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INTRODUCTION

Retroviruses are named for their ability to reverse the
normal flow of genetic information from genomic DNA to
mRNA (214). Although retroviruses form a clearly defined
and relatively homogeneous viral genus, they have never-
theless historically been subdivided into three taxonomic
groupings primarily on the basis of the pathologic conse-
quences of infection (204). The oncovirus subgroup includes
retroviruses able to cause neoplastic disease in the infected
host but also includes several related, apparently benign
viruses (204, 214). Lentiviruses cause slow, chronic diseases
that generally, but not always, lack a neoplastic component
(78). Although the members of the spumavirus subgroup
cause a marked foamy cytopathic effect in tissue culture,
they have yet to be clearly associated with any human or
animal disease (89, 222).
Because of the ability of the oncovirus subgroup to induce

oncogenesis in experimental animals, research into retrovi-
rus molecular biology has historically focused on this sub-
group. These efforts led to the definition of the retrovirus life
cycle visualized in Fig. 1. Retroviral replication initiates with
the intracytoplasmic penetration of the virion core, a process
mediated by the specific interaction of the viral envelope
glycoprotein with a specific cell surface receptor (214).
Subsequently, a virion-associated RNA-dependent DNA
polymerase transcribes the single-stranded RNA genome
into a double-stranded linear DNA proviral intermediate.
This proviral intermediate then migrates to the nucleus,
where a viral integrase covalently links the retroviral ge-
nome to host chromosomal DNA, thereby forming the
retroviral provirus (214).

In its simplest form, as seen, for example, in murine
leukemia virus (MLV), retroviral replication requires only
three virally encoded genes (Fig. 1 and 2). These are the gag
gene, which encodes the virion structural proteins, the pol
gene, which encodes the various virion-associated enzymes,
and the env gene, which encodes the envelope glycoprotein.
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(A viral protease, required for the posttranslational process-
ing of the Gag and Gag-Pol polyproteins, may be encoded
within pol or gag.) In the integrated DNA provirus, these
three genes are invariably arranged in the same order (5'-
gag-pol-env-3') and are flanked by the characteristic long
terminal repeats (LTRs) generated during the process of
reverse transcription (Fig. 1 and 2). The LTRs contain
enhancer and promoter elements required for transcription
of the retroviral genome (214) and also contain sequences
important for efficient mRNA polyadenylation (25). In MLV
and most other animal oncoviruses, the integrated provirus
encodes only two distinct transcripts. These are the genomic
RNA, which also functions as the mRNA for Gag and Pol,
and a singly spliced mRNA species that encodes Env (214).
It therefore appeared that the life cycle of MLV and, by
extension, that of retroviruses in general was both simple
and efficient. Viral gene products served structural or enzy-
matic functions, while regulation of viral gene expression, be
it at the transcriptional or posttranscriptional level, was
controlled entirely by the interaction of cis-acting viral DNA
or RNA sequences with trans-acting factors encoded by the
host cell.
A resurgence of scientific interest in retroviruses, resulting

particularly from the emergence of human T-cell leukemia
virus type I (HTLV-I) and human immunodeficiency virus
type 1 (HIV-1) as important human pathogens, has more

recently led to the realization that the simple life cycle
delineated above is not a fully adequate description of the
replication cycle of all the members of this viral genus. For
example, HIV-1 encodes no fewer than six gene products in
addition to the characteristic retroviral Gag, Pol, and Env
(Fig. 2), and these are translated from a novel set of singly
spliced and multiply spliced viral mRNA species (42, 144,
147). At least two of these additional proteins, termed Tat
and Rev, act in trans to directly regulate HIV-1 gene
expression (42). Overall, although the steps between pene-
tration and proviral integration appeared quite similar for
both MLV and HIV-1, postintegration events were found to
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FIG. 1. Overview of the retrovirus replication cycle. Preintegra-
tion events are indicated by light arrows, while postintegration
events are denoted by thick arrows. See the text for a discussion.
Modified from reference 214 with permission.

be significantly more complex in the latter. More recently, it
has become evident that HIV-1 is merely the most fully
understood representative of a whole class of animal retro-
viruses that are now referred to as complex retroviruses.
Retroviruses belonging to this category, which includes all
lentiviruses and spumaviruses, as well as HTLV-I and
related viruses (Table 1), are distinguished from MLV and
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other simple retroviruses not only by the greater complexity
of their genomes (Fig. 2) but also, more particularly, by the
pattern of viral gene expression that is displayed in the
infected cell (41). This shared regulatory pattern, which both
requires and facilitates a more complex genomic organiza-
tion, is depicted in Fig. 3.

All integrated proviruses are acted upon by host cell
transcription factors (214). For simple retroviruses, these
DNA sequence-specific interactions are, in the appropriate
cell context, fully sufficient to induce the production of a
high level of proviral transcripts. However, whereas com-
plex retroviruses remain dependent on the action of the host
cell transcriptional machinery, these cellular factors are no
longer sufficient to permit efficient viral gene expression (8,
33, 42, 67, 194, 195, 214). Instead, this interaction normally
results in a low, basal level of viral mRNA synthesis. It has
now been shown for several complex retroviruses that this
initial population of genome length transcripts reaches the
cell cytoplasm exclusively in the form of the small, multiply
spliced mRNAs that encode the viral regulatory proteins
(Fig. 3). The first of these early gene products to exert its
effect is a virally encoded trans-activator of LTR-dependent
transcription that is exemplified by the Tat protein of HIV-1
(Fig. 3) (56, 58, 81, 92, 131, 208). Because these viral
transcriptional trans-activators efficiently enhance their own
expression, they are able to induce a powerful positive-
feedback loop (8, 33, 42, 67, 194, 195). This enhanced
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FIG. 2. Retrovirus genomic organization. A comparison of the proviral genomic organization seen in MLV, a representative simple
retrovirus, with that seen in HIV-1 and other complex retroviruses. Although all known viral genes are named and drawn to scale, this should
not be viewed as an exhaustive listing. Known transcriptional activators are marked by stippling, and known posttranscriptional regulators
are indicated by hatching. LTRs are indicated by large terminal boxes with the "R" region in black. Abbreviations: R, Vpr; U, Vpu; B3,
Bel-3. Reproduced from reference 41 with permission.
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TABLE 1. Major taxonomic divisions among retroviruses

Category Subgroup Prototype' Other examples'

Simple retroviruses C-type retroviruses group A RSV ALV, ASV
C-type retroviruses group B MLV FeLV, MSV, SNV, REV, SSV
B-type retroviruses MMTV
D-type retroviruses MPMV SRV-1

Complex retroviruses Lentiviruses HIV-1 HIV-2, SIV, visna virus, FIV, EIAV
T-cell leukemia viruses HTLV-I HTLV-II, STLV, BLV
Spumaviruses HSRV SFV, BFV

aAbbreviations: RSV, Rous sarcoma virus; ALV, avian leukemia virus; ASV, avian sarcoma virus; FeLV, feline leukemia virus; MSV, murine sarcoma virus;
SNV, spleen necrosis virus; REV, reticuloendotheliosis virus; SSV, simian sarcoma virus; MMTV, mouse mammary tumor virus; MPMV, Mason-Pfizer monkey
virus; SRV-1, simian retrovirus type 1; STLV, simian T-cell leukemia virus; BFV, bovine foamy virus.

proviral transcription leads to the accumulation of a critical
level of a second, posttranscriptional regulatory protein
(termed Rev in HIV-1) that inhibits the further synthesis of
the multiply-spliced regulatory mRNAs and instead acti-
vates the expression of the unspliced and singly-spliced
mRNAs that encode the viral structural proteins (Fig. 3) (56,
58, 81, 92, 131, 208). This action divides viral gene expres-
sion into two temporal phases, i.e., an early, regulatory
phase and a later, structural phase. The replication cycle of
the complex retroviruses, as typified by HIV-1, is therefore
distinguished from that of the simple retroviruses, as typified
by MLV, by several criteria (Fig. 3). (i) Complex retrovi-
ruses encode a third, multiply spliced class of viral tran-
scripts in addition to the singly spliced (Env) and unspliced
(Gag-Pol) mRNA seen in the simple retroviruses. This early
mRNA class encodes two nuclear regulatory proteins. (ii)
The first of these regulatory proteins is a sequence-specific
trans-activator of LTR-driven gene expression. (iii) A sec-
ond regulatory protein is required to activate the expression
of the late, structural mRNA species. (iv) The combined
action of these two proteins divides the replication cycle of
complex retroviruses into two temporal phases, a pattern not
seen in the simple retroviruses.

Representative retroviral genomes drawn fro]
three subgroups of the complex retroviruses, i
viruses, the T-cell leukemia viruses, and the v
(Table 1), are shown in Fig. 2. These viruses e
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FIG. 3. Gene regulation in complex retroviruses

roviruses, including HIV-1, are defined by a patteri
lation that requires the sequential action of a v
"Tat-like" transcriptional activator and of a "Rev-
scriptional regulator. See the text for a detailed disc
duced from reference 41 with permission.

distinct genomic organization and have very limited primary
sequence homology (147), yet they all appear to share the
pattern of viral gene regulation depicted in Fig. 3 and can
therefore be distinguished from MLV (Fig. 2) and other
simple retroviruses on the basis of the criteria enumerated
above. However, although each of these four complex
retroviruses is known to encode both a transcriptional and a
posttranscriptional regulatory protein (note, however, that a
Rev equivalent has not yet been reported for human spuma
retrovirus [HSRV; see below]), this does not imply that the
mechanisms of action of these proteins are identical or even
similar. Indeed, it appears that each of the transcriptional
trans-activators encoded by these viruses exerts its effect by
a distinct mechanism. In contrast, the posttranscriptional
regulatory proteins appear to have retained very similar
mechanisms of action during the evolutionary divergence of
these retroviral families. In this review, I will summarize the
current understanding of the mechanism of action of these
retroviral regulatory proteins and discuss their potential role
in facilitating viral replication and pathogenesis.

LENTIVIRUSES

m each of the HIV-1 is the primary etiologic agent of AIDS, a fatal
i.e., the lenti- disease that results from the gradual destruction of the
spumaviruses helper T-cell population in infected individuals (12, 54, 137,
ach display a 165). The importance of HIV-1 as a human pathogen has led

to its being the major focus of research into lentivirus
replication and gene regulation. Indeed, HIV-1 may be

LTR viewed as the prototype of not only the lentivirus subgroup
LiN{F~~w but also, more broadly, complex retroviruses in general (41).

Tat Protein

Although the HIV-1 LTR contains binding sites for several
ort cellular transcription factors, including the constitutively

expressed protein SP-1 and the inducible factor NF-KB, the
basal transcriptional activity of this promoter is quite low in
most cellular contexts (69, 96, 97, 148). Expression of the
viral Tat trans-activator results in a large, -100-fold increase

lag-Pol in HIV-1 LTR-dependent gene expression (8, 194). Both the
Env functional expression of the viral tat gene product and an

intact copy of the cis-acting target sequence for Tat, desig-
nated the trans-activation response element (TAR), are

n essential for HIV-1 replication in culture (46, 62, 174).
;.Complex ret-

The tat gene is divided into two coding exons, which
n of gene regu- together predict the synthesis of an 86-amino-acid protein
'irally encoded (Fig. 2). However, the first coding exon of Tat, which is
-like" posttran- flanked at its 3' end by a conserved translation termination
:ussion. Repro- signal, is sufficient to encode a fully active, 72-amino-acid

form of Tat (39). A singly spliced HIV-1 mRNA that encodes
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this truncated form of Tat is, in fact, expressed late in the
viral replication cycle (73, 130, 147). Three apparently
distinct functional domains have been identified in Tat. A
highly conserved motif containing seven cysteine residues
has been proposed to bind metal ions and may mediate
protein-protein interactions in vivo (64, 68). A C-terminal
domain rich in lysine and arginine residues is required for the
nuclear and nucleolar localization of Tat (Fig. 4) in express-
ing cells and will also direct heterologous proteins to the
nucleolus when present in cis (84, 178, 190). This basic motif
also serves as the RNA-binding domain of Tat. Between
these domains lies a conserved "core" domain which has
been proposed to function as the activation domain of Tat
(30, 113).
TAR is a 59-nucleotide RNA stem-loop structure located

at the 5' end of all HIV-1 transcripts (83, 94, 145, 174) (Fig.
5). Both the location and orientation of TAR are critical for
function (83, 174, 183). Mutational analysis has led to the
hypothesis that the double-stranded RNA segments present
in TAR serve primarily a structural role in the appropriate
presentation of essential primary sequence information lo-
cated in and immediately adjacent to the 6-nucleotide termi-
nal loop and the 3-nucleotide bulge of TAR (18, 60, 83, 94,
177, 183). Direct evidence for TAR function at the RNA
level has been obtained by the use of chimeric proteins
consisting of Tat fused to a heterologous RNA-binding
domain derived from the HIV-1 Rev protein (see below) or
from the coat protein of the phage MS2 (184, 197). TAR was
then replaced with the appropriate RNA target sequence
(i.e., the RRE or the MS2 operator). In each case, the novel
sequence specificity conferred on Tat by fusion to these
heterologous RNA-binding domains was shown to permit
transcriptional trans-activation of the HIV-1 LTR via the
appropriate introduced target sequence, i.e., independently
of TAR. This observation demonstrates that the only essen-
tial role for TAR is to act as the RNA target sequence for
Tat.

Direct evidence that Tat possesses the ability to specifi-
cally bind TAR in vitro has been provided by several groups
(29, 50, 176, 220). The basic domain of Tat has been shown
to be both necessary and sufficient for this in vitro interac-
tion (29, 220), thus placing Tat into the arginine-rich class of
sequence-specific RNA-binding proteins (115). Mutations
that disrupt the TAR stem structure or that affect the
3-nucleotide bulge have been reported to reduce both in vivo
Tat function and in vitro Tat binding (Fig. 5) (18, 49, 60, 176,
177, 202). However, mutations of the 6-nucleotide terminal
loop sequence of TAR that are equally deleterious in vivo
have little or no effect on this in vitro interaction (18, 49, 60,
176, 177, 202). Although the subsequent demonstration that
the in vitro interaction between Tat and TAR occurs entirely
at the site of the small, pyrimidine-rich bulge (29, 49, 176,
202, 220) provided a biochemical explanation for this obser-
vation, it also strongly implied that this direct interaction,
although necessary, was not sufficient to mediate the func-
tional interaction of Tat with its RNA target in vivo. In
contrast, for the chimeric Tat fusion proteins, binding to a
heterologous RNA target sequence was fully sufficient for
trans-activation (184, 197). Evidence indicating that a sec-
ond, cellular factor is indeed involved in mediating the
Tat-TAR interaction in vivo has recently been provided by
research focused on the use of "TAR decoys" as inhibitors
of HIV-1 replication (201). In these experiments, T cells
were infected with retrovirus vectors that constitutively
express very high levels of the 59-nucleotide TAR (Fig. 5) in
the hope that this RNA would sequester any Tat protein

expressed from an infecting HIV-1 provirus and, hence,
block viral gene expression. This strategy was indeed found
to result in the efficient protection of T cells in culture
against challenge by HIV-1 (201). As predicted, TAR decoys
lacking the appropriate RNA bulge sequence were unable to
inhibit HIV-1 replication. Surprisingly, however, a mutation
in the terminal loop that inhibited TAR function in vivo, but
had no effect on Tat binding in vitro, also prevented any
inhibition of HIV-1 replication in expressing cells. This
observation is most easily explained by the hypothesis that
this mutated TAR decoy was not capable of efficiently
interacting with Tat in vivo despite an unimpaired in vitro
interaction. It is therefore believed that the interaction of Tat
with TAR in vivo requires the cooperative binding of a
cellular RNA sequence-specific protein to the TAR terminal
loop (Fig. 5). The hypothetical direct interaction of Tat with
a cellular cofactor could, of course, occur prior to RNA
binding. It is therefore possible that such a cellular Tat-
binding (and TAR-binding) protein might well play a critical
role in mediating Tat function not only through TAR but also
through heterologous RNA target sequences.
Although several groups have reported cellular proteins

capable of specifically interacting with either TAR or Tat
itself, none of these factors have yet been persuasively
shown to be critical for Tat function in vivo. However, at
least two proteins have been reported to interact specifically
with the terminal loop sequence of TAR, and hence they
represent strong candidates for this hypothetical cellular
cofactor (135, 187, 224). Clearly, a more complete under-
standing of Tat function requires the identification of this
cellular factor and an analysis of its normal role in the
regulation of cellular gene expression.
Many studies have shown that Tat increases the steady-

state level of transcripts derived from genes linked to the
HIV-1 LTR (39, 162, 223). There has also been general
agreement that this increase results from an enhancement in
the rate of transcription of such genes rather than from the
stabilization of mRNAs containing TAR (85). However, the
mechanism by which Tat enhances the rate of transcription
has been more controversial. It has been suggested that Tat
acts to increase the rate of transcription initiation, thus
making TAR the RNA equivalent of a DNA enhancer
sequence (114, 185, 198). Alternatively, it has also been
proposed that Tat could function to prevent premature
termination of transcripts initiated within the HIV-1 LTR
(40, 99, 114, 168). The latter hypothesis originally derived
from the observation that Tat had little effect on the level of
RNA polymerase density adjacent to the site of transcription
initiation but dramatically increased the rate of transcription
of sequences distal to the HIV-1 LTR (99). It therefore
appeared that transcription from the HIV-1 LTR was termi-
nating prior to the complete synthesis of functional mRNA
species, a phenomenon that has also been observed for some
cellular proto-oncogenes (199). The hypothesis that Tat
functions at least in part by promoting transcription elonga-
tion has now been confirmed both in vivo and in vitro (55,
103, 134). It appears that the transcription termination ob-
served in the absence of Tat occurs at multiple, possibly
random locations in viral or heterologous sequences linked
to the HIV-1 LTR, thus suggesting that Tat acts by increas-
ing processivity rather than by preventing a specific termi-
nation event (140).
The results discussed above imply that transcription com-

plexes initiating in the HIV-1 LTR are only poorly able to
elongate through adjacent DNA templates. This lack of
processivity is somehow rectified by the interaction of the
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FIG. 5. Predicted RNA secondary structure of the lentivirus TARs. The TARs of the primate lentiviruses present primary RNA sequence

information located in the terminal hexanucleotide loop (consensus 5'-CUGGGX-3'), and in the adjacent uridine-rich bulge, in an
appropriately structured context. Little is known about EIAV TAR function. The splice donor (SD) indicated in the HIV-2 TAR element is
functional in vivo (217).

Tat protein with the nascent TAR and, potentially, with the
transcription complex itself (20, 40). Neither the reason for
this premature termination nor the mechanism by which
rescue of these transcription complexes occurs is currently
understood. However, it does appear likely that this poor
processivity must be encoded within the HIV-1 LTR pro-
moter element itself (19, 168). It remains unclear whether the
HIV-1 LTR simply lacks the ability to assemble a complete
transcription complex or whether one or more factors that
interact with LTR promoter sequences specify inefficient
elongation. It is, however, of interest that Tat, in combina-
tion with TAR, can at least modestly trans-activate tran-
scription from such standard promoters as the LTR of Rous
sarcoma virus, the simian virus 40 early promoter, and the
cytomegalovirus immediate-early promoter (39, 174). It
therefore seems possible that the poor processivity observed
during basal HIV-1 LTR-driven transcription is simply an
extreme example of a relatively general phenomenon.
Although results from several groups support the hypoth-

esis that transcriptional trans-activation by Tat results pri-
marily from enhanced transcription elongation, evidence has
been presented suggesting that Tat can also act to signifi-
cantly increase the level of transcription initiation (103, 114,
198). It therefore appears possible that the increased proces-
sivity of transcription complexes formed in the presence of
Tat is correlated with an increased ability to assemble a
functional transcription complex at the HIV-1 LTR pro-
moter (114). Whether Tat affects mRNA synthesis at the
level of both initiation and elongation and, more importantly,
perhaps, whether these two phenomena are indeed function-
ally interlinked (103, 114, 198) remains to be fully resolved.
The recent demonstration of an in vitro transcription system
that appears to faithfully reproduce TAR-dependent trans-
activation of the HIV-1 LTR by Tat should represent a key
step toward the eventual unraveling of the mechanism of
action of this novel regulatory protein (134).
Although activation of viral RNA transcription is the

major action of Tat in most experimental systems, it is

clearly not the only effect of this small trans-activator. A
number of reports have noted that the effect of Tat on the
level of expression of genes linked to the viral LTR, when
measured at the protein level, can be significantly higher
than the effect determined at the level of steady-state mRNA
(13, 39, 56, 173, 223). Although the molecular basis for this
second, posttranscriptional component of the bimodal action
of Tat remains unclear, it also appears to be mediated by the
sequence-specific interaction of Tat with the viral TAR RNA
(27, 28). Results obtained from microinjection of TAR-
containing RNA molecules into Xenopus oocytes show that
this posttranscriptional effect also occurs in the cell nucleus
yet can be segregated from the transcriptional action of Tat
(27, 28). Thus far, Tat has not been shown to modulate the
nuclear export of TAR-containing RNA species, and hence a
more complex mechanism of action appears likely. One
hypothesis suggests that Tat could affect the cytoplasmic
compartmentalization, and hence the translational utiliza-
tion, of TAR-containing transcripts by inducing a covalent
modification of TAR-containing mRNA species that influ-
ences their cytoplasmic fate (28).

Rev Protein

As noted above, HIV-1 shares with other complex retro-
viruses the property of encoding two classes of viral mRNAs
that can be distinguished on the basis of their temporal
expression (Fig. 3) (41). An early class of viral transcripts
consists of the multiply spliced, -2-kb mRNA species that
encode the viral regulatory proteins Tat and Rev and a third
protein termed Nef. The late class of viral mRNAs consists
of the unspliced (-9-kb) and singly spliced (-4-kb) tran-
scripts that encode the virion structural proteins Gag, Pol,
and Env and the auxiliary proteins Vif, Vpr, and Vpu (Fig. 2)
(56, 73, 110, 130, 147). In the absence of functional Rev
protein, only the fully spliced class of HIV-1 mRNAs is
expressed (56, 130, 180, 193). Rev mutants of HIV-1 are
incapable of inducing the synthesis of the viral structural
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proteins and are therefore replication defective (180, 205).
An analysis of the time course of HIV-1 infection of human
T lymphocytes reveals a similar phenomenon (106). Initially,
only the 2-kb class of viral mRNAs is detected in the
cytoplasm of HIV-1-infected cells; however, as the level of
viral gene expression increases (owing to the action of the
Tat protein), a switch to the synthesis of the -4- and -9-kb
viral mRNA species is observed. This effect, which reflects
the action of the viral Rev trans-activator, occurs concomi-
tantly with an essentially equivalent reduction in the synthe-
sis of the fully spliced mRNA species that encode the viral
regulatory proteins (56, 106, 130, 180). Therefore, Rev
functions as a negative regulator of its own synthesis and
also mediates the establishment of an equilibrium between
viral structural and regulatory protein synthesis (130).
The switch from the early, regulatory phase of HIV-1 gene

expression to the late, structural phase appears to require
the expression of a critical level of Rev (141, 164). Several
cell lines nonproductively infected with HIV-1 have been
shown to constitutively express a low level of viral mRNA
'that is primarily of the 2-kb class. Treatment of these cells
with agents that result in activation of the HIV-1 LTR also
induces the expression of viral structural proteins (141, 164).
It is therefore hypothesized that latency in this context is due
to the expression of a subcritical level of the Rev trans-
activator, a level which in turn reflects a paucity of cellular
transcription factors critical for efficient HIV-1 LTR-depen-
dent gene expression (71, 164). The Rev regulatory pathway
may therefore serve to prevent the premature progression of
the viral replication cycle to the late or lytic phase in cells
that are incapable of supporting the required level of viral
mRNA and protein synthesis (71).
Although Rev is absolutely required for the functional

expression of unspliced HIV-1 RNA species, it appears to
have little effect on the pattern of HIV-1 RNA expression in
the cell nucleus (53, 58, 79, 131, 132). In particular, high
levels of unspliced viral transcripts can be detected in the
nucleus even in the absence of Rev. Although it appears
evident that the splice sites present in HIV-1, like the splice
sites present in other retrovirus transcripts, are inefficiently
used by the cell-splicing machinery (6, 32, 100, 131), it has
been less clear why these incompletely spliced viral tran-
scripts remain sequestered in the cell nucleus in the absence
of Rev. One hypothesis suggests that the viral structural
genes might contain multiple copies of a cis-acting repressive
sequence which functions to retain these RNAs in the
nucleus in the absence of Rev (35, 53, 126, 175). An
alternative hypothesis argues that the intact splice sites
present in these incompletely spliced mRNAs act as nuclear
retention signals (32, 122, 131). It has been suggested that
splicing factors may be able to assemble on the primary
HIV-1 transcript but that the subsequent splicing steps are
performed only very slowly. Instead, this interaction results
in the prolonged retention of these incompletely spliced viral
transcripts within the nucleus (32, 122, 137). Persuasive
evidence indicating that the Ul small nuclear ribonucleopro-
tein particle, a factor critically involved in the commitment
of mRNA species to the splicing pathway (142), directly
interacts with Rev-responsive HIV-1 mRNA species in vivo
has been presented (122). Rev might therefore activate the
nuclear export of these sequestered RNAs either by antag-
onizing their interaction with these splicing factors (32, 109,
122) or by directly facilitating their interaction with a com-
ponent of a cellular RNA transport pathway (53, 58, 131). In
contrast, in the absence of Rev, viral mRNAs are eventually
fully spliced before being transported to the cytoplasm.
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primary Rev-binding site is shaded.

The action of the Rev trans-activator is specific for un-
spliced HIV-1 transcripts and thus far has not been shown to
affect the splicing or transport of cellular RNAs. The spec-
ificity of this response is conferred by a highly structured
234-nucleotide RNA target sequence, the Rev response
element (RRE), that is located within the HIV-1 envelope
gene (131, 174) (Fig. 6). The Rev protein has been shown to
bind to the RRE with high affinity in vitro (43, 44, 86, 133,
159, 226). Although the entire 234-nucleotide RRE is re-
quired for full biological activity in vivo (91, 131), it appears
that the RNA target sequence required for in vitro Rev
binding consists of a structured 13-nucleotide sequence
element that is contained within the full-length RRE (Fig. 6)
(14, 86, 211). It is thought that the remainder of the RRE
functions to stabilize the RNA structure of the primary
Rev-binding site or to facilitate the presentation of this RNA
sequence in vivo, or both (14, 86, 91, 211).
The rev gene consists of two coding exons that together

predict a protein of 116 amino acids. Rev is localized to the
nuclei and, particularly, the nucleoli of expressing cells (Fig.
4) (58, 128). Rev is phosphorylated at two serine residues in
vivo; however, this posttranslational modification does not
appear to be essential for Rev function (82, 128). Two
distinct protein domains that are essential for Rev function
have been defined (Fig. 7). The first is a -50-amino-acid
N-terminal sequence characterized by an arginine-rich cen-
tral core that has been shown to function as the Rev protein
nuclear/nucleolar localization signal (16, 36, 112, 128). This
sequence is also both necessary and sufficient for the se-
quence-specific interaction of Rev with the RRE (16, 109,
129). Flanking this arginine-rich sequence are amino acid
residues involved in the multimerization of Rev, a process
which appears critical for in vivo Rev function (129, 158,
227). Mutations within any part of this sequence element
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FIG. 7. Domain structure of the HIV-1 Rev protein. The RNA-
binding domain of Rev contains a basic, arginine-rich core which is
essential for both the nuclear localization (NL) of Rev and se-
quence-specific binding to the RRE. Rev function in vivo also
depends on sequences immediately adjacent to the arginine-rich
motif that are critical for multimerization of Rev on the RRE. The
"activation domain" of Rev, a leucine-rich motif located toward the
carboxyl terminus, plays no role in the interaction of Rev with the
RRE. However, Rev proteins lacking a functional activation domain
display a trans-dominant negative phenotype in vivo. The amino-
and carboxy-terminal sequences indicated by stippling appear dis-
pensable for Rev function. Reproduced from reference 129 with
permission.

result in Rev proteins displaying a recessive negative phe-
notype (128, 158).

It seems highly probable that Rev also contains a protein
domain that interacts directly with a component of the
nuclear RNA transport or splicing machinery (132). Muta-
tional analysis has suggested that a leucine-rich sequence
centered on amino acid 80 serves this function (128, 132, 140,
158, 215). Rev proteins mutated in this activation domain
retain full RRE binding and multimerization activity, yet not
only are defective but also inhibit wild-type Rev function in
trans (128, 132, 140, 158, 215). It has been proposed that
these mutant Rev proteins inhibit Rev function by recruiting
wild-type Rev protein molecules into mixed multimers that
are compromised in their ability to interact with this cellular
cofactor (129, 132, 158). Clearly, the definition of the in vivo
target of this leucine-rich activation domain will be critical to
the full resolution of the mechanism of action of Rev.
As shown in Fig. 4, both Tat and Rev are observed to

concentrate in the nuclei and, particularly, the nucleoli of
expressing cells. The significance of this nucleolar concen-
tration has been obscure, given the very different functions
of these two RNA sequence-specific regulatory proteins in
the HIV-1 replication cycle. A possible explanation for this
curious coincidence may be provided by the observation that
the mutationally defined minimal sequence within Tat that is
sufficient to confer in vitro affinity for the TAR RNA, i.e.,
the arginine-rich motif, is identical to the minimal sequence
that is sufficient to act as an in vivo nucleolar localization
signal when attached to heterologous cytoplasmic proteins
(29, 190, 220). Similarly, the basic domain of Rev is both
necessary and sufficient for localization to the nucleolus and
specific binding to the RRE (16, 109, 112). It therefore
appears that the nucleolar localization of both Tat and Rev
may simply be a surrogate marker for the relatively nonspe-
cific affinity of these proteins for structured RNA. In over-
expressing cells, this property results in the concentration of
Tat and Rev within the nuclear region that Contains the
highest concentration of structured RNA, i.e., the nucleolus.
The observation that mutations of the arginine-rich motif
that affect nucleolar localization also inhibit the in vivo
function of Tat and Rev may therefore simply reflect the
simultaneous inhibition of both the specific and the "non-
specific" RNA-binding properties of these proteins (16, 36).

FIG. 8. Subcellular localization of the visna virus transcriptional
trans-activator S. Phase-contrast (A) and immunofluorescence (B)
photographs of cells transfected with the visna virus S gene expres-
sion vector pcS (208). The S trans-activator displays a diffuse
nuclear fluorescence. The anti-S anti-peptide antibody used in these
experiments was raised in rabbits as previously described (208).

As predicted by this hypothesis, both visna virus Rev and
HTLV-I Rex are also observed to concentrate in the nucleoli
of expressing cells (191, 208). In contrast, DNA sequence-
specific retroviral trans-activators either display a diffuse
nuclear fluorescence (visna virus "S") (Fig. 8) or are ex-
cluded from the nucleoli (HTLV-I Tax and HSRV Bel-1) (59,
102).

Other HIV-1 Auxiliary Proteins

In addition to Tat and Rev, HIV-1 encodes a third early-
gene product termed Nef. Nef is a myristylated phosphopro-
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tein that is associated with cytoplasmic membrane structures
and excluded from the cell nucleus (Fig. 4) (80). Nef has
been reported to possess the GTPase, autophosphorylation,
and GTP-binding properties typical of the G-protein family
of signal transduction proteins (77); however, this observa-
tion has not been confirmed (98, 152). Unlike Tat and Rev,
the Nef gene product is not required for HIV-1 replication in
culture. It has, in fact, been proposed that expression of Nef
can result in an inhibition of HIV-1 LTR-specific gene
expression and viral replication (2, 34, 123, 155, 206).
However, these negative effects of Nef remain controver-
sial, because other investigators have observed no effect of
the Nef protein on either viral replication or gene expression
(9, 80, 107). More recently, it has even been suggested that
Nef can significantly enhance the replication of certain
HIV-1 isolates in culture (207). Although the role of the nef
gene product in the HIV-1 replication cycle therefore re-
mains unclear, it does not appear likely that Nef acts by
regulating the level of viral gene expression. One possibility
is that Nef interferes with T-cell function by down-regulating
CD4 expression or by interfering with signal transduction
from the T-cell receptor complex (70, 124). Clearly, the fact
that the Nef open reading frame is reasonably conserved in
all primate lentiviruses (147) suggests that this protein is
likely to play a significant role in the viral life cycle in the
infected host. This hypothesis is strongly supported by the
observation that a functional nef gene product markedly
enhances viral replication and pathogenicity in rhesus
macaques infected with a cloned isolate of simian immuno-
deficiency virus (SIV) (104).

In addition to Gag, Pol, and Env, the late gene products
encoded by HIV-1 include the auxiliary proteins Vif, Vpu,
and Vpr. Both Vif and Vpu play a role in the maturation and
release of infectious HIV-1 virion particles (see reference 42
for a review). Vpr is detectable in the virion itself, i.e., is a
structural protein, and modestly enhances HIV-1 replication
rates in culture (37, 38, 157, 160). Although it has been
proposed that Vpr can enhance HIV-1 LTR-dependent gene
expression two- to fourfold, this result has proven difficult to
reproduce (160). None of the late proteins of HIV-1 can
therefore currently be defined as regulatory.

Regulatory Proteins of HIV-2 and SIV

Three subfamilies of primate and simian immunodefi-
ciency virus have thus far been identified that are evolution-
ary related to, but distinct from, HIV-1 (147). The most
intensely studied of these is HIV-2, a pathogenic human
virus closely related to the rhesus macaque (SIVmac) and
sooty mangabey (SIVsmm) isolates of SIV. Considerably
less well studied are the distinct African green monkey
(SIVagm) and mandrill (SIVmnd) subfamilies of SIV.
Although the regulatory proteins of HIV-2 and the related

SIVmac and SIVsmm appear generally similar to HIV-1 Tat
and Rev, several interesting differences are known to exist.
For example, the TAR of HIV-2 is distinct in that this larger
RNA structure contains two functional Tat target sites (17,
61) (Fig. 5). These each consist of a uridine-rich RNA bulge
Tat-binding site positioned immediately 5' to a terminal loop
that conforms to the functional sequence established for
HIV-1 TAR. Mutational analysis of the HIV-2 TAR has
confirmed that both these Tat target sites indeed contribute
to HIV-2 TAR function in vivo, although the 5'-proximal
target site is clearly the more significant in conferring max-
imal Tat inducibility (17, 52, 61). The HIV-2 and SIVmac
TARs have also been shown to provide fully functional

targets for trans-activation by HIV-1 Tat (7, 17, 52, 61, 217).
In contrast, both HIV-2 and SIVmac Tat are only partly
active on the HIV-1 TAR (7, 17, 52, 61, 217). Although the
molecular basis for this incomplete reciprocity remains
unclear, it appears likely that it must reflect the inefficient
interaction of these proteins with the heterologous HIV-1
TAR (17, 61).
An interesting aspect of the HIV-2/SIV TAR is that it

contains a 5' splice donor sequence that is used during
the viral replication cycle (217) (Fig. 5). However, because
Tat acts at the nascent RNA level (20), this site would
not be predicted to have any effect on the Tat-TAR interac-
tion. No equivalent splice site is observed in HIV-1, and the
biological significance of this processing event is therefore
unclear.
The RRE of HIV-2, like the RRE of HIV-1, coincides with

a highly conserved RNA-folding region located within the
viral env gene (120, 127). A computer-predicted RNA struc-
ture for the HIV-2 RRE has been proposed and not only is
similar to the HIV-1 RRE but also is predicted to be highly
conserved in the entire HIV-2/SIVmac/SIVsmm subgroup
(116, 127). Both HIV-2 and HIV-1 Rev have been shown
to specifically bind the HIV-2 RRE in vitro (47), and the
HIV-1 Rev protein displays full biological activity when
tested on the HIV-2 RRE (47, 120, 127). In contrast, the
HIV-2 Rev protein is severely impaired in its ability to
rescue viral structural protein expression through the HIV-1
RRE sequence (47, 120, 127). Analysis of the in vitro bind-
ing of HIV-2 Rev to the HIV-1 RRE has suggested that
this protein-RNA interaction may be impaired in compari-
son with the binding of HIV-2 Rev to its cognate RRE (47,
72). Similarly, the Rev proteins of SIVmac, SIVagm,
and SIVmnd are also unable to function via the HIV-1
RRE, although HIV-1 Rev is fully active on the RRE of
SIVmac and SIVagm and at least partly active on the RRE
of SIVmnd (127, 181). Presumably, these observations
again reflect the degree to which these Rev proteins are able
to functionally interact with the various viral RRE target
sites.
Although the HIV-1 Rev protein has been subjected to

intense mutational analysis, relatively little is known about
the Rev proteins of HIV-2 and SIV (48). However, the amino
acid sequences within HIV-2 Rev that are most highly
conserved relative to the HIV-1 Rev protein coincide closely
with the known HIV-1 Rev functional domains (Fig. 7).
A conserved arginine-rich motif is believed to function as
the nuclear/nucleolar localization signal and as the se-
quence-specific RNA-binding motif of HIV-2 Rev (48,
72). Also highly conserved is the leucine motif that is
believed to function as the activation domain of HIV-1 Rev
(132). Recently, it has been demonstrated that this HIV-2
sequence can indeed be substituted in place of the essential
HIV-1 Rev leucine motif to yield a functional chimeric Rev
protein (72).

Regulatory Proteins of Animal Lentiviruses

In addition to the relatively cohesive primate immuno-
deficiency viruses, the lentivirus family includes a some-
what more diverse group of nonprimate lentiviruses that
infect primarily ungulates (78). The prototype of these
nonprimate lentiviruses is visna virus, first described as the
etiologic agent of a chronic degenerative syndrome observed
in sheep (78). Other significant nonprimate lentiviruses in-
clude equine infectious anemia virus (EIAV) and feline
immunodeficiency virus (FIV). Both visna virus and EIAV
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represent economically significant livestock pathogens,
whereas FIV is an increasingly important pathogen of do-
mestic cats.
Although HIV-1 and visna virus share only limited pri-

mary sequence homology (147, 196), they do share the
characteristic lentivirus genomic organization, marked
particularly by the presence of additional open reading
frames between the viral pol and env genes (Fig. 2). As
with HIV-1, these genes have been found to encode the
regulatory proteins that are typical of the complex retrovi-
ruses.
The S open reading frame of visna virus encodes a nuclear

protein (Fig. 8) that is able to trans-activate visna virus
LTR-dependent transcription (45, 74). Depending on the cell
type, trans-activation levels of from as low as 3-fold to as

high as 25-fold have been reported. The limited effectiveness
of the S trans-activator may in part reflect the high basal
level of transcription observed with the visna virus LTR in
most cell types (73, 74). The DNA target sequences for the
visna virus S protein are located entirely within the LTR U3
region and are homologous to the target sites of the cellular
transcription factors AP-1 and AP-4 (87). Although these
observations appear to imply an indirect mechanism of
action for visna virus S protein, this question currently
remains unresolved. Although the function of visna virus S
protein, i.e., enhanced LTR-dependent transcription, is
therefore analagous to that exerted by HIV-1 Tat, it appears
that the target specificity and the mechanism of action of S
protein are distinct. As perhaps predicted by this consider-
ation, the visna virus S and HIV-1 Tat proteins also display
little sequence homology (196). Overall, it therefore appears

inappropriate to term this gene product visna virus Tat, as
has been suggested elsewhere (45).
Visna virus is known to express the proviral genome in a

temporally regulated manner (218). As predicted by this
observation, visna virus has been shown to encode a nuclear
protein that is functionally and mechanistically remarkably
similar to the Rev protein of HIV-1 (208-210). In particular,
visna virus Rev is required for the cytoplasmic expression of
the singly spliced and unspliced mRNA species that encode
the viral structural proteins (208). The cis-acting target
sequence for visna virus Rev is a highly structured 176-nt
RNA sequence, again located within the viral envelope gene

(182, 209). Visna virus Rev binds to the visna virus RRE with
high affinity in vitro but is unable to bind the HIV-1 RRE
(209). This observation provides a biochemical explanation
for the inability of visna virus Rev to rescue a Rev-defective
HIV-1 provirus when present in trans. Despite this differ-
ence in sequence specificity, visna virus Rev appears to have
retained a domain organization identical to that observed in
HIV-1 (Fig. 7). Visna virus Rev has, in particular, been
shown to retain both an arginine-rich motif that mediates
sequence-specific RNA binding and a leucine-rich activation
domain very similar to that observed in HIV-1 Rev (210).
Indeed, chimeric proteins containing the binding domain
from one Rev protein attached to the activation domain of
the second are fully active on the RRE cognate for the
RNA-binding domain (210). It therefore appears that the
mechanism of action of Rev has been tightly conserved
during the evolutionary divergence of HIV-1 and visna virus.
In contrast, as noted above, visna virus and HIV-1 have
evolved distinct strategies to activate transcription from
their homologous LTRs.
Although EIAV is believed to be more closely related to

visna virus than to HIV-1 (147), the transcriptional trans-

activator encoded by EIAV appears to be mechanistically

similar to HIV-1 Tat. In particular, EIAV Tat has been
reported to act via a short RNA stem-loop structure located
at the 5' end of all EIAV transcripts (Fig. 5) (31). In addition,
EIAV Tat displays clear amino acid homology to HIV-1 Tat,
particularly in the Tat core and basic domains (51), and
certain chimeric proteins derived from these two distinct
viral trans-activators have been shown to retain biological
function (30). However, the EIAV TAR does not display the
sequence characteristics known to be essential for HIV-1
TAR function, and, presumably as a result, these proteins
fail to cross-trans-activate. The lack of homology between
the terminal loops of the HIV-1 and EIAV TARs may imply
that these proteins interact with distinct cellular cofactors or
that EIAV does not require such a cofactor. However, it has
yet to be demonstrated that EIAV Tat can indeed specifi-
cally bind its proposed RNA target site either alone or in
combination with a cellular protein.
The existence of an EIAV protein equivalent to Rev was

initially inferred from the temporal regulation of viral gene
expression observed in infected cells (167). Analysis of viral
mRNA species expressed in infected cells led to the identi-
fication of a candidate Rev gene product (200). Recently, this
protein has indeed been shown to activate EIAV-specific
structural protein expression in trans (160).
Although FIV is attracting increasing attention as a model

system for the study of virus-induced immunodeficiency,
relatively little is known about the regulatory proteins en-
coded by this virus. However, recent data have demon-
strated the existence of a Rev activity of FIV-infected cells
and have assigned this activity to a specific viral open
reading frame (108, 163). FIV Rev, like HIV and visna virus
Rev, appears to act through a structured RNA target se-
quence located within the viral envelope gene to induce the
expression of viral structural proteins (108, 163). Overall,
these data suggest that a gene product functionally equiva-
lent to HIV-1 Rev will be a general characteristic of lentivi-
ruses.

T-CELL LEUKEMLI VIRUSES

Tax Protein

HTLV-I is the etiologic agent of adult T-cell leukemia, a
generally fatal cancer that affects helper T cells (229).
However, adult T-cell leukemia is generally of clonal origin
and develops in only a small percentage of HTLV-I-infected
patients and after a lag period of many years (229). Although
adult T-cell leukemia is therefore likely to be the end result
of a series of oncogenic events, it is nevertheless believed
that the HTLV-I Tax protein, a nuclear trans-activator of
HTLV-I LTR-dependent transcription (59, 195), plays a
critical role in initiating this transformation process (229).
Recently, it has been directly demonstrated that Tax can
indeed facilitate cellular transformation in vitro (76, 203).
The 40-kDa Tax trans-activator may therefore be viewed as
functionally analogous to regulatory proteins encoded by
several DNA tumor viruses including, for example, simian
virus 40 T antigen and adenovirus ElA (33).
The viral DNA target sequence for Tax coincides with a

set of three 21-bp repeats located within the HTLV-I LTR
U3 element (66, 95, 161, 188). The invariant core of these
repeats, the pentanucleotide 5'-TGACG-3', is identical to
the consensus binding site for the CREB/ATF family of
cellular DNA-binding proteins (15, 95, 156, 225, 228). Sev-
eral distinct members of this family of leucine zipper motif
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proteins have been shown to specifically interact with the
HTLV-I 21-bp repeat in vitro (156, 225).

Several lines of evidence suggest that Tax does not bind its
DNA target sequence directly. In particular, purified recom-
binant Tax protein is not capable of directly interacting with
its target site in vitro, whereas the pattern of protein binding
to the 21-bp repeat sequence is not evidently affected by the
expression of Tax (156). These data led to the hypothesis
that the 21-bp repeats were instead bound by a consitutively
expressed member(s) of the cellular CREB/ATF family (136,
156, 225). trans-activation by Tax would then require and
reflect the direct interaction of Tax with one or more of these
bound cellular proteins. Evidence in support of this model
has now been presented by several groups (15, 136, 228),
although the precise identity of the cellular cofactor(s) that
mediates the interaction of Tax with its target sequence
remains uncertain. Also consistent with this model for Tax
function is the demonstration that a fusion protein consisting
of Tax and the DNA-binding domain of GAL-4 can effi-
ciently activate transcription through GAL-4-binding sites
present in a reporter plasmid (67). Overall, these properties
of Tax are therefore reminiscent of the VP16 trans-activator
of herpes simplex virus type 1. Like Tax, VP16 is dependent
on a cellular protein, in this case Oct-1, to mediate specific
binding to its DNA target sequence. This dependence can
again be circumvented by direct fusion of VP16 to a heter-
ologous sequence-specific DNA-binding domain (see refer-
ence 154 for a review).

If Tax does indeed act via a cellular DNA-binding protein
belonging to the CREB/ATF family, it appears possible that
Tax also affects the expression of certain cellular genes
containing the CREB/ATF-binding motif. In fact, transcrip-
tion of the cellular proto-oncogene c-fos can be activated by
Tax via a CREB/ATF-like sequence (65, 150). It is therefore
possible that the specific interaction of one or more CREB/
ATF proteins with Tax contributes to the oncogenic poten-
tial of this viral regulatory protein.

In addition to transcriptional activation through the
CREB/ATF motif, Tax has also been shown to activate
transcription from promoters containing the target site for
the distinct cellular transcription factor NF-KB (10, 119,
179). NF-KB is normally sequestered in the cytoplasm as a
inactivate complex with the cellular protein I-KcB (118). Tax
has been shown to induce NF-KB function by both activating
the nuclear translocation of NF-KB and increasing the
expression of NF-KB mRNA (5). Activation of NF-KB
enhances expression of several cellular gene products in-
cluding the a-chain of the interleukin-2 (IL-2) receptor
(IL-2Ra) and the lymphokines IL-2 and granulocyte-mac-
rophage colony-stimulating factor (10, 119, 143, 179, 219).
The simultaneous induction of both IL-2 and IL-2Ra expres-
sion in infected T cells is believed to lead to an autocrine
stimulation of T-cell replication and has therefore been
proposed as a key step in the pathway leading to T-cell
transformation (219, 229).

In addition to cellular genes, several viral promoter ele-
ments contain NF-KcB sites and are therefore predicted to be
responsive to Tax. This activation has been most clearly
demonstrated with the LTR of HIV-1, which contains two
binding sites for NF-KdB (148, 189, 192). It has therefore been
hypothesized that infection with HTLV-I might well en-
hance the rate of spread of HIV-1, and hence the onset of
AIDS, in dually infected individuals (189).
The observation that Tax can activate promoters contain-

ing target sites for two different cellular transcription factors
suggested that Tax can affect viral and/or cellular gene
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FIG. 9. Predicted RNA secondary structure of the HTLV-I
RxRE. The RxRE is encoded in the HTLV-I LTR U3 and R
elements. These border at the site of viral transcription initiation
(CAP site). The primary binding site for Rex on the RxRE is shaded.
This site lies 3' to the major 5' splice donor site used during viral
mRNA processing. The RxRE also separates the poly(A) signal
(AAUAAA) from the site of mRNA polyadenylation.

expression via two distinct mechanisms. Direct evidence in
favor of this hypothesis has been provided by the observa-
tion that certain missense mutations of Tax retain the ability
to activate the HTLV-I LTR but not the HIV-1 LTR, and
vice versa (192). It therefore appears likely that Tax contains
distinct functional domains responsible for specific interac-
tions with at least two cellular factors. Similarly, several
transcription factors encoded by the DNA tumor viruses,
e.g., adenovirus ElA and simian virus 40 T antigen, are also
known to functionally interact with multiple cellular factors
that are critical to their in vivo function (154). However, the
cellular targets for Tax appear to be distinct from those seen
by ElA and T antigen.

Rex Protein

The second essential regulatory protein encoded by
HTLV-I, termed Rex, is functionally analagous to the Rev
protein of HIV-1 (Fig. 2) (172). Both Rex and Tax are
encoded by a single, multiply spliced bicistronic mRNA
species (149). Rex induces the cytoplasmic expression of the
unspliced and singly spliced mRNAs that encode the struc-
tural proteins of HTLV-I and inhibits the expression of this
Tax/Rex-specific mRNA (Fig. 3) (81, 88, 92). The RNA
target sequence for the 27-kDa Rex protein, the Rex re-
sponse element (RxRE), is a complex RNA step-loop struc-
ture located in the U3 and R regions of the HTLV-I LTR
(Fig. 9) (81, 212). Although RNA sequences located within
R, i.e., 3' to the cap site, are believed to be sufficient for Rex
responsiveness, splicing of HTLV-I RNA would delete this
5' RxRE (Fig. 9) (4, 21, 105). The unspliced HTLV-I
genomic mRNA is therefore predicted to contain two func-
tional copies of the RxRE, whereas env mRNA and the
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Rex-nonresponsive mRNA that encodes Tax and Rex would
each retain one RxRE sequence. In contrast, the single-copy
lentivirus RRE is located within the viral envelope gene and
is therefore absent from the multiply spliced, Rev-nonre-
sponsive viral transcripts.
As expected, Rex binds the RxRE with high specificity in

vitro (11, 22, 75, 213). Both mutational analysis and modifi-
cation interference assays identify a short RxRE RNA
sequence, encoded within the LTR R element, as the pri-
mary binding site of Rex (Fig. 9) (4, 11, 21-23). This site
bears no evident similarity to the primary binding site for
Rev in the HIV-1 RRE (Fig. 6). Nevertheless, it has been
clearly demonstrated that Rex can rescue a Rev-deficient
HIV-1 provirus and can also bind specifically to the HIV-1
RRE in vitro (4, 22, 172, 213). This apparent paradox
has been resolved by the observation that the target se-

quence for Rex in the HIV-1 RRE is located between
positions 130 and 190 in the RRE (Fig. 6), i.e., is fully
distinct from the Rev primary binding site (4, 22). It is
therefore likely that the ability of Rex to function through the
HIV-1 RRE simply reflects the fortuitous presence of a

structured sequence able to bind Rex. As predicted by this
hypothesis, Rev is unable to bind to, or act through, the
RxRE (4, 22, 172). Nevertheless, this apparent coincidence
does underline the fact that Rex and Rev have similar
mechanisms of action.
Although Rev and Rex are functionally comparable, it

appears clear that these retroviral proteins have distinct
domain organizations. Like Rev, Rex contains an arginine-
rich motif that not only serves as a nuclear/nucleolar local-
ization signal (191) but also is critical for binding to the
RxRE (22). However, the basic motif in Rex is located at
the extreme N terminus instead of near the center of the
protein (191). Further, the arginine motif of Rex, although
necessary, is clearly not sufficient for sequence-specific
RNA binding (24, 111). Instead, additional amino acid
residues in Rex, located distal to the N terminus, appear to
be primarily responsible for sequence specificity (24). Al-
though in vitro evidence indicates that Rex, like Rev, also
multimerizes on its RNA target sequence (22), neither the
amino acid residues involved in this process nor the physi-
ological significance of Rex multimerization has been estab-
lished.

If Rev and Rex act via the same mechanism, it is predicted
that they should both interact with the same cellular cofac-
tor(s). As described above, an essential leucine-rich motif
located toward the C terminus of both HIV-1 and visna virus
Rev has been proposed to serve this function. Recently, a

leucine-rich motif that is functionally interchangable with
this Rev activation domain has been identified in the Rex
protein of HTLV-I (90, 221). In conclusion, although the
domain organization of Rex is distinct from that observed in
Rev, Rex nevertheless retains analogous sequence motifs
that appear to subserve functions identical to those previ-
ously defined in Rev.
An interesting aspect of the HTLV-I RxRE is its role in

the polyadenylation of HTLV-I transcripts. Normally, the
poly(A) signal (AAUAAA) is located no more than -30

nucleotides 5' to the site of mRNA polyadenylation (166).

The sole exception to this rule occurs in HTLV-I and the
other T-cell leukemia viruses (3, 212). Here, polyadenylation
occurs no less than -250 nucleotides 3' to the AAUAAA.
This distance reflects the presence of the RxRE between the

poly(A) signal and the poly(A) site (Fig. 9). It has now been

demonstrated that the RxRE is tolerated because it folds to

precisely juxtapose these widely separated RNA sites,

thereby mimicking the normally critical short linear distance
(Fig. 9) (3). This curious observation therefore provides an
independent confirmation of the in vivo existence of the
predicted RxRE RNA secondary structure at the 3' terminus
of HTLV-I mRNAs.

In addition to Tax and Rex, HTLV-I encodes a 21-kDa
protein that results from initiation of translation at a second,
internal AUG present in the Rex open reading frame (149).
This protein does not display detectable Rex function (172)
and has no known role in the HTLV-I replication cycle. The
existence of additional HTLV-I gene products cannot be
excluded at present. Of interest, HTLV-I and the related
HTLV-II and bovine leukemia virus (BLV) all contain a
large (-650-bp) region between the viral env and tax/rex
genes that appears to be noncoding (Fig. 2). Such a coding
gap would, however, appear improbable, given that retrovi-
ral genomes are normally tightly packed. Indeed, adjacent
retroviral genes frequently overlap one another in different
reading frames (Fig. 2). It has therefore been suggested that
potential open reading frames present within this proviral
sequence might well encode one or more additional HTLV-I
proteins (147). Analysis of HTLV-I mRNA expression pat-
terns by the polymerase chain reaction has indeed led to the
isolation of spliced HTLV-I transcripts with the potential to
encode two proteins derived from these open reading frames
(147). However, it remains unclear whether either of these
proteins is actually expressed in vivo. An alternative sugges-
tion is that this intergenic region might encode an mRNA
derived from the antisense strand (169). However, no direct
evidence for such an mRNA species, or for the novel viral
promoter required to drive its expression, has been pre-
sented.

In addition to HTLV-I, the T-cell leukemia virus subgroup
includes HTLV-II, simian T-cell leukemia virus, and BLV.
Current data suggest that the regulatory proteins encoded by
these viruses are similar in both function and mechanism of
action (21, 33, 105). However, whereas the Tax proteins of
HTLV-I and HTLV-II are cross-reactive, BLV Tax appears
to be only marginally functional on the HTLV-I LTR pro-
moter element (161, 186). In contrast, HTLV-I, HTLV-II,
and BLV Rex all display the ability to efficiently cross-trans-
activate viral structural gene expression via any of the three
similar RxRE sequences (57, 105).

SPUMAVIRUSES

Auxiliary Proteins of HSRV

Spumaviruses, also called foamy viruses, are a ubiquitous
family of apparently nonpathogenic retroviruses (63, 89,
138). Spumaviruses have been recovered from several pri-
mate species including humans, chimpanzees, orangutans,
and gorillas, as well as from a wide variety of monkeys (63,
89, 138). Indeed, HSRV was the first human retrovirus to be
isolated in culture (1). In addition, spumaviruses have been
recovered from cats, hamsters, cattle, and sea lions (89,
138). In culture, spumaviruses are highly cytopathic, giving
rise to characteristic, multinucleated syncytia that have a
vacuolated "foamy" appearance (89). Although most
spumavirus isolates grow preferentially in fibroblastic cells,
lymphotropic spumaviruses have been isolated from several
primate species, including chimpanzees (151, 153). Animal
experiments indicate that spumavirus infections have few, if
any, acute pathogenic effects but do not exclude the possi-
bility of a delayed disease syndrome, perhaps in a small

386 CULLEN



REGULATORY PROTEINS OF COMPLEX RETROVIRUSES 387

proportion of infected animals (89, 222). Interestingly,
spumaviruses efficiently establish latent infections in the
brain and neural tissues of animals (89), whereas transgenic
mice expressing the auxiliary genes of HSRV have been
shown to display clear neurological abnormalities (26). The
question of whether spumaviruses have the potential to
cause disease, particularly including neurological syn-
dromes, therefore remains to be fully addressed. Although
spumavirus infections appear rare in humans in North Amer-
ica and in Europe, HSRV has recently been shown to be
endemic in certain populations in Africa (125, 222).
Although there has recently been a marked increase in

scientific interest in these ubiquitous retroviruses, our
knowledge of gene regulation in spumaviruses remains rela-
tively rudimentary. However, the recent isolation of a full-
length replication competent proviral clone of HSRV (121,
170) should greatly facilitate research in this area. Inspection
of this proviral genome reveals two striking characteristics.
The first is the unusually large size of the genome of HSRV
when compared with other retroviral species (Fig. 2). The
second is the existence, between env and the LTR, of three
open reading frames that have been termed Bel-1, Bel-2, and
Bel-3 (63).
An analysis of viral mRNA splicing patterns in HSRV-

infected cells has revealed a level of complexity comparable
to that seen with HIV-1 (146). In addition to several singly
spliced mRNA species that appear to encode Env, HSRV
expresses a whole set of multiply spliced mRNAs with the
potential to encode the three predicted Bel proteins. Analy-
sis of viral protein expression in HSRV-infected cells has
confirmed the expression of the -36-kDa Bel-1 and the
-42-kDa Bel-2 proteins (121). Immunofluorescence studies
have shown that Bel-1 is concentrated in the nucleus, but
excluded from the nucleoli, of expressing cells (Fig. 10)
(102). In contrast, Bel-2 is confined to the cell cytoplasm
(121). The expression of the Bel-3 open reading frame, which
is not conserved in the related simian foamy virus (SFV),
remains to be confirmed at the protein level.

In addition to mRNAs specific for Bel-1 and Bel-2, HSRV
encodes high levels of a multiply spliced mRNA in which the
N-terminal 88 amino acids of Bel-1 are spliced in frame with,
but 36 amino acids in front of, the initiation codon for Bel-2
(146). The -54-kDa protein predicted by this mRNA spe-
cies, termed Bet, is expressed at high levels in HSRV-
infected cells (121). Immunofluorescence analysis indicates
that Bet is concentrated in the cytoplasm and specifically
excluded from the cell nucleus (Fig. 10). Currently, the roles
of Bel-2, Bet, and Bel-3 in the HSRV replication cycle
remain unknown. It is, however, clear that Bel-1 encodes a
trans-activator of HSRV LTR-dependent transcription (102,
171, 216) and that Bel-1 function is critical for HSRV
replication in culture (121).
The primary DNA target site for Bel-1 is located -100 bp

5' to the site of viral transcription initiation, within the large
HSRV LTR U3 region (102, 171, 216). In addition, a second
LTR sequence located -400 bp 5' to the cap site appears
capable of mediating a partial Bel-1 response (216). How-
ever, the precise identity of the DNA target sequence(s) for
Bel-1, and the question of whether Bel-1 binds the sequence
directly or acts via a cellular protein, remain to be deter-
mined. The distantly related SFV has recently also been
shown to encode a protein that is structurally and function-
ally similar to Bel-l and that also activates viral transcription
through a bipartite target sequence located in the LTR U3
element (139). However, the transcriptional trans-activators

of HSRV and SFV are reportedly unable to cross-trans-
activate (139).
An interesting aspect of Bel-1 is that this HSRV-specific

protein can activate transcription from the LTR of HIV-1
(101, 117). This phenomenon is specific, since several other
promoters, including the LTR of HTLV-I, do not respond to
Bel-1. Bel-1 is also distinct from Tax in that it does not act
via the HIV-1 LTR NF-KB sites. Instead, the target site for
Bel-1 in the HIV-1 LTR has been mapped within a discrete
-40-bp element located immediately 5' to these sites (101,
117). trans-Activation of the HIV-1 LTR by Bel-1 can
readily exceed an order of magnitude and might therefore be
expected to enhance the replication of HIV-1 in dually
infected individuals (101). Although this possibility remains
speculative, it is worth noting that the simultaneous infection
of cultured human T lymphocytes by both HIV-1 and a
lymphotropic chimpanzee foamy virus has been reported
(151).
Although HSRV encodes a transcriptional trans-activator

and displays the pattern of mRNA processing predicted for a
complex retrovirus, it has not yet been shown to fulfill all the
criteria that characterize this classification. In particular, it
remains unknown whether HSRV gene regulation is tempo-
rally regulated by the action of a virally encoded equivalent
of HIV-1 Rev. The cytoplasmic location of Bel-2 and Bet
makes these proteins unlikely candidates for this role. How-
ever, the large HSRV genome may encode additional, cur-
rently unidentified proteins, while the function, and indeed
the existence, of Bel-3 remains to be addressed. Clearly, it
also remains possible that spumaviruses have developed an
alternative strategy to regulate the pattern of viral mRNA
expression in infected cells.

CONCLUSIONS

Complex retroviruses are distinguished from simple retro-
viruses not only on the basis of their larger coding capacity
but, more specifically, by a particular pattern of viral gene
expression that is dependent on the action of two virally
encoded regulatory proteins functionally analogous to the
Tat and Rev proteins of HIV-1 (Fig. 3). As I have discussed
at length in this review, the various retrovirus transcriptional
trans-activators can display highly diverse mechanisms of
action. They are, however, similar to Tat in that they all
increase transcription from the homologous retrovirus LTR.
In contrast, current evidence suggests that proteins function-
ally equivalent to HIV-1 Rev, such as HTLV-I Rex, have
maintained a very similar mechanism of action. Presumably,
this conservation may reflect the requirement for a func-
tional interaction with a specific, highly conserved cellular
factor that is critical to the process of mRNA processing
and/or transport. The observation that Rev can function in
cells derived from every metazoan species tested thus far,
including quail and Drosophila species (93, 132), may sup-
port this hypothesis.
Although complex retroviruses share a similar pattern of

viral gene regulation, the in vivo consequences of this shared
strategy remain unclear. It is, however, notable that all
complex retroviruses appear to give rise to long-term,
chronic infections marked by high levels of latently infected
cells. As noted above, it has been suggested that the level of
Rev activity in the infected cell may well be a primary
determinant of the ability of these viruses to establish a
latent infection (71, 164). It therefore seems possible that the
pattern of gene regulation observed in complex retroviruses
is specifically designed to allow the maintenance of retrovi-
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rus infection in the face of an ongoing host immune re-
sponse.

ACKNOWLEDGMENTS

I thank Sharon Goodwin for secretarial assistance.
This work was supported by the Howard Hughes Medical Insti-

tute and by Public Health Service grants AI28233 and AI29821 from
the National Institute of Allergy and Infectious Diseases.

REFERENCES

1. Achong, G., P. W. A. Mansell, M. A. Epstein, and P. Clifford.
1971. An unusual virus in cultures from a human nasopharyn-
geal carcinoma. J. Natl. Cancer Inst. 42:299-307.

2. Ahmad, N., and S. Venkatesan. 1988. Nef protein of HIV-1 is a
transcriptional repressor of HIV-1 LTR. Science 241:1481-
1485.

3. Ahmed, Y. F., G. M. Gilmartin, S. M. Hanly, J. R. Nevins, and
W. C. Greene. 1991. The HTLV-I Rex response element
mediates a novel form of mRNA polyadenylation. Cell 64:727-
737.

4. Ahmed, Y. F., S. M. Hanly, M. H. Malim, B. R. Cullen, and
W. C. Greene. 1990. Structure-function analyses of the
HTLV-I Rex and HIV-1 Rev RNA response elements: insights
into the mechanism of Rex and Rev action. Genes Dev.
4:1014-1022.

5. Arima, N., J. A. Molitor, M. R. Smith, J. H. Kim, Y. Daitoku,
and W. C. Greene. 1991. Human T-cell leukemia virus type I
Tax induces expression of the Rel-related family of KB enhanc-
er-binding proteins: evidence for a pretranslational component
of regulation. J. Virol. 65:6892-6899.

6. Arrigo, S., and K. Beemon. 1988. Regulation of Rous sarcoma
virus RNA splicing and stability. Mol. Cell. Biol. 8:4858-
4867.

7. Arya, S. K., B. Beaver, L. Jagodzinski, B. Ensoli, P. J. Kanki,
J. Albert, E.-M. Fenyo, G. Biberfeld, J. F. Zagury, F. Laure,
M. Essex, E. Norrby, F. Wong-Staal, and R. C. Gallo. 1987.
New human and simian HIV-related retroviruses possess func-
tional transactivator (tat) gene. Nature (London) 328:548-550.

8. Arya, S. K., C. Guo, S. F. Josephs, and F. Wong-Staal. 1985.
Trans-activator gene of human T-lymphotropic virus type III
(HTLV-III). Science 229:69-73.

9. Bachelerie, F., J. Alcami, U. Hazan, N. Israel, B. Goud, F.
Arenzana-Seisdedos, and J.-L. Virelizier. 1990. Constitutive
expression of human immunodeficiency virus (HIV) Nef pro-
tein in human astrocytes does not influence basal or induced
HIV long terminal repeat activity. J. Virol. 64:3059-3062.

10. Ballard, D. W., E. Bohnlein, J. W. Lowenthal, Y. Wano, B. R.
Franza, and W. C. Greene. 1988. HTLV-I Tax induces cellular
proteins that activate the KB element in the IL-2 receptor a
gene. Science 241:1652-1655.

11. Ballaun, C., G. K. Farrington, M. Dobrovnik, J. Rusche, J.
Hauber, and E. Bohnlein. 1991. Functional analysis of human
T-cell leukemia virus type I rex-response element: direct RNA
binding of Rex protein correlates with in vivo activity. J. Virol.
65:4408 4413.

12. Barre-Sinoussi, F., J. C. Chermann, F. Rey, M. T. Nugeyre, S.
Chamaret, J. Gruest, C. Dauguet, C. Axler-Blin, F. Vezinet-
Brun, C. Rouzioux, W. Rozenbaum, and L. Montagnier. 1983.
Isolation of a T-lymphotropic retrovirus from a patient at risk
of acquired immune deficiency syndrome (AIDS). Science
220:868-870.

13. Barry, P. A., E. Pratt-Lowe, R. E. Unger, and P. A. Luciw.
1991. Cellular factors regulate transactivation of human immu-
nodeficiency virus type 1. J. Virol. 65:1392-1399.

14. Bartel, D. P., M. L. Zapp, M. R. Green, and J. W. Szostak.
1991. HIV-1 Rev regulation involves recognition of non-Wat-
son-Crick base pairs in viral RNA. Cell 67:529-536.

15. Beraud, C., G. Lombard-Platet, Y. Michal, and P. Jalinot.
1991. Binding of the HTLV-I Taxl transactivator to the
inducible 21 bp enhancer is mediated by the cellular factor
HEB1. EMBO J. 10:3795-3803.

16. Berger, J., C. Aepinus, M. Dobrovnik, B. Fleckenstein, J.
Hauber, and E. Bohnlein. 1991. Mutational analysis of func-
tional domains in the HIV-1 Rev trans-regulatory protein.
Virology 183:630-635.

17. Berkhout, B., A. Gatignol, J. Silver, and K.-T. Jeang. 1990.
Efficient trans-activation by the HIV-2 Tat protein requires a
duplicated TAR RNA structure. Nucleic Acids Res. 18:1839-
1846.

18. Berkhout, B., and K.-T. Jeang. 1989. trans-Activation of
human immunodeficiency virus type 1 is sequence specific for
both the single-stranded bulge and loop of the trans-acting-
responsive hairpin: a quantitative analysis. J. Virol. 63:5501-
5504.

19. Berkhout, B., and K.-T. Jeang. 1992. Functional roles for the
TATA promoter and enhancers in basal and Tat-induced
expression of the human immunodeficiency virus type 1 long
terminal repeat. J. Virol. 66:139-149.

20. Berkhout, B., R. H. Silverman, and K.-T. Jeang. 1989. Tat
trans-activates the human immunodeficiency virus through a
nascent RNA target. Cell 59:273-282.

21. Black, A. C., C. T. Ruland, M. T. Yip, J. Luo, B. Tran, A.
Kalsi, E. Quan, M. Aboud, I. S. Y. Chen, and J. D. Rosenblatt.
1991. Human T-cell leukemia virus type II Rex binding and
activity require an intact splice donor site and a specific RNA
secondary structure. J. Virol. 65:6645-6653.

22. Bogerd, H. P., G. L. Huckaby, Y. F. Ahmed, S. M. Hanly, and
W. C. Greene. 1991. The type 1 human T-cell leukemia virus
(HTLV-I) Rex trans-activator binds directly to the HTLV-I
Rex and the type 1 human immunodeficiency virus Rev RNA
response elements. Proc. Natl. Acad. Sci. USA 88:5704-5708.

23. Bogerd, H. P., L. S. Tiley, and B. R. Cullen. Unpublished
observations.

24. Bohnlein, E., J. Berger, and J. Hauber. 1991. Functional
mapping of the human immunodeficiency virus type 1 Rev
RNA binding domain: new insights into the domain structure
of Rev and Rex. J. Virol. 65:7051-7055.

25. Bohnlein, S., J. Hauber, and B. R. Cullen. 1989. Identification
of a U5 specific sequence required for efficient polyadenylation
within the human immunodeficiency virus long terminal re-
peat. J. Virol. 63:421-424.

26. Bothe, K., A. Aguzzi, H. Lassmann, A. Rethwilm, and I. Horak.
1991. Progressive encephalopathy and myopathy in transgenic
mice expressing human foamy virus genes. Science 253:555-
557.

27. Braddock, M., A. M. Thorburn, A. Chambers, G. D. Elliott,
G. J. Anderson, A. J. Kingsman, and S. M. Kingsman. 1990. A
nuclear translational block imposed by the HIV-1 U3 region is
relieved by the Tat-TAR interaction. Cell 62:1123-1133.

28. Braddock, M., A. M. Thorburn, A. J. Kingsman, and S. M.
Kingsman. 1991. Blocking of Tat-dependent HIV-1 RNA mod-
ification by an inhibitor of RNA polymerase II processivity.
Nature (London) 350:439-441.

29. Calnan, B. J., B. Tidor, S. Biancalana, D. Hudson, and A. D.
Frankel. 1991. Arginine-mediated RNA recognition: the argin-
ine fork. Science 252:1167-1171.

30. Carroll, R., L. Martarano, and D. Derse. 1991. Identification of
lentivirus Tat functional domains through generation of equine
infectious anemia virus/human immunodeficiency virus type 1
tat gene chimeras. J. Virol. 65:3460-3467.

31. Carvalho, M., and D. Derse. 1991. Mutational analysis of the
equine infectious anemia virus Tat-responsive element. J.
Virol. 65:3468-3474.

32. Chang, D. D., and P. A. Sharp. 1989. Regulation by HIV Rev
depends upon recognition of splice sites. Cell 59:789-795.

33. Chen, I. S. Y., D. J. Slamon, J. D. Rosenblatt, N. P. Shah, and
W. Wachsman. 1985. The X gene is essential for HTLV
replication. Science 229:54-58.

34. Cheng-Mayer, C., P. Iannello, K. Shaw, P. A. Luciw, and J. A.
Levy. 1989. Differential effects of nef on HIV replication:
implications for viral pathogenesis in the host. Science 246:
1629-1632.

35. Cochrane, A. W., K. S. Jones, S. Beidas, P. J. Dillon, A. M.
Skalka, and C. A. Rosen. 1991. Identification and characteri-

VOL. 56, 1992



390 CULLEN

zation of intragenic sequences which repress human immuno-
deficiency virus structural gene expression. J. Virol. 65:5305-
5313.

36. Cochrane, A. W., A. Perkins, and C. A. Rosen. 1990. Identifi-
cation of sequences important in the nucleolar localization of
human immunodeficiency virus Rev: relevance of nucleolar
localization to function. J. Virol. 64:881-885.

37. Cohen, E. A., G. Dehni, J. G. Sodroski, and W. A. Haseltine.
1990. Human immunodeficiency virus vpr product is a virion-
associated regulatory protein. J. Virol. 64:3097-3099.

38. Cohen, E. A., E. F. Terwilliger, Y. Jalinoos, J. Proulx, J. G.
Sodroski, and W. A. Haseltine. 1990. Identification of HIV-1
vpr product and function. J. Acquired Immune Defic. Syndr.
3:11-18.

39. Cullen, B. R. 1986. Trans-activation of human immunodefi-
ciency virus occurs via a bimodal mechanism. Cell 46:973-982.

40. Cullen, B. R. 1990. The HIV-1 Tat protein: an RNA sequence-
specific processivity factor? Cell 63:655-657.

41. Cullen, B. R. 1991. Human immunodeficiency virus as a

prototypic complex retrovirus. J. Virol. 65:1053-1056.
42. Cullen, B. R. 1991. Regulation of human immunodeficiency

virus replication. Annu. Rev. Microbiol. 45:219-250.
43. Daefler, S., M. E. Klotman, and F. Wong-Staal. 1990. Trans-

activating Rev protein of the human immunodeficiency virus 1
interacts directly and specifically with its target RNA. Proc.
Natl. Acad. Sci. USA 87:4571-4575.

44. Daly, T. J., K. S. Cook, G. S. Gray, T. E. Maione, and J. R.
Rusche. 1989. Specific binding of HIV-1 recombinant Rev
protein to the Rev-responsive element in vitro. Nature (Lon-
don) 342:816-819.

45. Davis, J. L., and J. E. Clements. 1989. Characterization of a
cDNA clone encoding the visna virus transactivating protein.
Proc. Natl. Acad. Sci. USA 86:414-418.

46. Dayton, A. I., J. G. Sodroski, C. A. Rosen, W. C. Goh, and
W. A. Haseltine. 1986. The trans-activator gene of the human T
cell lymphotropic virus type III is required for replication. Cell
44:941-947.

47. Dillon, P. J., P. Nelbock, A. Perkins, and C. A. Rosen. 1990.
Function of the human immunodeficiency virus types 1 and 2
Rev proteins is dependent on their ability to interact with a
structured region present in env gene mRNA. J. Virol. 64:
4428-4437.

48. Dillon, P. J., P. Nelbock, A. Perkins, and C. A. Rosen. 1991.
Structural and functional analysis of the human immunodefi-
ciency virus type 2 Rev protein. J. Virol. 65:445-449.

49. Dingwall, C., I. Ernberg, M. J. Gait, S. M. Green, S. Heaphy,
J. Karn, A. D. Lowe, M. Singh, and M. A. Skinner. 1990.
HIV-1 Tat protein stimulates transcription by binding to a
U-rich bulge in the stem of the TAR RNA structure. EMBO J.
9:4145-4153.

50. Dingwall, C., I. Ernberg, M. J. Gait, S. M. Green, S. Heaphy,
J. Karn, A. D. Lowe, M. Singh, M. A. Skinner, and R. Valerio.
1989. Human immunodeficiency virus 1 Tat protein binds
trans-activation-responsive region (TAR) RNA in vitro. Proc.
Natl. Acad. Sci. USA 86:6925-6929.

51. Dorn, P., L. DaSilva, L. Martarano, and D. Derse. 1990.
Equine infectious anemia virus tat: insights into the structure,
function, and evolution of lentivirus trans-activator proteins. J.
Virol. 64:1616-1624.

52. Emerman, M., M. Guyader, L. Montagnier, D. Baltimore, and
M. A. Muesing. 1987. The specificity of the human immunode-
ficiency virus type 2 transactivator is different from that of
human immunodeficiency virus type 1. EMBO J. 6:3755-3760.

53. Emerman, M., R. Vazeux, and K. Peden. 1989. The rev gene
product of the human immunodeficiency virus affects enve-
lope-specific RNA localization. Cell 57:1155-1165.

54. Fauci, A. S. 1988. The human immunodeficiency virus: infec-
tivity and mechanisms of pathogenesis. Science 239:617-622.

55. Feinberg, M. B., D. Baltimore, and A. D. Frankel. 1991. The
role of Tat in the human immunodeficiency virus life cycle
indicates a primary effect on transcriptional elongation. Proc.
Natl. Acad. Sci. USA 88:4045-4049.

56. Feinberg, M. B., R. F. Jarrett, A. Aldovini, R. C. Gallo, and F.

Wong-Staal. 1986. HTLV-III expression and production in-
volve complex regulation at the levels of splicing and transla-
tion of viral RNA. Cell 46:807-817.

57. Felber, B. K., D. Derse, A. Athanassopoulos, M. Campbell, and
G. N. Pavlalds. 1989. Cross-activation of the Rex proteins of
HTLV-I and BLV and of the Rev protein of HIV-1 and
nonreciprocal interactions with their RNA responsive ele-
ments. New Biol. 1:318-330.

58. Felber, B. K., M. Hadzopoulou-Cladaras, C. Cladaras, T.
Copeland, and G. N. Paviakis. 1989. Rev protein of human
immunodeficiency virus type 1 affects the stability and trans-
port of the viral mRNA. Proc. Natl. Acad. Sci. USA 86:1495-
1499.

59. Felber, B. K., H. Paskalis, C. Kleinman-Ewing, and G. N.
Paviakis. 1985. The pX protein of HTLV-I is a transcriptional
activator of its long terminal repeat. Science 229:675-678.

60. Feng, S., and E. C. Holland. 1988. HIV-1 tat trans-activation
requires the loop sequence within tar. Nature (London) 334:
165-167.

61. Fenrick, R., M. H. Malim, J. Hauber, S.-Y. Le, J. Maizel, and
B. R. Cullen. 1989. Functional analysis of the Tat trans-
activator of human immunodeficiency virus type 2. J. Virol.
63:5006-5012.

62. Fisher, A. G., M. B. Feinberg, S. F. Josephs, M. E. Harper,
L. M. Marselle, G. Reyes, M. A. Gonda, A. Aldovini, C.
Debouk, R. C. Gallo, and F. Wong-Staal. 1986. The trans-
activator gene of HTLV-III is essential for virus replication.
Nature (London) 320:367-371.

63. Flugel, R. M. 1991. Spumaviruses: a group of complex retro-
viruses. J. Acquired Immune Defic. Syndr. 4:739-750.

64. Frankel, A. D., D. S. Bredt, and C. 0. Pabo. 1988. Tat protein
from human immunodeficiency virus forms a metal-linked
dimer. Science 240:70-73.

65. Fuji, M., P. Sassone-Corsi, and I. M. Verma. 1988. c-fos
promoter trans-activation by the tax, protein of human T-cell
leukemia virus type 1. Proc. Natl. Acad. Sci. USA 85:8526-
8530.

66. Fujisawa, J.-I., M. Seiki, M. Sato, and M. Yoshida. 1986. A
transcriptional enhancer sequence of HTLV-I is responsible
for trans-activation mediated by p40" of HTLV-I. EMBO J.
5:713-718.

67. Fujisawa, J.-I., M. Toita, T. Yoshimura, and M. Yoshida. 1991.
The indirect association of human T-cell leukemia virus tax
protein with DNA results in transcriptional activation. J. Virol.
65:4525-4528.

68. Garcia, J. A., D. Harrich, L. Pearson, R. Mitsuyasu, and R. B.
Gaynor. 1988. Functional domains required for tat-induced
transcriptional activation of the HIV-1 long terminal repeat.
EMBO J. 7:3143-3147.

69. Garcia, J. A., F. K. Wu, R. Mitsuyasu, and R. B. Gaynor. 1987.
Interactions of cellular proteins involved in the transcriptional
regulation of the human immunodeficiency virus. EMBO J.
6:3761-3770.

70. Garcia, J. V., and A. D. Miller. 1991. Serine phosphorylation-
independent downregulation of cell-surface CD4 by nef. Na-
ture (London) 350:508-511.

71. Garcia-Blanco, M. A., and B. R. Cullen. 1991. Molecular basis
of latency in pathogenic human viruses. Science 254:815-820.

72. Garrett, E. D., K. M. Partin, and B. R. Cullen. 1992. Compar-
ative analysis of Rev function in human immunodeficiency
virus types 1 and 2. J. Virol. 66:4288-4294.

73. Garrett, E. D., L. S. Tiley, and B. R. Cullen. 1991. Rev
activates expression of the human immunodeficiency virus
type 1 vif and vpr gene products. J. Virol. 65:1653-1657.

74. Gourdou, I., V. Mazarin, G. Querat, N. Sauze, and R. Vigne.
1989. The open reading frame S of visna virus genome is a
trans-activating gene. Virology 171:170-178.

75. Grassman, R., S. Berchtold, C. Aepinus, C. Ballaun, E.
Boehnlein, and B. Fleckenstein. 1991. In vitro binding of human
T-cell leukemia virus rex proteins to the rex-response element
of viral transcripts. J. Virol. 65:3721-3727.

76. Grassman, R., C. Dengler, I. Muller-Fleckenstein, B. Flecken-
stein, K. McGuire, M.-C. Dokhelar, J. G. Sodroski, and W. A.

MICROBIOL. REV.



REGULATORY PROTEINS OF COMPLEX RETROVIRUSES 391

Haseltine. 1989. Transformation to continuous growth of pri-
mary human T lymphocytes by human T-cell leukemia virus
type IX-region genes transduced by a Herpesvirus saimiri
vector. Proc. Natl. Acad. Sci. USA 86:3351-3355.

77. Guy, B., M. P. Kieny, Y. Riviere, C. L. Peuch, K. Dott, M.
Girard, L. Montagnier, and J.-P. Lecocq. 1987. HIV F/3' orf
encodes a phosphorylated GTP-binding protein resembling an
oncogene product. Nature (London) 330:266-269.

78. Haase, A. T. 1986. Pathogenesis of lentivirus infections. Na-
ture (London) 322:130-136.

79. Hammarskjold, M.-L., J. Heimer, B. Hammarskjold, I. Sang-
wan, L. Albert, and D. Rekosh. 1989. Regulation of human
immunodeficiency virus env expression by the rev gene prod-
uct. J. Virol. 63:1959-1966.

80. Hammes, S. R., E. P. Dixon, M. H. Malim, B. R. Cullen, and
W. C. Greene. 1989. Nef protein of human immunodeficiency
virus type 1: evidence against its role as a transcriptional
inhibitor. Proc. Natl. Acad. Sci. USA 86:9549-9553.

81. Hanly, S. M., L. T. Rimsky, M. H. Malim, J. H. Kim, J.
Hauber, M. D. Dodon, S.-Y. Le, J. V. Maizel, B. R. Cullen, and
W. C. Greene. 1989. Comparative analysis of the HTLV-I Rex
and HIV-1 Rev trans-regulatory proteins and their RNA re-
sponse elements. Genes Dev. 3:1534-1544.

82. Hauber, J., M. Bouvier, M. H. Malim, and B. R. Cullen. 1988.
Phosphorylation of the rev gene product of human immunode-
ficiency virus type 1. J. Virol. 62:4801-4804.

83. Hauber, J., and B. R. Cullen. 1988. Mutational analysis of the
trans-activation responsive region of the human immunodefi-
ciency virus 1 long terminal repeat. J. Virol. 62:673-679.

84. Hauber, J., M. H. Malim, and B. R. Cullen. 1989. Mutational
analysis of the conserved basic domain of the human immuno-
deficiency virus tat protein. J. Virol. 63:1181-1187.

85. Hauber, J., A. Perkins, E. P. Heimer, and B. R. Cullen. 1987.
Trans-activation of human immunodeficiency virus gene
expression is mediated by nuclear events. Proc. Natl. Acad.
Sci. USA 84:6364-6368.

86. Heaphy, S., C. Dingwall, I. Ernberg, M. J. Gait, S. M. Green,
J. Karn, A. D. Lowe, M. Singh, and M. A. Skinner. 1990.
HIV-1 regulator of virion expression (Rev) protein binds to an
RNA stem-loop structure located within the Rev response
element region. Cell 60:685-693.

87. Hess, J. L., J. A. Small, and J. E. Clements. 1989. Sequences in
the visna virus long terminal repeat that control transcriptional
activity and respond to viral trans-activation: involvement of
AP-1 sites in basal activity and trans-activation. J. Virol.
63:3001-3015.

88. Hidaka, M., J. Inoue, M. Yoshida, and M. Seiki. 1988. Post-
transcriptional regulator (rex) of HTLV-1 initiates expression
of viral structural proteins but suppresses expression of regu-
latory proteins. EMBO J. 7:519-523.

89. Hooks, J. J., and C. J. Gibbs, Jr. 1975. The foamy viruses.
Bacteriol. Rev. 39:169-185.

90. Hope, T. J., Bond, B. L., D. McDonald, N. P. Klein, and T. G.
Parslow. 1991. Effector domains of human immunodeficiency
virus type 1 Rev and human T-cell leukemia virus type I Rex
are functionally interchangeable and share an essential peptide
motif. J. Virol. 65:6001-6007.

91. Huang, X., T. J. Hope, B. L. Bond, D. McDonald, K. Grahl,
and T. G. Parslow. 1991. Minimal Rev-response element for
type 1 human immunodeficiency virus. J. Virol. 65:2131-2134.

92. Inoue, J.-I., M. Yoshida, and M. Seiki. 1987. Transcriptional
(p40") and post-transcriptional (p27"-"') regulators are required
for the expression and replication of human T-cell leukemia
virus type I genes. Proc. Natl. Acad. Sci. USA 84:3653-3657.

93. Ivey-Hoyle, M., and M. Rosenberg. 1990. Rev-dependent
expression of human immunodeficiency virus type 1 gpl60 in
Drosophila melanogaster cells. Mol. Cell. Biol. 10:6152-6159.

94. Jakobovits, A., D. H. Smith, E. B. Jakobovits, and D. J. Capon.
1988. A discrete element 3' of human immunodeficiency virus
1 (HIV-1) and HIV-2 mRNA initiation sites mediates transcrip-
tional activation by an HIV trans-activator. Mol. Cell. Biol.
8:2555-2561.

95. Jeang, K.-T., I. Boros, J. Brady, M. Radonovich, and G.

Khoury. 1988. Characterization of cellular factors that interact
with the human T-cell leukemia virus type 1 p40"-responsive
21-base-pair sequence. J. Virol. 62:4499-4509.

96. Jones, K. A. 1989. HIV trans-activation and transcription
control mechanisms. New Biol. 1:127-135.

97. Jones, K. A., J. T. Kadonaga, P. A. Luciw, and R. Tjian. 1986.
Activation of the AIDS retrovirus promoter by the cellular
transcription factor, Spl. Science 232:755-759.

98. Kaminchik, J., N. Bashan, D. Pinchasi, B. Amit, N. Sarver,
M. I. Johnston, M. Fischer, Z. Yavin, M. Gorecki, and A.
Panet. 1990. Expression and biochemical characterization of
human immunodeficiency virus type 1 nef gene product. J.
Virol. 64:3447-3454.

99. Kao, S.-Y., A. F. Calman, P. A. Luciw, and B. M. Peterlin.
1987. Anti-termination of transcription within the long terminal
repeat of HIV-1 by tat gene product. Nature (London) 330:
489-493.

100. Katz, R. A., and A. M. Skalka. 1990. Control of retroviral RNA
splicing through maintenance of suboptimal processing signals.
Mol. Cell. Biol. 10:696-704.

101. Keller, A., E. D. Garrett, and B. R. Cullen. 1992. The Bel-1
protein of human foamy virus activates human immunodefi-
ciency virus type 1 gene expression via a novel DNA target
site. J. Virol. 66:3946-3949.

102. Keller, A., K. M. Partin, M. Lochelt, H. Bannert, R. M. Flugel,
and B. R. Cullen. 1991. Characterization of the transcriptional
trans-activator of human foamy retrovirus. J. Virol. 65:2589-
2594.

103. Kessler, M., and M. B. Mathews. 1991. Tat transactivation of
the human immunodeficiency virus type 1 promoter is influ-
enced by basal promoter activity and the simian virus 40 origin
of DNA replication. Proc. Natl. Acad. Sci. USA 88:10018-
10022.

104. Kestler, H. W., III, D. J. Ringler, K. Mori, D. L. Panicali, P. K.
Sehgal, M. D. Daniel, and R. C. Desrosiers. 1991. Importance of
the nef gene for maintenance of high virus loads and for
development of AIDS. Cell 65:651-662.

105. Kim, J. H., P. A. Kaufman, S. M. Hanly, L. T. Rimsky, and
W. C. Greene. 1991. Rex transregulation of human T-cell
leukemia virus type II gene expression. J. Virol. 65:405-414.

106. Kim, S., R. Byrn, J. Groopman, and D. Baltimore. 1989.
Temporal aspects of DNA and RNA synthesis during human
immunodeficiency virus infection: evidence for differential
gene expression. J. Virol. 63:3708-3713.

107. Kim, S., K. Ikeuchi, R. Byrn, J. Groopman, and D. Baltimore.
1989. Lack of a negative influence on viral growth by the nef
gene of human immunodeficiency virus type 1. Proc. Natl.
Acad. Sci. USA 86:9544-9548.

108. Kiyomasu, T., M. Takayuki, T. Furuya, R. Shibata, H. Sakai,
J.-I. Sakuragi, M. Fukasawa, N. Maki, A. Hasegawa, T.
Mikami, and A. Adachi. 1991. Identification of feline immuno-
deficiency virus rev gene activity. J. Virol. 65:4539-4542.

109. Kjems, J., A. D. Frankel, and P. A. Sharp. 1991. Specific
regulation of mRNA splicing in vitro by a peptide from HIV-1
Rev. Cell 67:169-178.

110. Knight, D. M., F. A. Flomerfelt, and J. Ghrayeb. 1987. Expres-
sion of the art/trs protein of HIV and study of its role in viral
envelope synthesis. Science 236:837-840.

111. Kubota, S., T. Nosaka, B. R. Cullen, M. Maki, and M. Hatanaka.
1991. Effects of chimeric mutants of human immunodeficiency
virus type 1 Rev and human T-cell leukemia virus type I Rex on
nucleolar targeting signals. J. Virol. 65:2452-2456.

112. Kubota, S., H. Siomi, T. Satoh, S.-I. Endo, M. Maki, and M.
Hatanaka. 1989. Functional similarity of HIV-1 rev and
HTLV-I rex proteins: identification of a new nucleolar-target-
ing signal in rev protein. Biochem. Biophys. Res. Commun.
162:963-970.

113. Kuppuswamy, M., T. Subramanian, A. Srinivasan, and G.
Chinnadurai. 1989. Multiple functional domains of Tat, the
trans-activator of HIV-1, defined by mutational analysis. Nu-
cleic Acids Res. 17:3551-3561.

114. Laspia, M. F., A. P. Rice, and M. B. Mathews. 1989. HIV-1 Tat
protein increases transcriptional initiation and stabilizes elon-

VOL. 56, 1992



392 CULLEN

gation. Cell 59:283-292.
115. Lazinski, D., E. Grzadzielska, and A. Das. 1989. Sequence-

specific recognition of RNA hairpins by bacteriophage antitermi-
nators requires a conserved arginine-rich motif. Cell 59:207-218.

116. Le, S.-Y., M. H. Malim, B. R. Cullen, and J. V. Maizel. 1990.
A highly conserved RNA folding region coincident with the
Rev response element of primate immunodeficiency viruses.
Nucleic Acids Res. 18:1613-1623.

117. Lee, A. H., K. J. Lee, S. Kim, and Y. C. Sung. 1992.
Transactivation of human immunodeficiency virus type 1 long
terminal repeat-directed gene expression by human foamy
virus bell protein requires a novel DNA sequence. J. Virol.
66:3236-3240.

118. Lenardo, M. J., and D. Baltimore. 1989. NF-KB: a pleiotropic
mediator of inducible and tissue-specific gene control. Cell
58:227-229.

119. Leung, K., and G. J. Nabel. 1988. HTLV-I transactivator
induces interleukin-2 receptor expression through an NF-KB-
like factor. Nature (London) 333:776-778.

120. Lewis, N., J. Williams, D. Rekosh, and M.-L. Hammarskjold.
1990. Identification of a cis-acting element in human immuno-
deficiency virus type 2 (HIV-2) that is responsive to the HIV-1
rev and human T-cell leukemia virus types I and II rex
proteins. J. Virol. 64:1690-1697.

121. Lochelt, M., H. Zentgraf, and R. M. Flugel. 1991. Construction
of an infectious DNA clone of the full-length human spumaret-
rovirus genome and mutagenesis of the bel-l gene. Virology
184:43-54.

122. Lu, X., J. Heimer, D. Rekosh, and M.-L. Hammarskjold. 1990.
Ul small nuclear RNA plays a direct role in the formation of a
rev-regulated human immunodeficiency virus env mRNA that
remains unspliced. Proc. Natl. Acad. Sci. USA 87:7598-7602.

123. Luciw, P. A., C. Cheng-Mayer, and J. A. Levy. 1987. Muta-
tional analysis of the human immunodeficiency virus: the orf-B
region down-regulates virus replication. Proc. Natl. Acad. Sci.
USA 84:1434-1438.

124. Luria, S., I. Chambers, and P. Berg. 1991. Expression of the
type 1 human immunodeficiency virus Nef protein in T cells
prevents antigen receptor-mediated induction of interleukin 2
mRNA. Proc. Natl. Acad. Sci. USA 88:5326-5330.

125. Mahnke, C., P. Kashaiya, J. Rossler, H. Bannert, A. Levin,
W. A. Blattner, M. Dietrich, J. Luande, M. Lochelt, A. E.
Friedman-Kien, A. L. Komaroff, P. C. Loh, M.-E. Westarp,
and R. M. Flugel. 1992. Human spumavirus antibodies in sera
from African patients. Arch. Virol. 123:243-253.

126. Maldarelli, F., M. A. Martin, and K. Strebel. 1991. Identifica-
tion of posttranscriptionally active inhibitory sequences in
human immunodeficiency virus type 1 RNA: novel level of
gene regulation. J. Virol. 65:5732-5743.

127. Malim, M. H., S. Bohnlein, R. Fenrick, S.-Y. Le, J. V. Maizel, and
B. R. Cullen. 1989. Functional comparison of the Rev trans-
activators encoded by different primate immunodeficiency virus
species. Proc. Natl. Acad. Sci. USA 86:8222-8226.

128. Malim, M. H., S. Bohnlein, J. Hauber, and B. R. Cullen. 1989.
Functional dissection of the HIV-1 Rev trans-activator-deri-
vation of a trans-dominant repressor of Rev function. Cell
58:205-214.

129. Malim, M. H., and B. R. Cullen. 1991. HIV-1 structural gene
expression requires the binding of multiple Rev monomers to
the viral RRE: implications for HIV-1 latency. Cell 65:241-248.

130. Malim, M. H,. J. Hauber, R. Fenrick, and B. R. Cullen. 1988.
Immunodeficiency virus rev trans-activator modulates the
expression of the viral regulatory genes. Nature (London)
335:181-183.

131. Malim, M. H., J. Hauber, S.-Y. Le, J. V. Maizel, and B. R.
Cullen. 1989. The HIV-1 rev trans-activator acts through a
structured target sequence to activate nuclear export of un-
spliced viral mRNA. Nature (London) 338:254-257.

132. Malim, M. H., D. F. McCarn, L. S. Tiley, and B. R. Cullen.
1991. Mutational definition of the human immunodeficiency
virus type 1 Rev activation domain. J. Virol. 65:4248-4254.

133. Malim, M. H., L. S. Tiley, D. F. McCarn, J. R. Rusche, J.
Hauber, and B. R. Cullen. 1990. HIV-1 structural gene expres-

sion requires binding of the Rev trans-activator to its RNA
target sequence. Cell 60:675-683.

134. Marciniak, R. A., B. J. Calnan, A. D. Frankel, and P. A. Sharp.
1990. HIV-1 Tat protein trans-activates transcription in vitro.
Cell 63:791-802.

135. Marciniak, R. A., M. A. Garcia-Blanco, and P. A. Sharp. 1990.
Identification and characterization of a HeLa nuclear protein
that specifically binds to the trans-activation-response (TAR)
element of human immunodeficiency virus. Proc. Natl. Acad.
Sci. USA 87:3624-3628.

136. Marriott, S. J., P. F. Lindholm, K. M. Brown, S. D. Gitlin, J. F.
Duvall, M. F. Radonovich, and J. N. Brady. 1990. A 36-
kilodalton cellular transcription factor mediates an indirect
interaction of human T-cell leukemia/lymphoma virus type 1
TAX1 with a responsive element in the viral long terminal
repeat. Mol. Cell. Biol. 10:4192-4201.

137. McCune, J. M. 1991. HIV-1: the infective process in vivo. Cell
64:351-363.

138. Mergia, A., and P. A. Luciw. 1991. Replication and regulation
of primate foamy viruses. Virology 184:475-482.

139. Mergia, A., E. Pratt-Lowe, K. E. S. Shaw, L. W. Renshaw-
Gegg, and P. A. Luciw. 1992. cis-Acting regulatory regions in
the long terminal repeat of simian foamy virus type 1. J. Virol.
66:251-257.

140. Mermer, B., B. K. Felber, M. Campbell, and G. N. Pavlakis.
1990. Identification of trans-dominant HIV-1 Rev protein mu-
tants by direct transfer of bacterially produced proteins into
human cells. Nucleic Acids Res. 18:2037-2044.

141. Michael, N. L., P. Morrow, J. Mosca, M. Vahey, D. S. Burke,
and R. R. Redfield. 1991. Induction of human immunodefi-
ciency virus type 1 expression in chronically infected cells is
associated primarily with a shift in RNA splicing patterns. J.
Virol. 65:1291-1303.

142. Michaud, S., and R. Reed. 1991. An ATP-independent complex
commits pre-mRNA to the mammalian spliceosome assembly
pathway. Genes Dev. 5:2534-2546.

143. Miyatake, S., M. Seiki, M. Yoshida, and K.-I. Arai. 1988. T-cell
activation signals and human T-cell leukemia virus type I-en-
coded p40" protein activate the mouse granulocyte-macroph-
age colony-stimulating factor gene through a common DNA
element. Mol. Cell. Biol. 8:5581-5587.

144. Muesing, M. A., D. H. Smith, C. D. Cabradilla, C. V. Benton,
L. A. Lasky, and D. J. Capon. 1985. Nucleic acid structure and
expression of the human AIDS/lymphadenopathy retrovirus.
Nature (London) 313:450-458.

145. Muesing, M. A., D. H. Smith, and D. J. Capon. 1987. Regula-
tion of mRNA accumulation by a human immunodeficiency
virus trans-activator protein. Cell 48:691-701.

146. Muranyi, M., and R. M. Flugel. 1991. Analysis of splicing
patterns of human spumaretrovirus by polymerase chain reac-
tion reveals complex RNA structures. J. Virol. 65:727-735.

147. Myers, G., and G. N. Pavlakis. 1991. Evolutionary potential of
complex retroviruses, p. 1-37. In R. R. Wagner, H. Fraenkel-
Conrat, and J. Levy (ed.), Viruses: the Retroviridae, vol. 1.
Plenum Press, New York.

148. Nabel, G., and D. Baltimore. 1987. An inducible transcription
factor activates expression of human immunodeficiency virus
in T cells. Nature (London) 326:711-713.

149. Nagashima, K., M. Yoshida, and M. Seild. 1986. A single
species of pX mRNA of human T-cell leukemia virus type I
encodes trans-activator p40" and two other phosphoproteins.
J. Virol. 60:394-399.

150. Nagata, K., K. Ohtani, M. Nakamura, and K. Sugamura. 1989.
Activation of endogenous c-fos proto-oncogene expression by
human T-cell leukemia virus type 1-encoded p4Ota protein in
the human T-cell line, Jurkat. J. Virol. 63:3220-3226.

151. Nara, P. L., W. G. Robey, L. 0. Arthur, M. A. Gonda, D. M.
Asher, R. Yanagihara, C. J. Gibbs, Jr., D. C. Gajdusek, and
P. J. Fischinger. 1987. Simultaneous isolation of simian foamy
virus and HTLV-III/LAV from chimpanzee lymphocytes fol-
lowing HTLV-III or LAV inoculation. Arch. Virol. 92:183-
186.

152. Nebreda, A. R., T. Bryan, F. Segade, P. Wingfield, S. Venkatesan,

MICROBIOL. REV.



REGULATORY PROTEINS OF COMPLEX RETROVIRUSES 393

and E. Santos. 1991. Biochemical and biological comparison of
HIV-1 NEF and ras gene products. Virology 183:151-159.

153. Neumann-Haefelin, D., A. Rethwilm, G. Bauer, F. Gudat, and
H. zur Hausen. 1983. Characterization of a foamy virus isolated
from Cercopithecus aethiops lymphoblastoid cells. Med. Mi-
crobiol. Immunol. 172:75-86.

154. Nevins, J. R. 1991. Transcriptional activation by viral regula-
tory proteins. Trends Biochem. Sci. 16:435-439.

155. Niederman, T. M. J., B. J. Thielan, and L. Ratner. 1989.
Human immunodeficiency virus type 1 negative factor is a
transcriptional silencer. Proc. Natl. Acad. Sci. USA 86:1128-
1132.

156. Nyborg, J. K., W. S. Dynan, I. S. Y. Chen, and W. Wachsman.
1988. Binding of host-cell factors to DNA sequences in the
long-terminal repeat of human T-cell leukemia virus type I:
implications for viral gene expression. Proc. Natl. Acad. Sci.
USA 85:1457-1461.

157. Ogawa, K., R. Shibata, T. Kiyomasu, I. Higuchi, Y. Kishida, A.
Ishimoto, and A. Adachi. 1989. Mutational analysis of the
human immunodeficiency virus vpr open reading frame. J.
Virol. 63:4110-4114.

158. Olsen, H. S., A. W. Cochrane, P. J. Dillon, C. M. Nalin, and
C. A. Rosen. 1990. Interaction of the human immunodeficiency
virus type 1 Rev protein with a structured region in env mRNA
is dependent on multimer formation mediated through a basic
stretch of amino acids. Genes Dev. 4:1357-1364.

159. Olsen, H. S., P. Nelbock, A. W. Cochrane, and C. A. Rosen.
1990. Secondary structure is the major determinant for inter-
action of HIV rev protein with RNA. Science 247:845-848.

160. Partin, K. M., and B. R. Cullen. Unpublished observations.
161. Pavlakis, G. N., B. K. Felber, G. Kaplin, H. Paskalis, N.

Grammatikakis, and M. Rosenberg. 1988. Regulation of
expression of the HTLV family of retroviruses, p. 281-289. In
B. R. Franza, Jr., B. R. Cullen, and F. Wong-Staal (ed.), The
control of human retrovirus gene expression. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

162. Peterlin, B. M., P. A. Luciw, P. J. Barr, and M. D. Walker.
1986. Elevated levels of mRNA can account for the trans-
activation of human immunodeficiency virus. Proc. Natl.
Acad. Sci. USA 83:9734-9738.

163. Phillips, T. R., C. Lamont, D. A. M. Konings, B. L. Shacklett,
P. A. Luciw, and J. H. Elder. Submitted for publication.

164. Pomerantz, R. J., D. Trono, M. B. Feinberg, and D. Baltimore.
1990. Cells nonproductively infected with HIV-1 exhibit an
aberrant pattern of viral RNA expression: a molecular model
for latency. Cell 61:1271-1276.

165. Popovic, M., M. G. Sarngadharan, E. Read, and R. C. Gallo.
1984. Detection, isolation, and continuous production of cyto-
pathic retroviruses (HTLV-III) from patients with AIDS and
pre-AIDS. Science 224:497-500.

166. Proudfoot, N. 1991. Poly(A) signals. Cell 64:671-674.
167. Rasty, S., B. R. Dhruva, R. L. Schiltz, D. S. Shih, C. J. Issel,

and R. C. Montelaro. 1990. Proviral DNA integration and
transcriptional patterns of equine infectious anemia virus dur-
ing persistent and cytopathic infections. J. Virol. 64:86-95.

168. Ratnasabapathy, R., M. Sheldon, L. Johal, and N. Hernandez.
1990. The HIV-1 long terminal repeat contains an unusual
element that induces the synthesis of short RNAs from various
mRNA and snRNA promoters. Genes Dev. 64:2061-2074.

169. Ratner, L., T. Philpott, and D. B. Trowbridge. 1991. Nucleo-
tide sequence analysis of isolates of human T-lymphotropic
virus type I of diverse geographical origins. AIDS Res. Hum.
Retroviruses 7:923-941.

170. Rethwilm, A., G. Baunach, K.-O. Netzer, B. Maurer, B.
Borisch, and V. ter Meulen. 1990. Infectious DNA of the
human spumaretrovirus. Nucleic Acids Res. 4:733-738.

171. Rethwilm, A., 0. Eriwein, G. Baunach, B. Maurer, and V. ter
Meulen. 1991. The transcriptional transactivator of human
foamy virus maps to the bell genomic region. Proc. Natl.
Acad. Sci. USA 88:941-945.

172. Rimsky, L., J. Hauber, M. Dukovich, M. H. Malim, A. Lan-
glois, B. R. Cullen, and W. C. Greene. 1988. Functional
replacement of the HIV-1 Rev protein by the HTLV-I Rex

protein. Nature (London) 335:738-740.
173. Rosen, C. A., J. G. Sodroski, W. C. Goh, A. I. Dayton, J.

Lippke, and W. A. Haseltine. 1986. Post-transcriptional regu-
lation accounts for the trans-activation of the human T-lym-
photropic virus type III. Nature (London) 319:555-559.

174. Rosen, C. A., J. G. Sodroski, and W. A. Haseltine. 1985. The
location of cis-acting regulatory sequences in the human T cell
lymphotropic virus type III (HTLV-III/LAV) long terminal
repeat. Cell 41:813-823.

175. Rosen, C. A., E. Terwilliger, A. Dayton, J. G. Sodroski, and
W. A. Haseltine. 1988. Intragenic cis-acting art gene-respon-
sive sequences of the human immunodeficiency virus. Proc.
Natl. Acad. Sci. USA 85:2071-2075.

176. Roy, S., U. Delling, C.-H. Chen, C. A. Rosen, and N. Sonen-
berg. 1990. A bulge structure in HIV-1 TAR RNA is required
for Tat binding and Tat-mediated trans-activation. Genes Dev.
4:1365-1373.

177. Roy, S., N. T. Parkin, C. Rosen, J. Itovitch, and N. Sonenberg.
1990. Structural requirements for trans-activation of human
immunodeficiency virus type 1 long terminal repeat-directed
gene expression by tat: importance of base pairing, loop
sequence, and bulges in the tat-responsive sequence. J. Virol.
64:1402-1406.

178. Ruben, S., A. Perkins, R. Purcell, K. Joung, R. Sia, R.
Burghoff, W. A. Haseltine, and C. A. Rosen. 1989. Structural
and functional characterization of human immunodeficiency
virus tat protein. J. Virol. 63:1-8.

179. Ruben, S., H. Poteat, T.-H. Tan, K. Kawakami, R. Roeder, W.
Haseltine, and C A. Rosen. 1988. Cellular transcription factors
and regulation of IL-2 receptor gene expression by HTLV-I tax
gene product. Science 241:89-92.

180. Sadaie, M. R., T. Benter, and F. Wong-Staal. 1988. Site-
directed mutagenesis of two trans-regulatory genes (tat-III,
trs) of HIV-1. Science 239:910-913.

181. Sakai, H., R. Shibata, J.-I. Sakuragi, T. Kiyomasu, M. Kawa-
mura, M. Hayami, A. Ishimoto, and A. Adachi. 1991. Compat-
ibility of rev gene activity in the four groups of primate
lentiviruses. Virology 184:513-520.

182. Saltarelli, M., G. Querat, D. A. M. Konings, R. Vigne, and J. E.
Clements. 1990. Nucleotide sequence and transcriptional anal-
ysis of molecular clones of CAEV which generate infectious
virus. Virology 179:347-364.

183. Selby, M. J., E. S. Bain, P. A. Luciw, and B. M. Peterlin. 1989.
Structure, sequence, and position of the stem-loop in tar
determine transcriptional elongation by tat through the HIV-1
long terminal repeat. Genes Dev. 3:547-558.

184. Selby, M. J., and B. M. Peterlin. 1990. Trans-activation by
HIV-1 Tat via a heterologous RNA binding protein. Cell
62:769-776.

185. Sharp, P. A., and R. A. Marciniak. 1989. HIV TAR: an RNA
enhancer? Cell 59:229-230.

186. Shah, N. P., W. Wachsman, A. J. Cann, L. Souza, D. J.
Slamon, and I. S. Y. Chen. 1986. Comparison of the trans-
activation capabilities of the human T-cell leukemia virus type
I and II x proteins. Mol. Cell. Biol. 6:3626-3631.

187. Sheline, C. T., L. M. Milocco, and K. A. Jones. 1991. Two distant
nuclear transcription factors recognize loop and bulge residues of
the HIV-1 TAR RNA hairpin. Genes Dev. 5:2508-2520.

188. Shimotohno, K., M. Takano, T. Teruuchi, and M. Miwa. 1986.
Requirement of multiple copies of a 21-nucleotide sequence in
the U3 regions of human T-cell leukemia virus type I and type
II long terminal repeats for trans-acting activation of transcrip-
tion. Proc. Natl. Acad. Sci. USA 83:8112-8226.

189. Siekevitz, M., S. F. Josephs, M. Dukovich, N. Peffer, F.
Wong-Staal, and W. C. Greene. 1987. Activation of the HIV-1
LTR by T cell mitogens and the trans-activator protein of
HTLV-I. Science 238:1575-1578.

190. Siomi, H., H. Shida, M. Maki, and M. Hatanaka. 1990. Effects
of a highly basic region of human immunodeficiency virus Tat
protein on nucleolar localization. J. Virol. 64:1803-1807.

191. Siomi, H., H. Shida, S. H. Nam, T. Nosaka, M. Maki, and M.
Hatanaka. 1988. Sequence requirements for nucleolar localiza-
tion of human T cell leukemia virus type I pX protein, which

VOL. 56, 1992



394 CULLEN

regulates viral RNA processing. Cell 55:197-209.
192. Smith, M. R., and W. C. Greene. 1990. Identification of

HTLV-I tax trans-activator mutants exhibiting novel transcrip-
tional phenotypes. Genes Dev. 4:1875-1885.

193. Sodroski, J., W. C. Goh, C. Rosen, A. Dayton, E. Terwilliger,
and W. Haseltine. 1986. A second post-transcriptional trans-
activator gene required for HTLV-III replication. Nature
(London) 321:412-417.

194. Sodroski, J., R. Patarca, C. Rosen, F. Wong-Staal, and W.
Haseltine. 1985. Location of the trans-activating region on the
genome of human T-cell lymphotropic virus type III. Science
229:74-77.

195. Sodroski, J. G., C. A. Rosen, and W. A. Haseltine. 1984.
Trans-acting transcriptional activation of the long terminal
repeat of human T lymphotropic viruses in infected cells.
Science 225:381-421.

196. Sonigo, P., M. Alizon, K. Staskus, D. Kiatzmann, S. Cole, 0.
Danos, E. Retzel, P. Tiollais, A. Haase, and S. Wain-Hobson.
1985. Nucleotide sequence of the visna lentivirus: relationship
to the AIDS virus. Cell 42:369-382.

197. Southgate, C., M. L. Zapp, and M. R. Green. 1990. Activation
of transcription by HIV-1 Tat protein tethered to nascent RNA
through another protein. Nature (London) 345:640-642.

198. Southgate, C. D., and M. R. Green. 1991. The HIV-1 Tat
protein activates transcription from an upstream DNA-binding
site: implications for Tat function. Genes Dev. 5:2496-2507.

199. Spencer, C. A., and M. Groudine. 1990. Transcription elonga-
tion and eucaryotic gene regulation. Oncogene 5:777-785.

200. Stephens, R. M., D. Derse, and N. R. Rice. 1990. Cloning and
characterization of cDNAs encoding equine infectious anemia
virus Tat and putative Rev proteins. J. Virol. 64:3716-3725.

201. Sullenger, B. A., H. F. Gallardo, G. E. Ungers, and E. Gilboa.
1991. Analysis of trans-acting response decoy RNA-mediated
inhibition of human immunodeficiency virus type 1 transacti-
vation. J. Virol. 65:6811-6816.

202. Sumner-Smith, M., S. Roy, R. Barnett, L. S. Reid, R. Kuper-
man, U. Delling, and N. Sonenberg. 1991. Critical chemical
features in trans-acting-responsive RNA are required for inter-
action with human immunodeficiency virus type 1 Tat protein.
J. Virol. 65:5196-5202.

203. Tanaka, A., C. Takahashi, S. Yamaoka, T. Nosaka, M. Maki,
and M. Hatanaka. 1990. Oncogenic transformation by the tax
gene of human T-cell leukemia virus type I in vitro. Proc. Natl.
Acad. Sci. USA 87:1071-1075.

204. Teich, N. 1984. Taxonomy of retroviruses, p. 25-207. In R.
Weiss, N. Teich, H. Varmus, and J. Coffin (ed.), RNA tumor
viruses, vol. 2. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

205. Terwilliger, E., R. Burghoff, R. Sia, J. Sodroski, W. Haseltine, and
C. Rosen. 1988. The art gene product of human immunodefi-
ciency virus is required for replication. J. Virol. 62:655-658.

206. Terwilliger, E., J. G. Sodroski, C. A. Rosen, and W. A.
Haseltine. 1986. Effects of mutations with the 3' orf open
reading frame region of human T-cell lymphotropic virus type
III (HTLV-III/LAV) on replication and cytopathogenicity. J.
Virol. 60:754-760.

207. Terwilliger, E. F., E. Langhoff, D. Gabuzda, E. Zazopoulos,
and W. A. Haseltine. 1991. Allelic variation in the effects of the
nef gene on replication of human immunodeficiency virus type
1. Proc. Natl. Acad. Sci. USA 88:10971-10975.

208. Tiley, L. S., P. H. Brown, S.-Y. Le, J. V. Maizel, J. E.
Clements, and B. R. Cullen. 1990. Visna virus encodes a
post-transcriptional regulator of viral structural gene expres-
sion. Proc. Natl. Acad. Sci. USA 87:7497-7501.

209. Tiley, L. S., and B. R. Cullen. 1992. Structural and functional
analysis of the visna virus Rev-response element. J. Virol.
66:3609-3615.

210. Tiley, L. S., M. H. Malim, and B. R. Cullen. 1991. Conserved
functional organization of the human immunodeficiency virus
type 1 and visna virus Rev proteins. J. Virol. 65:3877-3881.

211. Tiley, L. S., M. H. Malim, H. K. Tewary, P. G. Stockley, and
B. R. Cullen. 1992. Identification of a high-affinity RNA-
binding site for the human immunodeficiency virus type 1 Rev

protein. Proc. Natl. Acad. Sci. USA 89:758-762.
212. Toyoshima, H., M. Itoh, J.-I. Inoue, M. Seiki, F. Takaku, and

M. Yoshida. 1990. Secondary structure of the human T-cell
leukemia virus type I rex-responsive element is essential for
rex regulation of RNA processing and transport of unspliced
RNAs. J. Virol. 64:2825-2832.

213. Unge, T., L. Solomin, M. Mellini, D. Derse, B. K. Felber, and
G. N. Pavlakis. 1991. The Rex regulatory protein of human
T-cell lymphotropic virus type I binds specifically to its target
site within the viral RNA. Proc. Natl. Acad. Sci. USA 88:
7145-7149.

214. Varmus, H., and P. Brown. 1989. Retroviruses, p. 53-108. In
D. E. Berg and M. M. Howe (ed.), Mobile DNA. American
Society for Microbiology, Washington, D.C.

215. Venkatesh, L. K., and G. Chinnadurai. 1990. Mutants in a
conserved region near the carboxy-terminus of HIV-1 Rev
identify functionally important residues and exhibit a dominant
negative phenotype. Virology 178:327-330.

216. Venkatesh, L. K., P. A. Theodorakis, and G. Chinnadurai.
1991. Distinct cis-acting regions in U3 regulate trans-activation
of the human spumaretrovirus long terminal repeat by the viral
bell gene product. Nucleic Acids Res. 19:3661-3666.

217. Viglianti, G. A., and J. I. Mullins. 1988. Functional comparison
of transactivation by simian immunodeficiency virus from
rhesus macaques and human immunodeficiency virus type 1. J.
Virol. 62:4523-4532.

218. Vigne, R., V. Barban, G. Querat, V. Mazarin, I. Gourdou, and
N. Sauze. 1987. Transcription of visna virus during its lytic
cycle: evidence for a sequential early and late gene expression.
Virology 161:218-227.

219. Wano, Y., M. Feinberg, J. B. Hosking, H. Bogerd, and W. C.
Greene. 1988. Stable expression of the tax gene of type I
human T-cell leukemia virus in human T cells activates specific
cellular genes involved in growth. Proc. Natl. Acad. Sci. USA
85:9733-9737.

220. Weeks, K. M., and D. M. Crothers. 1991. RNA recognition by
Tat-derived peptides: interaction in the major groove? Cell
66:577-588.

221. Weichselbraun, I., G. K. Farrington, J. R. Rusche, E. Bohnlein,
and J. Hauber. 1992. Definition of the human immunodefi-
ciency virus type 1 Rev and human T-cell leukemia virus type
I Rex protein activation domain by functional exchange. J.
Virol. 66:2583-2587.

222. Weiss, R. A. 1988. A virus in search of a disease. Nature
(London) 333:497-498.

223. Wright, C. M., B. K. Felber, H. Paskalis, and G. N. Paviakis.
1986. Expression and characterization of the trans-activator of
HTLV-III/LAV virus. Science 234:988-992.

224. Wu, F., J. Garcia, D. Sigman, and R. Gaynor. 1991. Tat
regulates binding of the human immunodeficiency virus trans-
activating region RNA loop-binding protein TRP-185. Genes
Dev. 5:2128-2140.

225. Yoshimura, T., J.-I. Fujisawa, and M. Yoshida. 1990. Multiple
cDNA clones encoding nuclear proteins that bind to the
tax-dependent enhancer of HTLV-I: all contain a leucine
zipper structure and basic amino acid domain. EMBO J.
9:2537-2542.

226. Zapp, M. L., and M. R. Green. 1989. Sequence-specific RNA
binding by the HIV-1 Rev protein. Nature (London) 342:714-
716.

227. Zapp, M. L., T. J. Hope, T. G. Parslow, and M. R. Green.
1991. Oligomerization and RNA binding domains of the type 1
human immunodeficiency virus Rev protein: a dual function
for an arginine-rich binding motif. Proc. Natl. Acad. Sci. USA
88:7734-7738.

228. Zhao, L.-J., and C.-Z. Giam. 1991. Interaction of the human
T-cell lymphotrophic virus type I (HTLV-I) transcriptional
activator Tax with cellular factors that bind specifically to the
21-base-pair repeats in the HTLV-I enhancer. Proc. Natl.
Acad. Sci. USA 88:11445-11499.

229. zur Hausen, H. 1991. Viruses in human cancers. Science
254:1167-1173.

MICROBIOL. REV.


