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The human T-cell leukemia virus type 1 (HTLV-1) transcriptional trans-activator Tax has been demon-
strated to have transforming activity in multiple cell culture and transgenic-mouse models. In addition to
activating transcription from the viral long terminal repeat (LTR) through the cyclic AMP response element
binding protein/activating transcription factor (CREB/ATF) family of transcription factors, Tax activates the
expression of multiple cellular promoters through the NF-kB pathway of transcriptional activation. The Tax
mutants M22 and M47 have previously been demonstrated to selectively abrogate the ability of Tax to activate
transcription through the NF-kB or CREB/ATF pathway, respectively. These mutations were introduced in the
tax gene of the ACH functional molecular clone of HTLV-1, and virus produced from the mutant ACH clones
was examined for the ability to replicate and immortalize primary human lymphocytes. While virus derived
from the clone containing the M47 mutation retained the ability to immortalize T lymphocytes, the M22 mutant
lost the ability to immortalize infected cells. These results indicate that activation of the CREB/ATF pathway
by Tax is dispensable for the immortalization of T cells by HTLV-1, whereas activation of the NF-kB pathway
may be critical.

The human T-cell leukemia virus type 1 (HTLV-1) infects
and immortalizes T lymphocytes in vitro and is the causative
agent of adult T-cell leukemia/lymphoma and HTLV-1-asso-
ciated myelopathy/tropical spastic paraparesis in vivo (16, 22,
53, 57). The HTLV-1 genome encodes a 40-kDa transcrip-
tional trans-activator known as Tax, which has been demon-
strated to have transforming activity (2, 17, 43, 63, 70, 78). In
addition to activating transcription from the viral long terminal
repeat (LTR) (10, 13, 27, 66), Tax activates the expression of a
number of cellular genes, many of which either encode pro-
teins involved in the regulation of cellular proliferation (i.e.,
interleukin 2 [IL-2] [68], IL-2 receptor a chain [3, 25, 40, 68],
and proliferating cell nuclear antigen [PCNA] [58]) or are
proto-oncogenes (c-fos [14] and c-sis [75]). Furthermore, Tax
alters the activity of a number of cell cycle regulators, including
cyclin D (49), the mitotic checkpoint regulator MAD1 (30), the
cyclin-dependent kinases (Cdk) Cdk4 and Cdk6 (65), the Cdk
inhibitor p16INK4a (41, 72), and the tumor suppressor p53
(46, 55, 56). Thus, it is likely that Tax disregulates the cell cycle
through many different mechanisms, leading to the eventual
immortalization and transformation of the infected cell.

Tax activates transcription through a number of different
transcription factors, including cyclic AMP response element
binding protein/activating transcription factor (CREB/ATF)
(4, 7, 8, 74, 80), NF-kB (3, 15, 24, 32, 44), p67 serum response
factor (SRF) (14, 71), Sp1 (75), and NGFI-A/Egr-1 (75). Tax
activates transcription through the CREB/ATF pathway by at
least two distinct mechanisms. First, Tax binds CREB1 and
increases the affinity of CREB1 for the three 21-bp repeats in
the HTLV-1 LTR, which contain nonconsensus CREB re-

sponse elements and are involved in Tax-activated and basal
expression of the LTR (1, 5, 39, 80, 81). Second, Tax interacts
with the CREB transcriptional coactivators CREB-binding
protein (CBP) and p300, thereby recruiting them to the
CREB–Tax–21-bp repeat complex (6, 20, 37). Likewise, Tax
has been shown to interact with various members of the NF-kB
family and their inhibitors, including p50, p100, and p105 (23,
47, 64). Recent evidence suggests that Tax also increases
NF-kB activity by increasing the activity of mitogen-activated
protein/extracellular signal-related kinase kinase 1 (MEKK1)
and NF-kB-inducing kinase (NIK), which phosphorylate and
activate the IkB kinases IKKa and IKKb (15, 79). The IKK
kinases then phosphorylate the NF-kB inhibitors IkBa and
IkBb, leading to IkB degradation and nuclear translocation of
the active NF-kB subunits (44, 45).

A number of mutations in Tax have been described which
selectively abrogate the ability of Tax to upregulate transcrip-
tion through the CREB/ATF and NF-kB transcriptional acti-
vation pathways (67, 69, 78). Two of these mutations, termed
M22 and M47, have been extensively characterized and were
chosen for examination in this study (69). The M22 mutation is
a double-amino-acid substitution of an alanine and serine for
the threonine and leucine amino acids at positions 130 and
131, respectively. The M22 mutant is defective for NF-kB
activation, but the mutation has only a minimal effect on
CREB/ATF activity (69). Conversely, the M47 mutation is a
substitution of arginine and serine for the two leucine amino
acid residues at positions 319 and 320, and the mutant is
defective for CREB/ATF activation while retaining the ability
to activate NF-kB (69). In addition to M22 and M47, other Tax
point mutations have been described which also selectively
abrogate CREB/ATF (C29S, H52Q, L296G, and L320G) or
NF-kB (C23S, S258A, and G148V) activation (67, 78).

The effects of these mutations on the ability of Tax to im-
mortalize or transform various cell types has been examined,
including established rat fibroblast cell lines and primary hu-

* Corresponding author. Mailing address: Division of Molecular
Oncology, Department of Medicine, Box 8069, 660 South Euclid Ave.,
St. Louis, MO 63110. Phone: (314) 362-8836. Fax: (314) 747-2797.
E-mail: lratner@imgate.wustl.edu.

4856



man peripheral blood mononuclear cells (PBMC) (2, 62, 70,
78). However, the results of these studies have been conflict-
ing, and no overall consensus has been reached as to whether
Tax activation of the CREB/ATF or NF-kB pathway is critical
for cellular immortalization or transformation. In this study,
we examined the effects of these mutations on the ability of an
infectious molecular clone of HTLV-1 to immortalize primary
human PBMC. These results indicate that while CREB/ATF
activation is dispensable for cellular immortalization, NF-kB
activation appears to be important. Furthermore, activation of
CREB/ATF by Tax may be important in the preferential im-
mortalization of CD41 T cells by HTLV-1.

MATERIALS AND METHODS

Construction of ACH Tax mutants. Construction of the ACH molecular clone
of HTLV-1 has been previously described (34). Tax expression clones containing
wild-type Tax (pcTax), the M22 mutation, and the M47 mutation were generous
gifts from Warner C. Greene (61, 69). The Tax expression clones were digested
with AccI and SmaI (New England Biolabs, Beverly, Mass.), and a 961-bp
fragment encoding amino acids 18 to 336 of Tax was cloned into an AccI-SmaI-
digested ACH subclone (ACHDKpnI), which consists of nucleotides 6121 to
11813 of the ACH plasmid. A 2,344-bp NsiI-EcoRI fragment from ACHDKpnI
was then cloned into NsiI-EcoRI-digested ACH to generate ACH.pcTax,
ACH.M22, and ACH.M47.

Viral particle production assay. Human 293T kidney fibroblasts seeded to
30% confluence in 10-cm-diameter dishes were transfected with 10 mg of ACH.
pcTax, ACH.M22, ACH.M47, or pBluescript KS (Stratagene, La Jolla, Calif.)
(empty vector) with 30 ml of Lipofectamine (Life Technologies, Gaithersburg,
Md.) in OPTI-MEM I (Life Technologies). After transfection, the cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
calf serum (FCS), 2 mM L-glutamine, 50 mg of penicillin/ml, and 50 U of
streptomycin/ml. Cell culture supernatants were collected at various time points
posttransfection, and virus particle production was monitored by p19 enzyme-
linked immunosorbent assay (ELISA) (Cellular Products, Buffalo, N.Y.) accord-
ing to the manufacturer’s instructions.

Transfection of PBMC. Human PBMC were purified from healthy donors by
Ficoll-Paque (Pharmacia, San Diego, Calif.) centrifugation and activated for 72 h
with 10 mg of phytohemagglutinin-P (PHA) (Sigma, St. Louis, Mo.)/ml and 50 U
of recombinant human IL-2/ml in RPMI 1640 medium supplemented with 10%
FCS, 2 mM L-glutamine, 50 mg of penicillin/ml, and 50 U of streptomycin/ml
(cRPMI). The cells were electroporated with 25 mg of ACH plasmid at 250 V,
1,800 mF capacitance, and 720 V resistance with an ECM 600 electroporation
apparatus (BTX, San Diego, Calif.). The cells were then cultured in cRPMI
supplemented with 5 mg of PHA/ml and 50 U of IL-2/ml for 6 weeks, after which
they were cultured in the same medium without PHA. At various time points, cell
culture supernatants were collected for p19 determination, and relative cellular
viability was assayed by MTT conversion assays on 100-ml aliquots of cells as
described by Hansen et al. (19).

PCR amplification of Tax. Genomic DNA was purified from ACH.pcTax- and
ACH.M47-immortalized cell lines by the Wizard Prep genomic DNA purifica-
tion system (Promega, Madison, Wis.) according to the manufacturer’s instruc-
tions. PCR (95°C for 1 min; 60°C for 2 min; 72°C for 3 min; 35 cycles) was
performed on 200 ng of genomic DNA with the following primers: 59-CGGAA
TTCATGGCCCACTTCCCAGGGTTTGG-39 and 59-CGGGATCCCTAGTC
ACTTAGACTTCTGTTTCTCGGAAATG-39, which amplifies the entire Tax
open reading frame (ORF). The PCR product was then digested with BglII to
assess the presence of the M47 mutation. Alternatively, the PCR product was
digested with AccI and XmaI and cloned into AccI-XmaI-digested Tax expression
plasmid pIEX (kindly provided by O. John Semmes). For activity determination,
5 mg of each Tax expression clone was cotransfected with 1 mg of HTLV
LTR-luciferase in 293T cells with Lipofectamine. The cells were harvested 24 h
posttransfection and lysed by repeated freeze-thaw (four times) in 0.25 M Tris
(pH 7.8), and luciferase activity was measured with an OPTOCOMP I luminom-
eter (MGM Instruments, Hamden, Conn.).

Western immunoblotting for Tax in immortalized cell extracts. Ten million
cells were lysed by incubation at 4°C for 30 min in 500 ml of RIPA buffer (50 mM
Tris, 150 mM NaCl, 0.1% sodium dodecyl sulfate, 1.0% Nonidet P-40, 0.5%
sodium deoxycholate, 0.5 mM phenylmethylsulfonyl fluoride, 1 mg of leupeptin/
ml, 5 mg of pepstatin A/ml, and 8 mg of aprotinin [Sigma, St. Louis Mo.]/ml).
Cellular debris was removed by centrifugation at 8,000 3 g for 20 min, and 100
ml of cleared extract was electrophoresed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. After transfer to a nitrocellulose membrane, the blot
was sequentially probed with pooled anti-Tax monoclonal antibodies (no.
168A51-2, 168A51-42, and 168B17-46-34; AIDS Reagent Program, Rockville,
Md.) (38) and anti-mouse immunoglobulin G-horseradish peroxidase-conju-
gated antibody (Santa Cruz Biotechnology, Santa Cruz, Calif.), and Tax protein
was detected by chemiluminescence.

Transfection of immortalized cell lines. Twenty million ACH.pcTax- or
ACH.M47-immortalized cells or PHA-IL-2-stimulated PBMC were transfected
by electroporation (250V; 1,800 mF; 720 V) with 20 mg of HTLV LTR-luciferase
and 5 mg of a cytomegalovirus (CMV) enhancer-chloramphenicol acetyltrans-
ferase (CAT) expression plasmid. The cells were harvested 24 h posttransfection,
and luciferase activity was measured in 30 mg of whole-cell extract as described
above. Transfection efficiency was normalized by measurement of CAT activity
in 3 mg of cell extracts. CAT activity was determined by phase extraction of
butyrated chloramphenicol with xylenes (35).

Infection of PBMC and microtiter infectivity assay. For the viral replication
assay, 5 3 105 PCTAX-2 and M47-3 cells were lethally gamma irradiated (6,000
rads) and cocultured with 5 3 106 PBMC activated with PHA and IL-2. The cells
were cultured in cRPMI supplemented with 50 U of IL-2/ml, and supernatants
were collected at various time points and assayed for virus particles by p19
ELISA. The microtiter infectivity assays were performed as previously described
by Persaud et al. (54). In brief, 104 PHAIL-2-activated PBMC were cocultured
with either 103, 102, or 10 lethally irradiated (6,000 rads) PCTAX-2, PCTAX-3,
M47-2, or M47-3 cells in replicates of 20 at each dilution in 96-well microtiter
plates. The cells were cultured in cRPMI with 50 U of IL-2/ml were split 1:2
approximately once per week. At 8 to 10 weeks postcoculture, individual wells
were examined microscopically for the presence of viable cells.

FACS analysis of immortalized cell lines. One million ACH.pcTax- or
ACH.M47-immortalized cells were washed in fluorescence-activated cell sorter
(FACS) staining buffer (13 phosphate-buffered saline, 10% FCS, 0.05% sodium
azide) and incubated in the same buffer for 30 min on ice with mouse anti-human
CD3-phycoerytherin (PE), anti-CD25-PE, anti-CD4-fluorescein isothiocyanate,
or anti CD8-PE (Pharmingen). The stained cells were washed twice in the
staining buffer, fixed in 1% paraformaldehyde–phosphate-buffered saline, and
analyzed on a FACSCalibur flow cytometer (Becton-Dickinson, San Jose, Calif.).

RESULTS

Construction and activity of ACH Tax mutants. A molecular
clone of HTLV-1 known as ACH, which produces infectious
viral particles capable of immortalizing primary human lym-
phocytes and establishing productive infections in rabbits, has
been previously described (11, 34). The ACH Tax mutant
clones were constructed as described in Materials and Meth-
ods and are diagrammed in Fig. 1. The resulting ACH Tax
mutant clones contained the tax gene from HTLV-1 C91/PL
between nucleotides 7346 and 8307, which differs from the CH
strain in the ACH clone by 5 amino acid codons. As the first 17

FIG. 1. Construction of ACH Tax mutants. The ACH.pcTax, ACH.M22, and
ACH.M47 constructs used in this study contain the tax gene of the HTLV-1
strain C91/PL between the AccI site at position 7346 and the SmaI site at position
8307 in the ACH molecular clone. The M22 mutation results in a Thr130Leu131-
to-Ala130Ser131 substitution, while the M47 mutation is a Leu319Leu320-to-
Arg319Ser320 substitution.
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and the last 7 amino acids are identical in the CH and C91/PL
strains, the resulting tax gene in the ACH clones is identical to
C91/PL tax. Since the C91/PL and CH strains differ by 5 amino
acids, we also constructed a positive control clone which con-
tained wild-type C91/PL tax (ACH.pcTax). The CREB/ATF-
and NF-kB-activating activities of the M22 and M47 mutants
have been previously examined in a number of cell lines and in
a variety of expression systems (2, 69). However, we wanted to
confirm that these mutants had the expected activities with
respect to CREB and NF-kB activation when expressed from
the ACH clone. The ACH.pcTax, ACH.M22, and ACH.M47
clones were cotransfected with either an HTLV LTR-lucif-
erase reporter construct or human immunodeficiency virus
(HIV) LTR-CAT reporter construct in human 293T kidney
fibroblasts, and luciferase or CAT activity was measured (Ta-
ble 1). As expected, the ACH.M47 clone expressed a Tax
protein which failed to transactivate the HTLV LTR-luciferase
construct, which is dependent on CREB, but had wild-type
activity for the HIV LTR-CAT reporter plasmid, which is
activated by NF-kB. Conversely, the ACH.M22 clone ex-
pressed a Tax protein which activated the HTLV LTR to
near-wild-type levels but did not activate the HIV LTR. There-
fore, when expressed from the ACH clone, the M22 and M47
Tax mutants have the originally described activity with respect
to CREB and NF-kB activation.

Viral particle production. To assess the abilities of the
ACH.pcTax, ACH.M22, and ACH.M47 clones to produce viral
particles, 293T cells were transfected with 10 mg of each clone
and viral particle production was assayed by p19 antigen
ELISA approximately every 24 h posttransfection (Fig. 2). The
ACH.pcTax and ACH.M22 clones were both capable of pro-
ducing relatively high levels of viral particles, with up to 15,000
pg of p19 antigen/ml being detected in the culture supernatants
at 90 h posttransfection. Therefore, the M22 mutation in the
ACH clone does not appear to affect viral particle production,
as would be expected from its ability to activate the HTLV
LTR-luciferase construct efficiently. This result rules out any
major defect in the Rex protein, a splicing regulator required
for efficient gag expression (26, 27), whose ORF overlaps that
of Tax and in which the M22 mutation also changes two amino
acids (Pro149Cys150 to Leu149Ala150). However, the ACH.M47
clone produced much lower amounts of virus in this transient
transfection assay, with approximately 400 pg of p19/ml being
detected by 90 h posttransfection. This result was expected due
to the defect in LTR activation by the M47 mutant.

Immortalization of primary human lymphocytes. To test the
ability of the ACH Tax mutant clones to induce immortaliza-

tion, 20 million Ficoll-Paque-purified human PBMC were ac-
tivated with 10 mg of PHA/ml and 50 U of IL-2/ml for 72 h and
transfected by electroporation with the ACH.wt, ACH.pcTax,
ACH.M47, and ACH.M22 plasmids. Cellular viability was
monitored by MTT conversion assays. An example of one
experiment, in which two separate transfections were done
with ACH.pcTax and ACH.M47 and three transfections were
done with ACH.M22, is shown in Fig. 3. As expected, the cells
transfected with the ACH.wt and ACH.pcTax clones contin-
ued to proliferate indefinitely while the mock-transfected cells
proliferated transiently and died by approximately 60 days
posttransfection. Interestingly, like the mock-transfected cells,
the ACH.M22-transfected cells also ceased to proliferate. Sur-
prisingly, the ACH.M47-transfected cells also became immor-
talized, despite the fact that virus produced by this clone is not
predicted to replicate as efficiently as ACH.wt- or ACH.pcTax-
derived virus. PBMC from multiple donors were likewise trans-
fected and monitored, and the results are summarized in Table
1. These results indicate that while CREB/ATF activation ac-
tivity appears to be dispensable for immortalization of primary
PBMC, NF-kB activation by Tax may be important for cellular
immortalization.

Three ACH.pcTax-immortalized cell lines and three
ACH.M47-immortalized cell lines were chosen for further
analysis and will be referred to as PCTAX-1, PCTAX-2,
PCTAX-3, M47-1, M47-2, and M47-3. The PCTAX-1 and
M47-1 cell lines were derived from PBMC from the same
donor, whereas the PCTAX-2, PCTAX-3, M47-2, and M47-3
cell lines were derived from PBMC of a different donor. These
cell lines were examined for cell surface marker expression by
FACS analysis, and all were determined to be activated T cells
based on the expression of CD3 and CD25 (Fig. 4). Expression
of CD4 and CD8, however, was varied among the six cell lines.
Two of the ACH.pcTax-immortalized cell lines were CD41

CD82, while the third was CD42 CD82. In contrast, two of the
ACH.M47 cell lines were CD42 CD81, while one expressed
both CD4 and CD8. To assess the pattern of proviral integra-

FIG. 2. Viral particle production by ACH Tax mutants. Human 293T cells
were transfected with the ACH.pcTax, ACH.M22, and ACH.M47 clones or
empty vector, and viral particle production was measured by p19 antigen ELISA.
The error bars indicate the standard deviations of three replicate transfections.
Whereas the ACH.M22 clone produces viral particles at amounts similar to
wild-type levels, the ACH.M47 clone produces much lower levels of virus.

TABLE 1. Activity of Tax mutants and summary of
immortalization assays

Clone

Activity (%)a No. of
immortalized

cultures/no. of
transfections
(no. of donor

PBMC)

HTLV
LTR-luciferase

HIV
LTR-CAT

ACH.wt ND ND 4/5 (5)
ACH.pcTax 100 100 5/6 (4)
ACH.M22 80 7 0/6 (4)
ACH.M47 2 138 5/5 (4)
Empty vector 0 0 0/8 (7)

a Luciferase or CAT activity above empty vector cotransfection normalized to
100% for the wild-type ACH.pcTax clone. A 100% activity corresponds to an
approximately 20-fold increase in luciferase activity for HTLV LTR-luciferase
and a 2-fold increase in CAT activity for HIV LTR-CAT. ND, not done.
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tion in the immortalized cells, Southern blot analysis was per-
formed on BamHI-digested genomic DNA with a probe de-
rived from an 8.5-kb SacI fragment of the HTLV-1 genome.
This analysis revealed both clonal and oligoclonal patterns of
proviral integration in the immortalized cells and a lack of
pBluescript vector sequences from the ACH clone flanking the
39 LTR (data not shown). Thus, integration of the HTLV-1
provirus occurred through the viral replication cycle and not
through random integration of the transfected plasmid.

Conservation of M47 mutation and lack of Tax activity in
M47-immortalized cell lines. One potential explanation for the
ability of the ACH.M47 mutant to immortalize primary PBMC
despite being impaired for replication is that a reversion may
have occurred in the tax gene which restored the ability of the
M47 mutant Tax protein to activate the CREB/ATF pathway.
To assess this possibility, the tax ORF was PCR amplified from
proviral genomic DNA isolated from the three ACH.pcTax-
and three ACH.M47-immortalized cultures. The PCR product
was then digested with BglII, which is diagnostic for the pres-
ence of the M47 mutation. Whereas the three PCR products
from the ACH.pcTax-immortalized cells were not cleaved with
BglII, all three of the PCR products derived from the
ACH.M47-immortalized cells were cut (Fig. 5A). This analysis
rules out the possibility of a change at any of the 6 nucleotides
which comprise the M47 mutation, as any change would have
resulted in the loss of the BglII site. Additionally, the PCR
products were cloned and sequenced and confirmed for the
presence of the M47 mutation (data not shown).

This analysis, however, does not rule out the possibility of
the presence of a mutation elsewhere in the Tax protein which
is somehow suppressing or compensating for the 2-amino-acid
M47 mutation. To examine this possibility, the AccI-XmaI
fragment containing the coding region for Tax amino acids 18
to 336 from the above-described PCR products were cloned
into a CMV promoter-driven Tax expression clone (pIEX;

provided by O. J. Semmes) and cotransfected with the HTLV
LTR-luciferase reporter construct in 293T cells (Fig. 5B). Pos-
itive and negative control plasmids were likewise constructed
by PCR amplifying and cloning the tax ORFs from the original
ACH.pcTax and ACH.M47 clones. As expected, the control
expression plasmids derived from the original ACH.pcTax and
ACH.M47 clones had the expected activity with respect to
HTLV LTR activation, with the pcTax clone activating the
LTR approximately 30-fold and the M47 clone having ,10%
of the activity of the wild-type expression clone. Furthermore,
the expression clones derived from the PCR-amplified proviral
tax genes from the PCTAX-1, -2, and -3 and the M47-1, -2, and
-3 cell lines also had the expected activity for activation of the
HTLV LTR. Therefore, a mutation had not occurred else-
where in the tax gene which had restored the ability of Tax to
activate the CREB/ATF pathway.

Although the above analysis rules out the possibility of a
reversion in Tax, it does not address the possibility of a cellular
mutation or alteration in cellular environment which results in
an increase of CREB/ATF activity in the ACH.M47-immor-
talized cells. This could potentially be due to an increased level
of CREB expression or CREB phosphorylation or an en-
hanced CREB-CBP–p300 interaction. Alternatively, the cells
immortalized with the ACH.M47 mutant may be the result of
an inadvertent selection for cellular clones which express ab-
normally high levels of Tax, thus compensating for the lack of
CREB activation by the M47 mutant. To assess this possibility,
the three ACH.pcTax- and ACH.M47-immortalized cell lines
were directly transfected by electroporation with the HTLV
LTR-luciferase reporter construct. The cells were additionally
cotransfected with a CMV-CAT reporter to normalize for
transfection efficiency. The cell lines immortalized with the
ACH.pcTax clone all had higher HTLV-1 LTR activity than
the ACH.M47-immortalized cell lines, which expressed levels
of luciferase similar to those of PHA-IL-2-stimulated PBMC
(Fig. 6A). Furthermore, Western immunoblot analysis indi-
cated that while Tax expression varied among the cell lines,
expression of Tax in the M47 cell lines was not consistently
upregulated and was similar to the levels in the PCTAX cell
lines (Fig. 6B). Finally, the PCTAX and M47 cell lines were
examined for activated NF-kB activity by electrophoretic mo-
bility shift assay analysis with a probe containing the NF-kB
binding site from the IL-2Ra promoter. As expected, all
PCTAX- and M47-immortalized cell lines had increased nu-
clear NF-kB compared to activated PBMC, indicating the ex-
pression of a functional Tax protein (data not shown). There-
fore, these results indicate that the ACH.M47-immortalized
cells do not have abnormally altered CREB/ATF activity or
Tax expression which suppresses or otherwise compensates for
the M47 mutation.

Viral replication and microtiter infectivity assay. Despite
being impaired for replication in the transient transfection
assay (Fig. 2) and producing lower amounts of virus early in the
transfection of PBMC (data not shown), the ACH.M47-im-
mortalized PBMC produce virus at levels similar to ACH.
pcTax-immortalized cells. We examined whether or not the
virus being shed from the ACH.M47-immortalized cells was as
infectious for activated PBMC as wild-type virus. One ACH.
pcTax-immortalized cell line (PCTAX-2) and one ACH.M47-
immortalized cell line (M47-3) were chosen that expressed
very similar amounts of viral particles (approximately 500 pg/
ml/106 cells/24 h). Furthermore, these two cell lines were both
derived from the same donor, and both expressed CD4 on
their surfaces (although M47-3 also expressed CD8). There-
fore, PCTAX-2 and M47-3 are similar in many respects, except
for the presence of wild-type or M47 mutant Tax in the inte-

FIG. 3. Immortalization of PBMC by ACH Tax mutants. PHA-IL-2-acti-
vated human PBMC were transfected by electroporation with ACH.wt (one
replicate), ACH.pcTax (two replicates), ACH.M47 (two replicates), and
ACH.M22 (three replicates), and cellular viability was monitored by MTT con-
version assays. Like the clones containing wild-type Tax, the ACH.M47 clone
retains immortalizing activity. However, the M22 mutant fails to immortalize the
infected cells.
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grated provirus. Five hundred thousand cells were lethally ir-
radiated (6,000 rads) and cocultured with 5 3 106 PHA-IL-2-
activated PBMC, and viral replication was monitored by p19
ELISA on cell culture supernatants. As expected, the virus
from the ACH.M47-immortalized cells replicated less effi-
ciently than the wild-type virus due to the inability of M47 Tax
to efficiently transactivate the LTR (Fig. 7A).

To further examine the replication and immortalizing activ-
ity of the ACH.M47 virus, a quantitative microtiter infectivity-

immortalization assay was employed as described by Persaud
et al. (54). In this assay, 104 PBMC were cocultured with
10-fold dilutions (103, 102, 10) of irradiated PCTAX-2,
PCTAX-3, M47-2, or M47-3 cells in replicates of 20 in 96-well
microtiter plates. The cultures were examined at 8 to 10 weeks
postcoculture, and the percentage of cultures which became
immortalized at each dilution of infected cells was quantitated
(Fig. 7B). Despite being less able to replicate efficiently, the
virus from the M47-2 and M47-3 cell lines infected and im-

FIG. 4. Cell surface phenotype of immortalized cell lines. ACH.pcTax- and ACH.M47-immortalized cells were stained with anti-human CD3, CD25, CD4, and CD8
and analyzed by flow cytometry. Although all cell lines express CD3 and CD25, expression of CD4 and CD8 is variable, with a tendency for CD4 expression by
ACH.pcTax-transfected cells and CD8 expression by cells immortalized with the ACH.M47 clone. The open histogram on each plot corresponds to unstained cells,
while the shaded histogram corresponds to cells stained with the indicated antibody.
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mortalized the uninfected PBMC at each dilution of infected
cells at a rate similar to that of the PCTAX-2- and PCTAX-
3-derived virus. Thus, there does not seem to be a quantitative
difference in the immortalizing activity of the M47 mutant Tax.

Cell surface phenotype of immortalized cell lines. Analysis
of the cells immortalized by transfection of PBMC by the
ACH.pcTax and ACH.M47 proviral clones revealed that while
all cell lines were activated T cells, expression of CD4 and CD8
varied, with a slight bias for CD4 expression by ACH.pcTax-
immortalized cells and for CD8 expression by ACH.M47-im-
mortalized cells. To examine this phenomenon further, 12

ACH.pcTax and 12 ACH.M47 cell lines produced during the
course of the microtiter infectivity assay were examined for cell
surface marker expression (Table 2). As was observed for the
ACH-transfected PBMC, the immortalized cell lines derived
from infection with the M47-2- or M47-3-derived virus were
more likely to be either CD81 T cells or mixed cultures of
CD41 and CD81 cells. Likewise, the cultures infected with the
PCTAX-2- or PCTAX-3-derived virus were more likely to be
CD41 T lymphocytes. This suggests that activation of the
CREB/ATF pathway by Tax may be important for the prefer-
ential immortalization of CD41 cells compared to that of
CD81 cells by HTLV-1, despite the fact that the virus can
infect both types of cells.

DISCUSSION

The Tax protein of HTLV-1 has been demonstrated to have
a number of activities which may all lead directly or indirectly

FIG. 5. Lack of reversion of M47 mutation. (A) The Tax ORF was amplified
by PCR from genomic DNA and digested with the restriction endonuclease
BglII. Whereas the PCR products from all three ACH.pcTax-immortalized cell
lines lack the BglII site, the site is present in the Tax fragment amplified from the
ACH.M47-immortalized cells. Lanes 1, 3, 5, 7, 9, and 11 are undigested (u), while
lanes 2, 4, 6, 8, 10, and 12 are digested with BglII (c [cut]). (B) The PCR-
amplified tax genes from ACH.pcTax- and ACH.M47-immortalized cells were
cloned into a CMV expression vector and cotransfected with HTLV-LTR-lucif-
erase reporter construct in 293T cells. As positive and negative controls, the
wild-type and M47 mutant tax genes were amplified from the ACH.pcTax and
ACH.M47 clones. The data are expressed as fold increase in luciferase activity
relative to the HTLV LTR-luciferase construct transfected alone, and the error
bars represent the standard deviations of four replicate transfections.

FIG. 6. Activation of HTLV-1 LTR and Tax expression in immortalized
cells. (A) ACH.pcTax- and ACH.M47-immortalized cells were transfected with
20 mg of HTLV LTR-luciferase and 5 mg of CMV-CAT. Luciferase activity was
measured in 30 mg of whole-cell extract, and CAT activity was measured in 3 mg
of extract. The data are expressed as relative light units per 1% conversion CAT
activity. The error bars indicate the standard deviations of three replicate trans-
fections. (B) Tax expression in whole-cell extracts prepared from PCTAX and
M47 cell lines. For negative and positive controls. Tax expression was also
examined in PHA-IL-2-stimulated PBMC and the HTLV-1-infected cell line
MT-2.
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to cellular immortalization and transformation of the infected
cell. Tax interacts with the mitotic checkpoint protein MAD1,
and this interaction leads to the loss of MAD1 function (30).
Tax also interacts with Cdk4 and Cdk6 and increases their
activities in primary human T cells (65). Tax has also been
shown to interact with and inactivate the Cdk inhibitor
p16INK4a (41, 72). Additionally, Tax functionally inactivates
p53 through an increase in phosphorylation, although the
mechanistic details are still unclear (46, 55, 56). Finally, ex-
pression of Tax leads to DNA damage, which may be associ-
ated with the transcriptional repression of DNA polymerase-b
(29) and/or increased PCNA expression (58).

The ability of Tax to upregulate the expression of a variety of
genes involved in cellular proliferation or cell cycle control has
also been proposed as contributing to the ability of Tax to
transform cells. Among the genes demonstrated to be upregu-
lated by Tax are c-fos and the genes for PCNA, platelet-de-
rived growth factor (c-sis), IL-2, and IL-2Ra (3, 14, 25, 40, 58,
68, 75). Additionally, Tax has been shown to repress the tran-
scription of p53 (76) and bax (9), which may lead to an inhi-
bition of apoptosis in the infected cell.

Tax has been demonstrated to have transforming activity in
a number of cell culture systems (2, 17, 43, 62, 63, 70, 78).
However, the relative importance of the activation of the
CREB/ATF and NF-kB pathways for transforming activity is
controversial. Studies examining the transformation of estab-
lished rodent cell lines have produced conflicting results. Smith
and Greene examined the ability of the M22 and M47 muta-
tions to transform Rat2 fibroblasts and determined that the
CREB pathway is important for transformation (i.e., M47 was
defective for cellular transformation, while M22 retained
transforming activity) (70). However, subsequently Yamaoka
et al. and Matsumoto et al. have demonstrated that the NF-kB
pathway appears to be important for the transformation of
Rat1 fibroblasts (43, 78). Studies utilizing viral transduction
systems to evaluate the ability of Tax mutants to immortalize
primary human PBMC have also produced varied results.
Rosin et al. demonstrated that a Tax point mutation defective
for NF-kB induction (S258A) retains the capability to immor-
talize primary lymphocytes when transduced by a herpesvirus
saimiri vector (62). On the contrary, Akagi et al. demonstrated
that the M22 Tax mutation fails to immortalize PBMC when
transduced by a retroviral expression vector (2). Finally, anti-
sense oligonucleotides to NF-kB can inhibit the proliferation
of Tax-transformed tumors from Tax-transgenic mice (36).
The apparent discrepancies among these results are likely due
to a number of factors, including differences in the experimen-
tal systems utilized (i.e., rodent fibroblasts versus human pri-
mary PBMC). Furthermore, subtle differences in the activities
of the mutants used (NF-kB mutations M22, S258A, and
G148V) and the levels of Tax expression may also account for
differences in the observed phenotypes. None of these studies,
however, examined the role of Tax in immortalization or trans-
formation in the context of a replicating HTLV-1 virus in

FIG. 7. Replication and immortalization by ACH.M47 virus. (A) Five hun-
dred thousand PCTAX-2- or M47-3-immortalized cells were lethally gamma
irradiated (6,000 rads) and cocultured with 5 3 106 PHA-activated uninfected
PBMC. Viral replication was determined by p19 antigen ELISA. The standard
deviation of two replicate infections is indicated by the error bars. (B) Results of
microtiter infectivity-immortalization assay. Ten thousand PHA-IL-2-activated
PBMC were cocultured with 103, 102, or 101 gamma-irradiated PCTAX-2-,
PCTAX-3-, M47-2-, or M47-3-immortalized cells in replicates of 20 in 96-well
plates. The cultures were examined at 8 weeks postcoculture for the presence of
viable cells, and the number of cultures which were immortalized at each dilution
was determined.

TABLE 2. Cell surface phenotype of immortalized PBMC
from transfections and infections

Status
and clone

No. of cultures with phenotype/total cultures

CD42 CD82 CD41 CD82c CD42 CD81c Mixed CD41

CD81

Transfecteda

ACH.wt 0/4 4/4 0/4 0/4
ACH.pcTax 1/4 3/4 0/4 0/4
ACH.M47 0/5 1/5 2/5 2/5

Infectedb

PCTAX-2 0/6 6/6 0/6 0/6
PCTAX-3 0/6 3/6 0/6 3/6
M47-2 0/6 0/6 3/6 3/6
M47-3 0/6 0/6 2/6 4/6

a Immortalized cell cultures which were derived from electroporation of
PBMC with ACH molecular clones. The tabulation includes the data shown in
Fig. 4.

b Immortalized cell cultures created from microtiter infectivity-immortaliza-
tion assay.

c Cultures were considered to be CD41 CD82 or CD42 CD81 if .90% of
cells expressed CD4 or CD8, respectively.
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primary PBMC, which may be the closest model of what occurs
in vivo.

Our results indicate that the activation of the NF-kB path-
way by Tax is critical for the immortalization of PBMC by
HTLV-1. Disregulated NF-kB activity has been demonstrated
to be transforming and associated with other human cancers.
The IkB family member bcl-3 is located at a site of chromo-
somal translocations in a specific type of B-cell leukemia (51).
Likewise, the NF-kB family member p52 was identified in the
cloning of a chromosomal translocation in a non-Hodgkin’s
B-cell lymphoma (48). Additionally, the Epstein-Barr virus
LMP-1 protein activates the NF-kB pathway by interaction
with the tumor necrosis factor receptor (TNFR)-associated
factors (TRAFs) and the TNFR-associated death domain pro-
tein (TRADD) through a pathway that involves NIK, IKKa,
and IKKb (18, 73). Furthermore, activation of NF-kB by
LMP-1 through its interactions with the TRAFs and TRADD
has been demonstrated to be important for its B-lymphocyte
growth-transforming activity (12, 28).

As mentioned previously, the M22 Tax mutant has been
demonstrated to lack NF-kB-activating activity in a variety of
cell types, including Jurkat T cells (69) and primary human
PBMC (2). Furthermore, it appears that M22 Tax fails to
activate NF-kB by a defect in the activation of the IKK-acti-
vating kinases MEKK1 and NIK (15, 79). Although the effect
of the M22 mutation on NF-kB activation is clear, other effects
that the M22 mutation may have on other Tax functions is less
well established. For example, Pise-Masison et al. have dem-
onstrated that M22 mutant Tax is not able to functionally
inactivate p53 as wild-type Tax is capable of doing (55). How-
ever, Mulloy et al. have shown that M22 retains the ability to
inactivate p53 function (46). In addition, the M22 mutant Tax
protein does not dimerize as efficiently as wild-type Tax (74),
which may also influence various Tax activities, including
HTLV LTR activation (1, 81). Therefore, we cannot rigorously
exclude the possibility that the lack of immortalizing activity
observed with the ACH.M22 clone may be due to a defect in
Tax to interact with or activate or inactivate some additional
factor. Examination of additional Tax mutants defective for
NF-kB induction may help to conclusively define a role for
NF-kB induction in HTLV-1-mediated cellular immortaliza-
tion.

Our results also indicate that activation of the CREB/ATF
pathway by Tax is not necessary for immortalization. This is
somewhat surprising, as the ACH.M47-derived virus replicates
to much lower levels than the wild-type ACH.pcTax-derived
virus, due to the defect in CREB activation. However, the
ACH.M47-immortalized cells produce viral particles to levels
similar to those of ACH.pcTax-immortalized cells (data not
shown). There are a number of possible explanations for this
observation. The possibility exists that once the cells become
immortalized, there are sufficient levels of CREB or other
transcription factors to drive levels of viral gene expression
that lead to relatively large amounts of viral particle produc-
tion. Second, regulation of viral gene expression in the immor-
talized cell may be more complex than simple activation of the
LTR by Tax, as a number of studies have identified suppressors
of the LTR, possibly in the R and U5 regions (52, 77). In fact,
expression of viral genes by the ACH clone appears to be
restricted in lymphoid cell lines but not in primary PBMC (34).
In addition, the fact that CREB activation is not necessary for
immortalization may not be surprising, in that few cellular
genes have been shown to be activated by Tax through the
CREB/ATF pathway. However, though activation of the
CREB/ATF pathway is dispensable for cellular immortaliza-
tion (IL-2-dependent growth), our results do not rule out the

possibility that Tax interaction with the CREB/ATF pathway is
important for the emergence of fully transformed cells which
proliferate independently of IL-2.

In vivo, CD41 T cells represent the major infected cell type
in asymptomatic individuals (59, 60), and the leukemic cells in
patients with adult T-cell leukemia/lymphoma are CD41 T
cells in the majority of cases (21, 31, 33). In vitro, HTLV-1 can
infect and immortalize CD41 as well as CD81 T cells, although
immortalization and transformation of CD41 cells is more
common (42, 54). While the M47 mutant virus retains the
ability to immortalize infected T cells, there appears to be a
difference in the phenotype of the immortalized cells, as CD81

cells become immortalized at a much higher frequency than
that observed with the wild-type virus. Newbound et al. have
demonstrated that the ability of Tax to activate the HTLV-1
LTR is greatly enhanced in CD41 cells compared to CD81

cells (50). Furthermore, it was proposed that this difference
may account for the higher frequency of CD41 HTLV-1-im-
mortalized cells than CD81 immortalized cells (50). This hy-
pothesis is consistent with our findings. Since the virus with the
M47 mutation does not efficiently transactivate the LTR, there
would be no selective advantage for replication in CD41 cells
versus CD81 cells. Therefore, one would expect an approxi-
mately equal frequency of CD41 and CD81 immortalized cells
with the M47 mutant virus. Alternatively, activation of the
CREB/ATF pathway may be important for increased prolifer-
ation and outgrowth of CD41 cells, as was proposed by Akagi
et al., who observed immortalization of CD41 T cells by ret-
rovirally transduced wild-type Tax and CD81 cells by trans-
duced M47 mutant Tax (2).

The results presented here support the possibility that
NF-kB activation by Tax is important for the immortalization
of primary T lymphocytes by HTLV-1. In addition, it appears
that activation of the CREB/ATF pathway by Tax is dispens-
able for cellular immortalization. Examination of the immor-
talizing phenotypes of various Tax point mutants in a func-
tional molecular clone of HTLV-1 likely mimics the infection
of primary lymphocytes in vivo more closely than other cell
culture models which have been used to study cellular trans-
formation by HTLV-1. This system will be useful for the de-
termination of immortalizing activity of additional Tax mutants
defective for other activities of Tax which may contribute to
the immortalization and transformation of infected cells, which
will lead to a more complete understanding of Tax function
and the pathogenesis of HTLV-1 infection.
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