of cell numbers at various stages of cell cycle. ‘Sub G1’ cells represent a collection of cell populations from all stages that
were undergoing apoptosis. Panel C (top panel) represents a Western blot of poly(ADP-ribose) polymerase (PARP) from elutriated CTLL /WT cells and
unsynchronized MOLT-4. Seventy-five micrograms of whole cell extracts were loaded onto a 4–20% Tris Glycine gel (Invitrogen), transferred to a PVDF
membrane and Western blotted with α-PARP (N-20) goat polyclonal Ab. Lanes 1 and 2 represents MOLT-4 at 0 h (lane 2) and 24 h following γ-irradiation
treatment (lane 2). Lanes 3–8 represent S, S/G2, and G2/M fractions of CTLL/WT with and without γ-irradiation. The lower panel represents a Western blot
of Caspase 3 (α-Caspase-3 (H-277) rabbit polyclonal Ab) from elutriated CTLL/WT fractions.
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essed. An in-gel digestion of the excised bands with trypsin
was performed with each reproducible band and processed
for MALDI-TOF MS analysis. Profiles generated from the
tryptic digests were determined using databases indicated in

Materials and Methods. Figure 3C represents the Coomassie
stained gel from 14-3-3 immunoprecipitations before and
after irradiation. Table 1 represents the predicted polypeptide
identification of specific bands obtained from SDS/PAGE.

Fig. 2. Continued.
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Bands A and B (Fig. 3C, lane 6) were found with high prob-
ability to be eukaryotic translation initiation factor 3 subunits
10 (theta) and 9 (eta), respectively. Both bands were decreased
after gamma irradiation treatment in the MOLT-4 and WT
and not in 703 cells. Translation initiation factors have been
known to be regulated at the G2/M phase by 14-3-3 proteins.
Bands C and H were the heavy and light chains from the 14-
3-3 antibody. Band D, actin, was a cytoskeletal protein ob-
served in all IPs. Interestingly, bands E, I, and J found in the
γ-irradiated MOLT-4 cells (Fig. 3C, lane 6) were determined
to be cdc2, Histone 3, and Histone 4, respectively. 14-3-3 τ may
directly bind to core histones and alter their phosphorylation
and dephosphorylation by PKC [45] and hence modulate the
G2/M checkpoint. Band F was determined to be the 14-3-3 τ
wild type protein. A modified version of 14-3-3 τ (lane 6, band
G, 28 kDa) was also detected in the γ-irradiated MOLT-4 cells
and not in either WT or 703 cells (lanes 1–4, B and F). Collec-
tively, these results imply that the 14-3-3 τ protein is respon-
sible for G2/M checkpoint control and that the apoptosis effects
observed in WT cells is related to the loss of 14-3-3 τ partners.

It is important to note that loss of 14-3-3 partners in MOLT-
4 (p53+) cells always appeared to be much more rapid than
WT (p53–) Tax expressing cells. Therefore, we decide to per-
form our IPs from cells that had been irradiated and cultured
for more than the 12 h duration. This is in part due to the hy-
pothesis that there will be a delay in initiation of p53-inde-
pendent apoptosis after 7.7 Gys of gamma irradiation in WT,
but not MOLT-4 cells, combined with the observation that
the decrease of G2/M in WT cells was coupled to an increased
percentage of apoptotic cells (data not shown).

Results of an IP from a prolonged irradiation experiment
(72 h) is shown in Fig. 3D. Immunoprecipitations from
MOLT-4 irradiated cells readily showed a predominant set
of only histone proteins complexing with 14-3-3 (lane 4);
however, WT Tax expressing cells showed no more than 2–
3% of the complex to contain all four histones (lane 2). This

Fig. 2. Continued.
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suggests that WT (p53–) Tax expressing cells apoptose with
delayed kinetics from the G2/M boundary, whereas MOLT-
4 (p53+) cells apoptose readily from the G1/S boundary when
treated with 7.7 Gy of γ-irradiation.

Effect of Tax on pro- and anti-apoptotic genes

To directly determine which genes were involved in the pro-
and anti-apoptotic machinery, we utilized an RNase Protec-
tion Assay (RiboQuantTM RPA kit, BD Pharmingen) with two
multi-probe template sets. The left panel of Fig. 4A exam-
ines the expression of pro-apoptotic genes (mAPO-1 tem-
plate), such as caspases 8, 3, and 1. Caspase 1, along with
caspase 11, have been shown to be involved primarily in
cytokine processing [46]. Caspases 2, 3, and 6–10, are in-
volved in the management and execution of apoptosis [47],
and caspase 8 activation (the initiator) is important for sub-
sequent activation of effector caspases, such as caspase 3.
While there was a small induction of caspase 8 and 3 expres-
sion upon gamma irradiation in the wildtype Tax clones
(CTLL/WT vs. CTLL/WT + γ), there was no significant
changes in other caspases, including caspase 1.

The right panel of Fig. 4A, is the mAPO-2 template that
examines the expression of the Bcl-2 family members, such
as Bfl-1, Bcl-xL, and Bcl-2. While there was no significant
induction of the anti-apoptotic genes in the wildtype Tax

Fig. 3. Expression and functional association of 14-3-3 checkpoint protein.
Panel A represents a Western blot of 14-3-3 τ/θ in CEM, C81, CTLL/WT,
and CTLL/703 cell lines with and without γ-irradiation treatment. All cul-
tures were grown to mid-log phase of growth and split into two cultures for
either untreated or treated with 7.7 Gys for γ-irradiation. Both sets were proc-
essed 24 h later. Fifty-micrograms of whole cell extracts were loaded onto
a 4–20% Tris Glycine gel (Invitrogen), transferred to a PVDF membrane
and western blotted with α-14-3-3 τ/θ mouse monoclonal Ab. Lanes 1–4
represent CTLL/703, CTLL/WT, C81, and CEM, respectively treated with
γ-irradiation and 5–8 represented untreated samples. Panel B depicts a
Western blot of 14-3-3 τ/θ from cell cycle fractionated CTLL/WT cells that
were either untreated or treated with γ-irradiation. Elutriated CTLL/WT S,
S/G

2
, and G

2
/M fractions were washed twice with D-PBS and split in half.

One half received 7.7 Gys of γ-irradiation and the other set was untreated.
Both sets were harvested 24 h later. Twenty-micrograms of whole cell ex-
tracts were loaded onto a 4–20% Tris Glycine gel (Invitrogen), transferred
to a PVDF membrane and Western blotted with α-14-3-3 τ/θ mouse mono-
clonal Ab. Panel C depicts an immunoprecipitations (IP) of 14-3-3 τ/θ from
CTLL/WT ± γ-irradiation CTLL/703 ± γ-irradiation and MOLT-4 ± γ-irra-
diation (as a positive control cell line for apoptosis, γ-irradiation followed
by incubation for 12 h prior to IP). One and a half-milligrams of whole
cell extracts were IPed with 10 µl of α-14-3-3 τ/θ mouse monoclonal Ab
(Calbiochem). Bound complexes were then washed with TNE 150 + 0.1%
NP-40, and then loaded onto a 4–20% Tris Glycine gel and stained with
Coomassie Blue. Reproducible bands of interest (highlighted by letters)
were then excised, treated with 2 µg of trypsin for in-gel digestion, and
analyzed by MALDI-TOF for mass spectrometry. Lanes 1, 3 and 5 were
CTLL/WT, CTLL/703, and MOLT-4 IPs, while lanes 2, 4, and 6 were
CTLL/WT + γ, CTLL/703 + γ, and MOLT-4 + γ IPs, respectively. Panel D
depicts a similar IP as in panel A, except cells were kept at 37°C for 72 h
prior to IP. Dots next to each band represent detectable and reproducible
proteins used for mass spec analysis.

←

Table 1. MS (MALDI-TOF) suggested proteins from 14-3-3-τ immunoprecipitations

Band Protein name NCBI Theoretical Sequence
MW coverage (%)

A Eukaryotic translation initiation 6686292 161.93 21
factor3 subunit 10

B Eukaryotic translation initiation 3123230 92.47 23
factor 3 subunit 9

C IgG heavy chain WB 55.00 WB
D γ-actin 7441428 41.64 36
E Cell division cycle 2 4502709 34.08 30
F 14-3-3 τ/θ WB 28.50 WB
G 14-2-3 τ/θ (cleaved) 5803227 27.75 17
H IgG light chain WB 22.00 WB
I Histone H3 350633 15.24 16
J Histone H4 3080463 11.22 28

WB – Results from Western blots. The in-gel digestion was performed based on a procedure previously described by Fernandez et al. [35]. Analysis was
performed in the linear delayed-extraction mode, with external calibration on a PerSeptive Biosystem DEPRO MALDI-TOF Mass Spectrometer. Protein
identification by mass mapping was performed through various web sites as indicated in ‘Materials and methods’. The parameters for identification of eIF3,
subunits 10 (band A) and 9 (band B) were a monoisotopic tolerance of 75–100 ppm, maximum missed cut of 1 and 2, and partial methionine oxidation. For
the mass fingerprinting of Histones H3 (band I) and H4 (band J) a monisotopic tolerance of 100 ppm, maximum missed cut of 2, and partial methionine
oxidation. 14-3-3 τ/θ (band F and G) identification used the following parameters and monisotopic tolerance of 100 ppm, maximum missed cut of 1, with no
modifications.
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clone after irradiation (CTLL/WT vs. CTLL/WT + γ); how-
ever, there was a 2–8 fold difference in the basal levels of Bcl-
xL, Bcl-2, and Bfl-1, between the wildtype and the CREB
mutant Tax clone (CTLL/WT vs. CTLL/703).

In mammalian cells, apoptosis can be inhibited by the over-
expression of anti-apoptotic members of the Bcl-2 family,
including Bcl-2, Bcl-xL, Mcl-1, Bcl-w and Bfl-1/A1. Bfl-1/
A1 is the smallest member of the Bcl-2 family and has been
shown to retard apoptosis and permit cell proliferation in
various cell lines [48]. Chen et al. and others have shown that

NFκB, specifically c-Rel and RelA, were able to directly
regulate the expression of the pro-survival factors Bcl-xL and
Bfl-1/A1 [49, 50]. When examining for the expression of Bcl-
2 family members in both WT and 703 cells, we consistently
observed an overall higher expression of anti-apoptotic genes.
The higher levels of Bfl-1, Bcl-2, and Bcl-xL in CTLL/703
may be due to a dominance of the Tax/NFκB pathway and
may contribute to the overall expression of Bcl-2 family
members resulting in a loss of the G1/S checkpoint and a lack
of apoptosis, as observed in Fig. 2B.

Fig. 4. Transcriptional up regulation of the pro- and anti-apoptotic machinery in Tax expressing cells. Panel A depicts counts from a RNase Protection Assay
(BD Pharmingen) utilizing CTLL/WT and CTLL/703 RNAs treated either with or without γ-irradiation. All cultures were grown to mid-log phase of growth
and split into two and either treated or not with 7.7 Gys of γ-irradiation. Fifteen micrograms of RNA was obtained 12 h after initial treatment and was used
for hybridization with various probes. Left panel represents template set mAPO-1 containing pro-apoptotic probes, caspase 8, 3, and 1. Right panel repre-
sents template set mAPO-2 containing anti-apoptotic probes, Bfl-1, Bcl-2, and Bcl-xL. Following RNA preparation, hybridization, and digestion with RNases
A and T1, protected fragments were separated on a 6% urea-polyacrylamide gel (Invitrogen). Both L32 (cytoplasmic) and GAPDH (nuclear) RNAs were
used as controls. Counts and data analysis was obtained using Molecular Dynamics ImageQuant software. Panel B represents cell survival assay following
transfection with anti-apoptotic gene bfl-1. HeLa cells were transfected with either pCMV-bfl-1 (15 µg) or an empty pCMV vector as a control by electroporation.
Cells were plated in complete DMEM medium. After 24 h, cells were treated with either Cyclohexamide alone (10 µg/mL) or together with γ-irradiation (7.7
Gys). At day 5, the media was removed, the cells were washed with PBS, stained with 2 ml of 0.4% Trypan Blue, and counted for cell survival. Data repre-
sents the mean ± S.D. from 3 independent experiments. Panel C represents CAT assays from CEM (12D7) transfected cells. Lanes 1,2, 7 and 8 are control
transfections for basal (pU

3
R-CAT, 3 µg) and activated transcription by Tax (1 µg). Lanes 3–6 represents CAT assay performed from transfected CEM [12D7]

cells with Bfl-1 CAT (6 µg) and 6 µg of each Tax plasmid. Lanes 9 and 10 represents transfection of Bfl-1 mkB CAT (Mutation at NFκB sites in the Bfl-1
promoter, 10 µg) alone or with wildtype Tax expression vector (6 µg). Reaction time for CAT assays were for 1 h for all samples, except lanes 7–10 which
were for 24 h.
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We next examined the effects of the Bfl-1 protein and its
anti-apoptotic activity in transfected cells. Transient transfec-
tion of a CMV-bfl-1 expression vector plasmid significantly
suppressed the γ-irradiation induced killing of HeLa cells in
the presence of the protein synthesis inhibitor cyclohexamide
(Fig. 4B). Quantitation of cell survival showed that the tran-
sient expression of Bfl-1 increased the viability of cells 3–5
fold in comparison to cells transfected with the control pCMV
empty vector. This data agrees with the protective effect of
Bfl-1 [49] and supports a role for Bfl-1 as a survival factor
in irradiation induced signaling pathways that otherwise in-
duces apoptosis.

Previous reports by other colleagues have shown that
wildtype Tax and M47 (Tax CREB mutant similar to 703 cells
used here) were able to transactivate the Bcl-xL promoter
through NFκB elements [20, 51]. To explore if this was also
the case for the bfl-1 gene, we transfected a Bfl-1 CAT re-
porter construct, which contains a consensus NFκB sequence
in its promoter, along with expression plasmids encoding
either wildtype Tax (Fig. 4B, lane 4), CREB mutant Tax
(M47, lane 5), or NFκB mutant Tax (M22, lane 6) into CEM
cells. Only wildtype Tax (WT) and the Tax mutant (M47),
which retained the ability to transactivate through NFκB,
were able to transactivate Bfl-1 expression efficiently. To
ensure that the induction of expression was due solely to the
Tax/NFκB interaction, we transfected a Bfl-1 mutant NFκB
CAT construct that contained a three base mutation in the
NFκB site [50] along with a Tax (WT) expression plasmid.
As seen in Fig. 4C mutation of the NFκB site resulted in a
significant decrease in Bfl-1 transactivation by Tax (lanes 9
and 10).

Discussion

Utilizing a number of microarray procedures and methodolo-
gies ranging from cDNA filters (Clontech, Inc.), cDNA and
oligonucleotide glass slides (NEN, Inc.), oligonucleotide chip
slides (Affymetrix, Inc.), and custom printed arrays, we have
consistently observed an apparent opposing and paradoxical
regulatory network of host cell gene expression in virally
infected cells. This was especially true in retrovirally infected
cells including HTLV-1 (presented in the current manuscript),
HTLV-II, HIV-1, and SIV. Remarkably, we have observed a
consistent pattern of induction of both pro- and anti-apop-
totic genes in cells that express viral activators related to
human and primate retroviruses.

As seen in HTLV-1 infected cells (Fig. 1), three catego-
ries, namely cell cycle blockers (p21/waf1, p16/ink4a, and
IL-10), anti-apoptotic genes (DAD-1 and Bcl-xL), and pro-
apoptotic genes (RIP, BAX, MKK3, NIP3, caspase 3, and
caspase 10), were up regulated in Tax expressing cells. How-
ever, these cells don’t normally undergo cell cycle blockage

nor apoptose under cell growth conditions. Therefore, we
speculate that upregulation of these genes has no apparent
functional consequence on normal cell growth per se. How-
ever, the same genes are further upregulated and show genu-
ine function upon cellular stress (e.g. irradiation). This implies
that transcriptional upregulation, as detected with microarray
technology, has to reach a critical threshold level of a pro-
duct(s) (e.g. p21/waf1) by subsequent injury or related stresses
to score a function.

Here, we have tried to correlate transcriptional changes
with cell cycle events using a cell separation technique such
as centrifugal elutriation. Elutriation, unlike general cell cy-
cle inhibitors, does not disturb the physiology of the cell and
therefore is a reliable method of isolating cells from various
stages of the cell cycle. Interestingly, gamma irradiation treat-
ment blocked the Tax+ clone (WT) and not the Tax+ clone
(703) CREB mutant G0/G1 cells (Fig. 5B), implying that
wildtype Tax, achieved the G1/S block by increasing cdk
inhibitor levels, such as p21/waf1 and p16/ink4a, both of
which regulate Rb phosphorylation. However, when S and
G2/M fractionated WT cells were gamma irradiated, they
clearly apoptosed. This was not evident in the 703 CREB
mutant S or G2/M cells. Again, this implies that depending
on which stage of the cell cycle the cells are in, they would
respond very differently to injury. Results from the CREB
mutant line also implies that the Tax/CREB/PCAF interac-
tion/pathway is important for both the G1/S checkpoint block
and the S and G2/M mediated apoptosis.

We also have inquired about the role of p53 in the G2/M
cell cycle checkpoint in HTLV-1 and/or Tax expressing cells.
Reduced or absent levels of a functional p53 in WT Tax ex-
pressing cells (as seen with any HTLV-1 infection) correlates
well with increased G2/M phase arrest, micronucleation, and
p53-independent irradiation-induced apoptosis. Positive con-
trol surviving cells with intact p53 (MOLT-4 cells used in this
study) progress through mitosis and transiently accumulate
in the G1 phase, coincident with increased p53 and p21/waf1
protein levels. The morphological appearance of the p53-
independent apoptosis in WT cells suggests that death may
have arisen as the result of aberrant mitosis. Data presented
here supports the idea that a p53-independent, G2/M apop-
totic mechanism permits the engagement of apoptosis, prob-
ably by a mitotic catastrophe, after 7.7 Gy of γ-irradiation.

14-3-3 proteins are novel types of adapter proteins that
modulate interactions between components involved in sig-
nal transduction pathway and cell cycle control. Specifically,
they control cytoplasmic events at G2/M and are responsi-
ble for initiating a block or loss of checkpoint at the G2/M
phase. When we checked the levels of 14-3-3 in any Tax
expressing cells with or without irradiation, we observed no
apparent dramatic changes in the protein levels. However, 14-
3-3 interacting proteins changed in WT cells after gamma
irradiation, implying that loss of these partners (e.g. transla-
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tion factors, cdc2, etc.) may initiate the apoptosis in these
cells.

Recently, Pise-Masison et al. [71] have performed a se-
ries of microarray experiments characterizing the differen-
tial gene expression profile of HTLV-1-transformed (C81 and
HUT 102) and -immortalized cell lines (Bes and Champ, ATL
cell lines). They have identified several response pathways
involving G2/M checkpoint control factors, DNA replication
factors, transcriptional regulators, and kinase/phosphatase
signaling molecules that are deregulated in HTLV-I-infected
cells. Interestingly, they also observed similar results con-
cerning the expression profiles of pro- and anti-apoptotic
genes. Consistent with our results, Pise-Masison et al. found
an upregulation of Bcl-xL, 14-3-3 τ, and p21/Waf1.

Concerning the deregulation of the G2/M transition, we
observed a decreased binding of 14-3-3 τ interacting partners
following DNA damage and concomitant apoptosis. Pise-
Masison et al. have found the upregulation of three proteins
that are involved in the G2/M transition, including Cdc25C,
cyclin B, and Cdc2; which we confirmed as 14-3-3 τ inter-
acting proteins. More importantly, they also observed the in-
creased expression of 14-3-3 τ in both C81 and HUT 102 cell
lines. Thus, the increased expression of these proteins in both
C81 and HUT 102 cell lines indicate a normally regulated G2/
M transition without subsequent apoptosis. However, upon
the use of DNA damage-inducing agents, the G2/M check
point may in fact be deregulated by the loss of 14-3-3 τ part-
ners and subsequent apoptosis, as observed in the current
study.

Finally, how does pro-apoptotic initiating signals, such as
14-3-3 interacting proteins, in WT Tax expressing cells me-
diate communication between activated caspase-8 (Fig. 4)
and the mitochondrial death (RIP, Bax, NIP3, and MKK3)
machinery? Caspase-8 activation can initiate two pathways
leading to the activation of downstream caspases-3, -6, and
-7. Activation can occur through direct cleavage [52, 53] of
these caspases. This pathway is predominant when the cas-
pase 8 concentration is high [54]. On the other hand, caspase
8 can activate the downstream caspases indirectly by induc-
ing cytochrome C release from the mitochondria that triggers
caspase activation through Apaf-1. The indirect pathway,
mediated by Bid and dependent on cytochrome C release,
represents an important amplification step in the presence of
low caspase 8 concentration.

Extensive studies have demonstrated that the Bcl-2 fam-
ily of proteins can positively and negatively regulate ap-
optosis [55–59]. Intriguingly, the Bcl-2 family possess
anti-apoptotic (Bcl-2, Bcl-x

L
, Bcl-W, Bag-1, Mcl-1, and A1/

Bfl-1) as well as pro-apoptotic (Bad, Bax, Bak, Bcl-x
S
, Bid,

Bik, Hrk) molecules [56, 57, 60].
In mammalian cells, apoptosis can be inhibited by over-

expression of anti-apoptotic members of the Bcl-2 family,

including Bcl-2, Bcl-xL, MCL-1, Bcl-w and Bfl-1. Overex-
pression of Bcl-2 or Bcl-xL blocks cytochrome C release in
response to a variety of apoptotic stimuli [61–64]. Several
domains of the Bcl-2 family proteins, Bcl-2 homology (BH)
domains, are evolutionarily conserved. BH1 and BH2 do-
mains are common throughout the family for anti-apoptotic
members [65, 66]. Bfl-1 is the smallest member of the Bcl-2
family and has been shown to retard apoptosis and permit
proliferation in various cell lines [48–67]. Mutational analysis
of the bfl-1 gene has revealed that mutations within the
BH1 and BH2 domains abolished the anti-apoptotic activ-
ity, whereas the N-terminal domain contributed to the pro-
liferative activity of Bfl-1 [67].

When examining for expression of Bcl-2 family members,
we observed higher levels of Bfl-1 in CREB mutant 703 cells.
This may be due to the trans-dominance of the Tax/NFκB
pathway and may contribute to the overall expression of Bcl-
2 family members resulting in loss of G1/S checkpoint and
lack of apoptosis in these cells. Importantly, the Bfl-1 gene
contains a consensus NFκB sequence in its promoter which
was responsive to wildtype and mutant (M47) Tax, but not
to the mutant (M22) Tax, implying that the NFκB site in the
Bfl-1 promoter is the site of activated transcription by Tax.
Collectively, the anti-apoptotic phenotype of the CREB
mutant Tax implies that inhibition of NFκB activation could
serve as an excellent target for inhibiting the growth of HTLV-
1 infected cells.

Finally, an important implication from this study could be
at the level of ATL and HAM/TSP patient treatment. Effec-
tiveness of DNA damaging agents and drugs targeting virally
infected cells may be determined by which phase of the cell
cycle the cells are in. As in the case of HTLV-1, the response
of the viral activator Tax to cellular stress was determined by
the cell cycle phase in which they were targeted (Fig. 5A). If
G1 cells were hit with a DNA damaging agent, such as gamma
irradiation, they blocked efficiently at the G1/S checkpoint
through the transcriptional upregulation of p21/waf1, p16/
ink4a, and IL-10. While S and G2/M cells underwent two
distinct responses after DNA damage, the first being the loss
of 14-3-3 τ’s binding partners that are involved in transla-
tional and G2/M checkpoint control, and second increase in
transcription and activation of pro-apoptotic genes, such as
caspases -8, -3, and -10, Bax, and MKK3, leading to apop-
tosis. Very important to viral replication, we have observed
active viral replication and release in the G2 and G2/M phases
of the cell cycle, and no viral release from the G1/S blocked
population when cells were treated with γ-irradiation. This
simply implies that a true treatment of HTLV-1 infected cells
would need to occur somewhere within the G1 phase of the
cell cycle. Current studies using cell cycle inhibitors follow-
ing viral activation leads us to believe that this may be a
general finding in many HTLV-1 infected cells.
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