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Human T-cell leukemia virus type 1 (HTLV-1) and HTLV-2 are highly related viruses that differ in disease
manifestation. HTLV-1 is the etiologic agent of adult T-cell leukemia and lymphoma, an aggressive clonal
malignancy of human CD4-bearing T lymphocytes. Infection with HTLV-2 has not been conclusively linked to
lymphoproliferative disorders. We previously showed that human hematopoietic progenitor (CD34�) cells can
be infected by HTLV-1 and that proviral sequences were maintained after differentiation of infected CD34�

cells in vitro and in vivo. To investigate the role of the Tax oncoprotein of HTLV on hematopoiesis, bicistronic
lentiviral vectors were constructed encoding the HTLV-1 or HTLV-2 tax genes (Tax1 and Tax2, respectively)
and the green fluorescent protein marker gene. Human hematopoietic progenitor (CD34�) cells were infected
with lentivirus vectors, and transduced cells were cultured in a semisolid medium permissive for the devel-
opment of erythroid, myeloid, and primitive progenitor colonies. Tax1-transduced CD34� cells displayed a two-
to fivefold reduction in the total number of hematopoietic clonogenic colonies that arose in vitro, in contrast
to Tax2-transduced cells, which showed no perturbation of hematopoiesis. The ratio of colony types that
developed from Tax1-transduced CD34� cells remained unaffected, suggesting that Tax1 inhibited the matu-
ration of relatively early, uncommitted hematopoietic stem cells. Since previous reports have linked Tax1
expression with initiation of apoptosis, lentiviral vector-mediated transduction of Tax1 or Tax2 was investi-
gated in CEM and Jurkat T-cell lines. Ectopic expression of either Tax1 or Tax2 failed to induce apoptosis in
T-cell lines. These data demonstrate that Tax1 expression perturbs development and maturation of pluripotent
hematopoietic progenitor cells, an activity that is not displayed by Tax2, and that the suppression of hema-
topoiesis is not attributable to induction of apoptosis. Since hematopoietic progenitor cells may serve as a
latently infected reservoir for HTLV infection in vivo, the different abilities of HTLV-1 and -2 Tax to suppress
hematopoiesis may play a role in the respective clinical outcomes after infection with HTLV-1 or -2.

Human T-cell leukemia virus type 1 (HTLV-1) infection is
associated with development of adult T-cell leukemia and lym-
phoma (ATL/ATLL), an aggressive clonal malignancy of
HTLV-infected CD4-bearing T lymphocytes which manifests
decades after the initial infection event (99, 100). Although
deletion of HTLV proviral sequences is relatively common in
ATL cells, the HTLV-1 tax gene is always retained in tumor
cells, suggesting that it plays a key role in leukemogenesis (57).
Previous investigations have failed to demonstrate conclusively
an etiologic association of HTLV-2 infection with lymphopro-
liferative disorders (35, 46, 47, 69). Studies with infectious
HTLV-1 and HTLV-2 molecular clones have directly shown
that Tax expression is essential for cellular transformation (82,
85). Tax functions to transactivate viral transcription by inter-
action with the 5� long terminal repeat (LTR) (11, 17, 30, 83).
Tax also modulates the expression of a variety of cellular genes
that impact cell cycle regulatory pathways, including the stim-
ulation of expression of cytokines and interleukins. Cellular
genes upregulated by Tax include interleukin-2 (IL-2), IL-2
receptor �, IL-1, IL-3, IL-6, IL-8, IL-15, tumor necrosis factors
alpha and beta, lymphotoxin, granulocyte-macrophage colony-
stimulating factor (GM-CSF), and granulocyte-colony-stimu-

lating factor (G-CSF) (6, 13, 25, 26, 37, 45, 62, 72, 73, 76).
HTLV-1 Tax (Tax1) inhibits DNA repair by repression of
DNA �-polymerase expression and nucleotide base excision
repair and also downmodulates the activity of tumor suppres-
sor proteins p53, hDLG, and p16INK4a (2, 12, 28, 48, 53, 58,
95, 96). Tax1 has also been shown to induce expression of the
cyclin-dependent kinase inhibitor p21Cip1/Waf1, a critical regu-
lator of cell cycle progression (28). Reduction of genomic
stability and mediation of cell cycle progression by Tax1 pre-
sumably play a role in the induction of cellular transformation
and in the development of ATL (67, 71, 88). Some reports have
also linked Tax expression with initiation of apoptosis in trans-
formed cell lines, while other investigators have demonstrated
that Tax1 inhibits apoptosis (21–23, 44, 50, 51, 54, 64, 75, 81,
98).

Tax1 exhibits more than 77% amino acid homology with
HTLV-2 Tax (Tax2), and expression of either Tax1 or Tax2 is
sufficient for immortalization of T lymphocytes for growth in
culture (41, 84). Distinct biological activities of Tax1 and Tax2
have, however, been reported. Tax1 can induce micronuclei in
simian cell cultures, in contrast to Tax2, which lacks this func-
tion (67, 89). Tax1 is more effective at inhibiting cellular p53
activity and displays elevated transformation activity in Rat-1
cells in comparison to Tax2 (29, 43, 66). HTLV-1-transformed
T-cell lines also displayed a higher tumorigenic potential when
inoculated into severe combined immunodeficient (SCID)
mice in comparison to HTLV-2-transformed lymphoid cells
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(32). Although differences in phenotype exhibited by Tax1 and
Tax2 have been demonstrated, the specific regions of Tax ac-
counting for these behaviors in cells have not been well char-
acterized.

Human hematopoietic progenitor cells bearing the CD34
antigen are capable of differentiation into mature endstage
cells, and abnormalities in the developmental program can
result in the development of blood cell diseases including leu-
kemia. We previously reported that HTLV-1 was capable of
infecting human hematopoietic progenitor (CD34�) cells (31).
HTLV-1 proviral sequences were detected in clonogenic col-
onies of all hematopoietic lineages arising from infected
CD34� cells. In addition, reconstitution of T lymphopoiesis
with HTLV-1-infected CD34� cells in SCID-hu mice resulted
in the development of HTLV-infected T cells and an altered
display of thymocyte subsets, suggesting that HTLV infection
and Tax1 expression in hematopoietic progenitor cells may
have a profound effect on the perturbation of hematopoiesis.

Here we describe the generation and characterization of
lentivirus-based vectors capable of coexpressing HTLV-1 and
-2 tax and the green fluorescent protein (GFP) marker gene
from a bicistronic mRNA. These lentivirus vectors allow for
the analysis and characterization of Tax activity on the differ-
entiation of hematopoietic progenitor cells in the absence of
additional HTLV gene products. We show that transduction of
Tax1 into human CD34� cells results in marked suppression of
multilineage hematopoiesis in vitro, in contrast to transduction
of Tax2. Expression of Tax1 was not sufficient for initiation of
apoptosis in T-cell lines, suggesting that Tax1 inhibits the mat-
uration and differentiation of CD34� cells rather than inducing
programmed cell death.

MATERIALS AND METHODS

Cell lines. 293T and HeLa cells were cultured in Dulbeccos modified Eagle
medium (DMEM) (Gibco-BRL, Grand Island, N.Y.) with 10% heat-inactivated
fetal bovine serum (FBS; Gemini, Calabasas, Calif.), 2 mM L-glutamine (Gibco-
BRL), and 100 U of penicillin/ml and 100 �g of streptomycin/ml (Pen/Strep;
Gemini). Jurkat and CEM cell lines were cultured in Iscove modified Dulbecco
medium (IMDM) (Gibco-BRL), supplemented with 10% FBS, 2 mM L-glu-
tamine, and Pen/Strep at 37°C in a humidified incubator with 5% CO2.

Tax transactivation assay. Lentiviral vector constructs were cotransfected with
pHTLV-1-LTR-CAT or pHTLV-2-LTR-CAT into 293T cells, constructs encod-
ing the bacterial chloramphenicol acetyltransferase (CAT) gene expressed from
the HTLV-1 LTR or HTLV-2 LTR, respectively. Then, 2.5 �g of each lentiviral
vector construct was cotransfected with 2.5 �g of pHTLV-1-LTR-CAT or
pHTLV-2-LTR-CAT into 293T cells (5.0 � 105) by using the calcium phosphate
DNA precipitation method (38). Cell pellets were lysed by using the freeze-thaw
method, and 5 �g of the cell extract was analyzed for CAT activity. Cell extracts
were tested by using a Bradford assay, and CAT reactions were normalized for
the amounts of protein, as previously described (8). Acetylated products were
measured by using a Molecular Dynamics (Sunnyvale, Calif.) PhosphorImager
445SI and then analyzed for CAT activity by using the Molecular Dynamics
ImageQuant 5.1 program.

Lentiviral vector construction. The pHR�CMV-Tax1/GFP and pHR�CMV-
Tax1(�)/GFP were constructed as previously described (97). The HTLV-2 tax
cDNA was isolated by PCR amplification from BC20.2 (a gift from Irvin S. Chen,
University of California, Los Angeles) (42), by using forward primer 25-mer
(5�-TGCGCTCGAGACCACCAACACCATG-3�) and reverse primer 25-mer
(5�-TGGGATCCCTAGTCGCCATTGTCAT-3�). The amplified cDNA frag-
ment was subcloned into the PCR cloning vector pCR2.1 (Invitrogen, Carlsbad,
Calif.), creating pCR2.1Tax2. The Tax2 fragment was isolated by BamHI and
XhoI restriction digestion of pCR2.1Tax2 and ligated into pHR�CMV-Tax1/
GFP, which was first digested with XhoI and BamHI to liberate the tax1 gene and
then purified by gel electrophoresis. Sequencing of pHR�CMV-Tax2/GFP con-
firmed the insertion of the tax2 gene. pHR�CMV-Vpr/GFP was a gift from

Vicente Planelles (University of Utah, Salt Lake City), and pCMV-Tax1 was a
gift from William Wachsman (University of California at San Diego).

Generation of VSV-G-pseudotyped lentivirus vectors. Vesicular stomatitis vi-
rus protein G (VSV-G)-pseudotyped lentiviral vector virus stocks were gener-
ated as previously described (14, 97). Briefly, a three-plasmid system was used;
transfer plasmid (pHR�CMV-GFP, pHR�CMV-Tax1/GFP, pHR�CMV-Tax1(�)/
GFP, pHR�CMV-Tax2/GFP, or pHR�CMV-Vpr/GFP), the pCMV�R8.2�VPR
(9) packaging vector, and pHCMV-G (15) were cotransfected into 2 � 107 293T
cells by calcium phosphate precipitation. Cells were incubated in DMEM sup-
plemented with 100 �M chloroquine for 24 h; the medium was then removed and
replaced with 25 ml of DMEM plus 10% FBS. Supernatants were harvested at 3
and 5 days posttransfection, filtered (0.45-�m-pore-size filter), pooled, and sub-
jected to ultracentrifugation (50,000 � g for 2 h) by using an SW27 rotor
(Beckman, Palo Alto, Calif.). The pellet was resuspended in 1/100 initial volume
in serum-free DMEM overnight at 4°C and then pooled and frozen at �80°C.
Titers of virus stocks were determined by infecting HeLa cells (3 � 105) with
virus stocks that were serially diluted (1:10, 1:100, and 1:500) in serum-free
DMEM. Cells were analyzed for GFP at 72 h postinfection by flow cytometry.
pA18G-BHK-21 cells were infected concurrently with serially diluted viral stocks
and assayed for �-galactosidase activity at 72 h postinfection, as previously
described (5, 97). Virus titers generally ranged from 106 to 107 transducing units
per ml.

Apoptosis analysis. Jurkat and CEM cells (106) were infected (multiplicity of
infection [MOI] 	 3) in a final volume of 3 ml of DMEM containing 8 �g of
Polybrene/ml (Sigma, St. Louis, Mo.). Cells were exposed to virus for 4 h at 2,500
rpm (555 � g) in a Beckman-Coulter GPR centrifuge at room temperature. Cells
were resuspended in 20 ml of IMDM plus 10% FBS. At 48 and 72 h postinfec-
tion, 5 � 105 cells were stained with phycoerythrin (PE)-conjugated Annexin V
(Biovision, Mountain View, Calif.) and 7-amino actinomycin D (7-AAD; Cal-
biochem, La Jolla, Calif.), as previously described (87). Cells were washed twice
with 5 ml of phosphate-buffered saline (PBS) and suspended in 500 �l of binding
buffer and 5 �l of Annexin V-PE. Cells were incubated at room temperature for
15 min in darkness and then washed again with 5 ml of PBS. Cells were then
resuspended in 1 ml of PBS with 1 �l of 7-AAD (1.0 mg/ml). Cells were washed
once with 5 ml of PBS and analyzed on a FACSSTAR flow cytometer (Becton
Dickinson, Mountain View, Calif.). The data was analyzed by using WinMidi
software.

Isolation of hematopoietic progenitor (CD34�) cells. Human CD34� cells
were prepared as previously described (31). Briefly, fragments of fetal liver
tissues were washed in PBS, and a single-cell suspension was obtained by diges-
tion in collagenase (507 U/ml), hyaluronidase (2,400 U/ml), and DNase (300
Kunitz units/ml) in serum-free AIM-V medium (Gibco-BRL) for 4 h at 37°C.
Erythrocytes were removed by centrifugation at 1,500 rpm (200 � g) in a Beck-
man GPR centrifuge for 15 min at room temperature over a Ficoll-Hypaque
(Sigma) gradient. Mononuclear cells were incubated with anti-CD34 magnetic
beads (Miltenyi Biotec, Calabasas, Calif.) for 30 min at room temperature.
CD34� cells were purified by passage of the cell suspension through a
MidiMACS magnetic column (Miltenyi Biotec). The purity of isolated CD34�

cells was analyzed with a PE-conjugated monoclonal antibody (MAb) against
CD34� (Becton Dickinson) and found to be at least 92% CD34 positive.

Transduction of CD34� cells with lentiviral vectors. Enriched CD34� cell
populations were infected with VSV-G-pseudotyped lentivirus vectors as previ-
ously described (4). Briefly, purified CD34� cells (3 � 106) were infected
(MOI 	 3) in a final volume of 3.0 ml containing 8 �g of Polybrene/ml. Cells
were infected by centrifugation, as described above, and then resuspended in 3.0
ml of IMDM supplemented with 30 �l of StemSpan cytokine cocktail CC100
(StemCell Technologies, Vancouver, British Columbia, Canada) containing Flt-3
ligand (100 ng/ml), stem cell factor (100 ng/ml), IL-3 (20 ng/ml), and IL-6 (20
ng/ml). After 3 days, the cell culture was incubated with a PE-conjugated anti-
CD34 MAb and CD34�/GFP� cells were purified by fluorescence-activated cell
sorting (FACS) with a FACSVantage flow cytometer (Becton Dickinson Immu-
nocytometry Systems, San Jose, Calif.). The CellQuest program (Becton Dick-
inson Immunocytometry Systems) was used for data analysis.

Clonogenic colony-forming assays. Sorted CD34�/GFP� cells (103) were cul-
tured in 2 ml of Methocult medium H4433 (StemCell Technologies) at 37°C in
a humidified atmosphere with 5% CO2. Clonogenic granulocyte-macrophage
(CFU-GM), erythroid burst (BFU-E), and highly proliferative pluripotent (HPP-
CFC) CFU were identified by morphology at 12 to 14 days postplating and
counted under an inverted fluorescent microscope (Leica DMIL) (90). Colonies
were randomly isolated by aspiration, and DNA and RNA were subjected to
PCR analysis. Fluorescent photomicrographs were taken with a digital camera
attached to an inverted fluorescent microscope (Eclipse TE300; Nikon). Each
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assay was done in triplicate. Statistics were performed by single-factor analysis of
variance (ANOVA) analysis (P 
 0.005).

PCR analysis of clonogenic colonies. DNA and RNA were extracted from
clonogenic colonies by the urea lysis method as previously described (31, 101,
102). Quantitative DNA PCR for HTLV tax-rex sequences (nucleotides 7336 to
7495; primers 670 and 671) and human �-globin sequences (LA1/LA2) were
determined as previously described (31–33). Uninfected human peripheral blood
mononuclear cell DNA and linearized pH6neo (a plasmid containing an
HTLV-2 infectious proviral clone) were serially diluted and analyzed in parallel
as controls. RNA was extracted from randomly chosen clonogenic colonies by
using Trizol (Gibco-BRL) and analyzed by reverse transcription-PCR (RT-PCR)
analysis according to the manufacturer’s protocol. RNA was resuspended in 100
�l of RNase-free water containing 1 �l (1 U/�l) of DNase (Promega, Madison,
Wis.). Detection of tax-rex mRNA transcripts was performed with primers 670
and 671 described above and the OneStep RT-PCR kit (Qiagen, Valencia,
Calif.). Briefly, primers were labeled with 32P by the T4 kinase reaction. A total
of 10 �l of mRNA was combined with 10 �l of 5� RT-PCR buffer, 2 �l of
deoxynucleoside triphosphate mix (a 10 mM concentration of each deoxynucleo-
side triphosphate), 1 �l of each of the 3� and 5� primers (primers 670 and 671),
2 �l of RT-PCR enzyme mix, and 24 �l of RNase-free water according to the
manufacturer’s instructions. Each reaction was programmed for 30 min at 50°C
for the reverse transcriptase reaction, followed by 15 min at 95°C to inactivate the
reverse transcriptase and 40 cycles of 1 min at 94°C, 30 s at 60°C, and 1 min at
72°C. Products from the PCRs were analyzed on a 6% acrylamide gel.

Real-time quantitative PCR of clonogenic colonies. Quantification of tax DNA
sequences and human �-globin sequences in clonogenic colonies was assayed by
real-time quantitative PCR (Q-PCR) by using the SYBR-GREEN quantitative

real-time PCR kit (Qiagen). PCR was performed in a final volume of 25 �l
consisting of a master mix containing 12.5 �l of SYBR-GREEN mix, 2.5 �l of
10� buffer, forward and reverse primers at 4 ng/�l, 11 �l of water, and 5 �l of
template DNA according to the manufacturer’s instructions. The tax gene was
amplified with the primers described above. All real-time PCRs were performed
in 25 �l of SmartCycler tubes on a SmartCycler system (Cepheid, Sunnyvale,
Calif.). The amount of sampled DNA was from ca. 5 to 20 human cells per PCR.
The thermal cycling conditions consisted of 40 cycles at 95°C for 30 s, 60°C for
1 min, 72°C for 1 min, and 78°C for 45 s. The fluorescence signal increase of
SYBR-GREEN was automatically detected during the 78°C phase of the PCR.
For each sample, the SmartCycler system provided an amplification curve con-
structed by relating the fluorescence signal intensity (�Rn) to the cycle number.
Cycle threshold (Ct) was defined as the cycle number at which the fluorescence
signal was more than 30 fluorescent units above the mean background noise
collected from the 5th to the 10th cycle. The standard curves for the calculation
of tax and �-globin sequences were accomplished by using the identical standards
used in the Q-PCR analysis. Reaction conditions were programmed on a Dell
computer (Dell, Roundrock, Tex.) linked directly to the SmartCycler system.
Analysis of cycle data was performed on the software developed by Cepheid.

RESULTS

Construction and characterization of bicistronic lentiviral
vectors expressing HTLV Tax. We designed lentivirus vectors
by incorporating a strategy of insertion of a translational cis-

FIG. 1. Schematic representation of multigene lentiviral vectors. Multigene vectors based on the use of an internal ribosomal entry site
sequence from the encephalomyocarditis virus (80). The target gene and reporter gene are driven by an immediate-early CMV promoter (IE CMV
prom). pHR�CMV-Tax1(�)/GFP contains the HTLV-1 tax gene inserted in the antisense orientation and does not encode for functional Tax1.
pHR�CMV-Vpr/GFP encodes the HIV-1 vpr gene (Vicente Planelles). SA, splice acceptor; SD, splice donor; RRE, HIV-1 Rev response element;
�, psi packaging signal for the transfer vector.
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acting element, the internal ribosome entry site sequence, from
encephalomyocarditis virus (Fig. 1). We previously described
the feasibility and advantages of employing a bicistronic lenti-
virus vector (LV) containing two open reading frames (97,
103). The particular advantages of using LVs for the present
study are (i) the efficient infection of actively dividing, as well
as nondividing cells (i.e., hematopoietic stem and progenitor
cells); (ii) lack of expression of human immunodeficiency virus
type 1 (HIV-1) gene products that would interfere with anal-
ysis of apoptosis; and (iii) stable gene transduction and expres-
sion. Viral genes are coexpressed with the GFP marker gene
from a bicistronic mRNA initiated at an internal cytomegalo-
virus (CMV) immediate-early promoter (Fig. 1) (97, 103).
Transient-transfection (CAT) assays with 293T cells demon-
strated that HTLV-1 Tax and HTLV-2 Tax were each capable
of transactivating transcription from the HTLV-1 LTR (LTR-
1-CAT), as well as the HTLV-2 LTR (LTR-2-CAT) (Table 1).
These results are in agreement with previous reports demon-
strating that Tax1 and Tax2 can each transactivate transcrip-
tion from the reciprocal viral LTR (84, 85, 89). A vector con-
taining the tax1 gene in the antisense orientation (pHR�CMV-
Tax1(�)/GFP) was constructed as a control and did not code
for functional Tax protein. LV stocks pseudotyped with
VSV-G envelope protein were generated by cotransfection of
293T cells with a HIV-1 packaging construct that lacks the
HIV-1 Vpr gene (pCMV�R8.2�Vpr, a gift from Irvin Chen,
University of California at Los Angeles) and pHCMV-G, as
previously described (4, 97). Titers of virus stocks were deter-
mined by infection of HeLa cells and by flow cytometric anal-
ysis of GFP expression. pA18G-BHK-21 cells harbor a stable
integration of an HTLV-1 LTR/�-galactosidase construct (5).
Infection of pA18G-BHK-21 cells with HR�CMV-Tax1/GFP
and HR�CMV-Tax2/GFP was used to confirm viral titers and

to demonstrate functional Tax1 and Tax2 transcriptional trans-
activation activity (data not shown) (97).

Ectopic expression of HTLV Tax1 fails to induce apoptosis
in T lymphoid cells. Previous reports have indicated that ex-
pression of Tax1 is sufficient to induce apoptosis in some im-
mortalized cell lines (21–23, 44, 51, 54, 64, 75, 81, 98). We used
LV-mediated transduction to establish whether ectopic expres-
sion of Tax1 or Tax2 in T lymphoid cells could induce pro-
grammed cell death. As a positive control for the induction of
apoptosis, a LV construct encoding the HIV-1 Vpr gene was
used. It has been previously documented that HIV-1 Vpr in-
duces G2 arrest and extensive apoptosis in cells (7, 49, 77, 92,
93). CEM and Jurkat T lymphoid cell lines were infected with
HR�CMV-Tax1/GFP, HR�CMV-Tax2/GFP, HR�CMV-Tax1
(�)/GFP, HR�CMV-Vpr/GFP, or HR�CMV-GFP (MOI 	 3),
and cells which expressed GFP were analyzed for staining with
Annexin V and the dead cell exclusion dye 7-AAD (Fig. 2).

No significant levels of apoptosis were detected in CEM cells
expressing Tax1 or Tax2. The percentage of Tax1- or Tax2-
transduced (GFP�) cells that stained for Annexin V ranged
from 1 and 2% at 72 h postinfection, similar to levels displayed
by mock-transduced CEM cells (Fig. 2A). In contrast, CEM
cells transduced with HIV-1 Vpr showed significantly elevated
levels of Annexin V (14%), confirming that expression of Vpr
is sufficient to induce apoptosis. Between 3 and 4% of Jurkat
cells transduced with Tax1, Tax2, or the antisense Tax1 vector
[Tax1(�)] displayed Annexin V staining in contrast to 33% of
Jurkat cells transduced with Vpr at 72 h postinfection. The lack
of apoptosis after Tax1 or Tax2 transduction was also reflected
in the percentage of cells staining with 7-AAD. Between 3 and
4% of CEM cells infected with LVs encoding Tax1, Tax2, or
Tax1(�) showed staining with 7-AAD at 72 h postinfection in
comparison to 48% of cells transduced with Vpr. In Jurkat
cells, 4% of the cells transduced with either Tax1 or Tax2
stained for 7-AAD versus 44% of Vpr-transduced cells. These
data demonstrate that ectopic expression of Tax1 or Tax2 from
LVs is not sufficient for induction of apoptosis in human lym-
phoid cells. Our results are in agreement with observations by
other investigators who have also demonstrated that expres-
sion of Tax1 is not sufficient for induction of apoptosis (44, 50,
51).

Tax1 transduction of human CD34� cells suppresses hema-
topoiesis in vitro. We previously demonstrated that HTLV-1
was able to infect human hematopoietic progenitor (CD34�)
cells and that lymphopoiesis was perturbed in SCID-hu mice
reconstituted with HTLV-1-infected CD34� cells (31). Since
CD34� cells have the capability of differentiating into multiple
hematopoietic lineages, we determined whether expression of
HTLV-1 or-2 Tax could alter maturation patterns or differen-
tiation of human CD34� cells in culture. Purified CD34� cells
were infected with LVs (MOI 	 3) and purified by FACS for
coexpression of CD34� and GFP (Fig. 3). GFP expression
levels revealed transduction frequencies of between 7 and 41%
in CD34� cells, similar to transduction levels previously re-
ported employing LVs (3, 4). Purified CD34� GFP� cells were
plated in a semisolid medium permissive for the propagation of
erythroid (BFU-E), myeloid (CFU-GM, CFU-M, and CFU-
G), and primitive progenitor (HPP-CFC and CFU-GEMM)
colony-forming cells. Colonies were identified by morphology
and enumerated at 12 to 14 days postplating. CD34� cells

TABLE 1. CAT activities of lentiviral expression vectors

Vector construct

% Acetylationa

pHTLV-1–LTR–CATb pHTLV-2–
LTR–CATc

Expt 1 Expt 2 Expt 3 Expt 4 Expt 5 Expt 6

pHR�CMV-Tax1/GFP 100 100 100 100 100 100
pHR�CMV-Tax2/GFP NT NT 48 57 125 117
pHR�CMV-Tax1(�)/

GFP
NT 3.3 NT 8 NT 18

pHR�CMV/GFP 3 NT 11 8 25 5
pCMV-Tax1d 300 100 NT NT NT NT
BC20.2e NT NT 202 199 1150 180

a pHTLV-1–LTR–CAT and pHTLV-2–LTR–CAT expression plasmids (2.5
�g) were cotransfected by calcium phosphate precipitation with lentiviral vector
constructs (2.5 �g) into 5 � 105 293T cells. GFP expression was monitored for
each transfection, and �80% of the cells were transfected in each experiment.
Cells were harvested and assayed for CAT activity 48 h posttransfection as
described in Materials and Methods. The numbers represent the average percent
acetylation values and are normalized to the value for pHR�CMV-Tax1/GFP for
each experiment (set at 100%). NT, not tested.

b pHTLV-1–LTR–CAT contains the HTLV-1 LTR initiating transcription of
the bacterial CAT gene.

c pHTLV-2–LTR–CAT contains the HTLV-2 LTR initiating transcription of
the bacterial CAT gene.

d pCMV-Tax1 encodes the HTLV-1 tax gene expressed from the immediate
early CMV promoter (a gift from William Wachsman, University of California at
San Diego).

e BC20.2 is the tax/rex cDNA clone of HTLV-2 (42).
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transduced with Tax1 demonstrated a two- to fivefold reduc-
tion in clonogenic colony-forming activity in vitro, in compar-
ison with CD34� cells transduced with LVs encoding Tax2,
Tax1(�), or only GFP (Fig. 4A). Although Tax1 mediated a
suppression of hematopoiesis in colony-forming activity, no
significant alteration of the ratio of myeloid to erythroid colony
types was detected (Fig. 4B). A number of CFU-GM arising
from CD34� cells transduced with Tax1 demonstrated detect-
able GFP expression when analyzed by fluorescence micros-
copy, suggesting that Tax1 expression could be sustained dur-
ing the differentiation of CD34� cells in vitro (Fig. 5C). As
expected, transduction of CD34� cells with HIV-1 Vpr re-
sulted in the elimination of colony-forming activity in vitro.
The limited number of colonies which developed from Vpr-
transduced CD34� cells in experiments 2 and 3 were not an-
alyzed for proviral integrations but were presumably the result
of a small number of untransduced CD34� cells that contam-

inated the FACS-purified cell population. These data demon-
strate that Tax1 expression suppresses the maturation and dif-
ferentiation of human CD34� cells in vitro. Notably, the ratios
of hematopoietic colony types that develop from Tax1-trans-
duced CD34� cells was not altered compared to the ratio of
colony types that developed from CD34� cells transduced with
Tax2, Tax1(�) or GFP, suggesting that the suppressive effect
exerted by Tax1 on hematopoiesis occurs relatively early in
differentiation and prior to lineage commitment of CD34�

cells. Alternatively, Tax1 may inhibit differentiation of hema-
topoietic progenitor cells at latter stages of hematopoiesis in-
dependently of the specific hematopoietic lineage.

Molecular characterization of clonogenic colonies. To verify
the presence of proviral sequences in clonogenic colonies aris-
ing from LV-transduced CD34� cells, high-molecular-weight
DNA was isolated and analyzed for tax sequences by PCR.
Colonies (generally representing from 150 to 300 cells) were

FIG. 2. Flow cytometric analysis of CEM and Jurkat T cells transduced with HTLV Tax. Jurkat or CEM cells (106) were infected with lentiviral
vectors (MOI 	 3) by centrifugation (4 h, 2,500 rpm) in the presence of 8 �g of Polybrene/ml. CEM and Jurkat cells (106) were mock infected
as a negative control for apoptosis. Cells were resuspended in IMDM with 10% FBS, stained with Annexin V-PE (AV-PE) and 7-AAD, and
analyzed by flow cytometry at 48 and 72 h postinfection. (A) Representative flow cytometric analysis of LV-transduced CEM and Jurkat cells at
72 h postinfection. GFP� cells were gated and analyzed for AV (horizontal axis) and 7-AAD staining (vertical axis). Representative panels of
transduced CEM (left column) and Jurkat (right column) cells. The percentage of individual subpopulations in each quadrant is indicated. Cells
that are AV-PE single positive (lower right quadrant) and AV-PE� 7-AAD� positive (upper right quadrant) are early- and late-stage apoptotic
cells, respectively. (B) Annexin V and 7-AAD staining of Jurkat and CEM cells transduced with LVs. Jurkat and CEM cells were transduced with
LVs and GFP� cells were analyzed for AV and 7-AAD staining by flow cytometry. CEM cells (subpanels A and B) and Jurkat cells (subpanels C and
D) were analyzed at 48 h (blue bars) or 72 h (purple bars) postinfection. The percentage of GFP� cells that were positive for AV staining
(subpanels A and C) or which stained for 7-AAD (subpanels B and D), after infection with HR�CMV-Tax1/GFP transduction (Tax1), HR�CMV-
Tax1(�)/GFP [Tax1(�)], HR�CMV-Tax2/GFP (Tax2), or HR�CMV-GFP (GFP) are indicated. Values of AV and 7-AAD expression with
HR�CMV-Vpr/GFP (VPR) were significantly higher than those obtained with the other vectors, which in turn were higher than those obtained
with medium alone (Mock). The data were compiled from three independent experiments. Statistical analysis was performed by ANOVA (P 

0.005).
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FIG. 3. FACS isolation of CD34� cells infected with lentiviral vectors. Purified CD34� cells (3 � 106) were infected with lentiviral vectors (MOI
	 3) by centrifugation (4 h at 2,500 rpm) in a Beckman GPR centrifuge. Cells were incubated for 72 h in IMDM supplemented with 10% FBS
and 30 �l of cytokine cocktail StemSpan CC100. Cells were incubated with a PE-conjugated human-specific MAb against the CD34 marker, and
cell sorting was performed with a FACSVantage flow cytometer. An additional cell sample was incubated with a mouse immunoglobulin G 

isotype control antibody to set compensation and gates for FACS. The R2 gate in each panel represents the gate set to isolate CD34� GFP� cells.
Note that cells transduced with LVs encoding a bicistronic mRNA display approximately 5- to 10-fold-lower levels of GFP in comparison with cells
transduced with HR�CMV-GFP, as has previously been reported (103). The percentage of CD34� GFP� cells is displayed in the upper right panel.
Mock-transduced CD34� cells were isolated only on the basis of CD34� expression and are represented by the R3 gate. LVs used in each
transduction are as follows: GFP, HR�CMV-GFP; Tax1, HR�CMV-Tax1/GFP; Tax1(�), HR�CMV-Tax1(�)/GFP; Tax2, HR�CMV-Tax2/GFP;
and Vpr, HR�CMV-Vpr/GFP. The purity of the sorted cell populations was not determined after isolation due to the limited numbers of cells
recovered by FACS.
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randomly isolated from Methocult by aspiration, and DNA was
extracted and analyzed by Q-PCR with oligonucleotide prim-
ers specific for the HTLV tax gene (primers 670 and 671), as
previously described (31–33). The number of cells per colony
was determined by Q-PCR with primers specific for the human
�-globin gene (LA1/LA2) (Fig. 5A). It should be noted that,
because of the sequence homology between the tax1 and tax2
genes, primers 670 and 671 are capable of detecting both
viral genes, as well as the antisense Tax1 vector sequences
[Tax1(�)]. Almost all clonogenic colonies which arose from

CD34� cells transduced with LVs encoding Tax1, Tax2, or
Tax1(�) (27 of 30 colonies analyzed) displayed the presence of
integrated HTLV tax sequences when assayed by Q-PCR (Fig.
5B). Clonogenic colonies generally displayed between one to
four copies of the tax gene per cell, as determined by real-time
PCR analysis, although a few colonies demonstrated as many
as eight proviral integrations (data not shown). Tax RNA ex-
pression was detected in all colonies (n 	 20) arising from
CD34� cells transduced with Tax1 or Tax2 and in 80% of
Tax1(�) transduced colonies (n 	 10) when analyzed by
RT-PCR analysis (Table 2). GFP expression was detected by
fluorescence microscopy in some of the clonogenic colonies
examine, confirming the expression of LV sequences in dif-
ferentiated cells (Fig. 5C). These results demonstrate that
clonogenic colonies which arise from LV-transduced CD34�

cells are capable of maintaining expression of Tax1 after
maturation and differentiation.

DISCUSSION

Hematopoietic progenitor cells have been proposed to serve
as reservoirs for HTLV-1 infection in vivo, and maintenance of
viral infection in these cell types may be important in the
manifestation of the disease (40, 59, 70). It can be envisioned
that HTLV-1 infection of hematopoietic stem cells may occur
during neonatal or perinatal viral transmission and that pro-
genitor cells may play a role in maintaining a persistent viral
infection in the infected individuals. Hematopoietic progenitor
cells are relatively quiescent, and the establishment of viral
latency in these cells may also allow HTLV to evade immune
surveillance mechanisms. Since HTLV Tax has a pivotal role in
deregulation of lymphocyte growth and immortalization, the
present study was undertaken to assess the sensitivity of human
CD34� hematopoietic progenitor cells to Tax expression. We
previously demonstrated that human CD34� cells were capa-
ble of supporting HTLV-1 infection (31). Reconstitution of T
lymphopoiesis with HTLV-1-infected CD34� cells in SCID-hu
mice resulted in the perturbation of thymopoiesis and an ab-
errant display of thymocyte subpopulations. Our current data
demonstrate that HTLV-1 Tax-transduced CD34� cells have a
reduced capacity to undergo development and maturation in
vitro. Human hematopoietic cells bearing the CD34 marker
are a heterogeneous cell population encompassing both hema-
topoietic progenitor cells and hematopoietic stem cells. Hema-
topoietic stem cells are predominantly in the quiescent phase
of the cell cycle (34, 39, 78). The cyclin-dependent kinase
inhibitor p21cip1/waf1 (p21) is a key molecular regulator gov-
erning entry of hematopoietic stem cells into the cell cycle, and
it was recently shown that the abolition of p21 expression in
CD34� cells results in a notable expansion of stem cell num-
bers (94). Since Tax1 upregulates expression of p21, we predict
that expression of Tax1 in CD34� cells may inhibit the prolif-
eration, but not the differentiation profile, of hematopoietic
stem cells (1, 19, 28, 94). Indeed, the lack of alteration of the
ratio of the development of myeloid versus erythroid colonies
seen in Tax1-transduced CD34� cells suggests that Tax1 affects
proliferation, rather than the impairment of differentiation, of
human hematopoietic progenitor cells. Preliminary data from
our laboratory suggest that Tax1 is more effective at upregu-
lating transcription from a p21 promoter construct than is Tax2

FIG. 4. Clonogenic colony-forming activity of lentiviral vector-
transduced CD34� cells. GFP� CD34� cells were purified by FACS,
and isolated cells (103) were plated in 10-mm dishes containing 2 ml of
MethoCult H4433. Mature colony types were identified by morphology
as granulocyte-macrophage CFU (CFU-GM), burst forming unit-ery-
throid (BFU-E), or highly proliferative pluripotent type (HPP-CFC),
as previously described (31). (A) Total number of myeloid, erythroid
and pluripotential colonies per CD34� GFP� cells (103) plated was
determined at 14 days postplating. Purified CD34� GFP� cell samples
were plated in triplicate. Each column represents a separate sorting
experiment. Colony-forming activities were assayed four times for each
transduction, except for Tax1(�) and Tax2-transduced CD34� cells,
which were assayed three times (sorting experiments 2, 3, and 4).
Transduction of CD34� cells with HR�CMV-Vpr/GFP resulted in no
colony formation in FACS experiments 1 and 4 and is indicated by an
asterisk. (B) Relative distribution of clonogenic colonies. Colonies
were analyzed by morphology and characterized as CFU-GM, BFU-E,
or HPP-CFC. The average numbers of CFU-GM colonies that arose
per 103 purified CD34� GFP� cells plated were 38.8 (Mock), 24.4
(GFP), 7.3 (Tax1), 21.2 [Tax1(�)], and 21.4 (Tax2). The average num-
bers of BFU-E colonies arising per 103 CD34� GFP� cells plated were
14.9 (Mock), 9.0 (GFP), 2.8 (Tax1), 8.0 [Tax1(�)], and 8.3 (Tax2). The
average numbers of CFU-HPP colonies arising per 103 CD34� GFP�

cells plated were 6.0 (Mock), 3.6 (GFP), 1.2 (Tax1), 3.2 [Tax1(�)], and
3.3 (Tax2). Statistical analysis was performed by ANOVA (P 
 0.005).
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in a transient-transfection assay (A. Tripp and G. Feuer, un-
published observations). The differences in the activation of
p21 gene expression by Tax1 and Tax2 in CD34� cells may
account for the specificity of suppression of hematopoiesis
displayed by HTLV-1 Tax.

Although we do not detect the induction of apoptosis in T
lymphoid cell lines after Tax1 expression, we cannot com-
pletely exclude the possibility that Tax1 may suppress hema-
topoiesis by sensitization of a subset of CD34-bearing cells to
apoptosis during cultivation in vitro. Tax1 has been shown to
inhibit cellular DNA repair activity by suppression of nucleo-
tide excision repair (50–54). Furthermore, downregulation of
DNA repair activity has been reported to induce apoptosis in
human CD34� cells (16). Tax1 expression may indirectly sen-

sitize a subset of CD34� cells to programmed cell death by
inhibition of DNA repair activity. Previous reports have also
demonstrated that transduction of cell lines with Tax1 result in
the arrest of cells in G2/M (44, 61, 63). Further investigations
will be required to decipher the precise mechanism of hema-
topoietic suppression by Tax1. It is noteworthy that HTLV-2
infection of a human CD34� cell line was previously shown to
promote survival and an increase in telomerase activity in
human CD34� cells (10, 18, 79). In contrast, infection of hu-
man CD34� cells with HIV-1 and measles virus has been
demonstrated to disrupt hematopoiesis (20, 27, 36, 55, 56, 68).
It remains to be established whether HTLV-1 infection of
CD34� cells can inhibit hematopoiesis.

The different abilities of HTLV-1 and HTLV-2 Tax to sup-

FIG. 5. PCR analysis of clonogenic colonies. Clonogenic colonies were cultivated from LV-transduced CD34� cells isolated by FACS on the
basis of CD34 and GFP coexpression, as described in Fig. 3. Colonies were randomly isolated by aspiration from the methycellulose medium under
an inverted microscope (Leica DMIL). (A) Q-PCR analysis of high-molecular-weight DNA from clonogenic colonies arising from lentiviral vector-
transduced CD34� cells. Clonogenic colonies were identified by morphology after 12 to 14 days in culture, and DNA was processed for PCR
analysis as previously described (31). DNA from cells was assayed for the presence of HTLV-1 tax/rex (nucleotides 7336 to 7495) and human
�-globin sequences. The numbers of cells in each colony varied and were reflected by the �-globin signal obtained. The amplified HTLV-1 and
�-globin products were 159 and 110 bp, respectively. The hematopoietic colonies were identified as follows: lanes 1 to 3, 6, 8, and 12, CFU-GM;
lanes 4, 9, 10, and 13, BFU-E; and lanes 7 and 14, HPP-CFC. Colonies 1, 6, 8, and 12 were from FACS experiment 1; colonies 2, 4, 11, and 13
were from FACS experiment 2; colonies 3, 5, and 9 were from FACS experiment 3; and colonies 7, 10, and 14 were from FACS experiment 4.
“Mock” represents clonogenic colonies derived from sorted CD34� cells that were mock infected and sorted only on the basis of CD34 expression.
The colony analyzed in lane 6 was scored as negative for tax/rex sequences, suggesting that this colony arose from maturation of a nontransduced
CD34� cell, which presumably contaminated the FACS-purified cell population. (B) RT-PCR analysis of RNA from clonogenic colonies. RNA
was isolated from clonogenic colonies by using Trizol, and a 10-�l aliquot of RNA representing 25% of the total sample was analyzed by RT-PCR
with primers 670 and 671 and a OneStep RT-PCR kit (Qiagen). “Tax1-RT” represents the sample from lane 4 assayed with heat-inactivated reverse
transcriptase and was used as a negative control for this experiment. RNA extracted from 104 SLB-1 cells, an HTLV-1 transformed T-cell line, was
used as a positive control (SLB). Colonies 1, 2, and 4 to 8 were CFU-GM; colonies 3, 9, and 10 were BFU-E; and colonies 11 and 12 were from
HPP-CFC. Colonies 1, 4, 7, and 10 were from FACS experiment 2; colonies 2, 5, 8, and 11 were from FACS experiment 3; and colonies 3, 6, 9,
and 12 were from FACS experiment 4. (C) Low-field (�20) light and fluorescent micrographs were taken of a CFU-GM arising from CD34� cells
infected with HR�CMV-GFP (GFP, top panel), HR�CMV-Tax1/GFP (Tax1, middle panel), or HR�CMV-Tax2/GFP (Tax2, bottom panel) at 14
days postplating. Note that GFP expression is generally 5- to 10-fold lower in cells infected with the bicistronic LVs than in cells infected with
HR�CMV-GFP, as has previously been reported (102).
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press hematopoiesis of human CD34� cells provides a model
system to characterize and contrast the functions of these two
viral proteins in primary human cells. The employment of LVs
encoding HTLV Tax allows for the transduction of quiescent
cells and for the ability to dissect and characterize the effect of
Tax expression in the absence of other HTLV gene products.
Although Tax1 and Tax2 have ca. 77 to 85% homology at the
amino acid level and the transcriptional activation profiles of
both proteins are remarkably similar, distinct biological differ-
ences that differentiate these proteins have previously been

described (60, 89, 91). Tax1 is longer than Tax2 (353 and 331
amino acids, respectively). Tax1 has been shown to inhibit
cellular p53 function more efficiently and displays a higher
transformation capacity in rat fibroblast cells than does Tax2
(29, 65). Tax1 is also capable of inducing micronuclei in simian
cells, in contrast to Tax2, which lacks this function (89). The
ability to suppress the maturation and development of human
CD34� cells in vitro identifies an important property that dis-
tinguishes Tax1 from Tax2 activity in primary human hemato-
poietic cells. The divergence between Tax1 and Tax2 in their

FIG. 5—Continued.
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respective ability to suppress hematopoiesis in vitro may ulti-
mately provide insight into the different pathogenic potential
of HTLV-1 and -2 infection in humans. It is interesting to
speculate that the induction of cell cycle arrest or the preven-
tion of egress of infected hematopoietic stem cells from G0

may promote the survival of HTLV-1-infected CD34� cells by
maintaining viral latency.

Although several reports have linked HTLV-1 Tax expres-
sion with the initiation of programmed cell death (21–23, 43,
54, 74, 81, 98), we failed to detect apoptosis in T lymphoid cell
lines transduced with LVs expressing Tax1. It is unlikely that
the failure to detect apoptosis can be attributed to variations in
cell lines or vectors, since expression of the HIV-1 Vpr protein
reproducibly induced apoptosis in all cells analyzed. Further-
more, the ability to monitor GFP expression implies that Tax is
also expressed from the bicistronic mRNA in transduced cells.
It should be noted that our results are in agreement with
reports from other laboratories demonstrating that Tax1 ex-
pression is not sufficient to induce apoptosis in cell lines (12,
24, 50, 86). Previous evidence does, however, suggest that Tax1
sensitizes cells to programmed cell death when cells are sub-
jected to DNA damage (12, 24, 44, 50, 51, 53, 86). It is note-
worthy that the functions of Tax1 and Tax2 may be significantly
different when assayed in transformed cell lines in comparison
to primary hematopoietic cells, particularly with respect to the
ability to initiate programmed cell death. The elucidation of
the mechanisms involved in regulating cell growth and apopto-
tic pathways in HTLV-infected hematopoietic progenitor cells
will provide important insights into the initiation of HTLV-1-
associated diseases.
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