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Introduction
The two major recognized pathogenic human retroviruses, the
type I human T-cell leukemia virus (HTLV-I)' and the type 1
human immunodeficiency virus (HIV- 1), are distinguished
from most other animal retroviruses by their striking genomic
complexity. Although only distantly related, HTLV-I and
HIV- I utilize remarkably similar strategies for the regulation of
viral gene expression. Specifically, both viruses encode essen-
tial trans-regulatory proteins that markedly increase expression
of all viral gene products (HTLV-I Tax and HIV- 1 Tat) as well
as distinct viral polypeptides that selectively activate the ex-
pression of viral structural genes (HTLV-I Rex and HIV- 1
Rev) (1). These different trans-regulatory proteins not only
play central roles in the life cycles of HTLV-I and HIV- 1 but
also contribute importantly to the disease processes induced by
these viral pathogens. In the following review, we discuss the
molecular biology of HTLV-I, highlighting recent studies that
provide important insights into the mechanisms of action of
the Tax and Rex trans-regulatory proteins.

HTLV-I is recognized as the etiologic agent of the adult
T-cell leukemia/lymphoma (ATLL) (2, 3). ATLL is an often
aggressive and fatal malignancy of mature CD4+ T lympho-
cytes. This neoplasm occurs in geographic regions of the world
where HTLV-I infection is endemic, including southern Japan,
sub-Saharan Africa, the Caribbean basin, and the southeastern
United States. Clinically, ATLL is characterized by leukemia,
lymphadenopathy, tumor infiltrates of the skin, hepatospleno-
megaly, hypercalcemia, and lytic bone lesions (4). HTLV-I is
transmitted horizontally by sexual intercourse and exposure to
contaminated blood or cellular blood products. Vertical trans-
mission from mother to child has also been documented. The
period between infection and onset of clinical disease in
HTLV-I-infected individuals is typically quite long, often
ranging between 10 and 30 years. Further, the rate of HTLV-I
associated malignancy among seropositive individuals is rela-
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1. Abbreviations used in this paper: ATF, activating transcription fac-
tor; ATLL, adult T-cell leukemia/lymphoma; CREB, cyclic ANMPre-
sponse element binding protein; HTLV-I, type I human T-cell leuke-
mia virus; LTR, long terminal repeats; RE, response element(s).

tively low (< 5% lifetime risk). However, the prognosis for pa-
tients who develop the acute form of ATLL is extremely poor
with few surviving beyond 6 months.

More recently, HTLV-I has been associated with a chronic
neurodegenerative syndrome termed HTLV-I-associated my-
elopathy or tropical spastic paraparesis (5, 6). This syndrome is
characterized by the progressive demyelination of long motor
neuron tracts in the spinal cord leading to spasticity, parapare-
sis, and decreased muscle strength. Multiple sclerosis, a far
more prevalent neurologic disease, shares certain clinical fea-
tures with HTLV-I-associated myelopathy/tropical spastic
paraparesis. However, the role of HTLV-I or related retrovi-
ruses in multiple sclerosis remains controversial (7).

HTLV-II is a closely related human retrovirus that has been
associated with only rare cases of a clinically benign T-cell vari-
ant of hairy cell leukemia (8, 9). Therefore, a clear role of
HTLV-II in human malignancy has not yet been established.
In contrast to HTLV-I, no endemic region for HTLV-II has
been identified. Of note, recent studies employing polymerase
chain reaction (PCR) methodology have revealed that HTLV-
II infection is particularly prevalent among certain populations
of intravenous drug abusers in the United States (10).
Previously, many of these individuals were thought to be in-
fected with HTLV-I.

HTLV-I appears to induce the leukemic transformation of
T cells by a novel mechanism. Unlike acutely transforming
animal retroviruses, the HTLV-I genome does not encode a
known oncogene (1 1). Further, this retrovirus does not trans-
form T cells by cis-activation of an adjacent proto-oncogene,
since the provirus appears to integrate randomly within the
host genome ( 12). An interesting property of all long-term cell
lines derived from ATLL patients or established by HTLV-I
infection of normal T cells in vitro is the constitutive high level
expression of receptors for the T-cell growth factor, interleukin
2 (IL-2) (13, 14). The constitutive display of this inducible
growth factor receptor complex may contribute to the early
polyclonal proliferation of T cells that characterizes an early
stage of HTLV-I infection. However, the primary tumor cells
from patients with ATLL are typically monoclonal, suggesting
that additional cellular events are required for the completion
of the transformation process. The nature of these additional
events remain unknown.

Genomic organization of HTLV-I
Important insights into the pathophysiology of HTLV-I have
emerged with the molecular analysis of various proviral iso-
lates. The genomic organization of HTLV-I provirus is shown
schematically in Fig. 1. As is characteristic of all replication
competent retroviruses, HTLV-I encodes functional gag, pol,
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Figure 1. Genomic organization of the HTLV-I provirus. The coding
regions of the HTLV-I genes are indicated by the labeled boxes.
Sequences critical for the regulation of viral gene expression are con-
tained in the 5' and 3' (LTRs). Transcription of the provirus results in
a primary genomic mRNAtranscript. Subsequent splicing events
generate singly spliced and doubly spliced subgenomic transcripts.
The position of the splice donors (SD) and splice acceptors (SA)
involved in the generation of these spliced mRNAspecies are indi-
cated.

and env gene products and contains tandem long terminal re-
peats (LTRs) at the 5' and 3' ends of its proviral genome. In
addition, the novel 3' or pX region of provirus encodes two
trans-regulatory proteins, termed Tax and Rex (I 1). Although
no infectious HTLV-I proviral clone has yet been isolated, mu-
tational analyses of an infectious clone of HTLV-II have dem-
onstrated that both tax and rex are essential for viral replica-
tion (15). Structurally distinct but functionally analogous
genes, tat and rev, have been identified in HIV- 1 (1).

The HTLV-I gene products are translated from three major
mRNAspecies (Fig. 1). The full-length genomic mRNAen-
codes the gag and pol gene products, while a singly spliced
subgenomic mRNAencodes the Env protein. A doubly spliced
mRNAencodes the Tax and Rex trans-regulatory proteins
from different reading frames. The Tax protein may be prefer-
entially translated from this short transcript, since the se-
quences surrounding its methionine initiation codon share
greater similarity to the consensus sequences for translational
initiation than do-the corresponding sequences in the rex open
reading frame.

The Tax protein: a potential mediator of T-cell
transformation
The tax gene encodes a 40-kD nuclear phosphoprotein. Tax is
a potent trans-activator of viral transcription (16). Tax also
transcriptionally activates the expression of certain cellular
genes including IL-2, the a chain of the IL-2 receptor (IL-2Ra),
and the c-fox proto-oncogene (17-19) (Fig. 2). The central role
of these genes in normal T-cell activation and growth suggests
that Tax activation of these cellular transcription units may
represent an important mechanism by which HTLV-I initiates
T-cell transformation. Tax also activates the LTR of HIV-1
(20), which may contribute to the enhanced HIV-1 gene ex-
pression detected in T cells dually infected with HTLV-I and
HIV- 1.

Several lines of evidence suggest that the Tax protein has
the ability to initiate cellular transformation. Specifically, in-
troduction of the pX region of HTLV-I into primary T cells via
a nontransforming Herpesvirus saimiri vector resulted in the
constitutive high level expression of functional IL-2 receptors.
In sharp contrast to normal activated T cells, these pX-express-
ing T lymphocytes can be maintained in continuous long-term
culture in the presence of exogenous IL-2 (21). These intriguing
results suggest that the HTLV-I pX gene products may deregu-
late the normal transient nature of the T-cell growth response.
Additionally, transgenic mice expressing the tax gene develop
multiple mesenchymal tumors and neurofibromas (22). Not all
lines of tax transgenic mice developed these tumors, however,
and none of these tax transgenic mice developed leukemia or
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Figure 2. Tax increases transcription of viral and cellular genes
through at least two host transcription factor pathways. The Tax
protein is encoded in the pX region of the HTLV-I provirus and is
translated from the doubly spliced tax/rex transcript. Tax trans-
activation HTLV-I genes and the proto-oncogene c-fos appears to
involve the modification of CREB/ATF transcription factor(s) that
bind to the HTLV-I LTR and the c-fos promoter. By a distinct
mechanism, Tax induces the nuclear expression of the pleiotropic
transcription factor NF-KB and activates transcription of a variety of
cellular and heterologous viral promoters that contain NF-KB
enhancer elements. These include the promoters of the IL-2, IL-2Rta,
and granulocyte/macrophage colony-stimulating factor genes and the
LTR of HIV- 1. In addition to its positive transcriptional effects, Tax
represses the expression of at least one cellular gene, ,3-polymerase,
an enzyme involved in DNArepair.
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lymphoma. The ability of Tax to transform nonlymphoid cells
has also been demonstrated in other experimental systems. The
tax gene, when overexpressed with the ras oncogene, immorta-
lized primary rat fibroblasts (23). Similarly, the stable expres-
sion of tax gene alone in an established rat fibroblast cell line
(Rat- 1) resulted in the transformation of these cells (24).

An attractive model for ATLL includes an early period of
Tax-induced polyclonal T-cell proliferation, mediated by the
deregulated expression of IL-2 and its receptor. This polyclonal
proliferation may in turn facilitate the occurrence of additional
events leading to the completion of the transformation process
and the monoclonal outgrowth ofan IL-2-independent popula-
tion of leukemic T cells. Since no satisfactory in vitro or animal
model of ATLL currently exists, the nature of these later events
remains undefined. However, recent studies have demon-
strated that Tax represses the expression of ,B-polymerase, an
enzyme involved in DNArepair (25). Notably, ATLL cells are
characterized by chromosomal breaks and other karyotypic ab-
normalities. Although it remains unknown whether these chro-
mosomal derangements are primary or secondary events in the
cellular transformation process, these results raise the possibil-
ity that Tax may mediate certain additional cellular events re-
quired for T-cell transformation. Notably, ATLL is distin-
guished from leukemia induced by most other replication com-
petent retroviruses by both the lack of chronic viremia and
absence of detectable expression of viral genes. Therefore,
while it seems likely that Tax may play an important role in the
development of ATLL, neither Tax nor other viral gene prod-
-ucts may be required for the maintenance of this transformed
phenotype.

Tax activates transcription of cellular and viral genes
though at least two distinct host transcription factor pathways.
Tax trans-activation of HTLV-I gene expression requires three
2 l-basepair enhancer elements located in the LTR. Tax does
not bind directly to these enhancer elements. Rather, Tax
trans-activation of the HTLV-I LTR appears to be mediated
through constitutively expressed cellular factors that bind to an
octanucleotide core element (TGACGTCT) present within
these 2 1-basepair enhancer elements (26). This octanucleotide
motif has been previously identified as a transcriptional regula-
tory element present in a wide variety of viral and cellular genes
including cAMP-inducible genes and the Ela-activated early
genes of adenovirus. Tax trans-activation of the HTLV-I LTR
likely involves modification of the proteins that binds to this
core element. These proteins appear to represent members of
the cAMPresponse element binding protein (CREB) and acti-
vating transcription factor (ATF) family of transcription fac-
tors. The Tax responsive sequences in the c-fos promoter also
contain this octanucleotide motif (19), raising the possibility
that Tax activation of both the HTLV-I LTR and c-fos pro-
moter may involve the same host transcription factors.

Tax activation of other cellular and viral promoters, includ-
ing the promoters of the IL-2 and IL-2Ra genes and the HIV- 1
LTR, involves the induced nuclear expression of the pleiotro-
pic transcription factor NF-KB (27). NF-KB was described ini-
tially as a constitutively expressed DNAbinding protein in ma-
ture B cells that specifically bound to the enhancer of the K
immunoglobulin light chain gene. However, subsequent stud-
ies have revealed that NF-KB is an inducible transcription fac-
tor that regulates the expression of a large number of genes in
many different cell types. NF-KB binding activity is regulated

by a novel post-translational mechanism involving its seques-
tration in the cytoplasm by an inhibitor protein termed lKB
(28). After normal cellular activation, protein kinase-mediated
phosphorylation of IKB results in the dissociation of the cyto-
plasmic NF-KB-IKB complex (29). Subsequently, NF-KB trans-
locates to the nucleus where it exerts its transcriptional effects.
Whether Tax activation of NF-KB involves the phosphoryla-
tion of IKB or proceeds by a separate mechanism remains un-
known.

Recently, NF-KB has been established as a member of the
rel family of proteins. The gene encoding the 50-kD DNA-
binding subunit of NF-KB has been molecularly cloned and
sequence analysis has revealed a remarkable sequence homol-
ogy with the v-rel oncogene and the developmentally regulated
dorsal gene of Drosophila melanogaster (30, 31). The v-rel on-
cogene was first identified in reticuloendotheliosis virus strain
T (Rev-T), an avian retrovirus that causes fatal lymphoid tu-
mors in young birds. The dorsal gene is one of a number of
maternal effect genes that serve to establish polarity of the de-
veloping embryo. Recent studies have identified at least four
distinct cellular proteins (p5O, p55, p75, and p85) in human
T-lymphoid and nonlymphoid cells that display specific and
inducible binding to the KB enhancer motif (32). Although the
induction of these proteins appears to be differentially regu-
lated during T-cell activation, each ofthese proteins is immuno-
logically related to v-Rel (33). The largest of these four KB-bind-
ing proteins (p85) corresponds to the cellular homologue of
v-Rel, designated c-Rel. While Tax appears to activate each of
the four members of the NF-KB family of proteins, the predomi-
nant Tax-inducible protein is c-Rel. Interestingly, one compo-
nent of the activation of C-Rel by Tax invovles the transcrip-
tional induction of c-rel gene expression. Thus, regulation of
the NF-KB family of proteins is not controlled exclusively by
post-translational cytoplasmic/nuclear partitioning.

The precise molecular mechanism or mechanisms by
which Tax activates the CREB/ATFand NF-KB transcription
factor pathways remain elusive. However, recent studies have
identified tax gene mutants that functionally distinguish trans-
activation through these two host transcription factor pathways
(34). Specifically, five mutants affecting two different hydro-
phobic regions of Tax were found to effectively trans-activate
NF-KB-responsive promoters while failing to significantly acti-
vate CREB/ATF-responsive promoters. Conversely, a single
tax mutant was shown to effectively trans-activate CREB/
ATF-responsive promoters while lack the ability to induce the
nuclear expression of NF-KB or trans-activate NF-KB-respon-
sive promoters. The identification of these phenotypically dis-
tinct tax mutants demonstrates that Tax activation of CREB/
ATF and NF-KB-responsive promoters proceeds via different
intermediate signal transduction pathways and suggests that
this activation is mediated by separate peptide domains within
the Tax protein. These mutants should prove valuable in future
studies of the molecular mechanisms of Tax trans- activation
and may provide important insights into the role of these host
transcription factor pathways in Tax-mediated cellular trans-
formation.

The Rex protein: a regulator of HTLV-I
structural gene expression
The rex gene product is a 27-kD phosphorylated protein local-
ized in the nuclei and predominantly the nucleoli of expressing
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cells. In contrast to Tax, Rex does not appear to directly regu-
late transcription. Rather, Rex functions to increase the expres-
sion of viral structural and enzymatic proteins by promoting
the cytoplasmic expression of the incompletely spliced gag/pol
and env mRNAs, thereby allowing their translation (35) (Fig.
3). In the absence of Rex, these unspliced or singly spliced
mRNAsremain sequestered in the nucleus where they are ei-
ther completely spliced or degraded. Rex likely functions to
either activate nuclear export of these partially processed viral
mRNAsor promote the disassembly of spliceosomes engaging
these viral transcripts, thereby allowing their export to the cyto-
plasm by default. By increasing the cytoplasmic expression of
unspliced and singly spliced mRNAs, Rex also indirectly in-
hibits the expression of the doubly spliced tax/rex mRNA.As
discussed below, this negative regulation of tax and rex gene
expression by Rex may have important implications for the
establishment and maintenance of viral latency. The action of
Rex is sequence specific. The target for Rex action has been
localized to the 3' LTR and corresponds to a large and energeti-
cally stable RNAstem-loop structure termed the Rex response
element (RexRE) (36, 37). The RexRE functions in a strictly
orientation-dependent but position-independent manner
within the viral mRNA.

In many respects, the function of the rev gene product of
HIV- 1 is analogous to that of Rex. Like Rex, Rev promotes the
cytoplasmic appearance of incompletely spliced viral mRNAs
encoding the HIV- I structural and enzymatic proteins. Simi-
larly, the Rev response element (RevRE) corresponds to a large
and energetically stable RNAstem-loop structure. However, in
contrast to the RexRE, the RevRE is located in an intronic
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doubly-spliced tax/rex transcript
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Figure 3. Rex action involves binding to its RNAresponse element.
The predicted structure of the large and energetically stable RexRE
is shown schematically. The pX derived Rex protein specifically binds
to the RexRE, and this binding has been localized to a specific stem
region (bold lines). Although the RexRE is present in all viral
transcripts, Rex selectively promotes the cytoplasmic expression of
incompletely-spliced gag/pol and env transcripts. In addition, the
stem-loop structure of the RexRe serves an unexpected role in the 3'
processing of all viral transcripts by approximating the polyade-
nylation signal and the site of 3' cleavage and polyadenylation.

position within the HIV- 1 env gene and therefore is present
only in those partially spliced mRNAspecies that are regulated
by Rev. Although the Rev and Rex proteins and their respec-
tive RNAresponse element lack significant homology, the
HTLV-I Rex protein can functionally replace the HIV- 1 Rev
protein. This surprising genetic complementation is suffi-
ciently complete to allow Rex rescue of the replication of rev
defective HIV- 1 proviruses (38). Of note, while Rex can func-
tion through both the Rex and the Rev response elements, Rev
is unable to act through the RexRE. This nonreciprocal pattern
of complementation displayed by Rex and Rev is most easily
explained by a model involving the direct interaction of these
trans-regulatory proteins with their respective RNAresponse
elements. Consistent with this interpretation, recent studies
have demonstrated that recombinant Rex protein binds di-
rectly and specifically to both the RexRE and RevRE in vitro
(39). Conversely, Rev binds to the RevRE (40, 41) but does not
appear to interact with the RexRE (39).

In addition to its critical role in mediating Rex responsive-
ness, the RexRE also serves an unexpected function in the 3'
cleavage and polyadenylation of all HTLV-I viral transcripts
(42). The HTLV-I polyadenylation signal is separated from the
site of 3' cleavage by more than 250 nucleotides (Fig. 3). This
spatial separation is unprecedented among other viral or cellu-
lar polyadenylated mRNAsfor which separation of the poly-
adenylation signal and 3' cleavage site by more than 30 nucleo-
tides abolishes 3' RNAprocessing. Strikingly, the sequences
between the polyadenylation signal and 3' cleavage site corre-
spond to the RexRE. The stem-loop structure of the RexRE
juxtaposes the polyadenylation signal and a highly conserved
element downstream of the polyadenylation site, and thereby
allows the cooperative and stable binding of two cellular factors
essential for 3' end formation. The stable binding of these two
cellular factors commits the transcript to 3' RNAprocessing.
Mutations of the RexRE which disrupt its secondary structure
result in the loss of polyadenylation. Conversely, reconstitution
of the predicted stem-loop structure with a different sequence
restores effective polyadenylation. Of note, these permissive
effects of the RexRE in the polyadenylation reaction do not
require nor are they influenced by the presence of Rex.

Mutational analyses of the Rex protein have revealed the
presence of at least two functionally distinct peptide domains.
One domain mediates both nuclear/nucleolar targeting of Rex
and RNA-binding to the RexREand the RevRE. In contrast, a
second domain appears to be required for the effector function
of Rex. (43). The nuclear/nucleolar localization domain con-
tains several positively charged arginine residues and bears con-
siderable homology to a consensus RNA-binding motif first
identified in various bacteriophage anti-termination proteins
(44). Mutants affecting residues within this positively charged
domain neither localize to the nuclear compartment nor bind
to either the RexRE or the RevRE in vitro (39). The overex-
pression of these inactive mutants does not inhibit the activity
of the wild-type Rex protein. In contrast, mutations affecting
residues within the effector domain of Rex are both biologi-
cally inactive and effectively interfere with the activity of the
wild-type Rex protein. Therefore, these mutants are termed
dominant-negative or trans-dominant. These trans-dominant
rex mutants retain the ability to specifically interact with the
RexRE (39), however, the precise basis for trans-dominant re-
pression by these Rex mutants remains unknown. One possible
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model is that the trans-dominant mutants compete for binding
sites on the RexRE. Alternatively, Rex may function as a mul-
timer and the trans-dominant mutants of Rex may form biolog-
ically inactive mixed multimers with the wild-type protein,
thereby inhibiting Rex action. Notably, these rex trans-domi-
nant mutants function as effective inhibitors in the HTLV-I,
HTLV-II, and HIV- 1 viral systems (43), raising the possibility
of their future use as therapeutic agents for the prevention and/
or treatment of the diseases associated with these pathogenic
retroviruses.

Summary and future directions
The Tax and Rex proteins play pivotal roles in the regulation of
HTLV-I gene expression. Our current understanding of the
functions and mechanisms of action of these two trans-regula-
tory proteins supports the following model of the HTLV-I life
cycle. Immediately after infection of T cells, transcription of
viral genes is dependent on the interaction of various cellular
factors with the transcriptional regulatory sequences present in
the LTR. In the absence of Rex, only completely spliced viral
transcripts encoding Tax and Rex reach the cytoplasm. Since
Tax may be preferentially translated from these completely
spliced transcripts, initially Tax and only low levels of Rex
would be produced. Tax-mediated trans-activation of the
HTLV-I LTR would ensue leading to abundant tax/rex
mRNAin the cytoplasm and the gradual accumulation of Rex.
At some threshold level, Rex would promote the appearance of
genomic and singly spliced viral transcripts in the cytoplasm.
Translation of the viral structural and enzymatic gene products
from these partially spliced viral mRNAswould then occur and
allow for virion assembly and release. However, by increasing
the cytoplasmic expression of these incompletely spliced viral
transcripts, Rex would indirectly inhibit the expression of the
doubly spliced tax/rex mRNA.This negative regulation of Tax
and Rex expression by Rex would in turn lead to the decreased
expression of all viral genes, and potentially result in the estab-
lishment of a latently infected state. Subsequent similar bursts
of viral production might result from the immune activation of
the latently infected T cell, since the HTLV-I LTR responds to
some of the same physiological stimuli that mediate normal
T-cell activation. Therefore, while the activation of the latently
infected cell may represent the switch to turn on viral gene
expression, the differential regulation of viral gene expression
by Rex may serve to orchestrate controlled periods of virion
formation and subsequent reestablishment of viral latency.
This strategy of chronic latent infection coupled with episodic
virion production would result in the gradual accumulation of
latently infected cells. This type of life cycle might also facilitate
HTLV-I escape from immune surveillance, as transient high-
level production of virions would minimize the ability of the
host to mount an effective immune response. How this pro-
posed life cycle of HTLV-I results in the development of the
adult T-cell leukemia remains unclear. However, cellular
transformation may represent an effective strategy for proviral
replication since rapid cellular division of the leukemic clones
results in the concomitant replication of the integrated pro-
virus in the absence of proviral gene expression (45).

Several emerging lines of evidence suggest that Tax plays a
central role in HTLV-I mediated leukemogenesis. The ability
of Tax to trans-activate the genes for IL-2 and the a chain of the
IL-2 receptor suggest that this viral trans-regulatory protein

may initiate the leukemogenic process by promoting the dereg-
ulated polyclonal proliferation of these virally infected T cells.
The long period of clinical latency that precedes the develop-
ment of leukemia, and the observation that leukemic cells from
ATLL patients are monoclonal suggest that additional cellular
events are required for the development of the full malignant
phenotype. Currently, a satisfactory animal model of the leuke-
mic phase of ATLL is lacking, and the nature of these addi-
tional events remains conjectural. However, results from sev-
eral experimental systems indicate that the stable expression of
tax may lead to the transformation of nonlymphoid cells. Why
no lymphoid malignancies have been detected remains puz-
zling. Further studies of the HTLV-I trans-regulatory proteins
will likely begin to provide the answers to these questions, as
well as increase our understanding of the processes involved in
malignant transformation of human T cells.
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