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Human T-cell leukemia virus type 1
(HTLV-1) codes for 9 alternatively spliced
transcripts and 2 major regulatory pro-
teins named Tax and Rex that function at
the transcriptional and posttranscrip-
tional levels, respectively. We investi-
gated the temporal sequence of HTLV-1
gene expression in primary cells from
infected patients using splice site-spe-
cific quantitative RT-PCR. The results in-

dicated a two-phase kinetics with the
tax/rex mRNA preceding expression of
other viral transcripts. Analysis of mRNA
compartmentalization in cells transfected
with HTLV-1 molecular clones demon-
strated the strict Rex-dependency of the
two-phase kinetics and revealed strong
nuclear retention of HBZ mRNAs, support-
ing their function as noncoding tran-
scripts. Mathematical modeling under-

scored the importance of a delay between
the functions of Tax and Rex, which was
supported by experimental evidence of
the longer half-life of Rex. These data
provide evidence for a temporal pattern
of HTLV-1 expression and reveal major
differences in the intracellular compart-
mentalization of HTLV-1 transcripts.
(Blood. 2011;117(18):4855-4859)

Introduction

Human T-cell leukemia virus type 1 (HTLV-1) is the causative
agent of adult T-cell leukemia-lymphoma (ATLL) and tropical
spastic paraparesis/HTLV-1–associated myelopathy (TSP/HAM).
HTLV-1 uses several strategies for controlling the expression of its
genome, including the production of 9 alternatively spliced
transcripts (Figure 1A).1-6 Production of plus-strand transcripts
is controlled by Tax at the level of transcription and by Rex at
the level of nucleo-cytoplasmic export of unspliced and partially
spliced mRNAs.7,8 Regulation of the minus-strand HBZ tran-
scripts, which lack elements responsive to Rex, remains to be
determined.

Current models suggest that plus-strand HTLV-1 mRNAs are
expressed with a distinct timing during the course of the viral life
cycle, with a switch from early (Rex-independent) to late (Rex-
dependent) transcripts. Although early studies showed a qualitative
switch among classes of HTLV-1 mRNAs (multiply spliced vs
unspliced),9-12 detection of this phenomenon with quantitative
transcript-specific methods has proven difficult.13

To answer this question we used quantitative RT-PCR to
quantify proviral expression during the spontaneous proviral
reactivation observed in cells from infected patients. The results
demonstrated a “two-phase” expression pattern. Using transfection
of HTLV-1 molecular clones and subcellular RNA fractionation we

demonstrated the Rex-dependency of the two-phase kinetics and
determined the compartmentalization of the individual mRNAs,
showing that more than 90% of the HBZ mRNAs were retained in
the nucleus. Mathematical modeling14 revealed the importance of a
delay of Rex function compared with Tax, which was supported by
experimental evidence of delayed accumulation and longer half-
life of Rex.

Methods

Samples from HTLV-1–infected patients

Peripheral blood mononuclear cells (PBMCs) from ATLL and TSP/HAM
patients were purified as in.15 Patients are described in supplemental Table 1
(available on the Blood Web site; see the Supplemental Materials link at the
top of the online article). All samples were obtained from patients after
informed consent in accordance with the Declaration of Helsinki, with
approval from the Imperial College and King’s College hospitals (London)
Institutional Rreview Boards.

Plasmids, cells, and transfections

Plasmid pBS1–2-3 consists of the tax/rex cDNA (exons 1, 2, and 3 flanked
by the 5� and 3�LTRs, from infectious molecular clone CS-HTLV-116)
inserted in pBluescript (Stratagene). Plasmid ACH-Rex knockout (KO) was
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derived from the HTLV-1 molecular clone ACH17 by digestion with SphI
followed by removal of 3� overhangs (including the Rex initiation codon)
with T4 DNA polymerase and religation. Transfections were performed in
the HeLa-derived cell line HLtat,18 chosen for its high transfection
efficiency.

Quantitative RT-PCR

RNA of PBMCs from infected patients and transfected cells was
extracted and viral transcripts were quantitated as detailed in supplemen-
tal Table 2.

Figure 1. Temporal analysis of HTLV-1 expression in PBMCs from infected patients. (A) Structure and coding potential of plus- and minus-strand HTLV-1 mRNAs.
(B-C) Bar graphs (left panels) show the Normalized Copy Numbers (NCN) of the indicated mRNAs after 2 hours (black bars) and 48 hours (white bars) of culture in vitro
measured in representative ATLL and TSP/HAM patients; data on all patients studied are shown in supplemental Figure 1. NCN values were calculated by dividing the absolute
copy number of each transcript by the absolute copy number of the 18S rRNA. Line graphs show the variation in the tax/rex and gag mRNAs (middle panels) and in all
measured transcripts (right panels). Lines corresponding to HBZ mRNA are not shown for patient ATLL-1 because of insufficient material in the 8- and 24-hour time
points. Scaled Copy Numbers (SCN) are plotted over a 48-hour time period (ie, at 2, 4, 8, 24, and 48 hours after depletion of CD8-positive cells and culture; cells were
cultured in RPMI 1640 medium supplemented with 10% FCS, 2 mM glutamine, 100 IU/mL penicillin and 100 �g/mL streptomycin). SCN values were calculated by
dividing the NCN of each transcript at each time point by the maximum NCN value measured for that mRNA during the time course experiment. mRNAs are indicated by
colors as shown in panel C right.
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Analysis of Tax and Rex expression

The time course of Tax and Rex expression was analyzed as described in
Figure 2.

Results and discussion

Temporal analysis of HTLV-1 expression in PBMCs from
infected patients

Although postulated based on the function of Tax and Rex,7 a
temporal switch in HTLV-1 expression has not been demon-
strated with quantitative transcript-specific methods. To investi-
gate this possibility, we set up an ex vivo virus reactivation
model based on the depletion of CD8� T-cells from unstimu-
lated PBMCs isolated from HTLV-1–infected patients, which
reveals a sharp up-regulation of viral expression in the remain-
ing PBMCs.15 Samples from 6 patients with TSP/HAM and 3
patients with ATLL were analyzed (supplemental Table 1).
Splice-junction-specific Real-Time RT-PCR was used to mea-
sure the abundance (normalized copy number, NCN) and timing
(scaled copy number, SCN) of expression of HTLV-1 transcripts
(supplemental Table 2).

Figure 1 (B-C left) shows the NCN of the different mRNAs
after 2 and 48 hours of culture in vitro (black bars and white bars,
respectively) in representative cases of ATLL (patient ATLL-1) and
TSP/HAM (patient TSP-1). Data on all patients studied are shown
in supplemental Figure 1. Expression of all transcripts was
substantially up-regulated on culture in vitro. The most abundant
plus-strand transcripts were tax/rex, gag and env, followed by
p21rex, p30tof, p13 and p12; the minus-strand (HBZ) transcripts
were readily detected.

Analysis of the timing of expression (SCN, Figure 1B-C
middle) over a 48-hour time period showed that tax/rex was the
earliest transcript followed by a rise in gag expression whose curve
intersected that of tax/rex between 8 and 24 hours (indicated by a
gray box in the figure), suggesting an “early-late” switch in
HTLV-1 gene expression. Analysis of the SCN of all mRNAs
(Figure 1B-C right) confirmed the “early-late” switch (gray box)
and suggested a distinct temporal sequence of expression among
the “late” mRNAs. The p21Rex mRNA was also detected as an
early transcript in most samples, although its expression profile did
not follow that of tax/rex in all the patients examined (see
supplemental Figure 1).

Rex-dependence of the “two-phase” kinetics and nuclear
retention of HBZ transcripts

The abundance and timing of expression of the HTLV-1 mRNAs
were further investigated in cells transfected with the infectious
HTLV-1 molecular clone ACH. This system permitted quantita-
tion of transcripts in the cytoplasmic and nuclear fractions,
which was not possible with patient samples because of limited
amounts of material. Using a Rex knock-out derivative of ACH
(ACH-Rex KO, Figure 2B right) we also tested the Rex-
dependence of the two-phase expression kinetics.

Figure 2A (left) shows NCN in the cytoplasmic and nuclear
fractions 24 hours after transfection of ACH. The most abundant
plus-strand transcripts were tax/rex and gag, followed by env
and p21rex; p12, p13, and p30tof were expressed at lower levels.
The plus-strand transcripts showed similar partition in the
nucleus and cytoplasm; in contrast the HBZ NCN was over
10-fold higher in the nucleus than in the cytoplasm.

The timing of expression was investigated by calculating
“Export Ratios” over 48 hours (Figure 2B left). Consistent with
results obtained from patient PBMCs (see preceding paragraph),
ACH showed a two-phase expression kinetics with “early”
tax/rex expression (measured as a sharp increase in export ratio)
followed by a rise in the export ratios of the gag and env
mRNAs. Importantly, the two-phase kinetics was abolished in
cells expressing ACH-Rex KO (Figure 2B middle), demonstrat-
ing the critical role of Rex in regulating these kinetics. The
export ratios of HBZ transcripts remained remarkably low
throughout the time course and were not affected by Rex (Figure
2B left and middle). The nuclear retention of HBZ transcripts
was also confirmed in the infected cell line C91PL19 (Figure 2A
right). Although the significance of the nuclear retention of HBZ
mRNAs remains to be understood, we propose that it might
favor viral persistence by reducing HBZ translation thereby
reducing exposure of the infected cell to the HBZ-specific host
CD8� T-cell response20,21 while allowing its function as a
noncoding transcript driving T-cell proliferation.22

Kinetics of Tax and Rex protein turnover

Mathematical modeling (supplemental Figure 2) underscored
the importance of a delay in Rex function compared with Tax in
the observed expression kinetics. These considerations led us to
investigate the time course of Tax and Rex expression from
plasmid pBS1–2-3, which expresses the full-length mature
tax/rex mRNA (Figure 2C), and from the ACH molecular clone
(Figure 2D). Flow cytometry analyses showed a relative accumu-
lation of Rex at later time points (32, 48 hours) resulting in a
progressive rise in the Rex/Tax ratio (right panels).

Consistent with these observations, a comparison of the half-
lives of Tax and Rex expressed from pBS1–2-3 after treatment with
cycloheximide revealed a slower rate of degradation of Rex
compared with Tax (Figure 2E), with half-lives of 19.6 hours and
6.6 hours, respectively; similar half-lives were measured in ACH-
transfected cells (data not shown). These findings provide experi-
mental grounds for the delay in Rex function postulated in the
mathematical model and suggest a posttranslational control of Tax
and Rex activity.
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Figure 2. Kinetics and intracellular compartmentalization of HTLV-1 mRNAs; temporal analysis of Tax and Rex protein turnover. (A left) NCN of all HTLV-1 mRNAs in
the cytoplasmic and nuclear fractions 24 hours after transfection of HLtat cells with wild-type HTLV-1 molecular clone ACH using Fugene6 (Roche; mean of 3 experiments,
standard error bars). NCN values were determined by dividing the absolute copy number of each transcript by the absolute copy number of the GAPDH mRNA. (Right) NCN of
all HTLV-1 mRNAs in the cytoplasmic and nuclear fractions of the chronically infected cell line C91PL.19 (B) Kinetic analysis of the nucleo-cytoplasmic export of the tax/rex, gag,
env and HBZ mRNAs expressed from ACH (left) and ACH-Rex-KO (middle) in transfected HLtat cells. RNA was extracted from nuclear and cytoplasmic fractions using the
Paris Kit (Ambion). “Export Ratios” were calculated as the ratio between cytoplasmic and total NCN over a time course of 48 hours (harvesting at 0, 16, 24, and 48 hours). The
right panel shows Western blot analysis to detect Rex protein (see description in panel E); results verified that the ACH-Rex-KO does not express Rex. (C) Kinetics of Tax and
Rex protein expression in HLtat cells from plasmid pBS1–2-3, which contains the viral 5� and 3� LTRs and expresses the full-length tax/rex mRNA (including all coding and
noncoding regions). Cultures were harvested at 8, 16, 32, and 48 hours after transfection. Cells were fixed in 3.7% formaldehyde-PBS, permeabilized in 0.2% Triton-PBS,
blocked with 3% BSA (bovine serum albumin)–PBS and then incubated for 1 hour with mouse anti-Tax monoclonal antibody23 (1:100, in PBS-1.5% BSA) and rabbit anti-Rex
polyclonal antibody24 (1:500, in PBS-1.5% BSA). Cells were next incubated for 1 hour with Alexa 633-conjugated goat anti–mouse and Alexa 488–conjugated chicken
anti–rabbit antibodies (Molecular Probes) diluted 1:1000 in PBS-1.5% BSA. Tax and Rex protein expression was analyzed by flow cytometry using a FACSCalibur (Becton
Dickinson) equipped with 633-nm Helium-Neon and 488-nm Argon lasers. Alexa 633 and Alexa 488 fluorescent signals were analyzed using the FL4 (661 � 16 nm) and the
FL1 (530 � 30 nm) detection lines, respectively. Data are represented as equal probability plots. The line graph (right) shows mean and standard error values of Rex/Tax
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Figure 2. (continued) fluorescence intensity (mean fluorescence value X number of positive events) ratios measured in 3 independent experiments. (D) Kinetics of Tax and
Rex protein expression in HLtat cells from the infectious HTLV-1 molecular clone ACH. Cultures were harvested at 8, 24, 32, and 48 hours after transfection. Cells were
processed and analyzed as described for panel C. Data are represented as equal probability plots. The line graph (right) shows mean and standard error values of Rex/Tax
fluorescence intensity (mean fluorescence value X number of positive events) ratios measured in 3 independent experiments. (E) Degradation rates of the Tax and Rex protein
expressed from pBS1–2-3 after blocking protein synthesis. HLtat cells transfected with pBS1–2-3 were treated with 10�M cycloheximide 24 hours after transfection and
harvested in “disruption buffer” (Paris kit; Ambion) at 3, 8, 24, and 32 hours after cycloheximide treatment. Lysates were subjected to SDS-PAGE and electrotransferred to
Hybond-C Extra (GE Healthcare). Blots were incubated with mouse anti-Tax monoclonal antibody (1:500), rabbit anti-Rex polyclonal antibody (1:5000) and mouse anti-tubulin
monoclonal antibody (1:2000) in PBS-3% BSA-0.05% Tween followed by a horseradish peroxidase-conjugated anti–mouse or anti–rabbit antibody (Pierce) diluted 1:5000 in
2% milk (Roche)–PBS-0.05% Tween. Blots were developed using chemiluminescence reagents (Supersignal, Pierce) and immunoreactive bands were visualized and
quantified using a BioRad ChemiDoc XRS imager. The left panel shows a composite of this Western blot analysis to detect the Tax, Rex and Tubulin signals. Data were
normalized by dividing Tax and Rex signals by the tubulin signal and scaled against the value at 3 hours; resulting numbers, which represented the fraction of protein remaining,
were plotted in the graph on the right. Protein half-life was estimated by fitting a linear decay model to the data, assuming a constant degradation rate.
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