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Preface

The genome of retroviruses contains three major coding
regions for virion proteins, gag, pol and env. Gag encompasses
information for nonglycosylated viral proteins that form the
matrix, the capsid and the nucleoprotein structures. From pol/
derive reverse transcriptase and integrase, and env codes
for the surface glycoproteins of the virion which consist of a
transmembrane and a surface domain, linked by disulfide
bonds. A viral protease is derived either from the gag or from
the pol coding region, depending on the virus. Simple
retroviruses contain only this elementary gag, pol, and env
coding information. Once integrated, they are able to multiply
efficiently, using the cellular transcriptional and replication
machineries without intervention of viral transacting factors.
Most oncogenic retroviruses belong in this category.

Complex retroviruses, on the other hand, encode
additional nonstructural proteins from multiply spliced
messages. These proteins play important regulatory roles in
the life cycle of the virus. They function as transacting
factors that, in concert with cellular regulatory proteins,
control viral gene expression and function and are essential
components in the replication of complex retroviruses. To
this category belong the lentiviruses, the spumaviruses and
a group of oncogenic retroviruses that includes human T cell
leukemia virus (HTLV) and bovine leukosis virus(BLV).

The additional layer of regulation found in complex retro-
viruses is the subject of this volume of Current Topics in
Microbiology and Immunology. All human retroviruses isolated
to date, be they lentiviruses, spumaviruses, or oncogenic
retroviruses, have complex genomes. The regulatory mecha-
nisms available to these viruses may enhance their ability to
survive and persist in the host. For instance, virus is present
in only a small fraction (0.1%-10%) of potential target cells in
individuals infected with human immunodeficiency virus (HIV)
or with HTLV. Transacting proteins such as Tat of HIV or Tax
of HTLV are part of a positive feedback loop that can lead to
rapidly increasing rates of viral expression and production of
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progeny virus. Interruption of this feedback loop can resultin
an equally rapid decline of virus production. Thus, in the
expression of complex retroviruses bursts of activity may be
followed by periods of relative quiescence. This form of
regulation may reduce immune recognition of the infected
cell and still allow efficient spread of the virus.

Retroviral transacting proteins work through interaction
with the cellular regulatory machinery, including various signal
transduction, translocation and transcription factors. Several
specific biochemical interactions between retroviral transac-
tivating proteins and cellular factors have recently been
elucidated. The Tax protein of HTLV has been shown to inter-
actwith members of the NF«B family of transcription factors,
and cellular proteins binding to the Tat protein of HIV have
also been identified. Thus, the study of viral regulatory mecha-
nisms is providing insights into control elements of the cell.

The interaction of viral factors with the cellular regulatory
machinery does not merely facilitate and guide virus
reproduction, it inevitably disturbs normal cellular controls.
Both the Tax and the Tat proteins are known to affect the
levels of cellular growth factors and of transcription factors,
and these primary changes can initiate cascades of secondary
effects. This interference with cellular regulation appears to
play an important role in the pathogenesis of these viruses.

There are at present neither protective vaccines nor
curative therapeutic agents available for human retrovirus
infections. HIV infections continue to spread, and the suffer-
ing and death toll from acquired immunodeficiency syn-
drome (AIDS) are still on the rise worldwide. Retrovirology is
responding to this challenge by concentrating great efforts
on the development of a defense against HIV. The transact-
ing proteins of complex retroviruses are attractive targets for
therapeutic intervention. They are indispensable for the virus
and therefore represent a point of viral vulnerability, and they
appear unrelated to cellular proteins allowing, at least theo-
retically, for highly specific drug-virus interactions without
deleterious side effects for the cell. In order to achieve this
goal of shutting down a human retrovirus infection by block-
ing the function of an essential viral protein, a thorough
understanding of that viral target will be necessary. It is
hoped that this volume, in summarizing the current knowl-
edge in this area, will contribute towards the conquest of
disease.

Los Angeles, Philadelphia, IRvVIN S.Y. CHEN
and La Jolla HiLary Koprowski
ALAGARSAMY SRINIVASAN

Peter K. VoaT
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Regulation of Foamy Virus Gene Expression

A. RETHWILM
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1 Introduction

Foamy viruses make up the third subgroup of the family of exogenous retrovi-
ruses (TeicH 1984). They are far less well characterized than the onco- and
lentiviruses.

The first detection of a foamy virus was reported in 1954 by ENDERs and
PeeBLES in primary monkey kidney cultures. Since then, many simian foamy virus
(SFV) isolates have been obtained from old- and new-world monkeys, great apes,
and prosimians. Foamy viruses have also been reported in other vertebrate
families such as cats, cattle, and occasionally others (for reviews see Hooks and
Giees 1975; Hooks and Detrick-Hooks 1981; FLuceL 1991; LoH 1993). The natural
prevalence of foamy virus antibodies in simians, cats, and cattle is high, reaching

Institute of Virology and Immunobiology, University of Wiirzburg, Versbacher Str. 7, 97078 Wirzburg,
Germany
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values of up to 70% or more (for reviews see Hooks and Giees 1975; Hooks and
Detrick-Hooks 1981).

In 1971 the isolation of a human foamy virus (HFV) from cells explanted from
a nasopharyngeal carcinoma patient, originating from Kenya, was described
(AcHong et al. 1971). Although further human isolates have been reported (Young
et al. 1973; Stancek et al. 1975; CameronN et al. 1978; WEerNER and GELDERBLOM
1979), the 1971 virus is the only foamy virus of human origin that is available to
the scientific community. The HFV isolate and the recently sequenced foamy
virus from chimpanzee (SFVcpz) are highly homologous, however, they are not
identical (HERCHENRODER et al. 1994). Since so far nothing is known on the natural
sequence variation of chimpanzee foamy viruses the HFV isolate can neither be
proven nor excluded as a chimpanzee virus variant (Bieniasz et al. 1995).

There are several reports in the literature suggesting a pathogenic role for
foamy viruses in human beings. The search for foamy viruses in human brain
diseases was inaugurated by studies describing a fatal encephalopathy and
myopathy in mice transgenic for foamy virus genes (BoTHe et al. 1991 Acuzzi et al.
1992a, b; Acuzzi 1993). The diseases for which an association with foamy virus
infection has been looked for include De Quervain's thyroiditis (STANCEK et al.
1976), Graves' disease (LAGAYE et al. 1992; Wick et al. 1992,1993), motorneuron
disease (WEesTARP et al. 1992), multiple sclerosis (SVENNIGSSON et al. 1992), and
chronic fatigue syndrome (LANDAY et al. 1991; Gow et al. 1992; FLUGEL et al. 1992).
Serological and PCR methods were applied to demonstrate the presence of
foamy viruses in these disparate conditions. However, positive results were not
confirmed (DeBoNs-GUILLEMIN et al. 1992; NeumaNN-HAEFELIN et al. 1993; ScHWEIZER
et al. 1994; H. Hahn and A.R., unpublished results).

With respect to natural HFV infections, seroepidemiological surveys have led
to controversial results (AcHonG and EpsTEIN 1978; BRown et al. 1978; MuLLER et al.
1980; LoH et al. 1980). A more recent study postulating a high seroprevalence
among East Africans (MaHNKE et al. 1992) has been criticized for methodical
inconsistencies (NEUMANN-HAEFELIN et al. 1993) and was not confirmed by others
(ScHweizer et al. 1995). While natural human infections are in question, the
analysis of a few cases of accidental transmission has revealed that human beings
are clearly infectable by primate foamy viruses (Hooks and Gies 1975; NEUMANN-
HAEFELIN et al. 1983,1993). Attempts to demonstrate human-to-human transmis-
sion in these rare cases have failed so far (D. Neumann-Haefelin and A.R.,
unpublished results). As things stand, foamy viruses remain “viruses in search of
a disease” (WEiss 1988), and with respect to natural human infections, they may
turn out to be "viruses in search of a host”.

In their natural hosts simian foamy viruses give rise to lifelong persistence
and apparently benign infections in the presence of high antibody titers (Hooks
and Gises 1975; Hooks and DeTrick-Hooks 1981; Bieniasz et al. 1995; McCLURE et al.
1994). In addition to saliva, milk, urine, and feces they have been isolated from
almost every tissue that has been looked at, which may indicate a wide host-cell
range in vivo (for reviews see Hooks and Giees 1975; Hooks and DeTrick-Hooks
1981). It is believed that foamy viruses reside in a latent state in most organs of
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the infected host (NEumMANN-HAEFELIN et al. 1993). A tissue culture system that
mimics latent foamy virus infection has been established recently for SFV-3
(Schweizer et al. 1993). Expression of the provirus was found to be suppressed by
methylation of the viral DNA and was overcome by the addition of demethylating
agents to the culture medium and, interestingly, by transfection of an expression
plasmid for the viral transcriptional transactivator (Taf, see below) into the latently
infected cells (Neumann-HAEFELIN et al. 1993). However, a definite analysis of the
nature of the viral target cells, the state of the viral DNA, and the expression levels
in the infected host has unfortunately not yet been undertaken.

In tissue culture, foamy viruses replicate lytically, giving rise to multinucle-
ated and vacuolated syncytia with a “foamy” appearance. Virus replication has
been reported for a wide range of host cells derived from epithelial, fibroblastoid,
and lymphoid lineages (Hooks and Giees 1975; Hooks and Detrick-Hooks 1981),
indicating a ubiquitous presence of the virus receptor (s). Like lentiviruses, foamy
viruses are able to replicate in nondividing cells of the macrophage lineage
(J. Mikovits and F. Ruscetti, personal communication). During the lytic replication
cycle large quantities of unintegrated linear viral DNA copies, on a per-cell basis,
have been found for several virus isolates (ScHweizer et al. 1989; Meraia and Luciw
1992). It is not yet clear whether these contribute to the cytopathology of the
viruses. Compared with the amount of cell-bound virus, extracellular virus titers
were reported to be rather low (LoH et al. 1977; NEumMANN-HAEFELIN et al. 1983).
However, more recent studies suggest that this may depend on the type of host-
cell line, virus isolate, and assay system used (BaunacH et al. 1993; Yu and LiNiAL
1993). Allfoamy viruses display a characteristic strong nuclear staining when they
are reacted with the serum from an infected individual in immunofluorescence
assays (Hooks and Detrick-Hooks 1981; Neumann-HAEFELIN et al. 1983). This
nuclear fluorescence distinguishes the foamy viruses from all other retroviruses
(TeicH 1984) and may therefore be used as a reliable diagnostic criterion (NEUMANN-
HAEFELIN et al. 1993).

The interestin retrovirology that has been raised by the AIDS pandemic since
the mid 1980s has also stimulated molecular investigations on the “Cinderella
group” of retroviruses. In the course of these studies a number of fascinating
discoveries on foamy viruses were made and warrant being reviewed together
with their more important cousins dealt with in this book.

2 General Features of Primate Foamy Virus Genomes

Foamy viruses have the longest genomes reported so far for retroviruses (Fig. 1).
The genomic RNAs of HFV, SFV-1, SFV-3, and SFVcpz are 11.67, 11.52, 11.62,
and 11.64 kb in length, respectively (Kuriec et al. 1991; Renne et al. 1992;
O. HercHENRODER et al. 1994; M. Rappold, O. Herchenrdder and A.R., unpublished
observation). For the related bovine foamy virus (BFV), an approximately 11-kb
RNA has additionally been reported (RensHaw et al. 1991). Initially, the HFV LTR
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was described to be approximately 500 bp shorter in its U3 region compared to
the SFV LTRs (Rethwitm et al. 1987; FLUGEL et al. 1987; MAURER et al. 1988). This
view was supported by the construction of HFV molecular clones with “short
LTRs" thatreplicated in tissue culture (RETHwILM et al. 1990b; LocHELT et al. 1991).
However, it was shown recently by molecular cloning of SFVcpz and studying an
early passage of HFV that HFV has undergone an U3 LTR deletion upon replication
in tissue culture (HERCHENRODER et al. 1994). The deleted sequences were PCR
cloned from the early passage HFV DNA and used to construct a full-length
replication-competent molecular clone for HFV (M. Rappold, O. Herchenroder
and A. Rethwilm, unpublished).

Foamy viruses possess a second polypurine tract in the middle of
the genome that is most likely used as a second site of intiation of plus-strand
cDNA synthesis, resulting in a gapped, unintegrated DNA intermediate (Kupriec
et al. 1988; ScHweizer et al. 1989; ToBaLY-TAPIERO et al. 1991; RensHaw et al.
1991), a feature they share with lentiviruses (HaRrris et al. 1981; CHARNEAU and
Craver 1991).

Like all replication-competent retroviruses, foamy viruses bear genes for the
structural proteins Gag, Pol, and Env. In addition to these, two accessory open
reading frames (orf) have been found in the 3' region of the genomes of SFV-1 and
-3 (Meraia et al. 1991; Kuriec et al. 1991; Renne et al. 1993), while HFV harbors
three additional orfs (FLUGEL et al. 1987,1990) (Fig. 1). A third accessory orf has
also been found in SFVcpz (HERCHENRODER et al. 1994). However, the sequence
analysis of three independent molecular clones encompassing this orf revealed
an in-frame stop codon in the SFVcpz orf-3 (HERCHENRODER et al. 1994). The
accessory orfs of HFV have been designated bel for their location between env
and LTR (FLUGEL et al. 1987). Since the first of the accessory foamy virus orfs was
identified to encode for a transactivator protein (see below), the functional name,
Taf, for transactivator of foamy viruses, has been suggested by Meraia et al.
(1991); I will adopt it solely for the purpose of this review.

The pol gene sequences have been used to incorporate the foamy viruses
into the phylogenetic tree of retroviruses, clearly demonstrating that these
viruses consititute a separate subgroup of retroviruses, having a reverse tran-
scriptase (RT) which is phylogenetically more closely related to the RT of
MoMuLV than to any other exogenous retrovirus (Maurer and FLUGEL 1988;
Doourttie et al. 1990; Kuriec et al. 1991; HERCHENRODER et al. 1994).

Sequence comparison of the four characterized primate foamy viruses
revealed the close relationship of HFV and SFVcpz sequences (HERCHENRODER et al.
1994). Surprisingly, the higher divergence of Env amino acid sequences which is
normally found in lentiviruses does not apply to foamy virus genomes. While Pol
and Env sequences are reasonably conserved between the four primate foamy
viruses, the Gag and the deduced amino acid sequences of the accessory orfs,
diverge highly (FLUGEL et al. 1987; MauReR et al. 1988; MEeraia et al. 1990a; Kuriec
et al. 1991; Renne et al. 1992; HERCHENRODER et al. 1994). Even among SFV-1 and
SFV-3, Gag and 3' orf sequences show more divergence than the Env sequences.
LTR nucleotide sequences show a high degree of homology of R-U5, while the U3
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Fig. 1. Foamy virus genome organization, transcripts, and accessory proteins. A third accessory orf
(bel-3) is present in the HFV genome, but not in SFV-1 and -3. Independent clones of SFV isolates from
chimpanzee show a bel-3 orf with an in-frame stop codon. In all sequenced foamy viruses polis in the
+1 frame relative to gag. Subgenomic transcripts starting at the LTR promoter may give rise to envand
3' orf proteins. In addition, spliced 3'orf transcripts may also start at an internal promoter (IP) located in
the env gene (LOcHELT et al. 1993; Meraia 1994; CampeELL et al. 1994). For clarity, additional non-coding
exons in the 3'orf transcripts (Muranyi and FLUGEL 1991; LOCHELT et al. 1994; HaHN et al. 1994) have been
omitted from this figure. Two 3'orf transcripts and their respective proteins dominate: Taf (Bel-1) is the
viral transcriptional transactivator that augments LTR and IP directed gene expression; Bet is an
abundant 60-kDa cytoplasmic protein generated by an efficient splicing event after 88 (HFV) or 93
(SFV-1) codons, respectively, of the orf-1 into the orf-2. The Bet function is not known, however, it is
dispensable for virus in vitro replication (BAuNACH et al. 1993; Yu and LiniaL 1993; Lee et al. 1994). The HFV
Bel-2 protein is expressed at very low levels if at all (BaunacH et al. 1993). A bel-3 specific mRNA has yet
to be identified

sequences are again highly divergent. The reason for this unusual mixture of
conserved the divergent sequence stretches among foamy virus genomes is not
understood.

3 Expression of Structural Virus Proteins

The HFV Gag precursor protein appears as a doublet of approximately 70/74 kD
molecular weight in reducing SDS polyacrylamide gels (NeTzer et al. 1990;
BarTHOLOMA et al. 1992; Acuzzi et al. 1993). Both precursor molecules are
phosphorylated (Hann et al. 1994). HFV pr 70/74 gag was suggested to be cleaved
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into a matrix protein (MA) of approximately 27 kDa and a major capsid protein (CA)
of 32 kDa (Aguzzi et al. 1993). The HFV nucleocapsid (NC) protein has not been
identified yet, but a 15-kD core protein with affinity for single-stranded RNA was
reported for SFV-1 (Benzair et al. 1986).

Using antisera generated against recombinant HFV Gag proteins, it was
shown recently that pr 70/74 synthesized in the infected cell is quantitatively
translocated into the nucleus (ScHLEPHAKE and ReTHwiILM 1994). One of three basic
sequences rich in glycine and arginine (GR-box 2) in the putative NC domain,
which is conserved among the foamy virus isolates sequenced to date, was
found to bear a nuclear localization signal. Hence, the nuclear localization of the
foamy virus Gag precursor was suggested to be responsible for the prominent
nuclear fluorescence of foamy viruses with sera from infected individuals
(ScHuerHake and RetHwiLm 1994). The function of the transient nuclear pathway of
foamy virus Gag proteins is not clear yet, and speculations on functional aspects
may include possible roles in gene regulation, accumulation of unintegrated viral
DNA, or packaging of the genomic RNA. Since all foamy viruses investigated so
far show the “nuclear fluorescence” in all cell types analyzed, it is likely to
assume a fundamental difference in foamy virus maturation compared to the
other retroviruses.

With respect to the latter, foamy viruses are distinguished from other
retroviruses by another peculiarity. HFV, as well as the SFVs, lacks cysteine-
histidine boxes (CH boxes) (Maurer et al. 1988; Kuriec et al. 1991; RenNE et al.
1992; HercHENRODER et al. 1994), which are conserved in the NC protein of all
other retroviruses and are implicated in packaging the genomic RNA and in
stabilization of the RNA in the nucleoprotein complex (LiniaL and MiLLEr 1990;
AroNoOFF et al. 1993). It is reasonable to assume that the foamy virus basic GR
boxes in the NC protein perform this function, which may represent an analogy to
hepatitis B virus (NassaL 1992). While it is likely that the overall basic character of
the putative foamy virus NC protein is a crucial factor for RNA packaging, the
exact mechanism of foamy virus RNA encapsidation, in particular any specific
RNA-binding properties of foamy virus NC proteins, remain to be elucidated.

The HFV pol gene has been described to give rise to protease (PR),
RT/RNaseH, and integrase (IN) of the apparent MWs of approximately 10, 80, and
40 kDa, respectively (NETzer et al. 1993; PaHL and FLUGEL 1993). The RT/RNaseH
of SFV-1 and the HFV integrase have been characterized to be manganese-
dependent enzymes (Liu et al. 1977; Benzair et al. 1982; PaHL and FLUGEL 1993).

Most notably, attempts to identify a Gag-Pol precursor molecule, as present
in other retroviruses, of the approximate MW of 200 kDa have failed so far for
HFV, while a Pol precursor of 127 kDa was readily identified (NeTzer et al. 1993;
PaHL and FLUGeL 1993). It is not yet known whether or not the short half-life and
low abundance of the putative 200-kDa intermediate molecule complicate its
detection. Interestingly, the pol orf is in the +1 frame relative to the gag orf in all
sequenced foamy viruses and starts with an AUG (Kupiec et al. 1991; ReNNE et al.
1992; NeTzer et al. 1993; HerRCHENRODER et al. 1994); this is without precedent
among exogenous retroviruses (Jacks 1990). Kupiec et al. (1991) and FLUGEL (1993)
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suggested a +1 ribosomal frame shift for foamy viruses leading to a Gag-Pol
fusion protein, occurring either immediately downstream of the gag orf or at a
purine-rich sequence upstream of the gag stop codon. Alternatively, one may
hypothesize that foamy viruses do not synthesize a Gag-Pol precursor, but
express their Pol protein similar to pararetroviruses (ScHuicHT et al. 1989; CHanG et
al. 1989). In any case, the way in which the foamy virus Pol protein is generated
awaits a detailed analysis which may shed new light on a fundamental step in
retrovirus replication.

The use of antisera generated against recombinant Env proteins and of
monoclonal antibodies has led to the identification of an intracellular gp 130 Env
precursor molecule that is cleaved into a gp 70-80 surface (SU) and a gp 47
transmembrane protein (TM) (NeTzer et al. 1990; Acuzzi et al. 1993; Giron et al.
1993). An SU protein similar in size to that of HFV was previously identified for
SFV-1 (Benzalr et al. 1985). The nature of a second intracellular HFV glycoprotein
of approximately 170 kDa (Netzer et al. 1990; Giron et al. 1993) that has been
reported to immunologically react with antibodies generated against the 3'
accessory orfs (GIroN et al. 1993) remains to be elucidated.

Further investigations of the foamy virus Env proteins and their interaction
with the ubiquitous cellular receptor(s) may finally lead to the identification of the
latter, which would be of great scientific interest with respect to a future use of
foamy viruses as retroviral vectors.

4 Accessory and Regulatory Proteins

4.1 Foamy Viruses Encode for a Transcriptional
Transactivator (Taf) Required for Virus Replication

The complex genome structure of foamy viruses resembles that of lentiviruses
and, in particular, HTLV/BLV genomes. It was therefore presumed that the
regulative mechanisms directing foamy virus gene expression may be similar to
those observed for the complex retroviruses (CuLLen 1991a).

Following the demonstration that LTR-directed gene expression is largely
augmented in HFV-infected compared with uninfected cells (RETHwiLM et al.
1990a), the Bel-1 (Taf) protein was identified as the transcriptional transactivator
of HFV (RetHwiLm et al. 1991; KeLLer et al. 1991; VENkaTESH et al. 1991). Taf,, has
been reported to be a 36-kDa nuclear phosphoprotein that is required for viral
replication (KeLLER et al. 1991; VENKATESH et al. 1993; BauNacH et al. 1993). As in
HFV, the homologous proteins of SFV-1 and SFV-3 are encoded in the first of the
accessory orfs (Meracla et al. 1991; RennE et al. 1993). Transactivation of the BFV
LTR has also been demonstrated in BFV-infected cells (RensHaw and Casey
1994b). Foamy virus transactivators regulate gene expression by interacting with
U3 (DNA) elements of the LTRs (RethwiLm et al. 1991; KeLLer et al. 1991; VENKATESH
etal. 1991; Merala etal. 1992; RenNe et al. 1993). Transcriptional activation of their
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cognate LTRs by foamy virus Taf proteins has been described for a wide range of
mammalian and even avian cells (KeLLER et al. 1991; MEeRaiA et al. 1990b, 1991).

4.2 Accessory Proteins other than Taf

Two proteins resulting from the accessory orfs in the 3' region of the HFV genome
have been readily identified by cDNA cloning or immunological methods, or by
relating them to a specific function. Besides Taf (Bel-1), a second accessory
protein, the Bet protein (Muranyl and FLUceL 1991), is generated by an efficient
splicing event fusing the N-terminal 88 amino acids (aa) of orf-1 to orf-2 (Fig. 1).
The approximately 60-kDa cytoplasmic Bet protein is easily identified in infected
cells by immunological methods using both bek1 or bel2 orf-specific antisera
(LocHELT et al. 1991; BaunacH et al. 1993). Proteins analogous to Bet have also
been‘identified in, or suggested for, SFV-1, SFV-3, SFVcpz and BFV (MeraGia et al.
1991; RenNE et al. 1992; RensHaw and Casey 1994a; Meraia 1994; HERCHENRODER
et al. 1994; Hann et al. 1994).

On the basis of RT-PCR-mediated mapping of splice sites, further bel gene-
derived proteins (Bel-2, Bel-3, Bes, Beo) have been initially postulated for HFV
(Mugranyi and FLUGEL 1991); however, with regard to Bes and Beo neither the res-
pective cDNAs nor the proteins have yet been cloned and expressed or unam-
biguously identified by immunological methods, respectively. The postulated
Bel-2 protein would represent an N-terminal truncated Bet protein, believed to
use the first AUG of the bel2 orf for translational initiation, which is in a rather
weak context (Kozak 1984). A 44-kDa protein which should represent Bel-2 has
been found by some investigators (LocHeLT et al. 1991; Giron et al. 1993) but not
by others (He et al. 1993; BaunacH et al. 1993; Yu and LiniaL 1993). While a specific
mRNA for the third (bel-3) orf has yet to be identified, some characteristics of the
putative Bel-3 protein have been published recently (VWWEeisseNBERGER and FLUGEL
1994). It has therefore been suggested that Bel-3 might be translated from a
bicistronic virus mRNA (FLUGeL 1993; VWEIsSENBERGER and FLUGEL 1994). Since
SFV-1 and -3 lack the respective reading frame and SFVcpz harbours only a
mutated orf-3, the question on the expression and function of a bel-3 related
protein remains.

Like the primate foamy viruses, BFV possesses two accessory orfs in the 3'
region of the genome. Beside transcripts for the Taf and Bet homologous
proteins, a variety of multispliced transcripts using additional splice donor and
acceptor sites in orf-1 and orf-2 have been identified (RensHaw and Casey 1994a).
In each case the transcripts remained in-frame and coded for a potential protein
product. The existence of infectious molecular clones for BFV should enable a
functional analysis of these hypothetical proteins (RensHaw et al. 1991).

This has been done for HFV with limited success, however. Using 3' orf
mutants of an infectious molecular clone (ReTHwiLm et al. 1990b), the necessity of
the accessory genes for HFV in vitro replication has been investigated recently
(BaunacH etal. 1993; Yu and LiniaL 1993; Lee et al 1994). Surprisingly, of these, only
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the taf gene was found to be required for HFV replication in tissue culture. This
finding was corroborated by another study showing that HFV mutants deficient in
all 3' orfs were able to replicate in cells constitutively expressing Taf,, (Rethwilm
etal. unpublished). While BaunacH et al. (1993) reported no significant differences
in the development of extracellular virus titers for the replication-competent virus
mutants, the work of Yu and LiniaL (1993) suggested a slight reduction in cellfree
virus titers of the bet-mutants.

Northern blot (Meraia et al. 1991; Murany! and FLUGeL 1991), Western blot
(LocHELT et al. 1991; He et al. 1993; BaunacH et al. 1993), and cDNA cloning
experiments (HaHN et al. 1994) suggest that the phosphorylated Bet protein is
expressed at higher levels than any other virus protein, at least at some stage of
viral replication. Furthermore, an immunodominant intracellular 60-kDa protein
was previously shown to react with sera from foamy virus-infected primates in
radio-immunoprecipitation assay (NeTzer et al. 1990), and experiments from our
laboratory indicate the 60-kDa protein to be Bet (HaHN et al. 1994). Interestingly,
taf-deficient and hence replication incompetent proviruses which were derived
from reverse transcribed genomic RNA from which the betintron was spliced out
have been identified in HFV, SFV-1, SFV-3, and SFVcpz infected cells (SaiB et al.
1993; HercHENRODER et al. 1994). The biological function of these helper-virus-
dependent proviruses remains to be elucidated.

At the present time, one can only speculate on a possible Bet function. In
lentiviruses some proteins, in particular Nef, have only little if any consequence
for viral replication in vitro (Kim et al. 1989; HamMES et al. 1989), which contrasts to
the situation in vivo. Using molecularly cloned pathogenic SIVmac, it has been
shown that the nef gene product is a requisite for efficient virus replication and
induction of disease in the host (KesTLER et al. 1991). There is some evidence for
the vpr gene product to behave in a similar manner (LanG et al. 1993). Similar to
Bet, Nef has also been shown to be highly expressed and to induce a strong
humoral and cellular immune response (KirRcHHOFF et al. 1991; VENET et al. 1992;
BourcauLT et al. 1992). Like the Nef protein, Bet appears to be membrane
associated (H. Hahn and A. Rethwilm, unpublished observation). However, the
detailed functions of both proteins are likely to be different. Nonetheless, it is
tempting to speculate on an essential role of the Bet protein for foamy virus
replication in vivo. Animal experiments using the described mutant viruses
(BauNacH et al. 1993) might help to elucidate this point.

It has also been noted that there is a weak but significant amino acid
homology between the deduced HFV Bel-3 and the HIV-2 Nef protein sequences
(Maurer and FLUGeL 1987). However, the apparently low level of expression, if
any, of bel-3 and, in particular, its absence in the lower simian foamy viruses does
not concur with the suggested role of Bel-3 as a foamy virus Nef equivalent. Itis
worthy of mention that the deduced Bel-3 protein sequence of HFV contains a
characteristic motif known as the ‘leucine zipper’ (Kouzaripes and ZiFr 1988).
Recent experiments demonstrated that in vitro translated Bel-3 protein
is able to form homodimers via this zipper motif (B. Maurer and A.R.,
unpublished).
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5 Differential Expression of Foamy Virus Genes

5.1 No Evidence for a Post-transcriptional Regulator

The complex retroviruses essentially possess two proteins regulating gene
expression at the transcriptional and the post-transcriptional level (CuLLeEn 1991a).
While the foamy virus Taf proteins fall into the first class of regulators, attempts
to identify a foamy virus Rev/Rex equivalent protein have been without success
so far. Moreover, two lines of evidence indicate that foamy viruses might not
possess a post-transcriptionally acting regulatory protein to express their struc-
tural proteins. First, as mentioned above, none of the known or hypothesized
accessory genes except taf has been found to be required for HFV in vitro
replication. Second, the expression of HFV structural Gag, Pol and Env proteins
from heterologous promoters was found to be independent of the presence of
cis-acting RNA sequences and trans-acting factors (BaunacH et al. 1993; Lee et al.
1994; B. Cullen, B. Felber, and G. Pavlakis, personal communication).

In functional terms, the post-transcriptional regulators of complex retro-
viruses enable these viruses to gain some independence from the cellular
machinery governing the gene expression of the ‘simple’ retroviruses, in particu-
lar, by allowing them to perform a switch from the expression of nonstructural to
structural proteins (CuLLen 1991b). Thus, the question arises whether or not such
a switch can be observed in the foamy virus system, and if so, how foamy viruses
accomplish this switch.

5.2 Intragenic Start of Transcription

In a recent study, LocHELT et al. (1993) discovered that HFV uses a second
promoter besides the 5' LTR (Fig. 1). Primer extension analysis and S1 nuclease-
protection assays with RNA from HFV-infected cells revealed an internal start of
transcription that is located in the env gene approximately 180 bp upstream of
the bel1 gene. The internal promoter (IP), from nucleotide position —40 to +16
relative to the cap site, shows strong homology to the LTR promoter and includes
a TATA motif at position —26. Similar regions of nucleic acid homology are also
present in the SFVs (Kupiec et al. 1991; Renne et al. 1992; HERCHENRODER et al.
1994), and consequently an IP has been identified in the SFV-1 genome pointing
to the importance of this regulatory element for foamy virus gene regulation
(Merala 1994; CampBeLL et al. 1994). In transient assays using reporter gene
constructs, the basal activity of the HFV and SFV-1 IPs was found to be low.
Co-transfection of an HFV Taf-expressing plasmid led to an increase in promoter
activity that was comparable to the transcriptional augmentation observed
with the LTR promoter in the presence of Taf (LocHELT et al. 1993a; MEeRGIA
1994).

Transcription directed by the IP may give rise to the accessory proteins Taf
and Bet. On this basis a bimodal mechanism of foamy virus gene expression has
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been suggested, with the IP functionally replacing the requirement of the post-
transcriptionally acting regulatory proteins present in the other complex retro-
viruses (LOcHELT et al. 1993). According to this hypothesis, the IP would initially
direct the expression of accessory genes, followed by the LTR-directed expres-
sion of structural genes. In support of this hypothesis, Lochelt et al. demonstrated
the activity of the HFV IP in the early phase of viral replication (LocHeLT et al. 1994).
Furthermore, in vivo experiments on the activity of both foamy virus promoters
suggest the IP to have a slightly higher basal activity compared with the LTR
promoter (LocHELT et al. 1993b; CampseLL et al. 1994). On the other hand, the initial
activity of the IP does not seem to be an absolute requirement for foamy virus
structural gene expression since a proviral construct in which the HFV env gene
(including the IP) was exchanged for the SIV envgene expresses HFV Gag protein
in transient assays (A.R., unpublished). Taf (Bel-1) as well as Bet-specific tran-
scripts have been identified to be expressed from the IP, the majority of which are
spliced in the 5' untranslated region deleting a 119 ntintron (MeraeiA 1994; LOCHELT
etal. 1994; Hann et al. 1994). However, a quantita-tive discrimination between taf
(bel1) and bet-specific transcripts directed by the IP has not been undertaken yet.
It has already been mentioned that the foamy virus Bet protein is highly ex-
pressed in infected cells and, although dispensable in tissue culture, Bet is likely
to be an essential protein for in vivo replication. If this holds true, the virus might
have found a way to provide sufficient Bet protein by making use of the IP. This
is not without precedent among retroviruses since mouse mammary tumor virus
makes use of additional promoters to direct the expression of the sag gene (ELLioT
et al 1988; GUNzBURG et al. 1993).

6 Foamy Virus Gene Regulation by Taf

6.1 Characterization of Taf-Responsive Elements

Foamy Virus U3 regions lack recognition sequences for known transcriptional
enhancers, except for the ubiquitous transcription factor AP-1 (Fig. 2). The HFV
AP-1-binding sites, however, were found to be dispensable for transactivation
(Maurer et al. 1991; Lee et al. 1993); instead, they were suggested to modulate
the transcriptional activity of HFV in response to extracellular stimuli (MAurer et al.
1991). In this respect the fine structure of the BFV LTR seems to be different
since a variety of binding sites for known transcription factors have been identi-
fied in the BFV U3 and R regions (Renstaw and Casey 1994b) (Fig. 2). It is not
known yet as to what extent these sites influence the basal or inducible activity of
the BFV promoter.

In order to elucidate the mechanism of foamy virus transactivation the Taf-
responsive elements in the U3 regions of HFV, SFV-1, and SFV-3 have been deter-
mined (Merala et al. 1992; Renne et al. 1993; Lee et al. 1993; ERLWEIN and RETHWILM
1993). This task was facilitated by analyzing LTR reporter gene constructs
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Fig. 2. Characterization of cis-regulatory elements in foamy virus LTRs. Whereas LTR U3 regions of the
sequenced foamy viruses are highly divergent in length and nucleotide sequence, R-U5 regions show
approximately 80% homology among the primate foamy viruses to which the BFV R-U5 sequences are
approximately 40% homologous. R-U5 suppresses LTR directed gene expression, which has been
attributed to a stable secondary structure of the R-U5 mRNA (MEeraia et al. 1992). The negative role of
R-U5 can only have an effect on the genomic or gag/pol mRNA since foamy viruses use an early splice
donor (SD) at nucleotide position +51 with respect to the transcriptional start (+1). Primate foamy
viruses lack recognition sequences for known transcription factors, except for the TATA box, and some
viruses lack binding sites for the AP-1 factor. The latter, however, have only a minor effect on LTR-
directed gene expression (MauRrer et al. 1991). Crucial for the transcriptional activity of the LTR are the
taf-responsive elements. These elements have been determined approximately in the SFV-1 and -3 LTR
(MEerGIA et al. 1992; ReNNE et al. 1993). While in the SFV-1 U3 region, only element Il behaves like an
enhancer, both elements in the SFV-3 LTR show enhancer characteristics. Mapping of the HFV LTR taf
response elements has led to the identification of independently acting elements (-1l by ERtweIN and
ReTHwiLM 1993; a—e by LEE et al. 1993). Element Il or e, respectively, behaves like an upstream promoter
element (UPE). In addition, different negative regulatory elements (NRE) have been proposed. Studies
on HFV U3 regulatory elements were done with LTR constructs having a large central deletion (“deleted
region”) (HERCHENRODER et al. 1994). Regulatory elements in this region await detailed analysis. The fine
structure of the BFV LTR is somewhat different from the primate viruses since it contains a variety of
recognition sites for known transcription factors (for details see RensHaw and Casey 1994b). The effect of
this sites on BFV promoter activity is, however, not known

for their responsiveness to the respective transactivator proteins and has been
hampered mainly by the lengths of the DNA regions to be investigated.
Common to all characterized foamy viruses is the presence of cis-regulatory
enhancer elements in their U3 regions that confer Taf responsiveness to
homologous and heterologous basal promotors, irrespective of their orientation
(Fig. 2). While the Taf-responsive elements in the SFV-1 and -3 U3 regions have
been mapped approximately (Meraia et al. 1992; ReNNE et al. 1993), the respective
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elements have been studied in greater detail for HFV by Lee et al. (1993) and
ErLweIN and RetHwiLm (1993). As shown in Fig. 2, some differences are noted
between the two studies, in particular with respect to the 5' Taf-response
elements and the position of a proposed negative regulating element (NRE),
which should be resolved in future studies. If we disregard these discrepancies,
the overall message from both studies is consistent: multiple small cis-regulatory
elements in the HFV U3 region confer independent and additive taf responsive-
ness on their own promoter. Whereas the upstream elements behaved like
classical enhancer elements, since they act irrespective of their orientation and
location relative to the promoter, the promoter-proximal element (lll or e, respec-
tively, in Fig. 2) exhibited the characteristics of an upstream promoter element
(UPE) (LATcHMAN 1991), since it was found to respond only weakly to Taf when
located distant from the promoter (Lee et al. 1993; ErRLweIN and ReTHwWILM 1993).
However, both studies were done at a time when only the “short” LTR se-
quences of HFV were known (see above). Thus, the mapping experiments will
have to be completed with the full-length LTR to elucidate additional regulatory
sequences in the HFV U3 region. This may also result in the identification of the
likely reason for the LTR deletion that occurred upon virus replication in tissue
culture.

Interestingly, no apparent sequence homologies are noted between the taf-
response elements and known enhancer sequences, and between the disparate
response elements of the different primate foamy viruses. Consistent with this,
no cross-transactivation was observed between HFV and SFV-1 (MerciA et al.
1992; O. Erlwein and A.R., unpublished observation), while the Tafg,-1 was
reported to be partially active on SFV-3 LTR-directed gene expression (RENNE et al.
1993). These findings might reflect the closer relationship of the lower simian
virus taf proteins and LTR U3 DNA sequences compared with HFV (Renne et al.
1992).

The situation is now even more complex, following the discovery that the IPs
of HFV and SFV-1 and -3 may also be stimulated by Taf proteins (LocHELT et al.
1993a; Meraia 1994; CampseLL et al. 1994). The Taf-responsive elements at the IPs
remain to be mapped, while the core promoter sequences are the only region of
nucleic acid homology between the IPs and the LTRs. Furthermore, to what
extent the LTR enhancer elements influence IP-directed transcription awaits
more detailed analysis (LOcHELT et al. 1993b).

The foamy virus Taf proteins are able to weakly augment gene expression
directed by the HIV/SIV LTRs (KeLLER et al. 1991; VEnkaTESH et al. 1991; MERGIA et
al. 1992). Aregion upstream of the NFkB enhancer-binding sites in the HIV-1 LTR
was reported to be the HFV bel1 target sequence (Lee et al. 1992; KeLLER et al.
1992). Within this region, a nonamer motif is contained that has eight of nine
nucleotides identical to an HFV LTR motif, which was therefore suggested to be
an important Taf,, target (Lee et al. 1992). However, this sequence does not
seem to play a major role in taf-mediated transactivation of the HFV LTR (Lee et al.
1993; ErLwEIN and ReTHwiLM 1993). Interestingly, the HIV LTR lacking functionally
active NFkB sites was found to respond up to 20-fold better to Taf than the
parental promoter sequence with unmutated NFkB sites (Lee et al. 1992; KeLLER
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et al. 1992). The NFkB complex is large when assembled at its DNA-binding site
(MovurTor et al. 1990). Thus, a likely explanation for this phenomenon would be
that NFkB sterically hinders the action of Taf at the protein level.

6.2 Negative Effect of R-U5 on LTR-directed Gene Expression

Another interesting finding was reported for the R-U5 region, the role of which
appears to be the suppression of foamy virus gene expression. In the cases of
SFV-1 and -3, and in some studies on HFV, it was found that constructs harboring
the R-Ub region lead to a 10- to -30-fold reduced level of reporter gene expression
compared with constructs lacking R-U5 (VeENkaTEsH et al. 1991; Meraia et al. 1992;
ReNNE et al. 1993; ERLWEIN and ReTHwiLM 1993). On the basis of computer analysis,
the inhibitory action of R-U5 has been attributed to a stable secondary structure of
the nascent foamy virus mRNA (Mercia et al. 1992; Renne et al. 1993; ERLwWEIN and
RetHwiLm 1993), which might execute suppressive co- or post-transcriptional
effects. The introduction of R-U5 sequences derived from SFV-1 in both orienta-
tions downstream of the SV40 promoter inhibited reporter gene expression
approximately tenfold (Meraia et al. 1992). When the HFV R-U5 sequences were
introduced into a similar indicator gene construct, downregulation was more
pronounced with plasmids harbouring R-U5 in antisense orientation (A.
Rethwilm, unpublished). These results suggest that RNA secondary structure
might be responsible for the observed effect. Compared with the divergent U3
sequences among foamy viruses, the highly conserved R-U5 nucleotide se-
guences (HFV and SFV-1 show 78% nucleotide sequence homology in R-U5
compared to 45% homology in U3) argue for a specific function of this region.
However, at present it remains unclear as to what this function might be. It is
noteworthy that the foamy virus 5' splice donor has been mapped to position +51
relative to the start of transcription (Muranyi and FLUGeL 1991; R. Renne and P.
Luciw, personal communication). Hence, the putative inhibitory role of R-U5
becomes effective only for the foamy virus genomic or gag-po/ RNA. Retroviral 5'
RNA regions harbor cis-acting sequences, among which the packaging signals
are believed to form stable secondary structures (ALForp et al. 1991; Harrison and
Lever 1992). Itis therefore tempting to speculate on the foamy virus R-U5 regions
performing a similar role, in which the nuclear localized Gag protein might also be
engaged.

6.3 Dissection of the Taf Protein and Possible Mechanism
of Taf Action

Complementary to the studies at the DNA level, experiments on the functional
organization of the transactivator proteins have been performed which allow some
more definite conclusions on the mechanism of foamy virus transactivation.
Using deletion mutants and site-directed mutagenesis, as well as fusion to
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the DNA-binding domain of the yeast GAI4 and the activation domain of the
herpes virus VP16 protein, distinct regions of Taf, critical for its transactivation
activity have been determined by VenkatesH et al. (1993), He et al. (1993),
VenkaTESH and CHINNADURAI (1993), GARReTT et al. (1993), and Lee et al. (1994). The
consistent results identified the carboxyterminal approximately 60-70 aa as the
activating domain of Taf,,, that was found to enhance transcription when
targeted to a TATA box containing minimal promoter, in addition to the LTRs of
HFV and HIV via the DNA-binding domain of GAL4. This region contains a motif
that is highly conserved between HFV and SFV Taf proteins (aa 273-287 in Fig. 3),
which represents the minimal activation domain since it was found to augment
promoter-directed gene expression as a GAL4 fusion protein (VeNkATESH and
CHINNADURAI 1993; GARRETT et al. 1993; Lee et al. 1994). When HFV Taf portions
covering this activation motif and extending from aa 260 to 290 (GARRETT et al.
1993) or from aa 273 to 300 (G. Chinnadurai, personal communication) were
targeted to a minimal promoter as GAL4 fusions, transcriptional enhancement
was observed in cells of mammalian, avian, and even fungal origin, implying the
conservation of the taf mechanism of action from lower to higher eukaryotes
(GARRETT et al. 1993). The minimal activation domain does not share sequence
homologies with known transcriptional activators of non-foamy virus origin and
may therefore act by a novel mechanism (GARReTT et al. 1993; Meracia et al. 1993).
On the other hand, the activation domains of foamy virus Taf proteins are rich in
hydrophobic amino acids (Fig. 3). It has, therefore, been suggested by LeE et al.
(1994) that Taf proteins may act analogous to the acidic activators exemplified by
VP16 for which hydrophobic residues within the activation domain have been
identified to be critical for activation (Cress and Triezenserc 1991; ReGIER et al.
1993). Interestingly, the supposed BFV Taf protein is only distantly related to the
primate virus Tafs, its C-terminus is, however, rich in hydrophobic residues (Fig.3)
(RensHaw and Casey 1994). The first experimental evidence in support of this
hypothesis has recently been provided by BLair et al. (1994). These authors used
an elegant genetic approach to demonstrate that the biological activity of Taf,,
in yeast is dependent on the ADA2 transcriptional adaptor, a property Taf,q,
shares with the VP16 class of activators (BerGer et al. 1992). Furthermore, Taf
down-mutants selected in yeast exhibited also a down phenotype in mammalian
cells and frequently involved hydrophobic and/or aromatic residues of the activa-
tion domain. It therefore appears that, although lacking a ‘typical” acidic activation
domain, transcriptional activation by Taf, at least in part involves a mechanism
similar to the VP16-like acidic class.

Consistent with the results reported for the Taf,, protein, the dissection of
the SFV-1 transactivator (Fig. 3) revealed the 68-aa C-terminal region which
includes the region of homology to Taf,, representing an activation domain
(Meraia et al. 1993; GARReTT et al. 1993). This was further corroborated by
functionally replacing the Taf,, C-terminal region for the respective Taf,, region
(GARRETT et al. 1993). Mutational analysis and the use of chimeric proteins with
GAL4 identified a second activation domain in the Taf protein of SFV-1, which is
located in the acidic N-terminus that is also part of the Bet protein (see above,
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HFV MDSYEKEESV AS----TSGI QDLQTLSELV GPENAGEGEL TIAEEPEENP 46
SFVcpz MDSYQEEEPV AS----TSGL QDLQTLSELV GPENAGEGDL VIAEEPEENP 46

SFV-1 MASWEAQEEL RELLHHLPED DPPADLTHLL ELDEMEPKVL CGENPGDEKL 50
SFV-3 MASWEKEKEL AHL--HQPED DPLPDLSLLL DMDQFEPTEG PDSNPGAEKI 48
BFV MAS — =~ = — 3

HFV RRPR-RYTKR EVKCVSYH-A YKEIEDKHPQ HIKLQDWIPT PEEMSKSLCK 94
SFVcpz RRPR-RYTKR DVKCVSYH-A YKELEDKHPH HIKLQDWIPK PEEMSKSICK 94
SFV-1 KKQVIKTPPM HPSTVTWHFG YKQKEDQQDN -IKMRDWVPN PSKMSKSTCK 99
SFV-3 YLQL-QVAPG DPSEKTYKFG YEDKEAQNPD -LKMRNWVPD PEKMSKWACA 96

BVF  -----mmmmm mmmmmee— GG TPEKARVACR RVDLSSFLAQ PDDYPTAADS 35
HFV R--LIL---- CGLYSAEKAS EILRMPFTVS WEQSDT-DPD CFIVSYTCIF 137
SFVcpz R--LIL---- CGLYSGEKAR EILKKPFTVS WEQSET-NPD CFIVSYTCIF 137
SFV-1 R--LIL---- LGLYQACKAQ EIIKMNYDVH WEKSVV-NEQ YFEVEYNCKM 142
SFV-3 R--LIL---- CGLYNAKKAK ELLKMDYDIH WEQSKE-DSQ YFEIEYHCKM 139
BFV KEDLILKLAC TTLFSEKHAH EIYE-NYKLH LKRDELRGGK EWVIIYSCKH 84

HFV CDAVIHDPMP IRWDPEVGIW VKYKPLRGIV GSAVFIMHKH QRNCSLVKPS 187
SFVcpz CDAVIHDPMP VVWDSEVEIW VKYKPLRGIV GSAVFIMEKH QKNCSLVKPS 187
SFV-1 CRTVLHEPMP IMYDPETELW VKPGRLRGPL GSAVYTLKKH YERCLLTLPS 192
SFV-3 CMTVIHEPMP VSYDKKTGLW IKMGPLRGDI GSVVHTCRRH YERCMSALPS 189
BFV CYTVFMDNSR LTLGPS-GLF KVIRNKKGDV MLCOMLTRHL TDRC------ 127

HFV TSCSEGPKPR PRHDPVLRCD MFEKHHKPRQ KRPRR-RSID NESCASSSDT 236
SFVcpz TSCPEGPKPR RRHDPVLRCD MFEKHHKPRP KRSRK-RSID HESCASSGDT 236
SFV-1 LK--GTRLPK RRCNPSRRYE TFREHPPTRK RRSKEGIPTD QQPSTSNGDP 240
SFV-3 SG--EPLKPR VRANPVRRYR EKSLIVADRP KRSRWGVAPR EQPNTSSGDA 237
BFV - D PRTKPFQSSS SLHPNLVTEN PRGTGGGTPG QHTLGGDQDM 168

HFV MANEPGSLCT NPLWNPGPLL SGLLEESSNL PNLEVHMSGG --PFWEEVYG 284
SFVcpz VANESGPLCT NTFWTPGPVL QGLLGESSNL PDLEVHMSGG --PFWKEVYG 284
SFV-1 MALLSGPCGP HSIQPPGCLL QELPKPEVGS PEMAVAMSGG --PFWEEVYG 288
SFV-3 MALMPGPCGP FNMDPPGCLL ERVPGSEPGT SEMALAMSGG --PFWEQVYR 285

BFV RVDTSGI--- ----KPLSSL CQCARDDPGR SDNPLEMAEP VQPWWTDSSL 211
HFV DS----- ILG PP------- S GSGEHSVL 300
SFVcpz DS----- ILG PP------- S GSGEHSVL 300
SFV-1 DS----- IFA TP------- L GSSEDQLLSQ FD 308
SFV-3 DS----- ISG PP------- T GPSEN 298
BFV EPEITTWVLG DPDATARFWT GDDKGPQEWD FDDDLLGP 249

Fig. 3A,B. Amino acid sequences (A) and functional organization (B) of foamy virus Taf proteins. The
acidic N-terminal domain of Tafg,,, can independently stimulate transcription when targeted to a
minimal promoter as fusion protein with the GAL4 binding domain (Meraia et al. 1993). The respective
domain of HFV has only a minor effect on Taf,, stimulated gene expression (VENKATESH et al. 1993; He
et al. 1993; VenkatesH and CHINNADURAI 1993; GARRETT et al. 1993; Lee et al. 1994). The N-terminal region
of both proteins is also part of the orf-1/orf-2 fusion protein (Bet). The distantly related BFV Taf protein
lacks the acidic N-terminus (Renstaw and Casey 1994). Characteristic for foamy virus Taf proteins is the
C-terminal region, which contains the minimal activation domain (MAD). This region is highly conserved
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Sect. 4.2). This finding suggests a mechanism of action that is already known
from the acidic transactivators for this part of Tafg,, (MeraiA et al. 1993; PTasHNE
1988). The acidic N-terminal domain of Taf ., which has minor homology with the
respective domain of Tafg,,, (Fig. 3), was found to have a negligible effect on
transactivation in one study (VenkaTesH et al. 1993), whereas its deletion was
reported to drastically reduce Taf activity in another study (He et al. 1993).
However, the fusion of this domain to GAL4 did not result in any activity of
suitable reporter constructs (VenkaTesH and CHINNADURAI 1993; GARRETT et al. 1993).
It may therefore be that Tafg,, has acquired, or preserved, an additional function
thatis not presentin Taf,,.,. With respect to the necessity of the acidic N-terminus
for Taf function, it is worthy of mention that this region is absent in the deduced
protein sequence of the BFV Taf gene, which was derived from an infectious
molecular clone (Fig.3) (RensHaw et al. 1991; RensHaw and Casey 1994a). There-
fore, the C-terminal activation domain is the discriminative feature of foamy virus
transactivators.

Transcriptional activators generally comprise activation domain(s) and motifs
directing the protein to the DNA (PTasHne 1988). Given that the activation
domain(s) of tafis located at the C-terminus, and possibly an additional one at the
N-terminus in the case of SFV-1, it is conceivable to locate the ‘'DNA binding’ and
promoter specificity domain to the middle portion of the protein (Fig. 3). This view
is corroborated by studies using Tafqps Chimeras, showing that the activation
domain of VP16 has augmenting activity when directed to the DNA by a Taf
protein deleted in the C-terminal activation domain (He et al. 1993) and by
the Taf,nen. activation domain replacement experiments already mentioned
(GARRETT et al. 1993).

Most mutations introduced into conserved regions of the middle part of HFV
or SFV-1 Taf proteins, including the nuclear localization signal which marks the
border between ‘DNA binding’ and C-terminal activation domains (Fig. 3), were
deleterious for transactivator function (VenkaTesH et al. 1993; He et al. 1993;
MeRracla et al. 1993; Lee et al. 1994; CHaNne et al. 1995). However, attempts to
demonstrate direct binding of Taf,, protein, expressed as a fusion protein in
bacteria or in vitro translated in rabbit reticulocyte lysate to its cognate LTR or
fragments thereof have failed so far (VenkaTesH et al. 1993; ERLWEIN and RETHWILM
1993; B. Cullen, personal communication; |. Jordan and A.R. unpublished).
Furthermore, when an oligonucleotide spanning the BRE Il (Fig. 2) was incubated
with proteins from nuclear extracts of uninfected cells, this DNA fragment was
specifically retarded in electrophoretic mobility shift assays (EMSA) (l. Jordan and
A.R., unpublished results), indicating that cellular proteins recognize the foamy
virus enhancer elements.

Taf is phosphorylated; this is, at least in part, facilitated by a nuclear kinase

o
w

among the primate foamy viruses. The C-terminal activation region is able to augment gene expression
when targeted to a minimal promoter in lower and higher eukaryotes. The basic nuclear localization
signal (NLS) precedes the C-terminal region. This motif is not present in the BFV Taf protein (Rensxaw

and Casey 1994). The middle portion of the protein is believed to direct the transactivator to its cognate
LTR promoter
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(VenkaTesH et al. 1993). Phosphorylation may have an inhibiting or a stimulating
effect on both the DNA-binding and' -transactivating activity of transcription
factors (for review see Hunter and Karin 1992). Current knowledge on the activity
of (un)phosphorylated Taf is too limited (VenkaTesH and CHiNnaDURAI 1993) for us to
argue about what effect, if any, phosphorylation might have on Taf. However,
when Bel-1 protein from recombinant baculovirus (Liu et al. 1993) was used in
EMSA a direct binding to DNA could not be detected (l. Jordan and A.R.,
unpublished). Furthermore, the ‘binding domain’ lacks motifs recognized for
DNA-binding activity from other proteins.

It will therefore be the task of future investigations to resolve whether or not
Taf binds directly to the identified enhancer elements or via intermediate cellular
proteins. Taking the plethora of response elements into account, it is difficult to
imagine a promiscuous Taf that interacts directly with all of these. However, it
remains to be seen whether there are as yet undiscovered cellular factors which
must be conserved from avian through mammalian species mediating this
binding. Furthermore, these cellular factors would have to account for the
promoter specificity of the different foamy virus Taf proteins. A third possibility
would be that Taf has DNA-binding activity itself and makes use of various cellular
proteins enhancing the binding. According to this model, cellular factors that bind
to the enhancer elements would direct Taf to the LTR. Taf in turn leads to the
recruitment of proteins of the basal transcriptional machinery. This hypothesis
could explain the dilemma that results from the disparate enhancer elements on
the one hand and the apparent specificity of foamy virus Taf proteins for their
cognate LTR promoter on the other.

It is noteworthy that the mutational analysis of the middle portion of Taf,,
alsoidentified various mutants of a dominant negative (DN) phenotype (VENKATESH
etal. 1993; He et al. 1993; VenkaTesH and CHINNADURAI 1993; Lee et al. 1994). While
the nuclear localized DN mutants are likely to act via sequestration of cellular co-
factors of Taf, a cytoplasmic localized DN mutant indicated that Taf can dimerize
(VEnkaTESH et al. 1993; VeEnkaTESH and CHINNADURAI 1993). Most recently it has been
demonstrated that triple multimerization domains are located at the Taf N-
terminus in the region that is shared between Taf and Bet proteins (CHANG et al.
1995). Itis not known yet, however, whether Taf can form complexes with Bet or
wether Taf multimerization is required for transactivation function.

7 Conclusions

Research on the molecular biology of foamy viruses in the past few years has lead
to some interesting discoveries indicating that foamy viruses “do some things
different from all other retroviruses.” We are now in the situation where specific
guestions can be asked (and hopefully answered) addressing what these appar-
ent differences in the replication strategy to other retroviruses mean. Beginning
at the 5' end of the genome, some of these questions include: Why do foamy
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viruses localize their Gag protein into the nucleus? How do they package their
genome? How is the Pol protein expressed? What is the foamy virus receptor(s)?
How is the internal promoter regulated? How does Taf interact with its cognate
LTR and with the proteins of the transcriptional machinery? What is the function
of the Bet protein? How is the Bel-3 protein expressed and what is its function?
Answers to these questions will not only be beneficial, or essential, to the future
use of foamy viruses as retroviral vectors, but may also lead to a better under-
standing of the principle molecular biology of retroviruses.
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1 Introduction

Discovery of the link between human T-cell leukemia virus type | (HTLV-I) and
adult T-cell leukemia, and the emergence of the acquired immunodeficiency
syndrome, in association with human immunodeficiency virus type 1 (HIV-1) has
led to intense investigation of underlying mechanisms of pathogenesis and
retroviral gene regulation. In contrast to avian and murine RNA viruses previously
studied, the human oncogenic retroviruses HTLV-I/II, as well as the Lentivirus
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family, represented by HIV-1, HIV-2, and SIV, demonstrated genomes of in-
creased complexity, encoding multiple mRNA species in contrast to the simpler
avian/murine species. “Simple” retroviruses generally encode two mRNA spe-
cies, unspliced gag/pol, and singly spliced env mRNA, while additional splicing
events result in as many as eight identifiable mRNA species for HTLV-1, encoding
at least two, and potentially up to five, additional proteins (Myers and PAvLAkis
1991). For HIV-1, an exceptionally complex pattern of transcripts is observed,
resulting in up to 20 different mMRNAs and ten or more different proteins (MYERs
and Paviakis 1991; ScHwaRTz et al. 1990). Several of the proteins encoded by the
novel spliced mRNAs in HTLV-I/Il and HIV-1/HIV-2 act as regulators, both tran-
scriptional and posttranscriptional, of viral gene expression. By definition, these
trans-acting regulatory proteins interact with both cis-acting viral sequences, as
well as with cellular regulatory machinery to alter viral gene expression. Re-
searchers have therefore focused attention on possible cellular regulatory conse-
qguences of retroviral gene expression.

Rather than attempting an exhaustive review of the published literature on
this subject, we have chosen to highlight two of the better characterized regula-
tory genes, for which substantial evidence for dysregulation of cellular gene
expression has accumulated. The first, the Tax gene in HTLV-I/II, acts to increase
viral transcription and has been implicated in T-cell transformation leading to
leukemia, as well as in paraneoplastic syndromes seen in ATL such as hyper-
calcemia. The second, the Tat gene, fulfills an analogous functional role, albeit by
an entirely different mechanism in HIV-1, and has been linked directly and
indirectly to various sequelae of HIV-1 infection. The Tax and Tat proteins are
considered here as two of the better studied examples of dysregulation of cellular
gene expression by retroviral transacting genes. Undoubtedly, the complexity of
the viral genomes and the large variety of proteins produced will yield additional
examples of viral dysregulation of cellular gene expression, whether for the
“purpose” of viral replication, or as an inadvertent by-product of viral gene
expression.

2 Transacting Regulators and Human T-Cell Leukemia
Viruses Types | and |l

The human T-cell leukemia virus type | (HTLV-l) was the first human retrovirus
identified in T-cell lines derived from a patient with a cutaneous T-cell lymphoma/
lymphoma (Poeisz et al. 1980, 1981; Hinuma et al. 1981; YosHipa et al. 1982).
Shortly thereafter, the closely related but distinct HTLV-Il was identified in another
T-cell line derived from a patient with a chronic lymphoproliferative disorder
(KaLyanARAMAN et al. 1982), and an infectious HTLV-II molecular clone was isolated
(CHEn et al. 1983a). Both HTLV-1and -Il have also been linked to chronic neurologic
diseases designated as HTLV-l/ll-associated myelopathy (Gessain et al. 1985;
YosHipa et al. 1987; Bercer et al. 1991; HJeLLE et al. 1991; RosenBLATT et al. 1992).
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The two viruses were the first examples of retroviruses directly linked to
human malignancy, despite the numerous tumorigenic animal retroviruses iden-
tified. However, unlike previously identified animal retroviruses, neither HTLV-I/II
nor the related oncogenic retrovirus bovine leukemia virus (BLV), a cause of B-cell
leukemia in cattle, was found to integrate with any specificity adjacent to cellular
proto-oncogenes (Seiki et al. 1984). In addition, neither HTLV-I/Il nor BLV contain
transduced cellular sequences similar to transduced oncogenes observed in
acutely transforming retroviruses. Both HTLV-I and -II transform T-cells in vitro,
yielding immortalized T-cell lines capable of sustained growth in the absence of
[L-2 (MivosHi et al. 1981; Yamamorto et al. 1982; CHeN et al. 1983b; Porovic et al.
1983). In the case of HTLV-I these lines were generally of CD4* phenotype, while
for HTLV-Il CD8* cell lines are frequently obtained, similar to the observed
phenotype of the virally induced malignancies (RosensLATT et al. 1986, 1990; luicHi
etal. 1992). The lack of specific proviral integration or of a viral oncogene led to an
intensive effort to identify alternative mechanisms for transformation. The 3'
region of the HTLV-I/Il genome was found to contain coding sequences for
additional viral regulatory proteins (Seiki et al. 1983; Lee et al. 1984; SHIMOTOHNO
et al. 1985; Sobproski et al. 1985; Stamon et al. 1984; CHeN et al. 1983a, 1985;
FeLger et al. 1985). The first of these, Tax, is a 40-kD nuclear protein in HTLV-l and
a 37-kD nuclear protein in HTLV-II (Lee et al. 1984; SLamon et al. 1985; BeimLING and
MokeLLING 1989). Tax serves as a transcriptional regulator of viral expression,
increasing transcription from the viral long terminal repeats (LTR) (Cann et al.
1985; FeLBer et al. 1985; Soproski et al. 1985; SHIMoToHNO et al. 1985; Seik et al.
1986). Mutations within Tax abrogate transcription in infectious HTLV-II clones
(CHeN et al. 1985).

Further investigation of the coding region of HTLV-l, HTLV-Il, and BLV
disclosed the presence of an additional protein(s), encoded by the same spliced
mRNA as Tax, on an alternate open reading frame, designated Rex (Kivokawa et al.
1985; SacaTa et al. 1985; SHIMA et al. 1986; INoUE et al. 1987). Rex appears to be
required for nuclear to cytoplasmic export of full length gag mRNA and partially
spliced env mRNA. The function of Rex is analogous to that of the rev gene in HIV-
I/1l, and virion production does not proceed in the adsence of Rex (Rimsky et al.
1988). An arginine-lysine-rich motif important for nuclear localization is also
required for RNA binding and Rex function (Nosaka et al. 1989). The Rex protein in
HTLV-I migrates with an apparent MW of 27 kD, and a truncated protein, 21 kD in
size, is encoded using an alternate methionine initiation codon. Only p27 Rex has
a known function (INouEe et al. 1987). HTLV-II Rex has an apparent MW of 26 kD
while a dephosphorylated form has a MW of 24 kD (Green et al. 1991). Both HTLV-
| and -1l Rex bind with high specificity to a cognate mRNA recognition element
located within R and reiterated on the 3'LTR (Yip et al. 1991; Biack et al. 19914, b).
[tis not known whether Rex affects nuclear to cytoplasmic transport, assembly of
the spliceosome complex, or both. HTLV-I/Il Rex bind with decreased avidity to
the HIV-1 Rev response element (RRE); nevertheless, Rex from either HTLV-I or
-l can rescue HIV-1 Rev-deficient mutants, suggesting that Rex may also affect
expression of other non-HTLV-I/Il mRNAs (Rimsky et al. 1988; Yir et al. 1991).
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However, to date, Rex effects on cellular mRNAs have been noted only in the
case of interleukin-2 and interleukin-2-receptor a chain expression (Kanamori et al.
1990; McGuire et al. 1993) and have otherwise been poorly characterized. We will
primarily review the literature regarding Tax transactivation of cellular genes and
focus on two more recently identified genes found to be transactivated—PTHrP
and the early response gene egr-1—and on their potential relation to the
malignant phenotype in ATL.

3 HTLV-I/ll Tax—a Promiscuous Transactivator

Because HTLV-l does not integrate with precision adjacent to cellular proto-
oncogenes and has not transduced cellular proto-oncogene sequences, interest
has focused on a potential role for Tax in pathogenesis. Tax effects are believed
to be mediated through interactions with cellular transcription factors. These
interactions can also alter expression for a variety of cellular gene promoters.
Transcriptional dysregulation by Tax may be responsible for numerous
phenotypic characteristics of the HTLV-Il-infected T cell. Evidence is accumulating
which implicates Tax in the process of T-cell transformation and in genesis of the
malignant phenotype.

The mechanism by which Tax induces HTLV-I/II transcription is still poorly
understood. The discovery of a transactivating protein in HTLV-I/Il was unex-
pected. Prior to Tax such transacting genes had been demonstrated only in DNA
viruses. Early on, comparative analysis of the LTRs of HTLV-l and HTLV-II
indicated the presence of three imperfect 21-bp repeated elements in the U3
portion of the LTR, which subsequently proved to be enhancer elements neces-
sary for transactivation by Tax (OHTANI et al. 1987; SHimoToHNO et al. 1986; KitApo
et al. 1987). Mutagenesis studies indicate that Tax effects are mediated through
a TGACGT motif within the 21-bp repeats. Tax does not bind directly to the 21-bp
elements (FuJsisawa et al. 1991; SHimoToHNO et al. 1986; Xu et al. 1990); rather it
affects transactivation through interaction with cellular transcription factors which
bind DNA (FuJsisawa et al. 1991). Recently, HTLV-l Tax has been noted to increase
the in vitro DNA binding activity of multiple CRE/ATF proteins, as well as several
other proteins encoding a bZIP dimerization domain (WaGNER and GReen 1993).
Tax is thought to interact with bZIP-containing transcription factors in CRE/ATF-
like proteins prior to DNA binding, increasing stability of the homodimer (WaGNER
and GreeN 1993). This may lead to an elevated concentration of the bZIP
homodimer, which may increase DNA binding activity of bZIP-containing trans-
cription factors. This may also be characteristic of Tax interactions with other
transcription factors that may oligomerize, although so far this has been de-
scribed only for CRE/ATF-like factors. The requirements for such interaction both
in Tax and in bZIP-containing proteins have not been mapped, although such a
mechanism allows for promiscuous effects on a variety of transcription factors
with minimal bZIP domains and stabilization of both homodimer and heterodimer
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formation. The recent demonstration of functional associations between NF, B
containing a so-called rel domain, and the leucine zipper containing C/CAAT
enhancer binding protein C/EBPa., containing a bZIP domain, suggests a mecha-
nism by which Tax binding to one family of factors (e.g., CRE/ATF) might affect
interactions with other factors such as C/EBP or NFB-like factors (Stei et al.
1993). Such interactions could lead to altered rates of transcription from the
HTLV-I/ll viral LTRs. Intuitively, investigators suspected that interactions with
host transcription factors could lead to a variety of effects on susceptible cellular
genes. Numerous examples of cellular genes directly or indirectly transactivated
by Tax now exist. Many of these examples help to explain the unusual phenotypic
characteristics of HTLV-transformed T cells. As the mechanisms of Tax and Tax
interactions with the LTR are extensively reviewed elsewhere in this volume by
Dr. Mitsuaki Yoshida et al., we will focus on Tax interactions with cellular genes.

3.1 Cellular Promoters Affected by Tax

In addition to transcriptional enhancement of the viral LTR, Tax affects transcrip-
tional activity of a wide variety of cellular promoters. These include several genes
intimately linked to T-cell growth, such as the IL-2 gene, the alpha chain of the IL-
2 receptor (IL2Ra), and several cellular proto-oncogenes including c-fos (DeppeRr et
al. 1984; Greene1986; FuJii et al. 1988; LEung and NageL 1988; BaLLARD et al. 1989;
GRreen et al. 1989), as well as genes involved in DNA repair, such as B-polymerase
(Jeang et al. 1990). Although the latter is an example of trans-repression of
expression by Tax, most Tax interactions described to date result in increased
expression of the affected cellular genes.

Induction of both the IL2Ra. chain and the cytokine granulocyte-macrophage
colony-stimulating factor (GM-CSF) has been seen not only in HTLV-I/ll-infected
celllines, but also in transgenic mice expressing the HTLV-I Tax gene (GReen et al.
1989; SHiNoHARAT991). Transactivation of the viral LTR proceeds through effects
on factors that bind to a cAMP response element-like (CRE) sequences contained
within the 21-bp repeats (RaponovicH and Jeanc 1989; Giam and Xu 1989;
MarrioTT et al. 1990; NyBore et al. 1988,1990; Beraup et al. 1991). As described
above, binding of Tax to several members of the CRE/ATF family of transcription
factors has been observed (M. Yoshida, personal communication). In contrast,
IL2Ra expression is increased by Tax through induction of NF, B, amember of the
rel family of proto-oncogenes (Hovos et al. 1989; BoHNLEIN et al. 1988; BALLARD et al.
1988). The transcriptionally active form of NF, B is a 50-kD protein, synthesized
from a 105-kD precursor, p105. Nuclear translocation of p50 is abetted by a
second protein p65, which binds to p50, and is inhibited by a cytoplasmic inhibitor
known as |, B. |, B appears to interact with the p65 subunit of the NF, B complex,
and disassembly of |_B from the NF, B complex allows translocation of p50/p65 to
the nucleus and induction via NF, _B-binding motifs. Tax does not bind directly to
NF,.B DNA motifs (Hovos et al. 1989; Sun et al. 1993). Yoshida and co-workers
have demonstrated direct Tax binding to the p105 NF, B precursor (Hiral et al.
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1992), and other NF B-like proteins may also be bound by Tax (W. Greene,
personal communication). Arima and Greene have demonstrated Tax induction of
several NF,_B-like DNA-binding proteins, suggesting interactions with additional
members of the c-rel family in T cells (Arima et al. 1991). Although Tax binding to
the p105 precursor and other members of the family has been demonstrated, the
requirements for Tax binding and/or interaction with NF, B are poorly understood.

Cellular genes induced via the NF, B pathway include IL-2 and the IL2Ra
genes, potentially leading to autocrine T-cell stimulation (Cross et al. 1987; GREENE
et al. 1989; Leung and NaBeL1988; BoHNLEIN et al. 1989; ArivA et al. 1991). The
pronounced level of expression of high-affinity |L-2 receptors observed on HTLV-
I-transformed T-cell lines and ATL (Depper et al. 1984) may be due to IL2Ra.
induction by Tax via NF,_B. The IL.-2 and IL2Ra. autocrine “loop” may lead to early
T-cell expansion following HTLV-l infection and has therefore been implicated in
leukemogenesis (GReene 1986). However, many ATL cells express very little, if
any Tax, and many HTLV-I/ll-transformed cell lines do not make appreciable levels
of IL-2 (KaToH et al. 1986). Constitutive expression of IL2Ra in ATL cells in the
absence of co-existent Tax expression indicates that transient Tax expression
may result in sustained transcriptional and phenotypic alterations through “long-
term” transcriptional effects that are not understood. Thus Tax may have both
proximal and secondary, “downstream” effects on cellular gene expression.

Induction of NF, B may also account for activation of other cellular genes,
such as the cytokines granulocyte-macrophage colony-stimulating factor (GM-
CSF) and TNFB, although activation of the GM-CSF promoter via both NF,B-
dependent and -independent pathways has been described (NiMEer et al. 1989;
NivER 1991; GReenE et al. 1989; LinbHoLm et al. 1991; IsHiBasHI et al. 1991). More
recently, Duvao et al. (1992) have suggested that Tax could transactivate both the
human and murine c-myc promoter through NF, B binding sites. Whether the
interaction with c-myc is important in immortalization and/or proliferation of T
cells has not been demonstrated. In addition to IL2Ra, Tax transactivation of the
HIV-1 LTR has also been observed to be mediated through the NF, B pathway
(LeunG and NaBeL 1991; BoHNLEIN et al. 1988). Although some investigators have
assigned a hypothetical role for HTLV-/II in abetting HIV-1 replication in vivo,
clinical evidence for HTLV-l as a co-factor in progression of HIV-1 infection is
lacking.

The 21-bp enhancer elements of the HTLV-I/Il LTRs, required for trans-
activation by Tax (Rosen et al. 1985; SHIMOTOHNO et al. 1986; OnTaNI et al. 1987,
Fudisawa et al. 1991), can be subdivided into so-called A-, B-, and C-motifs which
interact with a variety of transcription factors (MucHARDT et al. 1992; NyBoRa et al.
1990; Tsudimoto et al. 1991; YosHiMuRra et al. 1990). The core sequence TGAGC is
conserved in the B-motif and serves as a binding site for members of the CREB/
ATF family of transcription factors (Nysorg et al. 1988; TsuJimoTo et al. 1991;
YosHimMURA et al. 1990). At present it is unclear which if any of the CRE-like binding
proteins identified in T cells and/or Hela extracts are actually involved in Tax
transactivation. The cellular proto-oncogene c-fos also appears to be activated by
Tax via the CRE/ATF pathway, and the Tax-responsive element within the c-fos
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Table 1. Transcription factors linked to Tax transactivation

Factor(s) Affected genes

NF.B, c-rel IL-2, IL2Ra., GM-CSF?, c-myc, HIV-1
ets-1, ets-2 HTLV-1 LTR, PTHrP?

CRE/ATF HTLV-I/Il LTR, c-fos, EGR-1

AP-2 HTLV-I LTR, PTHrP

CATTA/T binding proteins GM-CSF

promoter contains a CRE motif (Fuun et al. 1988). Therefore, Tax may affect
cellular transcription through two or more distinct transcriptional pathways, NF, B
and CRE/ATF, leading to distinct transcriptional consequences. Transformation of
rat fibroblasts in vitro appears to involve primarily the CRE/ATF pathway (SmiTH
and GRreeN 1991). Whether this is the case for T-cell transformation remains to be
clarified.

The HTLV-l 21-bp enhancer elements also contain within the so-called A
domain octamer sequences with strong homology to the recognition motif (CCC¢/
GCA/GEcC) for the AP-2 transcription factor (MucHARDT et al. 1992a). AP-2 reportedly
can directly activate expression from the LTR, as can Tax (MucHARDT et al. 1992b).
However, AP-2 and Tax have demonstrated antagonistic effects on HTLV-I LTR
expression when co-transfected. Tax appears to inhibit AP-2 binding to the 21-bp
repeats, through a potential interaction between the amino terminus of Tax and
the amino terminus of AP-2 (MucHARDT et al. 1992). AP-2 has unique structural
features, including carboxyterminal DNA binding and dimerization domains and a
proline-rich amino terminal transactivating domain. Although the role of Tax and
AP-2 in HTLV-I/ll regulation remains unclear, at least one cellular promoter, that of
the PTHrP gene, is potentially transactivated by Tax through an interaction with
AP-2 (D. Prager, personal communication, see below). Examples of transcription
factors and families of factors implicated in Tax transactivation of a variety of
cellular genes are indicated in Table 1.

3.2 Transactivation of the PTHrP Gene by Tax;
a Link to Hypercalcemia?

A unigue example of Tax effects upon cellular genes of potential clinical impor-
tance is the effect on expression of parathyroid hormone-related protein (PTHrP).
Adult T-cell leukemia (ATL) linked to human T-cell leukemia virus type | (HTLV-I)
infection is associated with the development of hypercalcemia in 50-70% of
“patients. A leading candidate gene involved in ATL-linked hypercalcemia is
PTHrP. The PTHrP gene was cloned following purification and partial sequencing
of a peptide from solid tumors associated with hypercalcemia. The PTHrP gene is
located on chromosome 12 and consists of eight exons and two known promot-
ers (Suva et al. 1987). Numerous transcripts arise as a result of alternate splicing;
however, no distinct pattern is evident in malignancy (Manein et al. 1990).
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Although the gene was initially isolated from tumor tissue, it is now known to be
widely expressed at low levels in normal tissues. These include skin, lactating
mammary tissue, gravid uterus, endocrine pancreas, central nervous system,
smooth muscle, bone marrow, fibroblasts, thyroid, parathyroid, adrenal, and
pituitary glands (Merenpino et al. 1986; THIEDE et al. 1988; THiEDE and Roban 1990;
Drucker et al. 1989; WEIR et al. 1990; Kermer et al. 1991; Ikepa et al. 1988). The
PTHrP gene is predicted to encode novel peptides of 139-173 amino acids, with
eight of the first 13 amino acids being identical to parathyroid hormone (PTH) at
the amino terminus (GoLTzmaN et al. 1989). Humoral hypercalcemia of malignancy
represents the only syndrome clearly documented to date in which PTHrP enters
the circulation in sufficient quantities to mediate hypercalcemia.

Patients with humoral hypercalcemia of malignancy exhibit signs of abnor-
mal calcium metabolism: increased renal tubular resorption of calcium, elevated
nephrogenous cyclic AMP, and increased bone resorption (Broabus et al. 1988).
Another candidate hypercalcemic factor, TNFB—a cytokine with bone-resorbing
activity, is unlikely to contribute to the hypercalcemia, as not all ATL tumor cells
produce TNFB and levels may be normal in acute ATL (IsHiBasHi et al. 1991). Fresh
leukemic cells from patients with ATL have been shown to produce TGF (Kim et
al. 1990) and TGFB induces expression of rat PTHrP in keratinocytes (ALLison and
Drucker 1992). WAaTANABE et al. (1990) have demonstrated PTHrP expression in
peripheral blood mononuclear cells of patients with ATL, HAM, or HTLV-l infec-
tion by reverse PCR. In addition, pleural and ascitic fluid obtained from patients
with ATL also contains detectable levels of PTHrP (MoTokura et al. 1989). These
findings, as well as the prominent role played by PTHrP in other forms of humoral
hypercalcemia of malignancy, suggest a similar role for PTHrP in hypercalcemia
associated with ATL.

To determine if the Tax gene of HTLV-I and -Il might directly transactivate
PTHrP gene expression, a 2.8-kb downstream PTHrP promoter fragment was
subcloned upstream of a chloramphenol acetyl transferase (CAT) indicator gene.
The downstream PTHrP promoter is preferentially utilized in T cells (E. Ejima,
personal communication). Co-transfection of this plasmid together with either an
HTLV-l or -1l Tax expression vector enhanced PTHrPCAT expression up to 50-fold
(Euma et al. 1993) in T-cell lines. Transactivation of the downstream PTHrP pro-
moter occurred despite the absence of classical NF, B or CRE DNA-binding motifs.

A series of 5'PTHrP promoter deletion mutants were transactivated by both
HTLV-l and -Il Tax with the longest construct exhibiting the greatest induction by
Tax proteins (EJma et al. 1993). To map the PTHrP Tax responsive sequences,
site-directed mutants were generated to specifically remove putative AP1, AP2,
EGR-1, "CRE-like", or Sp1 transcription factor recognition sequences. Transient
co-transfection studies with HTLV-I Tax identified a 12-bp AP2 sequence at-212/
-200 with respect to the exon 2 transcription start site, which is critical in Tax
transactivation of PTHrP (D. Prager, personal communication).

Rusen and Rosen (1990) have previously documented that deletion of 30
carboxy terminal amino acids of the HTLV-1 Tax protein results in loss of Tax
transactivation of IL-2Ra via the NF, B pathway. Utilizing this Tax mutant with the
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[L-2Rae and HTLV-I LTR as controls, the carboxy terminal domain of the Tax
protein, but not NF,_B, was shown to be required for PTHrP transactivation (EJima
etal. 1993). Therefore, Tax transactivation of PTHrP likely involves protein-protein
interactions with the acidic carboxy terminal region. Although the defect in Tax
A984 is related to failure of NF, B induction in the case of the IL-2Ra promoter,
(an)other factor(s), perhaps AP-2, appears to be involved in the case of PTHrP
(Euima et al. 1993). Several additional AP-2 sites are scattered throughout the
PTHrP promoter, suggesting that the context of AP-2 binding is equally important
with respect to Tax transactivation.

Transactivation of PTHrP was cell-type specific and was observed in co-
transfections of T cells but not B cells, fibroblasts, or F9 cells (Euima et al. 1993).
In contrast, the HTLV-I LTR was transactivated by Tax in all cell types tested.
Furthermore, Northern analysis indicated that only HTLV-I productively infected T
cells (MT2) produce PTHrP mRNA. A B-cell line that is productively infected with
HTLV-I1 (729 pHBNeo) (CHen et al. 1985) and constitutively makes HTLV-II Tax still
fails to express PTHrP mRNA. These data suggest that Tax expression alone is
insufficient for PTHrP induction and that T-cell specific cellular factor(s) are
required. The effects on PTHrP may be an example of the pleomorphic manifes-
tations of HTLV-I infection and specifically Tax expressionin T cells. Itis presently
unclear why hypercalcemia should be principally observed in the setting of ATL,
and not in HTLV-I/II carriers or myelopathy patients. Careful correlation of PTHrP
levels with disease state needs to be performed. One possible explanation may
simply be cell load, as higher numbers of HTLV-I-infected cells are observed in
ATL patients than in carriers. In addition, Jacosson and co-workers (1988,1990)
have observed high levels of cytotoxic T-cell (CTL) activity in myelopathy patients,
with CTL directed primarily against the Tax protein. It is possible that high “Tax"-
producing cells may be selected against in HAM compared with ATL, leading to
lower levels of PTHrP in the circulation. Nevertheless, the high degree of Tax
transactivation of the PTHrP promoter and the strong association of PTHrP with
humoral hypercalcemia in other malignancies suggest a link between Tax and
hypercalcemia in ATL.

3.3 EGR-1 Gene: an Early Response Gene Induced by Tax

The EGR-1 gene is a member of a family of growth-inducible “early response
genes”. EGR-1, 2, and -3 are zinc finger-containing transcription factors which
activate gene expression through a common cis-element (SukHATME et al. 1988).
The products of these genes are thought to be nuclear transducers of growth
signals which elicit cellular proliferation. HTLV-Il or -Il productively infected cell
lines constitutively express EGR-1 (WricHT et al. 1990). Furthermore, Jurkat cells
stably transfected with an HTLV-| Tax gene under control of the metallothionine
promoter demonstrated induction of EGR-1 expression (Fuui et al. 1992).

It is speculated that the HTLV-l Tax protein may elicit aberrant cell growth
through induction of “early response genes” as an initial step in the development
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of ATL or HAM (TenpLER et al. 1990). This may abolish the usual requirement for
mitogenic signals to the early immediate genes. Thus, deregulated expression of
EGR-1 could contribute to the uncontrolled growth and transformation occurring
in HTLV-infected T cells in the early stages of T-cell activation.

Fujii recently demonstrated Tax-l and -l activation of the c-fos, EGR-1, and
-2 promoters mediated through so-called CArG boxes (Fuan et al. 1991). CArG-
mediated transcription occurred in the absence of mitogenic signals through
interaction with the CArG binding factor p67sRkF. Both in vitro and in vivo data
demonstrate that p67SRF is also the target molecule for Tax 1 activation of c-fos.
Therefore, like E1A, Tax may act as a “bridge” for p67SRF by interacting with basal
transcription factors. The domain of Tax-| (2-312) interacting with p67sRF coincides
with that determining viral enhancer specificity (Fusn et al. 1992). This suggests
either that Tax-l-induced immediate early genes participate in viral enhancer
activation, or that p67SRF and other transcription factors which mediate Tax
activation share similar motifs for Tax interactions.

Transient co-transfections of human EGR-1 promoter CAT deletion mutants
with HTLV-l and -Il Tax into human T-cell lines demonstrate transactivation of the
recombinant EGR-1 promoter (Sakamoto et al. 1992). The human EGR-1 promoter
contains two CREs and five SREs (serum response elements) (Sakamorto et al.
1992). Consensus oligonucleotides representative of the SRE, CRE, or EGR-1
binding sites (EBS) on the upstream EGR-1 promoter were cloned upstream of a
thymidine kinase promoter-driven CAT reporter gene. Transient co-transfections
together with HTLV-I or -ll Tax into MLA-144 T cells showed a six- to sevenfold
transactivation of the CRE construct with minimal induction obtained with the
EBS or SRE elements. Similar results have been obtained using HTLV-I Tax and
the murine EGR-1 promoter, where the Tax response also mapped to a CRE
element (ALExanDRe et al. 1991). Therefore, Tax transactivation of the human
EGR-1 promoter likely occurs through its CRE, but not its SRE sequences (Table
1). EGR-1 transactivation was also cell-type dependent, as observed for PTHrP.

Tax interactions with the EGR-1 promoter may be responsible for the
constitutive expression of EGR-1 in HTLV-I-transformed cells. The consequences
of EGR-1 overexpression are unclear. However, ectopic expression of egr-1, c-
fos, c-myc, and other transcriptional regulators in HTLV-Il-infected T cells may play
a direct role in transformation and contribute to the transformed phenotype.

Finally, Jacobson, and others have implicated the immune response to Tax in
pathogenesis of myelopathy associated with HTLV-I/HTLV-Il (JacoBson et al.
1988, 1990; Koenig et al. 1993; ELovaara et al. 1993). Investigators note the
unusually high frequency of cytotoxic T lymphocytes (CTL) directed against a
variety of epitopes within Tax in patients with myelopathy. The frequency of Tax-
specific CD8* CTL may be several hundredfold increased in patients with HAM
(Jacoeson et al. 1990). A variety of Tax epitopes appear to be recognized. The
relationship of Tax-directed CTL to neurologic disease is unclear. Whether Tax-
mediated transactivation of cellular genes plays a role in HAM is also presently
unknown.
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3.4 Rex Effects on Cellular Gene Expression

In contrast to Tax, little is known about potential effects of the Rex protein on
cellular genes. Rex is an RNA-binding protein which influences splicing and/or
transport of viral MRNAs, leading to a net export of structural gag and env mRNAs
to the cytoplasm (Yip et al. 1991; Brack et al. 1991; Grassman et al. 1991). HTLV-
Il LTR-driven gene expression is dependent on HTLV-I| Tax for transcription and
on provision of Rex to facilitate RNA export from the nucleus (RosensLATT et al.
1988; Brack et al. 1991).

Rimsky and GReene (1988) have reported that HTLV-I Rex can substitute for the
Rev gene of HIV-1 in trans, providing the first evidence for a potential role of Rex
in regulation of heterologous RNA transport/processing. Similarly, we observed
that HTLV-Il Rex can also substitute for HIV-1 Rev (Yip et al. 1991). McGuire and
Haseltine have observed that IL-2 promoter-driven expression is synergistically
enhanced by Rex (McGuire et al. 1993). How this effect is mediated by Rex is
unclear, although indirect effects such as activation of the CD28 T-cell activation
pathway have been invoked. Rex has also been associated with enhanced
stability of the IL2Ra-chain mRNA in HTLV-l-infected cells (Kanamori et al. 1990).
These studies provide preliminary evidence that Rex might also affect expression

of cellular genes and may play a role in potentiating an autocrine IL-2/IL-2 receptor
loop.

4 Transactivation of Cellular Genes by HIV-1

The major transcriptional activating protein of the human immunodeficiency virus
is Tat. This protein is formed from a multiply spliced messenger made shortly
after activation of the HIV long terminal repeat (HIV LTR). It is one of the first
messenger RNAs made in HIV-infected cells. The protein can be made as a one-
or two-exon product and can also be made with a fusion involving the envand rev
genes, referred to as tev (RoBerT-GuRroFF et al. 1990). All three Tat proteins have
similar biologic activities. However, there are differences in the cellular uptake
and binding, depending upon the presence of fibronectin-binding domains found
in the second exon. Tat exerts its transactivation activity through both transcrip-
tional and post-transcriptional mechanisms (SouTtHcaTe and GReen 1991; KaTo et al.
1992; HeLLanp et al. 1991; Laspia et al. 1989; Greene 1990; JakosoviTs et al. 1990;
CuLLen 1990;MarciNiak et al. 1990; MarciNiak and SHarp 1991). Tat binds to a
cognate recognition element found in the messenger RNA of all HIV-specific
messages. This binding to the U-rich bulge in an RNA stem-loop structure
referred to as TAR (transactivation response) results in the recruitment of other
transcriptional components (Tat-binding proteins as well as transcription initiator
complexes) and an increase in viral gene expression (NeLBock et al. 1990;
GurtekunsT et al. 1993; KessLer and MaTHews 1991).
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A major function of HIV Tat is to markedly increase the rate of transcription of
HIV-specific messenger RNAs. The specificity of this reaction is determined by
the binding of Tat protein in concert with cellular proteins to a specific RNA
sequence found in the response element, referred to as the Tat response
element or TAR. Thus, it is believed that Tat's principal function is to allow for
specific transactivation of HIV messages in preference to other cellular mes-
sages. Nonetheless, a growing body of evidence that has accumulated over the
past 2 years suggests that HIV Tat can directly or indirectly regulate the expres-
sion of a variety of cytokines, differentiation antigens, and adhesion molecules, as
well as modulate the immunologic function of human macrophages and T cells.
In addition, there is some evidence that HIV can transactivate heterologous
promoters of several viruses which may play a role in the pathogenesis of HIV
infection. However, as opposed to HTLV-I/Il Tax, the mechanism by which Tat alters
cellular gene expression is poorly understood. To date, only one human mRNA
containing a TAR-like sequence has been identified. Nevertheless, myriad Tat
effects on cellular phenotype have been observed and are summarized below.

5 Modulation of Cytokine Expression by HIV Tat

Several investigators have shown that the expression of HIV Tat in T cells
(BuoNaguro et al. 1992), monocytes (SeTH et al. 1991), endothelial cells, AIDS
Kaposi's sarcoma-derived cells (MiLes et al. 1991; BuoNaGuro et al. 1992; EnsoLl et
al. 1990), or epithelial cells can alter the expression of important immuno-
regulatory cytokines. Using HIV Tat expression constructs and recombinant
protein, it has been shown that HIV Tat can alter the ability of human primary T
cells to respond to soluble antigen. Moreover, this alteration in T-cell responsive-
ness appears to be the result of an increase of TGFB1 production. This has
suggested an additional mechanism forimmunodeficiency seen in patients with
HIV (Kekow et al. 1991). Similarly, recombinant Tat protein elicited the production
of factors by bone marrow-derived macrophages which inhibit the production of
hematopoietic progenitor cells (Zauui et al. 1992). Using neutralizing antibodies to
TGFB1, they demonstrated that the bone marrow inhibitory properties of recom-
binant Tat protein were due to the elaboration of TGFB1 from bone marrow-
derived macrophage cells. Thus, in both primary human T cells and macrophages,
TGFB1 expression is increased by recombinant HIV Tat.

Disturbances in TGF production may have other deleterious effects. After
exposure to recombinant Tat protein, monocytes have an altered ability to control
vaccinia virus production. Using cultured primary human monocytes, both recom-
binant and synthetic HIV Tat were shown to induce TGFB in monocytes (SetH
etal. 1991). In addition, HIV Tat was able to block the normal inhibitory effects of
gamma interferon. This was associated with an enhanced expression of F,
receptors and CD16 antigen, suggesting that the monocytes had differentiated in
response to HIV Tat (SeTH et al. 1991).
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HIV Tat has been shown to be a mitogen for AIDS Kaposi’s sarcoma (KS)-
derived cells (MiLes et al. 1991; EnsoLi et al. 1990; VoceL et al. 1988). These cells
are presumably of mesenchymal origin and have characteristics of both smooth
muscle cells (WeicH et al. 1991) and endothelial cells. Several groups have shown
that either Tat expression vectors, recombinant Tat protein, or synthetic Tat
peptides can induce proliferation of AIDS KS-derived cells. This increase in
proliferation is associated with an increase in IL-6 production as well as IL-1, bFGF
(basic fibroblast growth factor), and granulocyte-monocyte colony-stimulating
factor production (Nakamura et al. 1988; EnsoLi et al. 1990, 1991). Since many of
these cytokines are also mitogens for these cells, it is unclear whether HIV Tat is
directly mitogenic or works indirectly through the induction of one or more
cytokines (MiLes et al. 1990, 1991, 1992).

In Jurkat T-cell lines, high-level expression of HIV Tat down-regulates expres-
sion of interleukin-2 as well as the high-affinity interleukin-2 receptor (Purvis et al.
1992). Since interleukin-2 is critical for the proliferation of cytotoxic T cells as well
as provision of T-cell “help”, down-modulation of IL-2 or its receptor could have
pathologic consequences. It has also been shown that the first exon of the Tat
gene is responsible for the increased production of TNFB found in T cells
chronically infected with a reverse transcriptase-defective HIV-1 provirus
(Buonaguro et al. 1992). Indirect evidence from this group demonstrated that HIV
can directly up-regulate TNFB production.

HIV Tat also increased TNFB production in B-lymphoblastoid Raji cells (Pocsik
et al. 1992) and decreased TNFB receptor number fivefold without a significant
change in receptor affinity. Down-regulation of TNFB receptors was not due to
occupancy of the receptor by autocrine production of TNFB, nor was it due to a
decrease in gene expression. Instead, it appeared that the receptor remained
intracellular in tat transfected cells.

6 Tat Modulation of Cellular Adhesion Molecules,
Matrix Proteins, and Surface Cytokine Receptors

As previously mentioned, HIV Tat has the capacity in some model systems to
down-regulate the interleukin-2 receptor as well as the TNF receptor. Other
groups have demonstrated that HIV Tat can down-regulate CD28 expressionin T-
cell lines (KasHiwamura et al. 1990). These effects are relatively specific to Tat, as
T-cell lines expressing other HIV-regulatory proteins (Nef or Rev) did not have
similar effects. The decrease in CD28 expression is associated with a decreased
ability of the cells to be triggered by the co-stimulatory C28 ligands, the B7-1/B7-
2 molecules. This suggests that some of the T-cell proliferative defects seen in
HIV tat transfected T cells and the inability of primary cells to respond to soluble
antigen in the presence of Tat (Kekow et al. 1991) could be related either to
production of TGFB1 or to down-modulation of CD28.
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Another potential mechanism for immunologic escape and immune dysreg-
ulation by HIV Tat is the apparently decreased expression of MHC class-1 antigen
in cytotoxic T cells expressing HIV Tat (HowcrorT et al. 1993). This repression of
MHC class-1 activity appeared to be related to the presence of two-exon Tat, as
single-exon Tat was incapable of mediating this effect. Coupled with the observa-
tion that single-exon Tat altered IL-2 and IL-2 receptor expression, these data
suggest that there may be specific immunologic effects related to the different
Tat species detected in HIV-infected cells (Purvis et al. 1992; HowcrorT et al.
1993).

6.1 Effects of Extracellular Tat

In addition to acting directly through intracellular production of Tat, a number of
groups have demonstrated that soluble HIV Tat can affect the function of other
cells. These can include the effects of recombinant Tat protein on T cells and T-
cell proliferation, as well as on monocytes and on cells of the central nervous
system (TAvLOR et al. 1992a,b; CHowbHURY et al. 1990). The mechanism of cellular
uptake of recombinant Tat has recently been delineated. Recent studies have
shown that vitronectin-binding integrin, aVB5, binds the basic domain of Tat
(VogeL et al. 1993). It appears that the Tat basic domain, containing the arginine-
rich sequence RKKRRQRRR, is homologous to the heparin-binding domain of the
aVB5 ligand, vitronectin, and can compete for the binding of vitronectin to the
surface of cells. This binding is specific, as peptides containing polyarginine or
polylysine do not bind to the receptor and do not compete for Tat binding (VogeL
etal. 1993). A second group has mapped the cellular uptake region to Tat aa 49-57
and demonstrated a cell-surface integrin receptor which is capable of binding
HIV-1 Tat (WEeeks et al. 1991, 1993). Thus, it appears that Tat can act in two ways:
directly, using intracellular alteration of gene expression, as well as indirectly, by
exiting the cell and binding to adjacent cells through integrin receptors, where it
is taken up, thereby affecting cellular function of nearby cells.

In addition to T-cell and macrophage defects, Tat may also be involved in
pathogenesis of AIDS-related Kaposi's sarcoma; Tat transgenic mice developed
KS-like lesions (VogeL et al. 1988). These lesions are not due to the direct
production of HIV Tat within the KS- like cells, as Tat expression is restricted to
perilesional cells. Furthermore, CV1 cells expressing HIV Tat have the capacity to
increase the proliferation of AIDS KS-derived cells (EnsoLi et al. 1990). The
proliferation is associated with a modulation of multiple cytokines that are known
to be involved in the proliferation of AIDS KS-derived cells (EnsoLi et al. 1989,
1990, 1993; BariLLARI et al. 1992; Nakamura et al. 1988). Thus, the paracrine
effects of extracellular Tat may be as important as direct effects on HIV-1 and
cellular gene expression.
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6.2 Tat Effects in the Central Nervous System

In addition to altering the expression of cellular receptors and adhesion molecules
in macrophages and T cells, HIV Tat can also alter matrix protein and cellular
receptors in cells of central nervous system origin. Using recombinant Tat
protein, there was a significant increase in mRNA levels of both fibronectin and
collagen types 1 and 3 in glial cells of human origin (TavLor et al. 1992a). Transient
transfection assays showed that there is an increased level of transcription of
both the fibronectin and the alpha 1 type-1 collagen promoters. In addition, Tat
has direct cytotoxic effects on rat brain-derived cells, and the basic regions of HIV
Tat proteins can act as potent neurotoxins (Hayman et al. 1993; PHiLipPON et al.
1992). Moreover, the toxicity of these proteins can be ameliorated by blocking
nitric oxide synthetase as well as N-methyl-p-aspartate (NMDA) channel opening.
A direct cytotoxic effect of HIV Tat on T cells has been suggested by another
group as well (SasaTier et al. 1991; Benyouap et al. 1993). Basic peptides from
region of aa 49-57 inhibited mitogen-induced T-cell proliferation. Moreover, using
51Cr release and trypan blue exclusion, Tat altered cell membrane permeability
and viability in a dose-dependent manner. Thus, in addition to functional defects,
there may be direct cytotoxic effects in the central nervous systemandon T cells.

6.3 Modulation of Cell Differentiation
and Function by HIV Tat

Some of the effects on cellular adhesion molecules and functional activity of both
T cells and monocytes may be attributable to the partial differentiation of these
cells in the presence of HIV Tat. Production of HIV Tat in monocyte-derived cell
lines (U937) results in an increased expression of several oncogenes, including C-
fos and C-fms (Mace et al. 1991). Expression of these oncogenes is associated
with an alteration in the differentiation of the cells, with an increased expression
of CD16 antigen and Fc receptors. In AIDS-related Kaposi's sarcoma cells, HIV Tat
expression is associated with an increase in smooth muscle alpha actin expres-
sion as well as morphological change with spindle cell formation (WEeicH et al.
1991). In mouse monocyte cell lines, these alterations and cellular differentiation
can result in a loss of tumoricidal activity, induced by gamma interferon and LPS
(SeTH et al. 1991).

6.4 Transactivation of Heterologous Viral Promoters
by HIV Tat

The mechanism underlying most alterations in gene expression reported after
exposure to recombinant HIV Tat or tat expression vectors is not understood. For
example, in the case of increased IL-6 expression in AlDS-related Kaposi's
sarcoma cells, there is no evidence that HIV Tat directly increases IL-6 expres-
sion. Studies of the IL-6 promoter in monocyte-derived cell lines have shown that
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there is no direct effect of HIV Tat on the IL-6 promoter (CHeN et al. 1992). Thus,
it is assumed that many of the alterations in expression of cytokines, cellular
adhesion molecules, cell-surface receptors, and alterations in functional activities
are indirect and the result of some other activity of HIV Tat, rather than direct
modulation of promoters of specific genes and gene products. However, for
some viral promoters it has been possible to demonstrate direct transactivation
by HIV Tat. For example, using the human papilloma virus 16 upstream regulatory
region (URR) linked to a chloramphenicol acetyl transferase (CAT) expression
construct, single-exon Tat significantly increased CAT activity (VERNON et al.
1993). Moreover, HIV Tat reverses E2-mediated repression. This increased URR-
directed gene expression was observed after transfection with HIV Tat and
following co-cultivation with HIV-1-producing cells. Similarly, Tat increased late
gene expression of the human neurotrophic JC virus in glial cells (CHowbHuRY et al.
1993). Using deletion mutation analysis, they have identified a region upstream of
the JC virus late RNA start sites which can respond to Tat in human glial cells.
Using synthetic oligonucleotides and a heterologous promoter, a GA/GC region
(GAGGCGGAGGC) was shown to confer Tat responsiveness in glial cells. Since
this sequence is not identical to the U-rich bulge region found in the HIV TAR, this
indicates Tat responsiveness in a heterologous promoter that is not due to the
presence of a TAR homologous sequence.

HIV Tat also transactivates the murine CMV major late promoter, which also
lacks a sequence similar to the TAR region (Kim and Risser 1993). The response
region appears to be in the upstream enhancer region, as deletion of this region
completely abrogated Tat responsiveness. Moreover, since Tat stimulates ex-
pression at both transcriptional and translational levels, there appears to be a
complex interplay between the enhancer region and a sequence upstream from
the known enhancer which negatively affects expression. HIV-1 Tat has been
shown to increase prion gene expression in human astrocytes (MuLLER et al.
1991). Presumably, this is due to the pentanucleotide CUGGG found in the stem-
loop structure of prion proteins. This sequence is similar to sequences within the
HIV cis-acting TAR sequence found in the HIV LTR. Moreover, infection of human
astrocytes with HIV-1 increased expression of DNA topoisomerase-ll activity
(MuLLER et al. 1991) as well as prion gene expression. It is possible that HIV-1
could alter prion gene expression in patients, resulting in progression of neuro-
logic disease. Finally, investigators groups have demonstrated reciprocal interac-
tions between HIV-1 Tatand human herpes virus type 6 (D1 Lucaetal. 1991). Both
HIV-1 and HHV-6 can infect human CD4 cells, so it is possible that this interaction
may occur directly in co-infected patients.

6.5 Pleiotropic Transactivation by HIV Tat

In virtually all of the model systems studied to date, HIV Tat has been shown to
modulate one or more of a variety of genes which may be important in immuno-
logic recognition or function. It is becoming clear that HIV Tat plays a much
broader role in the pathogenesis of HIV infection than simply increasing expres-
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sion of HIV-1 through binding to the cis-acting TAR sequence. However, many of
the activities ascribed to HIV Tat could be the result of cellular differentiation or de-
differentiation. Thus, for many of the alterations described to date (modulation of
IL-6, TGFB1, CD28, integrin receptors, etc.) there is little if any direct evidence
that the promoter for any of these gene products is directly transactivated. This is
in contrast to heterologous viral promoters; here the evidence for direct trans-
activation of these gene products is clear. Since alteration of cytokines, their
receptors, and adhesion molecules can profoundly affect immune function, it is
possible that immunologic paracrine effects of HIV Tat, as well as the direct
biologic effects of HIV-1 on T-cell function and cell number, may contribute to
immunopathogenesis.

7 Summary

We have focused this chapter on interactions with two of the best characterized
transregulatory genes, tax for HTLV-I/Il and Tat for HIV-1. Both genes illustrate
the complex interplay between retroviral regulatory genes and cellular gene
regulation. In both instances a viral gene of relatively straightforward function in
the viral context appears to cause extensive dysregulation of cellular genes, either
directly or as a consequence of altered cellular differentiation. Understanding this
viral/cellular gene cross-talk may elucidate mechanisms leading to malignant
transformation autoimmune disease and to neurologic and paraneoplastic com-
plications such as hypercalcemia for HTLV-I/Il, as well as the pathogenesis of
immune dysfunction and opportunistic malignancy in HIV-I/ll-infected individuals.
An understanding of functional mechanisms of these transregulatory viral genes
will undoubtedly afford better explanations for the myriad manifestations of
retroviral infection.
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1 Introduction

The regulation of HIV-1 gene expression is an area of intense investigation. Like
all retroviruses, HIV-1 integrates into cellular DNA, and its gene expression is
dependent on host cell transcription factors and polymerases (GAYNor 1992).
Cellular transcription factors are able to interact with distinct regulatory regions in
the long terminal repeat to modulate gene expression (GAynor 1992). In addition,
viral-encoded proteins are critical to the control of HIV-1 gene expression. A
number of important questions exist concerning the mechanisms which regulate
HIV-1 gene expression. What cellular factors are responsible for increases in
HIV-1 gene expression in response to T-lymphocyte activation? What are the
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mechanisms that repress HIV-1 gene expression in quiescent cells? How do HIV-
1 transactivator proteins stimulate increases in gene expression? An understand-
ing of these questions is critical to determining the interplay between viral and
cellular factors which regulate HIV-1 gene expression.

After the discovery of HIV-1 (BaARRE et al. 1983; GaLLo et al. 1984; RATNER et al.
1985; SancHEZ et al. 1985; WaIN et al. 1985), extensive mutagenesis of the virus
was performed to determine the cis- and trans-acting elements which regulate
viral gene expression. An 86 amino acid viral protein, Tat, was identified and found
to be required for HIV-1 gene expression and for subsequent viral replication
(Soproski et al. 198ba,b; Davton et al. 1986; FisHer et al. 1986). tatis unique among
viral transactivators. Unlike E1A and Tax, which activate a number of viral and
cellular genes, Tat activation is relatively specific for HIV-1 (CuLLeN 1986; PETERLIN
et al. 1986; WRIGHT et al. 1986; BerkHoUT et al. 1989). A cis-acting element in the
HIV-1 LTR, located downstream of the RNA initiation site, was critical for high-
level gene expression. This element, which extends from +1 to +60 in the HIV-1
LTR, was designated the trans-acting response element, or TAR (Rosen et al.
1985). TAR forms a double-stranded RNA structure which is required for high-
level gene expression in response to Tat (OkamoTo and VWone 1986; MUESING et al.
1987). Since tat is essential for HIV-1 gene expression and replication, an
understanding of its function is necessary to determine the factors that modulate
the HIV-1 life cycle. Furthermore, given the specificity of Tat for activating HIV-1
gene expression, it serves as a target of potential therapeutic interventions to
inhibit HIV-1 infection. This review explores the structure of the Tat protein, its
role in the viral life cycle, the cellular factors which are involved in regulating tat
function, and the mechanisms by which Tat activates HIV-1 gene expression.

2 Regulation of Gene Expression by tat

The mRNAs which are transcribed from HIV-1 include unspliced, singly spliced,
and multiply spliced precursors (FEINBERG et al. 1986; Kim et al. 1989) of 9.2 kb,
4.3 kb, and 2.0 kb, respectively. The unspliced RNA encodes the gag and gag-pol
precursors, the singly spliced RNA encodes the env gene products, and the
multiply spliced RNA encodes the accessory proteins tat, rev, and nef. Early after
HIV-1 infection, multiply spliced RNAs that encode viral regulatory proteins are
the predominant RNAs which are transcribed (Kim et al. 1989). Later, the abun-
dance of singly spliced and unspliced RNAs that encode HIV-1 structural proteins
become predominant (Kim et al.1989). Thus, the Tat protein, which is encoded by
multiply spliced RNAs, is produced during the early phase of the HIV-1 life cycle.

The tatgene of a variety of HIV-1 strains is extremely conserved at the amino
acid level (Mevers 1988). The tat gene is encoded by two exons (AryA et al. 1984;
Soproski et al. 19853, b). The first exon, preceding the env gene, codes for 72
amino acids, while the second exon, within the env gene, codes for an additional
14 amino acids (ARryA et al. 1984; Soproski et al. 1985a,b). In HIV-1-infected cells,
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the predominant form of Tat is 16 kDa and is comprised of 86 amino acids
(ALpovini et al. 1986; MuEesinG et al. 1987). Aminor form of Tatis 14 kDa, comprised
of only 72 amino acids (WRriGHT et al. 1986). In addition, a third form of 28-kDa Tat
is also seen in HIV-1-infected cells (Benko et al. 1990). This protein, designated
Tev, contains 72 amino acids from tat, 38 amino acids from env, and 91 amino
acids from rev (Benko et al. 1990). The Tev protein has functions of both the tat
and rev proteins. Thus, several different forms of the Tat protein are capable of
being translated from a variety of multiply spliced RNAs. It is not clear if these
different forms of tat have different functional properties, though the transcrip-
tional activating properties of the 72- and 86-amino acid tat proteins have been
elucidated (Soproski et al. 1985a, b; CuLLEn 1986).

3 Structure of the Tat Protein

Examination of the 86-amino acid sequences of Tat reveals a number of interest-
ing structural characteristics, as shown in Fig. 1 (Mevers 1988). The amino-
terminus of Tat which extends from residues 1 to 21 contains three repeats of
proline XXX proline in addition to acidic amino acids at positions 2, 5 and 9. This
region is followed by a domain extending from residues 22 to 37, which contains
seven cysteine residues potentially capable of binding divalent ions such as
cadmium and zinc. A domain located between residues 38 and 48, with no
obvious transcriptional activating domains, is critical for tat activation of HIV-1
gene expression. A region extending between residues 49 and 57 contains eight
basic amino acids, including both lysine and arginine. The residues between 58
and 72 do not have obvious unique structural features, while the carboxyl
terminus of Tat, extending from residues 73 to 86, contains the highly conserved
tripeptide sequence Arg-Gly-Asp, known as an RGD sequence, which may be
important in Tat binding to cell surfaces via integrin-mediated cell adhesion (Brake
et al. 1990). Thus, the tat protein contains a number of unique structural motifs
which likely mediate its transcriptional regulatory properties.

The purification of recombinant Tat protein using bacterial expression sys-
tems has allowed a characterization of its biochemical properties (FRaNkeL et al.

1 10 20
Met Glu Pro Val Asp Pro Asn Leu Glu Pro Trp Lys His Pro Gly Ser Gin Pro Arg Thr

21 30 40
Ala Cys Asn Asn Cys Tyr Cys Lys Lys Cys Cys Phe His Cys Tyr Ala Cys Phe Thr Arg

41 50 60
Lys Gly Leu Gly Ile Ser Tyr Gly Arg Lys Lys Arg Arg Gin Arg Arg Arg Ala Pro Gin

61 70 80
Asp Ser Gin Thr His Gin Ala Ser Leu Ser Lys Gin Pro Thr Ser Glu Ser Arg Gly Asp

81 86
Pro Thr Gly Pro Lys Glu

Fig. 1. The 86 amino acid sequence of tat
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1988; Gentz et al. 1989; DinawaLL et al. 1990; Wu et al. 1991). Tat has been difficult
to purify because it is avidly bound to bacterial nucleic acids. Furthermore,
oxidation of the cysteine residues potentially alters the structural integrity of this
protein (FRANKEL et al. 1988). Even with these difficulties, several methods have
been used to purify recombinant tat protein from Escherichia coli; Tat has been
purified from bacteria following denaturation with urea or guanidine to liberate it
from nucleic acids (FRANKEL et al. 1988; Gentz et al. 1989; DinoweLL et al. 1990).
Following renaturation, Tat has been purified via either conventional column
chromatography or affinity chromatography, using nickle columns which bind
histidine-tagged Tat. Protease cleavage of fusions of Tat with glutathione S-
transferase has been used successfully to purify native Tat (Wu et al. 1991). This
protocol avoided denaturation and subsequent renaturation steps, which can
decrease the activity of Tat. Other systems vyielding high levels of Tat include
expression in baculovirus, yeast, and vaccinia. The purification of Tat from these
expression systems has many of the same difficulties as those seen with
bacterial-produced Tat.

[t was necessary to develop assays for determining the activity of recombi-
nant Tat proteins. The ability of Tat to be taken up from tissue culture media and
subsequently transactivate HIV-1 LTR CAT reporter constructs has been used to
assay the activity of Tat (FRankeL and PaBo 1988; Gentz et al. 1989). Several recent
studies have demonstrated that recombinant Tat was able to stimulate gene
expression using in vitro transcription assays with the HIV-1 LTR (MARciNIAk et al.
1990a; Marciniak and SHarP 1991). Another assay for recombinant tat protein was
based on its ability to bind to labeled in vitro transcribed TAR RNA in gel
retardation assays (DiNnewALL et al. 1989, 1990; Wu et al. 1991). Further studies of

Tat, including NMR and crystallization, will be required to determine its molecular
structure.

4 Functional Motifs of Tat

Several techniques have been used to identify which domains in Tat mediate its
transactivating properties. The most commonly used method involves co-trans-
fection into tissue culture cells of expression constructs containing wild-type or
mutated tat genes, along with an HIV-1 LTR construct fused to either chloram-
phenicol acetyltransferase or luciferase reporter genes (Hauser et al. 1987; GArciA
etal. 1988; Kuppuswamy et al. 1989; Rugen et al. 1989; Rice and CarLotTi 1990). This
co-transfection assay has also been used to determine which regulatory regions
in the HIV-1 LTR are required for tat function. Another assay of tat function
involved inserting mutated tat genes into HIV-1 proviral constructs and assaying
the production of infectious virus (Sabaie et al. 1988). Finally, recombinant wild-
type and mutant Tat proteins can be tested for their ability to stimulate HIV-1 LTR
gene expression using in vitro transcription assays (Marciniak et al. 1990a;
MaRrciNniak and SHARP 1991).
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Mutations of the amino terminus of Tat that disrupted proline residues which
were part of three proline XXX proline repeats did not severely alter tat function
(Garcia et al. 1988). However, internal deletions of four amino acids between
positions 3 and 6 inhibited the function of tat, as did mutation of three acidic amino
acids at positions 2, 5, and 9 (Kuppuswamy et al. 1989; RappAPORT et al. 1989;
TiLey et al. 1992). Though these latter mutations demonstrated the importance of
the amino terminus, a number of other mutations in this region did not severely
inhibit tat function. Thus the structural characteristics of the amino terminus
which regulates tat function remain to be determined. The cysteine-rich domain
is critical for tat function. Mutagenesis of six of seven specific cysteine residues
in the cysteine-rich portion of tat between amino acids 22 and 37 severely
decreased tat transactivation (Garcia et al. 1988; Sapaie et al. 1988; Kuppuswamy
et al. 1989; Rice and CarLoTTi 1990). Changes in the remaining cysteine at amino
acid 31 in this domain did not markedly alter the ability of tat to transactivate the
HIV-1 LTR. Whether these cysteine residues function to mediate cadmium or
zinc dimers of tat is not known (FRankeL et al. 1988). Several specific amino
acid substitutions in the so-called core domain of tat, between amino acids 38 and
48, resulted in severe defects in tat transactivation (Kuppuswamy et al. 1989; Rice
and CarLotTi 1990). For instance, substitution of alanine for phenylalanine at
residue 38, or alanine for lysine at residue 41 prevented tat activation. The
structure of this domain, critical in mediating tat activation, is not known.

The basic domain of tat, which extends between amino acids 49 and 57, is
required for the nuclear and likely nucleolar localization of Tat (Hauser et al. 1987;
GARclA et al. 1988; Kuppuswamy et al. 1989; Rusen et al. 1989; EnsoLl et al. 1990;
Siomi et al. 1990). This domain is also essential in mediating Tat binding to TAR
RNA (DinewaLL et al. 1989, 1990; CorpINGLEY et al. 1990; WEeeks et al. 1990; CALNAN
et al. 1991a,b; Weeks and CroTHERS 1991; Wu et al. 1991). Mutation of individual
basic amino acids in this domain did not alter Tat nuclear localization or binding to
TAR RNA, or the ability of tat to transactivate HIV-1 (Garcia et al. 1988; RuseN
etal. 1989; DinewaLL et al. 1989, 1990; Roy et al. 1990a; Siomi et al. 1990; MoDEesTI
et al. 1991). However, mutations which change the overall basic charge in this
domain dramatically decrease the transactivating properties of Tat (GARciA et al.
1988; RuBeN et al. 1989; DinewaLL et al. 1989, 1990; Rovy et al. 1990a; CALNAN et al.
1991 a,b). The region of tat extending from amino acids 58 to 72 has an
augmenting function on tat activation (GArciA et al. 1988; Kuppuswamy et al. 1989;
Rugen et al. 1989). Deletion of this region resulted in two- to threefold decreases
in tat transactivation. The second exon of Tat, which contains 14 additional
amino acids, does not appear to alter the degree of tat activation. This region
of tat contains an RGD sequence that may be involved in Tat binding to sites
required for integrin-mediated cell adhesion. However, recombinant Tat lacking
the second exon can be taken up by adsorbative endocytosis and is able to
transactivate an HIV-1 LTR construct (Mann and FRANkeL 1991). The role of the
RGD sequence in tat is not clear. Tat proteins containing either 72 or 86 amino
acids did not appear to differ significantly in their ability to transactivate the
HIV-1 LTR (Kuppuswamy et al. 1989). The functional domains of Tat are shown in
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Fig. 2. Structural aspects of Tat. Functional domains in Tat including the amino terminus extending from
amino acids 2 to 11, the cysteine-rich domain extending from amino acids 22 to 37, the core domain
extending from amino acids 38 to 48, the basic domain extending from amino acids 49 to 57, the
augmenting domain extending from amino acids 58 to 72, and the second exon of tat extending from
amino acids 73 to 86

Fig. 2. Thus, the Tat protein contains a number of functional domains which
modulate its transcriptional activating properties.

5 Role of cis-acting DNA Regulatory Elements
in tat Function

Though the TAR element is critical in mediating tat activation, a number of cis-
acting regulatory elements in the HIV-1 LTR are important in modulating HIV-1
gene expression in both the presence and the absence of tat. The cellular factors
which have been demonstrated to bind different elements in the HIV-1 LTR are
shown in Fig. 3 (Gaynor 1992). For simplicity, the HIV-1 LTR can be divided into
three functional regions. These include the modulatory region that extends from
-454 to -78, the core region that extends from —78 to the transcription initiation
site, and TAR, which extends from +1 to +60 (Gaynor 1992). The modulatory
region contains a number of regulatory elements that stimulate HIV-l gene
expression in response to activating T-lymphocyte proliferation (Siekevitz et al.
1987; Tong et al. 1987; CrasTREE 1989). The best studied of these elements is the
enhancer element, containing two NF-xB motifs that bind the members of the re/
or NF-xB family (NageL and BaLTimore 1987). Though NF-xB motifs are important
in regulating HIV-1 gene expression, this element is not essential for high levels
of tat activation, nor is it required for relatively normal viral growth properties
(LEONARD et al. 1989; Ross et al. 1991).

The core element in the HIV-1 LTR is critical for tat activation. This region
contains three SP1 binding sites (Jones et al. 1986; HarricH et al. 1989; KaMMINE et
al. 1991; Kamine and CHINNADURAI 1992) and the TATA element (Garcia et al. 1989;
BerkHouT and JeanGg 1992; OLsen and Rosen 1992; Lu et al. 1993). Mutation of
individual SP1 binding sites in HIV- 1 LTR CAT constructs was fully activated by
tat, while constructs with mutations of all three SP1 binding sites exhibited
markedly reduced degrees of tatactivation (Jones et al. 1986; HaRRIcH et al. 1989).
However, the SP1 binding sites are not essential for tat activation. The replace-
ment of all three SP1 binding sites with binding sites from other upstream
activator proteins was able to partially restore the level of tat-activation (SouTHGATE
and GRreen 1991; BerkHouT and JEang 1992). These studies demonstrated that the
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Fig. 3. Cellular factors that bind to the HIV-1 LTR. The region of the HIV-1 LTR extending from —453 to
+60 is shown. The HIV-1 LTR can be divided into three functional regions designated the modulatory,
core, and TAR elements. Cellular factors binding to the modulatory elements include AP-1, COUP, NF-
AT, USF, TCF1a, and NF«B. The core element contains three SP1-binding sites, and the TATA element
binds the cellular factor TBP. The TAR DNA element binds several cellular factors including UBP-1/
LBP-1, UBP-2, and CTF/NF1, while TAR RNA binds several factors including TRP-185 and p68

fold-activation by tat was inversely proportional to the basal level of HIV-1 gene
expression (SouTHGATE and GReeN 1991). Thus, the binding of strong upstream
activators such as GAL4-VP16 fusions to GAL4 binding sites inserted in place of
the SP1 binding sites raised the basal level of HIV-1 gene expression but lowered
the fold of tat activation. However, SP1 binding sites were demonstrated to be
the optimal upstream element for mediating high-level tat activation.

Several studies have demonstrated that the structure of the HIV-1 TATA
element was critical for tatactivation (Garcia et al. 1989; BerkHouT and JEANG 1992;
OLseN and Rosen 1992; Lu et al. 1993). Mutation of the TATA sequence or
substitution with the TATA elements of SV40, the adenovirus major late pro-
moter, or the cellular DRA promoter each dramatically decreased the level of tat
activation (Garcia et al. 1989; BerkHouT and JeEanG 1992; OLseN and Rosen 1992; Lu
et al. 1993). However, these changes in the TATA sequence did not affect the
basal expression from the HIV-1 promoter (Garcia et al. 1989; BerkHouT and JEANG
1992; Lu et al. 1993). The replacement of the HIV-1 TATA element with the
terminal transferase initiator element eliminated tat transactivation (OLsen and
Rosen 1992; Lu et al. 1993). These studies indicate that the structure of the TATA
element may specify so-called nonprocessive transcription complexes that are
the target for tat activation.

DNA regulatory elements downstream of the TATA element also influence
the level of tat activation. These DNA elements between -38 and -16 and
between —-16 and +27 bind the cellular transcription factor UBP-1/LBP-1. The
region between -16 and +27 is a high-affinity UBP-1/LBP-1 (Garcia et al. 1987;
JonEs et al. 1988; Wu et al. 1988; Kato et al. 1991) binding site, while the region
between -38 and —16 is a lower affinity site for this factor. When UBP-1/LBP-1
was present in high levels in in vitro transcription assays, it repressed HIV-1 gene
expression by preventing cellular factors from associating with the TATA element
(Kato etal. 1991). A number of other cellular factors such as upstream regulatory
factor (USF) can also bind to downstream regulatory regions that include
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pyrimidine-rich initiator elements (Du et al. 1993). Though specific upstream DNA
regulatory elements are important for tat activation, maximal levels of tat activa-
tion require the presence of both specific upstream regulatory elements and TAR
(Garcia et al. 1987). tat activation likely involves interactions either directly or
indirectly with cellular transcription factors that bind to both these upstream and
downstream regulatory elements.

6 Heterologous Fusions to Determine tat Function

Transfection studies with the HIV-1 LTR did not clarify whether tat activation was
a consequence of interactions with cellular factors that bound to HIV-1 DNA or
RNA elements. In fact, it was considered possible that tat could act as a bridging
molecule between DNA and RNA bound cellular factors. To address whether Tat
functioned when bound to either DNA or RNA templates, heterologous fusions
were constructed in which Tat was fused to either known DNA (BerkHouT et al.
1990; SoutHcaTE and GReeN 1991) or RNA (Sety and PeTeRUN 1990; SOUTHGATE
et al. 1990) binding proteins. The recognition sites for these proteins were then
inserted into HIV-1 LTR reporter constructs. Transfection of Tat fusion proteins
with the corresponding HIV-1 reporter constructs was then performed.

Several studies indicated that Tat could activate gene expression when
bound to HIV-1 LTR DNA elements (BerkHouT et al. 1990; SouTtHeATE and GREEN
1991). Fusions of Tat with the cellular transcription factor c-jun indicated that a
Tat/c-jun fusion was capable of activating gene expression when bound to an
HIV-1 template containing AP-1 binding sites (BerkrouT et al. 1990). Mutation of
the AP-1 binding sites eliminated activation by the Tat/c-jun construct. Similar
studies were performed by inserting multiple GAL-4 DNA binding sites in place
of the NF-xB motifs in the context of an HIV-1 LTR (SouTtHeATE and Green 1991)
construct with a mutated TAR element. Transfection experiments indicated that
a fusion of Tat with the DNA binding domain of the yeast transcription factor
GAL4 was able to activate HIV-1 gene expression (SoutHGATE and GReen 1991).
Optimal activation by tat required the presence of functional SP1 binding sites
and a TATA box but not an intact TAR element (SoutHeATE and Green 1991).
Mutations in critical functional domains of Tat eliminated this activation. These
results indicated that Tat can function when bound to HIV-1 DNA templates
in the absence of a functional TAR element.

Other heterologous fusions have been constructed in which Tat was fused to
known RNA binding proteins (SELBY and PeTeRLIN 1990; SouTHGATE et al. 1990).
These included fusions of Tat with either the RNA binding domain of the rev
protein (SouTHGATE et al. 1990) or the RNA binding domain of the prokaryotic R17
phage coat protein (SeLey and PeTerLIN 1990). In these experiments, the native
TAR element was replaced with either the revresponse element (RRE) (SouTHGATE
et al. 1990) or the RNA binding site of the R17 phage coat protein (SeLsy and
Peterun 1990). Transfection of these tat fusions with the appropriate reporter
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gene demonstrated that each Tat fusion was able to activate HIV-1 gene expres-
sion when bound to its respective downstream RNA binding site (SeLsy and
PeTeRLIN 1990; SouTHcaTE et al. 1990). The Tat/R17 coat protein fusion activated its
reporter construct even when the basic domain of Tat was deleted (SeLsy and
PeTeruin 1990). Since the basic domain of tat functions in binding to TAR RNA,
this latter result established that the tatfusion bound through the R17 coat protein
binding site. However, the level of activation by the R17 coat protein fusion with
Tat was only 5-10% of the level obtained by wild-type tat activation of an HIV-1
LTR construct containing an intact TAR element (SELsy and Peteruin 1990).

These studies with heterologous Tat fusions suggested that they could
activate gene expression when bound to either a DNA or an RNA binding site.
Similar results have been obtained with the viral transactivator VP-16. VP-16 has
also been demonstrated to activate HIV-1 gene expression as a heterologous
fusion with either GAL-4 or rev. These VP-16 fusions will activate the gene
expression of HIV-1 LTR CAT reporter constructs that contain either the DNA
(Southeate and Green 1991) or RNA (Tiey et al. 1992) binding sites for the
respective heterologous tat fusion construct. Since VP-16 has been demon-
strated to bind to the general transcription factors such as the TATA-binding
protein (TBP) (STrRINGER et al. 1990), it was suggested that both VP16 and tat likely
targeted components of the basal transcription complex to activate gene expres-
sion (TiLey et al. 1992). It is unclear whether both tat and VP16 target the same
cellular factors present in the transcription complex.

7 Tat Binding to TAR RNA

Anumber of studies have indicated that the TAR element was the major target for
tat activation (Rosen et al. 1985; Fenc and HoLLanp 1988; Hauser and CuLLEN 1988;
JakosoviTs et al. 1988; BerkrHouT and Jeang 1989; Garcia et al. 1989; SeLsy et al.
1989; Rov et al. 1990b). Since computer modeling demonstrated that TAR RNA
was capable of forming a stable RNA secondary structure (MuesinG et al. 1987,
Fene and HoLLanp 1988), mutagenesis was performed to elucidate whether TAR
RNA secondary structure was required for tat activation. A variety of mutant TAR
elements were constructed in the context of HIV-1 LTR CAT constructs. Co-trans-
fection of these constructs with the tat gene indicated that several structural
features of TAR were critical for tatactivation (Rosen et al. 1985; FEnc and HoLLanD
1988; Hauser and CuLLEN 1988; JakoBoviTs et al. 1988; BerkHouT and Jeang 1989;
Garcia et al. 1989; SeLBy et al. 1989; Roy et al. 1990b).

One major element required for tat activation was the preservation of the
TAR RNA stem structure. Mutations in the lower portion of the TAR RNA that
disrupted stem base pairing resulted in decreased levels of tat activation (HAUBER
and CuLLEN 1988; JakoBoviTs et al. 1988; GaRrcia et al. 1989; SeLsy et al. 1989; Roy
et al. 1990b). For instance, several different mutations between +1 and +18 and
+44 and +60 resulted in only two- to threefold decreases in tat activation.
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However, mutations in the upper portion of the stem structure, between +18 and
+43, that disrupted stem base pairing resulted in dramatic decreases in tat
activation (FENG and HoLLAND 1988; Haueer and CuLLEN 1988; JakooviTs et al. 1988;
GaRcla et al. 1989; SeLBy et al. 1989; Roy et al. 1990b). Compensatory mutations
that restored stem base pairing in either the upper or lower portion of the TAR
RNA stem were able to nearly restore the degree of tat activation.

The upper portion of TAR RNA between +18 and +43 contained two other
important regulatory elements. One structure that was important for tat activa-
tion was the three-nucleotide bulge between positions +23 and +25 (BErkHOUT
and Jeang 1989; DingwaLL et al. 1990; Roy et al. 1990a,b; Calnan et al. 1991a). For
instance, mutation of the uridine residue at position +23 in the bulge resulted in
marked decreases in tat activation (BeErkHouT and Jeanc 1989; CoRDINGLEY et al.
1990; DinewALL et al. 1990; Rov et al. 1990a,b; CAlnaN et al. 1991a). The six-
nucleotide loop between positions +30 and +35 was also critical for tatactivation
(FEng and HoLLanD 1988; BerkHouT and JEang 1989; Garcia et al. 1989; Roy et al.
1990a,b; Wu et al. 1991). Mutation of individual nucleotides in this region resulted
in decreases in tat activation, while changes in multiple nucleotides in the loop
region between +31 and +34 eliminated tat activation (FENG and HoLLanD 1988;
BerkHouT and JeanG 1989; GaRcia et al. 1989; Roy et al. 1990a,b; Wu et al. 1991).
The positions of the TAR RNA loop and bulge regions are shown in Fig. 4. Though
a number of HIV-1 LTR DNA regulatory elements have been identified that
modulate the level of HIV-1 gene expression (Garcia et al. 1987; Jones et al. 1988;
Wu et al. 1988; Kato et al. 1991), the above results established a critical role for
TAR RNA in mediating tat activation.

These studies suggested that tat activation may be the result of its binding to
TAR RNA. To determine whether Tat bound directly to TAR RNA, RNA gel
retardation analysis was performed to correlate the transactivating properties of
tat with its ability to bind to TAR RNA. In vitro transcribed and *?P-labeled TAR
RNA was incubated with purified Tat protein, followed by polyacrylamide gel
electrophoresis and autoradiography. Gel retardation experiments demonstrated
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that Tat bound specifically to TAR RNA (DingwaLL et al. 1989; CorbINGLEY et al.
1990; DinewALL et al. 1990; WEEeks et al. 1990; CALNAN et al. 1991a,b; WEeeks and
CrotHERs 1991; Wu et al. 1991). To determine the region of TAR RNA that bound
Tat, binding to various TAR RNA mutants was performed, and the effects of
various TAR RNA mutations on Tat binding were determined. This analysis
indicated that deletion of the TAR RNA bulge eliminated Tat binding (CorbINGLEY
et al. 1990; DingwALL et al. 1990; WEkks et al. 1990; CaLnan et al. 1991a,b; WEEks
and CroTtHERs 1991; Wu et al. 1991). In fact, mutation of the U residue at +23 in the
bulge was sufficient to eliminate Tat binding (CorbinGLEY et al. 1990; DiNGWALL et
al. 1990; WEeeks et al. 1990; Cainan et al. 1991a,b; WEeeks and CroTHERs 1991; Wu
etal. 1991). Mutation of individual groups of nucleotides in the loop had only small
effects on Tat binding (CorbinGLEY et al. 1990; DinewaALL et al. 1990; WEEks et al.
1990; CaLNaN et al. 1991a,b; Weeks and CroTHERs 1991; Wu et al. 1991). Disruption
of the upper portion of the TAR RNA stem structure between +18 and +43 also
markedly decreased Tat binding, likely by destroying the integrity of the bulge
structure. However, mutations of the lower portion of the TAR RNA stem
structure did not markedly influence Tat binding. Though three portions of TAR
RNA, including the upper portion of the stem, the bulge, and the loop, were all
involved in influencing the degree of tat activation, only the preservation of the
bulge structure in the context of an intact TAR RNA stem appeared critical for Tat
binding.

It was also critical to determine which domains in the Tat protein were
involved in its RNA binding. One domain of Tat, the basic domain, contains eight
lysine and arginine residues (CorbiNGLEY et al. 1990; DinewALL et al. 1989, 1990;
WEEeks et al. 1990; CaLnan et al. 1991a,b; WEeeks and CroTHERs 1991). This is similar
to a domain found in several prokaryotic RNA binding proteins, such as the
lambda phage N protein (Lazinski et al. 1989; RoserTs 1993). Mutations in the basic
domain of Tat eliminated its ability to bind to TAR RNA in gel retardation assays
(DiNnawALL et al. 1989; CorbINGLEY et al. 1990; DinewaLL et al. 1990; WEeeks et al.
1990; Cawnan et al. 1991a,b; WEeks and CrotHers 1991; Wu et al. 1991). Tat
proteins with mutations in other domains, including the amino terminus or the
cysteine-rich region, were still able to bind efficiently to TAR RNA. To further
explore the binding properties of the Tat basic domain, a variety of small peptides
corresponding to the basic domain of Tat were tested in gel retardation analysis
with TAR RNA (CorbinGLEY et al. 1990; WEeeks et al. 1990; CALNAN et al. 1991a,b;
WEeEeks and CroTHERS 1991). Peptides containing eight arginine residues, but not a
similar arrangement of lysine residues, bound specifically to TAR RNA (CALNAN et
al. 1991b). The position of an arginine residue at amino acid 52 or 53, surrounded
by three or four basic amino acids, was required for specific binding of Tat
peptides to TAR RNA (Cainan et al. 1991b). The binding properties of a number of
peptides corresponding to the basic domain with TAR RNA were then tested
using gel retardation analysis. The ability of these Tat peptides correlated with the
ability of these amino acid sequences to bind to TAR RNA when placed in the

context of full-length Tat proteins to transactivate HIV-1 gene expression (CALNAN
etal. 1991b).
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Tat peptides have also been used to more clearly define the regions of TAR
RNA that were critical in Tat binding. These studies mapped the critical se-
qguences for Tat binding to nucleotides extending from +20 to +27 in TAR RNA
(CaLnan et al. 1991b; WEeeks and CroTHERs 1991). Again, the uridine residue at +23
in the bulge region was found to be essential for Tat binding (CaLnan et al. 1991b;
Weeks and CroTHers 1991). The bulge region was thought to alter TAR RNA
structure in a manner that allowed the RNA major groove to be accessible for Tat
binding. Ethylation interference and molecular modeling demonstrated that the
arginine at positions 52 and 53 of Tat interacted by hydrogen bonding with
phosphates surrounding the adenine residue at +22 in the bulge. This model of
Tat binding was referred to as “the arginine fork” (CaLNaN et al. 1991b; PuacLisi
et al. 1992). Though these studies pointed to an important interaction of Tat with
TAR, the lack of stringent specificity of this interaction suggested that tat
activation involved subsequent interactions with cellular transcription factors.

8 Cellular Factors Bind to TAR RNA

The studies reviewed in the previous section indicated that Tat binding to the TAR
RNA bulge was critical in regulating HIV-1 gene expression. Though the loop
sequences have been demonstrated to be important for tat activation, mutation
of these sequences did not markedly alter Tat binding. This suggested that the
loop sequences may be involved in the binding of cellular proteins. Though the
major function of the stem secondary structure was likely to preserve the loop
and the bulge elements, this element could also serve as the binding site for
cellular factors. A number of studies have been performed to identify cellular
factors that bound to the TAR RNA and may be involved in regulating HIV-1 gene
expression (GAYNOR et al. 1989; Marciniak et al. 1990b; GatienoL et al. 1991,
SHELINE et al. 1991; Wu et al. 1991).

To identify cellular factors that bound to TAR RNA, gel retardation using 32p-
labeled TAR RNA was performed as previously described for Tat-binding studies.
Hela nuclear extract was fractionated using column chromatography, and these
fractions were subsequently assayed by gel retardation analysis with TAR RNA.
To determine the specificity of cellular protein binding to TAR RNA, competition
analysis was performed with a variety of unlabeled wild-type and mutated TAR
RNAs. Using these techniques, a 185-kDa protein designated TRP-185 (TAR RNA
binding protein-185) or TRP-1 was identified (SHELINE et al. 1991; Wu et al. 1991).
TRP-185 bound with marked specificity and high affinity to the TAR RNA loop
sequences (Wu et al. 1991), and this required another set of proteins known as co-
factors (SHELINE et al. 1991; Wu et al. 1991). The mechanism by which these co-
factors modulated TRP-185 binding to TAR RNA has not been determined.
TRP-185 stimulated basal expression from the HIV-1 LTR in one study and was
found to be synergistic with Tat in stimulating in vitro transcription from the HIV-1
LTR in another study (SHeLINE etal. 1991; Wu et al. 1991). Gel retardation analysis
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was performed to determine whether both Tat and TRP-185 might form a
complex with TAR RNA. This analysis demonstrated that TRP-185 and Tat
excluded each other’s binding to TAR RNA (SHEeLINE et al. 1991; Wu et al. 1991),
suggesting that Tat and TRP-185 might regulate different steps in a transcriptional
pathway required to activate HIV-1 gene expression.

Other cellular factors have also been demonstrated to bind to TAR RNA
(Marciniak et al. 1990b; GaTtieNoL et al. 1991). A factor known as p68 was found to
bind to the TAR RNA loop sequences (Marciniak et al. 1990b). The role of this
factor in regulating HIV-1 gene expression remains to be determined. Another
cellular factor designated TRP-2 was also identified by TAR RNA gel retardation
analysis. TRP-2 had a binding specificity similar to that of Tat, in that it bound to
the TAR RNA bulge sequences (SHeLINE et al. 1991). Whether TRP-2 is a negative
regulator of tat function remains to be determined. Several stem-binding pro-
teins, including one designated TRBP, have been demonstrated to bind to TAR
RNA (GatienoL et al. 1991). Though the expression of TRBP stimulated HIV-1
gene expression in co-transfection assays, it was not clear whether this effect
was due to transcriptional or to translational effects. These results indicate that
one or more cellular factors are likely to be critical in modulating both the binding
and transcriptional activating properties of Tat.

9 Mechanism of tat-mediated Transcriptional Activation

Early studies performed by co-transfection of tat and HIV-1 LTR reporter con-
structs were consistent with a model in which tat activated gene expression by
increasing both the level and the efficiency of HIV-1 RNA translation (CuLLen 1986;
WHRIGHT et al. 1986; Tone et al. 1987; BerkHouT et al. 1989). The effects of tat on
translation of HIV-1 RNA were confirmed by microinjection studies of tat into
Xenopus oocytes (Brabbock et al. 1989). Though tat may somewhat increase the
translation of HIV-1 RNA (CuLLen 1986; WRIGHT et al. 1986; Brappock et al. 1989),
this effect does not appear to be the primary mode of tat activation (Garcia et al.
1987; BerkHouT et al. 1989; ManN and FrRankeL 1991). Rather, the primary effects
of tat appear to be at the level of transcription initiation and elongation.

A detailed analysis was performed to determine the mechanism by which tat
altered HIV-1 RNA levels (Kao et al. 1987; MuesinG et al. 1987; Rice and MATHEWS
1988; Laspia et al. 1989, 1990; RATNASABAPATHY et al. 1990; FeinBerG et al. 1991).
Different probes were used to analyze changes in the amount of RNA present at
increasing distances from the HIV-1 transcription initiation site in both the
presence and the absence of tat. In the absence of tat, the predominant RNAs
generated from the HIV-1 promoter were short transcripts which terminated at
+60 (Kao et al. 1987; Brabpock et al. 1989; Laspia et al. 1989, 1990; RATNASABAPATHY
et al. 1990; FeinBerg et al. 1991). In the presence of tat, the level of short
transcripts generated from the HIV-1 promoter decreased, while the level of
elongated transcripts was found to increase (Kao et al. 1987; Lasria et al. 1989,
1990; RATNASABAPATHY et al. 1990; FeinBERG et al. 1991).
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Mutagenesis of TAR indicated that a region between -5 and +82 was critical
for the generation of short transcripts (RatnasaBaPATHY et al. 1990). In fact, these
short transcripts were also generated from heterologous promoter constructs
that were fused to these latter HIV-1 sequences (RATNASABAPATHY et al. 1990). This
element within TAR, designated the inducer of short transcripts, was found to
activate the overall transcriptional rate of promoters to which it was fused. A
further characterization of this region suggested that a DNA element, between -5
and +26, which bound cellular transcription factors likely was critical for the
generation of short transcripts (SHELDON et al. 1993). The fact that mutation of the
loop sequences did not alter the generation of short transcripts indicated that
the presence of short transcripts was not sufficient for tat activation
(RATnASABAPATHY et al. 1990; SHELDON et al. 1993). However, it is possible that the
process which generates short transcripts identifies a transcriptional pathway
which is important in tat activation.

The role of tatas a potential anti-terminator of transcription has been analyzed
by nuclear run-on experiments. HIV-1 LTR constructs containing the SV40 origin
were transfected into COS cells in both the presence and the absence of tat and
the HIV-1 RNAs transcribed were analyzed (Kao et al. 1987; Lasria et al. 1989). Tat
was found to have no effects on promoter-proximal transcription, but it markedly
increased promoter distal transcription (Kao et al. 1987; Laspia et al. 1989). These
results suggested that tatacted as an anti-terminator to elongate transcripts that
usually terminated at +60 in TAR RNA. However, attempts to identify a distinct
terminator sequence in TAR were unsuccessful (Kao et al. 1987; Laspria et al.
1989). In another series of experiments, an adenovirus vector lacking E1A but
containingan HIV-1 LTR CAT construct was used to infect HeLa cells in either the
presence or the absence of tat (Laspia et al. 1989, 1990). Nuclear run-on experi-
ments were performed to determine whether tat altered the level of RNA
transcribed from the HIV-1 promoter. In the absence of tat, the majority of
transcripts hybridized primarily to probes derived from regions located within 60
nucleotides of the HIV-1 transcription initiation site, but not to probes located
several hundred nucleotides downstream (Laspia et al. 1989). In the presence of
tat, there was an increase in the level of HIV-1 transcripts in both the promoter
proximal and downstream regions (Laspia et al. 1989, 1990). The effects of tat
were more pronounced on increasing the levels of long RNAs than an increasing
those of short RNAs. The role of tat on transcriptional activation was compared
with that of the viral transactivator E1A, which is also capable of activating HIV-1
gene expression. In contrast to tat, the primary effect of E1A was on transcrip-
tional initiation rather than on elongation (Laspia et al. 1990). Thus, tat appears to
be unique among viral transactivators, in that its primary effect is on stimulating
transcriptional elongation rather than transcriptional initiation.

To confirm the results found with transfection of tat and HIV-1 LTR CAT
reporter constructs, nuclear run-on studies were also performed with HIV-1
proviral constructs (FEINBERG et al. 1991). HIV-1 proviruses which deleted the tat
gene were constructed. A T-lymphocyte cell line containing this provirus was
isolated. Addition of recombinant Tat protein to cells containing this HIV-1 proviral
construct increased the RNA levels at promoter-distal but not promoter-proximal
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Fig. 5A-C. Tatalters transcriptional elongation. A The role of tat has been tested on reporter constructs
containing HIV-1 sequences between +1 and +80 fused to the chloramphenicol acetytransferase gene
and SV40 polyedenylation sequences. B In the absence of tat there is poor extension of elongating RNA
polymerase molecules down the DNA template, resulting in only promoter-proximal transcripts. C In the
presence of tat the number of RNA polymerase molecules near the transcription initiation site is similar
to that in the absence of tat. However, a greater percentage of these molecules are now able to more
efficiently elongate down the DNA template

sites (FEINBERG et al. 1991). This result was in agreement with transient assay
experiments indicating that the primary effect of Tat was to stimulate transcrip-
tional elongation, as shown in Fig. 5. Heterologous fusions of TAR with the U2
small nuclear RNA promoter (U2 snRNA) were also constructed to investigate the
role of tat on transcriptional elongation (RATNASABAPATHY et al. 1990). The TAR
element was inserted between the U2 promoter and sequences which terminate
RNA polymerase Il transcripts (RATNASABAPATHY et al. 1990). Transfection of this
constructin the absence of tat resulted in the generation of short transcripts, with
termination occurring at the U2 terminator sequences. However, in the presence
of tat, there was a decrease in the number of short transcripts and extension of
these transcripts past the U2 terminator sequences (RATNASABAPATHY et al. 1990).
Though no discrete transcriptional terminators have been identified in TAR, these
results suggested that tat either directly or indirectly modifies the activity of
the transcriptional elongation complex to allow RNA polymerase Il to elongate
through distinct terminator sequences.

10 Role of Tat in In Vitro Transcriptional Stimulation

To determine the biochemical pathways by which Tat stimulated transcriptional
elongation, it was important to develop in vitro transcription assays to test its
function. Using such assays (Dienam et al. 1983), biochemical fractionation
allowed the identification of the TATA-binding factor (TBP) and TATA-associated
cellular factors (TAFs), in addition to the general transcription factors TFIIB, TFIIE,
TFIA, TFIIH, and TFIIF (Reinsere and Roeper 1987; BuraTtowski et al. 1989;
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MitcHeLL and TuiaN 1989). The development of an in vitro transcription assay that
reflected Tat activation function was difficult because there was a high basal level
of HIV-1 LTR gene expression using nuclear extract alone. Given this high level of
transcription, it was difficult to further stimulate in vitro transcription of the HIV-1
LTR in the presence of Tat. However, it was demonstrated that preincubation of
nuclear extract with the template for 30 min prior to the addition of labeled
ribonucleotides to in vitro transcription assays with the HIV-1 LTR dramatically
lowered basal gene expression (MAarciniAk et al. 1990a; MARCINIAK and SHARP
1991). Under these conditions, the addition of bacterial-produced Tat protein
stimulated in vitro transcription from the HIV-1 LTR approximately tenfold as
compared with assays that contained mutant Tat proteins (MarciNiAk et al. 1990a;
Marciniak and SHARP 1991). Furthermore, HIV-1 LTR templates mutated in either
the TAR RNA bulge or loop regions were not stimulated by the addition of
recombinant Tat protein (MARciINIAK et al. 1990a; MaRciNiAk and SHARP 1991). Also,
mutant Tat proteins did not increase the level of HIV-1 gene expression. This
stimulation by Tat involved an increase in the number of transcripts that extended
greater than 500 bp from the promoter, but it did not increase the number of
transcripts that extended short distances (less than 60 nucleotides) from the HIV-
1 transcription initiation site (MARciNIAk and SHArP 1991).

Another in vitro transcription assay was also used to analyze the effects of Tat
on HIV-1 LTR gene expression (Kato et al. 1992). No preincubation of nuclear
extract with the HIV-1 LTR template was necessary, because sodium citrate,
included in the reaction assay, decreased the high basal level of HIV-1 gene
expression. When Tat was included in this in vitro transcription assay, it again
increased the number of long run-off transcripts from the HIV-1 LTR promoter but
not the number of promoter proximal transcripts (Kato et al. 1992). Mutations of
critical domains in either Tat or the TAR RNA loop or bulge regions eliminated in
vitro stimulation of HIV-1 transcription. To determine whether tat stimulated
HIV-1 transcriptional elongation by modifying the activity of either of two previ-
ously described cellular elongation factors, TFIIS or TFIIF, these purified factors
and Tat were tested (Spencer and GrRoubINE 1990). The addition of TFIIS to in vitro
transcription assays with the HIV-1 LTR stimulated the level of elongated tran-
scripts in both the presence and the absence of Tat, probably by releasing paused
RNA polymerase complexes from the HIV-1 promoter. TFIIF, which is comprised
of 30- and 74-kDa subunits, has previously been demonstrated to stimulate both
transcriptional initiation and elongation (Sopta el al. 1985). TFIIF increased the
level of in vitro transcription from the HIV-1 LTR, but the addition of Tat did not
further increase the level of elongated transcripts (Kato et al. 1992). To determine
whether the effects of Tat were exerted through modulation of TFIIF activity,
antisera to the 74-kDa subunit of TFIIF was added to the in vitro transcription
assay. TFIIF antibody suppressed Tat activation of the HIV-1 LTR but did not alter
basal gene expression (Kato et al. 1992). This suggested that Tat-mediated
transcriptional activation was itself mediated either directly or indirectly by effects
on TFIIF activity.

In vitro transcription assays allowed a study of the kinetics of Tat function. In
the absence of Tat, only 2% of the transcription complexes that reached 82
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nucleotides from the HIV-1 transcription initiation site were able to extend 1495
nucleotides downstream of the promoter (Marciniak and SHarP 1991). Transcripts
that extended to +1495 proceeded through the entire plasmid template
(Marciniak and SHarp 1991). However, in the presence of Tat, 20% of the trans-
cription complexes that transcribed past +82 continued past +1495. Tat did not
alter the level of transcripts between the transcription initiation site and +82, nor
did it alter the degradation of HIV-1 RNA. The effects of the purine nucleoside
analogue DRB on basal and tat activation were also tested (MaRciNniAk and SHARP
1991). DRB, which had previously been demonstrated to inhibit RNA polymerase
Il elongation of a variety of viral and cellular promoters, was found to markedly
inhibit Tat-induced effects on transcriptional elongation but not basal HIV-1 gene
expression (MarciNiak and SHARP 1991). These studies were consistent with a
model in which basal expression from the HIV-1 promoter generated a majority of
poorly processive transcription complexes, which naturally terminated at short
distances downstream of the HIV-1 transcription initiation site. Tat probably
stimulated the properties of a type of transcription complex that was capable of a
greater degree of transcriptional elongation. Given our lack of knowledge con-
cerning the cellular factors involved in transcriptional elongation, it is likely that a
variety of cellular factors in addition to TFIIS and TFIIF will be identified that are
important in regulating tat effects on transcriptional elongation.

11 Identification of Tat-associated Proteins

Itis likely that Tat functions by direct interactions with specific cellular factors that
mediate the assembly and activity of the transcriptional complex on the HIV-1
promoter. Thus, it will be important to identify cellular proteins that directly
interact with Tat and to determine how they function to activate HIV-1 gene
expression. A number of approaches have been used to identify cellular factors
that modulate tatfunction. tatefficiently transactivates expression from the HIV-1
LTR in human but not murine cells. This result was consistent with a role for
specific human cellular factors which were required for tat activation (HART et al.
1989; NewsTeIN et al. 1990; ALonso et al. 1992). In an attempt to identify these
factors, mouse-human somatic cell hybrids were constructed. Mouse-human
somatic cell fusions that contained human chromosome 12, but not other human
chromosomes, gave high levels of HIV-1 gene expression in the presence of tat
(HaRT et al. 1989; NewsTeEIN et al. 1990; ALonso et al. 1991). This suggested that
human chromosome 12 encoded a cellular factor or factors that were involved in
tatactivation. By studying a variety of HIV-1 LTR regulatory region mutants, it was
demonstrated that the gene product encoded by chromosome 12 was likely to be
involved in TAR element function (ALonso et al. 1992). Whether this factor or
factors directly interacted with tat or potentially bound to TAR RNA was not
determined. Somatic cell genetics may provide a method for potentially identify-
ing cellular proteins that are involved in tat function.
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Techniques such as far Western analysis have been used to determine
whether Tat could bind directly to cellular regulatory factors. Since other viral
transactivator proteins such as E1A and VP-16 have been demonstrated to
directly interact with general transcription factors, like TBP (STRINGER et al. 1990),
it seemed likely that tat might also bind to cellular transcription factors. Labeled
Tat protein has been used to screen lambda gt 11 cDNA expression library
(NeLock et al. 1990). A cellular factor, TBP-1 or tat-binding protein, was identified
by this screening technigue (NeLsock et al. 1990). TBP-1 was found to be a nuclear
protein and its expression was highest in T lymphocytes (NELBock et al. 1990).
Though TBP-1 was initially reported to suppress tat activation, recent studies
indicated that the full-length TBP-1 protein is an activator of HIV-1 gene expres-
sion (NeLBock et al. 1990; OHana et al. 1993). A number of other clones have been
isolated from human cDNA libraries which are very homologous to TBP-1 (SHiBuyA
et al. 1992; SwarrieLD et al. 1992; OHana et al. 1993). Studies of yeast cell-cycle
growth control resulted in the isolation of a human gene MSST7 which comple-
mented the yeast mutant sgv7 (SHiBuva et al. 1992). The MSST gene product has
42% sequence identity with TBP-1 and enhanced tat-mediated activation of HIV-1
in co-transfection assays (SHiBUYA et al. 1992). Another yeast regulatory gene,
Sug 1, was identified and found to have sequence homology with TBP-1
(SwarriELD et al. 1992). These results suggest that TBP-1 is an evolutionary
conserved gene which may be involved in tat activation. It will be important to
determine whether Tat and TBP-1 or related proteins associate in HIV-1-infected
cells to determine the relevance of this interaction in regulating HIV-1 gene
expression. Finally, other approaches such as the yeast two-hybrid system or the
use of Tat affinity columns to chromatograph nuclear extracts will be critical in
identifying cellular factors that modulate tat activity.

12 Role of Tat in Activating Viral and Cellular Genes

A number of studies have demonstrated that the TAR element is critical for tat
activation. However, tat can also activate gene expression from the HIV-1
promoter in the presence of a mutated TAR element in both stimulated T
lymphocytes and astrocytes, suggesting that it can potentially interact with
upstream DNA regulatory elements to activate gene expression (HARRICH et al.
1990; Bacasra et al. 1992). This was demonstrated by the fact that mutations of
the NF-kB motifs in the enhancer element eliminated TAR-independent activa-
tion by tat. Though this TAR-independent activation was not as efficient as tat
activation in the presence of TAR, it raised the possibility that tat may potentially
be able to activate gene expression from viral and cellular genes lacking TAR
elements.

Several studies have explored whether tat is capable of activating gene
expression from both viral and cellular promoters. Transfection experiments
demonstrate that tat was able to activate expression of the murine cytomegalo-
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virus promoter (Kim and Risser 1993). This activation of gene expression was
manifested by both increases in both steady-state RNA and protein levels of the
reporter gene. The target for tat activation was an upstream enhancer element
that contained NF-KB- and SP1-binding sites (Kim and Risser 1993). tat has also
been demonstrated to activate gene expression from the JC virus, a human
papovavirus responsible for the demyelinating central nervous system PML (TAbA
etal. 1990). Since this disease is more frequent in AIDS patients, the mechanism
of activation of JC virus gene expression was studied. tat was found to stimulate
JC virus gene expression in glial cells but not in cells of non-neural origin (TAbA
et al. 1990). The steady-state level of JC-encoded RNA increased in the presence
of tat(Tapaetal. 1990). Though the target of tat activation in the JC virus promoter
was not determined, the JC virus promoter does not contain an element with
homology to TAR. These studies suggest that tat can alter the expression from
other viruses, probably through interaction with upstream enhancer elements.

A number of studies have also been directed at determining whether tat is
able to activate the expression of cellular genes. HIV-1 infection increases the
levels of inflammatory cytokines such as tumor necrosis factor (TNF), interleukin-
1 (IL-1), and interleukin-6 (IL-6) (BuonaGURO et al. 1992). The role of tat on the
expression of these cytokine genes was studied. Tat was demonstrated to
increase the levels of TNF gene expression using transient expression assays
(Buonacuro et al. 1992). Tatalso activated the expression of the endogenous TNF
gene but not the expression of the endogenous IL-1 and IL-6 genes (BuoNAGURO
et al. 1992). In addition to directly altering T-cell and monocyte cytokine produc-
tion, tat has been found to increase the expression of specific cellular genes in
glial-derived cells (TAvLoR et al. 1992). Stable glial cell lines expressing tat were
found to have marked elevations in the steady-state RNA and protein levels of
fibronectin and type-l and -1l collagen. Transient expression assays confirmed that
tat was capable of activating gene expression of the fibronectin and type-l
collagen promoter (TAYLOR et al. 1992). This brings to mind the possibility that tat
may play a role in the CNS dysfunction seen in HIV-1 infections.

Finally, tat has been found to modulate the growth properties of Kaposi's
sarcoma (KS) cell lines (Ensoul et al. 1990). Supernatants from either HIV-1-
infected cells, tat-transfected COS-1 cells, or recombinant bacterial Tat were
found to stimulate the growth properties of KS cells (Ensoul et al. 1990). These
results would be consistent with a model in which extracellular Tat could be
internalized and alter cellular growth properties by regulating the expression
of specific cellular genes. Further studies to determine the viral and cellular
promoter elements that mediate tat activation will shed light on cellular genes
that are potential targets for tat activation.
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13 Potential Therapeutic Implications of tat Function

Since tatis critical for the regulation of the HIV life cycle, inhibition of its function
offers potential therapeutic possibilities in the treatment of HIV-1 infection. The
use of multimerized TAR RNA decoys (SutLenger et al. 1990), the creation of
transdominant Tat proteins (Pearson et al. 1990; MobesTi et al. 1991), and the
development of chemical inhibitors (Hsu et al. 1991) that prevent Tat binding to
TAR RNA or interaction with associated cellular factors seem potentially useful.
Since the presence of the TAR element is required for high-level Tat activation,
attempts have been made to titrate cellular factors necessary for tat function and/
or tat itself by overexpression of TAR RNA sequences. Retroviral vectors that
produce multiple copies of TAR RNA have been used to infect lymphoid cell lines
(SuLLencer et al. 1990). Cell lines producing these so-called TAR RNA decoys
were resistant to HIV-1 replication as compared with control cell lines. Cell lines
that contained TAR RNAs with mutations in the loop sequence or that disrupted
the stem structure were susceptible to HIV-1 replication. These results sug-
gested that the overproduction of TAR RNA resulted in the removal of cellular
factors required for HIV-1 gene expression, or which directly bound newly
synthesized Tat. Such an approach could provide a means of inhibiting HIV-1 gene
expression.

Studies of the HIV Rev protein have demonstrated that so-called dominant
negative or transdominant Rev proteins inhibited wild-type Rev function (MaLm
et al. 1989). This suggested that transdominant rev mutants could be used to
construct stable cell lines that would be resistant to HIV-1 replication. This
methodology has been called "“intracellular immunization” (Maum et al. 1989).
CEM cells which stably expressed a rev transdominant mutant have been
demonstrated to be resistant to HIV-1 replication (Mauwm et al. 1992). Transdomi-
nant tat proteins have also been constructed. These mutants contained deletions
or substitutions in the Tat basic domain (PearsoN et al. 1990; MobesTi et al. 1991).
Several of these mutants were capable of inhibiting wild-type tatactivation of the
HIV-1 LTR when present in equimolar concentrations with wild-type tat. Though
the mechanism by which these mutants inhibited wild-type tat function is not
known, interaction with a commmon cellular factor required for tatactivation seems
likely. The creation of lymphoid cell lines containing these transdominant tat
mutants will be required to determine their efficacy in inhibiting HIV-1 infection.
The creation of stable cell lines containing both transdominant tatand revgenes
could potentially provide protection from HIV-1 replication that will exceed the
protection conferred by each protein individually.

There is also the intriguing possibility that anti-viral agents can be found that
inhibit tat function. One agent known as R05-3335, a benzodiazepine derivative,
has been reported to inhibit tat-mediated transactivation (Hsu et al. 1991). The
mechanism by which R05-3335 inhibited tat activation has not been elucidated.
However, our knowledge of tat function suggests that several properties of Tat
could serve as targets of this agent. These include either alteration in the cysteine
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residues of Tat, inhibition of the ability of the Tat basic domain to bind to TAR RNA,
prevention of Tat transport to the nucleus, or alteration of Tat interactions with
cellular regulatory factors. Tat is potentially a good target for novel drug therapy
that would inhibit HIV-1 gene expression. Since Tat is a small protein and many
mutations in the tat gene are deleterious to its function, it is unlikely that
resistance to potential tat inhibitors would be as frequent as with currently used
reverse transcriptase inhibitors.

14 Perspective

Over the past several years, an understanding of the cellular and viral factors that
regulate HIV-1 gene expression has been a major research focus of many
laboratories. The Tat protein is a critical regulator of HIV-1 gene expression and it
may have effects on both transcriptional initiation and elongation. The mecha-
nisms by which Tat exerts its action remain to be determined. It will be necessary
to understand the cellular factors that are responsible for regulating both the
transcriptional initiation and elongation properties of RNA polymerase |l to iden-
tify potential cellular targets of Tat. However, it is likely that a study of Tat function
itself will provide clues about the cellular factors involved in regulating transcrip-
tional activation.

The role of Tat on transcriptional elongation is in some aspects similar to that
of prokaryotic regulatory proteins that function as anti-terminators. The N protein
is a small basic RNA binding protein produced by the bacteriophage which
associates with a variety of E. colihost factors at a discrete RNA element known
as a nut site (Horwitz et al. 1987; Lazinski et al. 1989; Roserts 1993). The nut site
is a 25-bp RNA hairpin structure, and thus it has similarities to TAR RNA. The
complex of N and associated E. coli host factors associates with the RNA
polymerase and facilitates its elongation through distinct downstream terminator
elements. Tat activation differs from activation by N in that there are no distinct
terminator sequences in HIV-1 (Horwitz et al. 1987; Lazinski et al. 1989; RoBeRTs
1993).

Gene expression of a variety of higher organisms is also regulated by effects
on transcriptional elongation (Spencer and GroubiNe 1990). Studies of the
Drosophila heat shock promoter (hsp70) indicate that its gene expression is
regulated by the stimulation of paused transcriptional complexes near the pro-
moter (Roucvie and Lis 1988). In the absence of heat shock, RNA polymerase
synthesizes a paused RNA situated near the transcription initiation site. Following
heat shock, this paused RNA polymerase is released and moves down the
template. A number of mammalian genes such as c-myc and c-fos are also
regulated by effects on transcriptional elongation (Spencer and Groupine 1990).
Thus, tat may function by catalyzing a normal process which is important in the
transcriptional activity of a variety of higher eukaryotic organisms. A postulated
mechanism of tat activation is shown in Fig. 6.
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Fig. 6. Potential mechanism of tat activation. One model to explain tat activation involves the gene-
ration of a transcription complex composed of TFIID and basal transcription factors that is not able to
efficiently elongate at marked distances from the HIV-1 promoter. The function of the TAR RNA-binding
protein TRP-185 would be to facilitate the assembly of a transcription complex that is capable of
interacting with tat. This complex would enhance the ability of RNA polymerase I, to elongate at
prolonged distances from the HIV-1 promoter

The Tat protein function could be involved in coupling the initiation and
elongation steps of transcription. It is likely that a study of Tat will increase our
understanding of the host factors that assemble and regulate the transcriptional
apparatus. Based on the recent identification of a number of different cellular
factors that regulate transcriptional initiation and elongation, it is probable that
significant progress will be made in determining the mechanisms by which Tat
regulates HIV-1 gene expression. Such progress will be important for both
furthering our scientific knowledge and developing novel approaches to inhibiting
HIV-1 gene expression.
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1 Introduction

Human T cell leukemia virus (HTLV) type 1 (Poiesz et al. 1980; YosHiDA et al. 1982)
has two regulatory genes, tax and rex, that control the viral gene expression and
replication positively and negatively (Seiki et al. 1983; INouE et al. 1987; Hipaka et al.
1988). In these regulations, tax activates transcription of the viral genome,
whereas rex modulates the processing of the viral RNA expressing unspliced
forms of the viral mRNA; therefore, both regulators are indispensable for efficient
viral replication.

HTLV-1 is a causative agent of adult T cell leukemia (ATL) (UcHivama et al.
1977) and a neurological disease of the spinal cord, HTLV-1-associated
myelopathy or tropical spastic paraparesis (HAM/TSP) (Gessain et al. 1985; OsamE
et al. 1986). Because of its activator function in transcription, tax has been
proposed as a pathogenic factor for these diseases (YosHiba et al. 1984).
Supporting this idea is the fact that tax stimulates expression of specific
lymphokines, lymphokine receptors, and proto-oncogenes and, furthermore,
immortalizes normal human T cells (Grassman et al. 1989), transforms rodent
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fibroblasts (TanaAka et al. 1990), and induces mesenchymal tumors in transgenic
mice (NERENBERG et al. 1987).

taxis an activator of transcriptional enhancer: a 21-bp enhancer of HTLV-1 is
responsible for the activation of the viral LTR, NF-KB binding site for the IL-2
receptor a gene, and CArG box for the c-fos gene. However, these enhancers do
not share any sequence homology; furthermore, tax does not bind to these
enhancer DNAs. To explain these findings, several mechanisms have been
proposed: (a) indirect binding of tax protein to enhancer DNA through interaction
with DNA binding proteins, (b) activation of transcription factors by phosphory-
lation, (c) modulation of protein—protein interaction generating an active transcrip-
tion factor, and (d) indirect activation of transcription factors by active oxygen as
a second messenger. Recent studies have proposed that mechanisms a and ¢
seem to be operating in HTLV-1-infected cells. The latest information on these
two mechanisms is discussed in this chapter.

2 Activation of Enhancers by tax

The tax trans-activates transcription of the viral genome from the LTR (Soproski et
al. 1984; Fusisawa et al. 1985; FeLser et al. 1985) and thus is essential for viral
replication (CHeN et al. 1985) responding to a transcription enhancer in the LTR,
which consists of three direct repeats of a 21-bp sequence containing a cCAMP-
responsive element (CRE) (Fusisawa et al. 1986; SHimMoTOHNO et al. 1986; see
Fig. 1). In addition to the 21-bp enhancer, taxalso activates the NF-KB binding site,
which leads to the activation of the cellular genes for interleukin-2 (IL-2) receptor
o (IL-2Ra) (INoue et al. 1986; Leunc and NaBeL 1988; LowentHAL et al. 1988;
MaruyAmA et al. 1987) and also activates the CArG box enhancer that activates
proto-oncogenes c-fos and c-egr (Fuuil et al. 1992; ALexanDer et al. 1991; see
Fig. 2). Many other genes are also known to be activated by tax; thus, itis possible
that some other enhancers are also responsive to tax. In contrast, tax trans-
suppresses the expression of DNA polymerase B (JEanG et al. 1988), which is
involved in the repair synthesis of DNA, but no essential element for this
suppression has been identified.

3 A General Mode of tax Action

Evidence for an indirect binding of tax to DNA has been obtained by DNA affinity
precipitation (Suzuki et al. 1993a; Beraup et al. 1991). In DNA affinity precipitation
assays, biotinylated DNA was used as a probe, and protein complexes formed on
the DNA were isolated using streptavidin-conjugated beads. Using the 21-bp
enhancer DNA, tax protein was co-precipitated with DNA in the presence of the
nuclear extract of HTLV-1-infected cells, but not in the presence of the cytoplasm
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Fig. 1. tax binding to CREB protein and possible mechanism by which the complex trans-activates the
transcription. tax binding to the CREB might bypass a cellular regulation by phosphorylation

Fig. 2. tax trans-activation of the viral
and various cellular genes. Typical
enhancers for these transactivations are
also indicated

(Suzuki et al. 1993a). These results indicate that tax can bind to DNA, and that its
binding requires a nuclear factor(s). Furthermore, a mutant of the 21-bp enhancer
which is inactive in activation of transcription did not bind to tax protein, clearly
indicating specific formation of DNA-protein complexes and its biological
significance in transcriptional activation.

Similarly, studies using DNA probes of the NF-kB binding sequence and of
the CArG box sequence have shown that tax also binds to the corresponding
enhancer DNAs, and its binding is dependent on the presence of the nuclear
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extract of infected cells (Suzuki et al. 1993b). Therefore, indirect binding of tax to
enhancer DNA in the presence of nuclear factors is general on three unrelated
enhancers and thus seems to be a common mechanism of trans-activation of
transcription.

4 Specific Binding of tax to DNA-binding Proteins

tax protein binds to enhancer DNA in the presence of nuclear factors.
Identification of this or these factors responsive to the transcriptional activation
induced by taxwould be of interest for understanding the mechanism of the trans-
activation and also of transcriptional regulation in the target cells. Factors involved
in each enhancer are different, as discussed in the following sections.

4.1 The HTLV-1 Enhancer

The 21-bp enhancer of HTLV-1 contains CRE sequences; thus, the CRE-binding
proteins can bind to the 21-bp enhancer. These proteins include the CREB/ATF
family, which belong to leucine-zipper proteins. Among these, tax-responsive
element-binding proteins (TREBs) (YosHIMURA et al. 1989), activating transcription
factors (ATFs) (Hal et al. 1989), cyclic-AMP response element-binding protein
(CREB) (GonzaLEz et al. 1989), cyclic-AMP response element modulator (CREM)
(FouLkes et al. 1991), and the 21-bp binding proteins (HEBs) (Suzuki et al. 1993b)
have been shown to bind directly to the 21-bp enhancer.

The CREB and CREM proteins have been shown to bind to tax protein by gel
shift assay (Suzuki et al. 1993a; ZHAao and Giam 1991) and also by DNA affinity
precipitation assay (Suzuki et al. 1993a; Fig. 3). Other proteins, such as TREB-5,
TREB-7 (CRE-BP1), and TREB-36 (ATF-1), did not interact with tax indicating that
the interaction was specific. The binding of taxto the CREB or CREM proteins can
take place in the absence of the 21-bp DNA. Bacterially made proteins also
interact with each other, suggesting that two proteins interact directly without
any specific modification such as phosphorylation. Together, these findings
indicate that tax binds to the CREB and/or CREM protein, and the complex then
binds to the 21-bp enhancer to activate transcriptional initiation.

The tax~CREB complex was also detected in a nuclear extract of HTLV-1-
infected cells, indicating that the complex is not an artifact formed by purified
proteins at high concentration (Suzuki et al. 1993a). Furthermore, depletion of
CREB protein from a nuclear extract of HTLV-1-infected cells results in a drastic
decrease in the level of tax binding to the 21-bp enhancer (Suzuki et al. 1993a).
Therefore, the tax-~CREB complex is the greatest part of the tax that can bind to
the 21-bp DNA in infected cells. Thus, this protein complex is expected to play a
role in trans-activation of transcriptional enhancer.
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Fig. 3. Binding of tax to the enhancer-binding proteins CREB, CREM, NF-kB p50, and SRF. Indirect
association of tax protein to the enhancer DNA through each enhancer-binding protein, or increase of
the active NF-kB p50 through binding to the precursor seems to be the activation mechanism of tax

How does tax binding to CREB induce transcriptional activation ? The answer
is not clear yet; however, it is possible to speculate: We have proposed another
protein that interacts with tax on DNA: gal4-tax fusion protein has been found to
activate the transcription by binding to the ga/4 binding site, but it competes
efficiently with the free from of tax, which does not affect the transcription of this
reporter gene (FuJsisawa et al. 1991). This observation suggests that tax may
interact with another molecule on the DNA for activation (Fig. 3). This factor could
be another transcriptional regulator or a basic transcription factor. Alternatively,
tax may stabilize the CREB-DNA complex as proposed by other group (ZHao and
Giam 1991); however, stabilization of the complex does not seem sufficient to
explain our competition experiment of gald-tax fusion protein with free tax
protein.

The tax-CREB complex formation may have significance in breaking the
normal regulation of transcription. The CREB protein is known to mediate
transcriptional activation by responding to cAMP signaling, which activates
protein kinase A to phosphorylate various proteins including CREB itself (GonzaLEz
et al. 1989). Phosphorylated and unphosphorylated CREB can bind equally to the
CRE, but only phosphorylated CREB can activate specific transcription. On the
other hand, tax binds to unphosphorylated CREB protein; thus, it is conceivable
that tax binding to unphosphorylated CREB may bypass the normal regulation by
phosphorylation with protein kinase A.

4.2 The NF-xB-binding Enhancer

The NF-KB regulates many genes including IL-2Ra., GM-CSF, TNFB, and HIV LTR,
and its binding sites are present in the regulatory region of these genes. tax
activates these genes, probably through the NF-KB-binding sequence. The NF-kB
protein consists of various binding proteins including NF-kB p50, p65, c-rel and
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Fig. 4. Interaction of tax with NF-kB p105 and p50 and its effect on induction of nuclear translocation
of p50 and p65. Right: uninfected cells; left. HTLV-1-infected cells

lyt10 (ScHmitz et al. 1991). Datain our laboratory have revealed that NF-KB p50 can
bind to tax and mediate the tax binding to DNA (Suzuki et al. 1993b) (Fig. 4).
Therefore, it is reasonable to postulate that tax can bind to p50-p50 homodimer
and p50-p65 heterodimer and can bind to DNA. The homodimer p50-p50 is rather
thought to suppress the gene expression; thus, it is possible either that tax
binding to the homodimer switches its function into activation, or that the
heterodimer p50-p65 plays a major role in trans-activation by tax protein. It would
be of great interest to know whether other members of the NF-KB family are
involved in tax interaction or not.

4.3 Serum Response Element

tax also binds to the CArG box sequence of the c-fos and c-egr genes in the
presence of a nuclear factor, as discussed in the previous section. It was found
that a CArG box-binding factor p675%F (serum response element-binding protein)
mediates tax binding to the specific DNA (Fuui et al. 1992; Suzuki et al. 1993b).
Biologically inactive mutants of tax did not bind to the p675°F (Suzuki et al. 1993b),
indicating that the complex formation is important for trans-activation (Fig. 3).

4.4 TRE-2
tax Trans-activation requires at least two copies of the 21-bp enhancer. However,

another sequence adjacent to the 21-bp sequence in the LTR was identified to
enhance the trans-activation of one copy of the 21-bp sequence (Brapy et al.
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1987). This sequence is called tax-responsive element 2 (TRE-2), but it alone did
not respond to tax and was inactive as an enhancer, even in its repeated form. A
protein of 36kDa which binds to TRE-2 was isolated and reported to bind to tax
(MarrioTT et al. 1990). However, no further information is available about the
nature of this protein or its significance in trans-activation. The TRE-2 sequence
contains DNA motifs related to the binding sequences for the NF-KB and also for
the oncogene product Ets (BosseLut et al. 1990), but our results indicated that
these two elements are not required for the trans-activation by tax protein.

We have recently identified a GLI binding site in the TRE sequence and two
cDNA clones that code for proteins that bind to this site: THP-1 and -2 (TANIMURA
et al. 1993). The THP proteins contain five zinc finger motifs and appeared to be
a member of the oncogene GLI family that was amplified in glyoma cells (KiNzLER
et al. 1988). Preliminary data indicate that tax also interacts with THP proteins;
therefore, it seems that tax binding to two unrelated proteins, CREB and THP, on
two unrelated DNA sequences can activate the transcription and mimic the direct
repeats of the 21-bp enhancer. The interaction of these two proteins, CREB and
THP, would be of interest for understanding the tax activation of the LTR and the
significance of repeats of the enhancers.

The interaction of tax with the 21-bp sequence, the NF-KB enhancer, the
CArG box sequence,and TRE-2 through their respective binding proteins seems
to be a general mechanism for the activation of transcription by tax.

5 tax Also Binds to Cytoplasmic Proteins

Independent of the enhancer DNA-associated complexes, we have been studying
proteins that bind to tax. Using anti-tax antibodies, the NF-KB precursor p105 has
been co-immunoprecipitated with tax (Hiral et al. 1992). The ability of tax to bind
to the p105 correlates well with the functional activities of tax mutants, indicating
its significance in trans-activation of the NF-KB enhancer. However, p105 and tax-
p105 complex do not bind to DNA, suggesting that there is another mechanism in
addition to DNA binding.

The p105is a precursor of NF-KB p50 and is localized in the cytoplasm (GHosH
et al. 1990; KieraN et al. 1990). The p50 newly formed by proteolytic cleavage is
complexed with |-kB, forming a ternary complex p50/p65/I-KB kept in the
cytoplasm. Signals for cellular proliferation or differentiation phosphorylate the
|-KB and dissociate the complex, allowing translocation of p50/p65 heterodimer
into nucleus (GHosH and BaLtiMore 1990; BAEUERLE and BaLTiMORE 1988). Recently,
it has been proposed that the precursor p105 functions similarly to I-kB and
complexes to the NF-KB p50/p65 in the cytoplasm (Rice et al. 1992). Therefore, it
is possible that tax binding to p105 may dissociate the ternary complexes p105/
p50/p65, releasing active p50/p65 dimer and allowing its nuclear translocation.
Such tax-dependent nuclear translocation was in fact demonstrated by analyzing
localization of p65 in the cytoplasm and nucleus. Such an effect of the tax binding
might be also explained by the tax binding to p50, either newly formed or pre-
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existing in the I-kB/p50/p65 complexes. If the ankyrin motif in p105is a site for tax
binding, tax may also interact with I-KB to dissociate the ternary complex. This
possibility is under investigation

tax now appears to function by two different mechanisms: (a) tax in the
nucleus binds to the NF-KB p50 and to DNA, and (b) taxin the cytoplasm binds to
the NF-KB p50 precursor and/or to other related proteins and induces nuclear
translocation of active p50/p65.

6 Functional Domains of tax Protein

At the present time, tax is known to interact with at least six proteins (CREB,
CREM, NF-kB p105, NFkB p50, SRF, and 36 KDa TRE-2-binding protein).
Certainly, more target proteins will be found. No homologous sequences com-
mon to all of these proteins have been identified, thus suggesting that more than
two domains of tax may be involved in interactions with these proteins. However,
the functional domains of tax protein are not well defined.

Our mutant d3, which has a deletion of three amino acids at the N-terminus,
does not interact with the 21-bp sequence but is almost fully active at the NF-kB
site (HIral et al. 1992), supporting the idea that two different domains of tax are
used for activation of the 21-bp and NF-KB enhancers. A similar dissociation of the
21-bp sequence and NF-KB activation sites has been reported for two other
mutants, M22 and M47 (SmitH and GReeNe 1990). M22 has a mutation at the N-
terminal region and is active at the 21-bp sequence but not at the NF-KB site.
Conversely M47, which has a mutation in the middle region, is inactive at the 21-
bp sequence but active at the NF-KB site.

A cluster of acidic amino acids of enhancer activators, yeast Gal4 and herpes
virus VP16, has been identified as an activation domain (PtasHNE 1988). Similar to
these activators, the C-terminal region of tax contains a cluster of acidic amino
acids. Deletion of the 69 amino acids that constitute this region inactivates tax
trans-activation (SmitH and GrReene 1990) and supports the notion that the acidic
domain activates transcription in a similar way. However, many internal deletion
mutants of taxthat retain the C-terminus are inactive even when fused to the Gal4
DNA-binding domain. Furthermore, a fusion protein of the C-terminus acidic
domain with Gal4 is also inactive (M. Yoshida, unpublished data); thus, it has been
strongly suggested that tax functions by just not providing an acidic domain, thus
somehow differently from the VP16 or Gal4.

We propose here two independent mechanisms for tax trans-activation of
transcription: tax binds to enhancer-binding proteins in the nucleus and to
enhancer DNA, or tax binds to NF-kB p50 and its precursor p105 in the cytoplasm
and induces nuclear translocation of active transcription factors. These properties
in binding to positive regulators are in contrast to oncoproteins of DNA tumor
viruses, T antigen of SV40, E6 and E7 of papillomaviruses, and E1A of
adenoviruses, which are bound to tumor-suppressor proteins, Rb and p53 (WHYTE
et al. 1988; DeCaPrIO et al. 1988; DysoN et al. 1989). Therefore, it is proposed that
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tax functions in a different mode, which, when elucidated, will provide new
insights into the molecular mechanisms of transcriptional regulation and tumor
development.
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1 Introduction

The human immunodeficiency virus type 1 (HIV-1) and related lentiviruses have
more complex genomes than typical retroviruses (CuLLen 1991). HIV-1 expresses
at least nine different genes in a temporally regulated manner (Kim et al. 1989). In
addition to the gag, pol, and env genes common to all retroviruses, HIV-1 also
encodes genes for tat, rev, nef, vif, vpu, and vpr(Rosenblat et al., this volume). To
encode nine different genes in a small, approximately 9-kb genome, the virus
employs alternative reading frames and complex patterns of RNA splicing (GaLLo
etal. 1988; SchwarTz et al. 1990a). The HIV-1 protein Rev (regulator of expression
of the virion) plays an essential role in the temporal regulation of virus gene
expression during a replication cycle (Kim et al. 1989; Pomerantz et al. 1990). The
genes expressed by HIV-1 can be separated into two distinct groups based
on whether their expression is Rev-dependent or not (SchwarTz et al. 1990b;
HaMMERskJOLD et al. 1989; MaLim et al. 1989; GARRETT et al. 1991). The Rev-inde-
pendent or early genes encode Tat, Rev, and Nef. The Rev-dependent or late
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genes are important for virion production and encode the structural proteins Gag,
Pol, and Env and the accessory products Vif, Vpu, and Vpr. Rev is absolutely
required for HIV-1 replication. Proviruses that lack Rev function remain transcrip-
tionally active, but fail to generate new viral particles.

2 RNA Splicing and Retroviruses

The compact genomes of retroviruses contain RNA splice sites which allow the
expression of multiple gene products from the single primary retroviral transcript
(CuLLen 1991; Kim et al. 1989; GALLo et al. 1988; ScHwaRTz et al. 1990a). Typically,
incompletely spliced mRNA do not exit the nucleus to be subsequently translated
into protein in the cytoplasm (Green 1991). However, retroviruses can clearly
bypass this regulatory checkpoint. The splice sites of retroviruses are typically
very inefficient substrates for splicing (Katz and Skaika 1990; BersericH and
StoLtzFus 1991). This is an important characteristic, since introns are usually
quickly excised from the primary transcripts of endogenous cellular genes.
Inefficient splicing of retroviruses is necessary to allow the accumulation of
unspliced mRNA, which is essential both as the genomic information in each viral
particle as well as the message-encoding essential viral proteins. Complex
retroviruses, typified by HIV-1, have multiple introns and splice sites, allowing the
production of a large number of mMRNA species (GaLLo et al. 1988; ScHwaRTz et al.
1990a). Alternative splicing allows the generation of at least 35 distinct mRNA
species from the approximately 9-kb genome of HIV-1 (GaLLo et al. 1988;
ScHwaRTz et al. 1990a). In addition to alternative patterns of splicing, complex
retroviruses express a regulatory protein, commonly known as Rey, to regulate
the expression of the diverse mRNA species that are generated (Kiv et al. 1989;
PomeranTz et al. 1990).

3 Identification of HIV-1 Rev

The HIV-1 regulatory protein Rev was first identified when it was determined that
certain mutations downstream of the tat gene were found to abolish viral
replication (FEINBERG et al. 1986; Sobroski et al. 1986). These mutant viruses were
further shown to be transcriptionally active, but unable to produce the viral
structural proteins Gag, Pol, and Env. Upon closer inspection it was shown that
the mutations specifically interrupted an open reading frame that had not previ-
ously been demonstrated to encode a protein product (FENnBERG et al. 1986;
Soproski et al. 1986). This new open reading frame, encoded by two exons,
partially overlaps with and shares common splice sites with the tat coding region
(RoBerT-GuURoFF et al. 1990). The new open reading frame encoded a 116-amino
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Fig. 1. Northern blotting of nuclear and cytoplasmic RNA from
human immunodeficiency virus (HIV)-1-infected cells. Both
wild-type virus and Rev-mutant virus were utilized in these
studies. (Reprinted with permission from Trono and Baltimore
1990.)

acid protein. The unique mode of action of this viral regulatory protein was
revealed when the cytoplasmic mRNA expression of Rev-defective proviruses
was compared to wild-type HIV-1 (HAMMARsKJOLD et al. 1989; MaLIm et al. 1989;
EmermaN et al. 1989; FeLger et al. 1989). There are three major species of mMRNA
expressed by HIV-1 with lengths of approximately 9, 4, and 2 kb corresponding to
unspliced, singly spliced, and multiply spliced transcripts (Fig. 1). All three mRNA
species can be found in the cytoplasm of HIV-1-expressing cells, whereas only
increased amounts of the 2-kb class of mMRNA can be identified in the cytoplasm
of cells expressing a Rev-defective provirus. This difference was shown to be Rev
specific, because the normal pattern of cytoplasmic mRNA could be restored by
the coexpression of Rev protein expressed from a plasmid (KnigHT et al. 1987). It
then seems that Rev works by facilitating the cytoplasmic localization and
subsequent expression of genes encoded on incompletely spliced mRNA. Rev
therefore regulates the cytoplasmic localization and subsequent expression of
incompletely-spliced viral RNA. The mechanism that Rev employs to facilitate the
expression of incompletely spliced mMRNA has yet to be fully elucidated and will
be discussed later.

4 Role of Rev in the Viral Life Cycle

The expression of HIV-1 genes during viral replication can be divided into two
phases, as is diagrammed in Fig. 2. Initially, the virus expresses only low levels of
multiply spliced transcripts that encode the viral regulatory early gene products
Tat, Rev and Nef (GaLLo et al. 1988; ScHwaRTz et al. 1990a; RoserT-GUROFF et al.
1990). Tat then acts to greatly increase the levels of transcription from the viral
long terminal repeat (LTR), and this in turn acts to greatly stimulate the level of
expression of the viral early genes (Lee et al. 1986; Rice and MatHEws 1988).
Another viral regulatory protein, Rev, then plays an essential role in the transition
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Fig. 2. Early (top) and late (bottom) phases of human immunodeficiency virus (HIV)-1 replication

from the early phase into the late phase of viral gene expression. When Rev
accumulates to sufficient levels or is activated by some other mechanism, the
expression of viral late genes is activated, leading to the production of viral
particles (PomeranTz et al. 1990,1992). The expression of the structural proteins
Gag, Pol, and Env as well as of the accessory proteins Vpu, Vpr, and Vif is
dependent on the presence of a functional Rev gene product. The role of Rev in
this switch from the early to the late phase of viral gene expression has led a
number of groups to hypothesize that Rev plays a key role in viral latency
(PomeranTz et al. 1990; Maum and CuLLen 1991). Understanding the molecular
basis of HIV-1 proviral latency will be critical in the effort to develop clinical
therapies for patients with the acquired immune deficiency syndrome (AIDS).

5 Rev Response Element

HIV-1 Rev is a 13-kDa phosphoprotein that has a sequence-specific RNA-binding
activity (Hauser et al. 1988; CocHRaNE et al. 1989; Fig. 3). Produced from a fully
spliced message made early in the viral life cycle, Rev acts to induce the transition
into the late phase of the viral life cycle. Rev accumulates within the nuclei and
nucleoli of infected cells (CocHRrANE et al. 1990b; Perkins et al. 1989) and binds
directly to the unspliced and singly spliced structural forms of HIV-1 RNA (Zarp
and Green 1989; DaLy et al. 1989). Binding takes place at a 240-bp region of
complex RNA secondary structure, called the rev response element (RRE), that
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Fig. 3. Structure of Rev. RRE, Rev response element

lies within the envelop coding region contained in the second major intron of HIV-
1 (RoseN et al. 1988; HabzopouLou-CLabaras et al. 1989; CocHRANE et al. 1990a;
Huang et al. 1991). A putative structure for the RRE determined by computer
folding programs and in vitro footprinting is presented in Fig. 4. Specifically, the
RRE is located at the junction between the two subunits of the Env protein gp120
and gp41. This is an especially strategic location for the RRE because itis present
in unspliced and singly spliced transcripts, but deleted from multiply spliced Rev-
independent mRNA. A high-affinity binding site for Rev in the RRE has also been
identified. This binding site consists of a sequence-specific region of nonpaired
nucleotides a “bubble” located within a stretch of double-stranded RNA (BARTEL
et al. 1991; HeapHy et al. 1991). Studies of Rev fused to the bacteriophage RNA-
binding protein MS2 indicate that Rev-specific trans-activation can be directed
through a heterologous RNA-binding specificity (McDonalb et al. 1992;
VENKATESAN et al. 1992). This result indicates that the RRE acts primarily as a
docking site for HIV-1 Rev since it can be functionally replaced with a heterolo-
gous RNA-binding protein and RNA target. The interaction of Rev with the viral
transcripts allows these structural RNA molecules to enter the cytoplasm before
splicing is complete, and this in turn activates the expression of the structural
proteins. At the same time, Rev tends to suppress production of fully spliced
mRNA, thereby down regulating its own expression (FELBER et al. 1990; AHMAD et
al. 1989). Studies of HIV-1 Rev protein have indentified the regions of the protein
required for its specific RNA-binding activity and other essential functions.

A RNA element that can functionally replace the Rev/RRE system of HIV-1
has recently been identified in the type D retrovirus Mason Pfizer monkey virus
(MPMV) (Bray et al. 1994). This small, approximately 200-bp element, which is
located adjacent to the 3'LTR of MPMV, is able to facilitate the expression of Rev-
dependent genes in the absence of the RRE or Rev. It is believed that this
element is probably the binding domain for a cellular analogue of HIV-1 Rev. This
element represents another mechanism employed by retroviruses to bypass the
complete splicing of mRNA prior to exit from the nucleus.
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6 Structure/Function of Rev

Mutagenesis studies of HIV-1 Rev have revealed that Rev has at least two
functional regions or domains found to be essential for function (Fig. 3) (Maum et al.
1989b; Hore et al. 1990a). First, there is a large multifunctional amino terminal
region (approximately amino acids 14-56) that controls at least three important
aspects of Rev function. The ability of HIV-1 Rev to properly oligomerize (OLseN
etal.1990; Zarp et al. 1991), localize (Hope et al. 1990b; VeEnkaTESH et al. 1990), and
to specifically bind its RNA target (OLsen et al. 1990; Zaprp et al. 1991) is encoded
in the amino-terminal region. Second, a much smaller essential region known as
the effector or activation domain (MaLim et al. 1989¢, 1991; Hope et al. 1991) is
located in the C-terminal portion of HIV-1 Rev (approximately residues 70-85).
Within the amino-terminal region there is a very positively charged domain,
known as the arginine-rich domain, that provides several activities required for
Rev function. This cluster of positively charged amino acids is important for the
proper nuclear and nucleolar localization of the HIV-1 Rev protein (Hore et al.
1990b; VenkaTesH et al. 1990). The arginine-rich domain is also important for
specific RNA binding and facilitates the interaction between HIV-1 Rev and the
RRE. Mutations of the arginine-rich tract have been shown to disrupt the ability of
HIV-1 Rev to interact with the RRE both in vivo and in vitro (MaLim et al. 1989b;

Fig. 4. Structure of the Rev response element (RRE). The shaded area represents the Rev-binding site.
SL-Steve loop
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Hore et al. 1990a; OLson et al. 1990; Zarp et al. 1991). The positive charges of the
arginine-rich domain are believed to interact with the overall negative charge of
the phosphodiester backbone of the RNA within the RRE (Lazinski et al. 1989;
Cawnan et al. 1991; Tao and Frankel 1993). In addition to the essential positively
charged arginine residues within this domain, there are also other important
residues. The tryptophan at amino acid 45 in the arginine-rich domain is also
important for function. It is possible that the aromatic tryptophan may be able to
intercalate into the RNA to further stabilize RNA protein interactions (Sakumar et
al. 1990). Specific interactions between peptides of the arginine-rich domain and
the RRE have also been demonstrated in vitro and in vivo (Kiems et al. 1992; Tan
et al 1993). These results indicate that most of the specificity for the interaction
between HIV-1 Rev and the RRE are encoded within the arginine-rich domain.

It has recently been demonstrated that the aminoglycoside neomycin B is
able to inhibit the binding of HIV-1 Rev in vitro and inhibit viral late gene expression
at millimiolar concentrations in vivo (Zapp et al. 1993). These agents that can inhibit
Rev function by blocking the ability of Rev to interact with RRE hold promise as
the progenitors of efficient drugs that can be used in anti-HIV-1 therapies.

A second important function of the amino-terminal region is involved in the
functional interactions of monomers of HIV-1 Rev. This region has been impli-
cated in the multimerization of HIV-1 Rev, both for the generation of stable Rev
tetramers as well as the higher order interaction of multiple Rev tetramers when
bound to the RRE (MaLim and CuLten 1991; Ocsen et al. 1990; Zapp et al. 1991).
There is a variety of evidence indicating that HIV-1 Rev exists as a stable oligomer
in vivo. Cross-linking and gel filtration studies of recombinant, Escherichia colr
derived protein suggest that HIV-1 Rev exists as a stable tetramer (OLson et al.
1990; NauN et al. 1990). Further cross-linking studies of Rev expressed in
eukaryotic cells indicate that Rev is also a tetramer in vivo (OLson et al. 1990).
Colocalization immunofluorescence studies provide additional support that Rev
exists as an oligomer in vivo (Hore et al. 1992). Various mutations between amino
acids 14 and 56 of HIV-1 Rev have been shown to specifically affect the ability of
the protein to oligomerize (Maum and CutLen 1991; OLseN et al. 1990; Zarr et al.
1991; Hope et al. 1992). The region of HIV-1 Rev from amino acids 14-23 is
particularly sensitive to mutations that specifically effect multimerization. Those
mutants which do not oligomerize are unable to bind strongly to target RNA
(Olsen et al. 1990). These observations indicate that Rev must exist as a tetramer
to generate stable RNA-binding complexes. A new system to analyze Rev
multimerization in vivo has recently been developed that uses a variation of the
yeast two-hybrid system (Bogerp et al. 1993). However, the relevance of this
system for multimerization is questionable because effector domain mutants
effect multimerization in this new system while all other assays indicate that
effector domain mutants of HIV-1 Rev are tetramers. It is possible, however, that
the detected interactions may be mediated through the Rev cofactor or some
other cellular protein. This interpretation is supported by the fact that Rev does
not score positively with the two-hybrid system in yeast, indicating that this is a
factor specific to higher eukaryotes (Bocerp and GReeNe 1993).
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The effector domain is absolutely required for function and is believed to be
the site of interaction between the viral Rev protein and cellular components
which facilitate HIV-1 Rev function (Maum et al. 1991; Lazinski et al. 1989; NaLin et
al. 1990). One possible cellular cofactor is the eukaryotic initiation factor 5A,
which appears to bind to the Rev effector domain (RuHL et al. 1993). The effector
domain is composed of a leucine-rich region that can be readily indentified in
several members of the family of Rev-like viral post-transcriptional transactivators
(NALIN et al. 1990; Hore et al. 1992). It has been clearly demonstrated that the
effector domains of this family of viral regulatory proteins can be functionally
exchanged (MaLim et al. 1991; Lazinski et al. 1989; NaLIN et al. 1990; HorEe et al.
1992). When Rev function is directed through a heterologous RNA-binding
protein, the bacteriophage protein MS2, it can be demonstrated that a functional
effector domain is required, while a functional amino-terminal region is not
(McDonALD et al. 1992). These results can be interpreted to mean that a Rev-like
molecule is defined as a specific RNA-binding protein with a functional effector
domain. From this prospective, Rev-like proteins are basically adapters that allow
a response element containing (viral) RNA to interact with a specific cellular
pathway by interactions mediated through the effector domain. Mutagenesis
studies, functional characterization by complementation of effector domain mu-
tants of HIV-1 Rev, and apparent homologies indicate that a functional effector
domain is a common feature of the viral Rev-like proteins that can be found in all
lentiviruses and some oncoviruses.

Mutations of the HIV-1 Rev effector domain are particularly interesting
because they generate dominant negative mutants (Maum et al. 1989b; HorE et
al. 1992). Nonfunctional mutants are defined as dominant negative mutants when
they not only lack intrinsic activity, but can also block the activity of the wild-type
protein (Herskowitz 1987). In this way dominant negative mutants of HIV-1 Rev
have the ability to inhibit the function of wild-type Rev when present in excess. It
was initially thought that effector domain mutants of Rev are dominant negative
because they compete for binding to RRE-containing transcripts (Maum et al.
1989b). However, we have published a subsequent study that suggests that the
dominant negative mutants of HIV-1 Rev work, at least in part, through the
generation of nonfunctional Rev multimers (Hore et al. 1992). Functional Rev
monomers can interact with mutant Rev monomers to generate nonfunctional
complexes. This mechanism for inhibition of function by dominant negative Rev
is further supported by the observation that secondary mutations that will effect
oligomerization of a dominant negative Rev mutant destory its ability to inhibit
wild-type protein function (Hore et al. 1992). As such, trans-dominant negative
mutant proteins hold promise as “intracellular immunization” approaches to
inhibit HIV-1 replication (BALTiMore 1988). In addition, single-chain variable frag-
ments (SFv) of antibodies to Rev have recently shown promise for intracellular
immunization against HIV-1 infection of human cells (Duan et al. 1994).



The Human Immunodeficiency Virus Type 1 Rev Protein 99

7 Rev and Pathogenesis

Rev may also have a function in certain forms of HIV-1 proviral latency. Cell lines
have been selected from the survivors of lytic HIV-1 infections that maintain HIV-1
in the restricted state and constitutively produce very low levels of the virus.
These cell lines can be stimulated to increase HIV-1 expression with a variety of
exogenous compounds. Most of these compounds appear to act via activation of
nuclear factor-kappa B (NF-kB). Two HIV-1 latently infected cell lines have been
extensively characterized, the U1 monocytic and the ACH-2 T lymphocytic lines.
These cell lines have been used as model systems to explore HIV-1 postintegra-
tion latency in cell culture. In the baseline unstimulated state, these cells express
mainly multiply spliced HIV-1-specific RNA, as compared to productively infected
cells, in which all three HIV-1 RNA species are expressed in nearly equivalent
amounts (PomeranTz et al. 1990). This RNA expression pattern undergoes a
switch to mainly synthesis of unspliced viral transcripts upon stimulation of these
cells. Thereis, as well, a concomitant upregulation of total viral RNA transcription.
Time course experiments have demonstrated that after stimulation there is an
initial rise of multiply spliced HIV-1 RNA species prior to the increase in unspliced
viral RNA (PomeranTtz et al. 1990). The unstimulated U1 and ACH-2 cells express
an HIV-1-specific RNA pattern analogous to early-stage cells and appear blocked
from progression to the late stage of productive infection, unless they are
stimulated by activating agents. This molecular model for postintegration HIV-1
latency has recently been demonstrated in other cell types (LAUGHLIN et al. 1993).

U1 and ACH-2 cells may be models for postintegration latency in certain cells
of HIV-1-infected individuals. It is apparent that something about these cells
maintains HIV-1in the early stage of infection. Exactly what prevents progression
to the late stage of infection is not clear. The relatively low levels of viral
transcription in these cells will lead to a low level of Rev. We have suggested that
the preponderance of multiply spliced viral RNA species in these cells may be
caused by the low levels of the viral protein Rev, implying that there is a critical
threshold level of Rev required for efficient Rev function. We have recently
demonstrated that a functional threshold level of Rev exists in certain cells
(PomeranTz et al. 1992). This Rev threshold may be secondary to the requirements
for Rev multimerization to allow it to function. Thus a sub-threshold level of Rev
may be the cause of the aberrant viral RNA expression pattern demonstrated in
these latently infected cells, and this splicing pattern may also be detected in
certain cells in the peripheral blood of HIV-1-infected individuals (SEsHAMMA et al.
1992).In addition, recent data suggests that mutations in rev may be more
commonly found in asymptomatic HIV-1-infected individuals than in patients with
AIDS. Of note, these mutations were detected in the C-terminal effector domain
of rev(A.K.N. lversen and J.I. Mullins, personal communication, submitted).
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8 Mechanism of Rev Function

Several studies considering the relationship between the post-transcriptional
trans-activation by HIV-1 Rev and mRNA splicing indicate that the two pathways
are, to a limited extent, interdependent. It has been shown that Rev function
requires inefficient splice sites (CHang and SHarp 1989). The ability of the
Rev/RRE system to function in the heterologous intron from beta globin was
demonstrated to require the type of inefficient splice sites that are commonly
found in retroviruses. A later study further defined this interaction with the
observation that Rev activity was dependent on functional interactions between
target MRNA and the small nuclear RNA U1 (Lu et al. 1990). Point mutations in the
U1 binding site interfered with the ability of the studied transcript both to splice
and to be trans-activated by HIV-1 Rev. However, the cotransfection of a U1
molecule with compensatory mutations led to the restoration of both splicing and
Rev-specific transactivation. Although these results imply that HIV-1 Rev requires
functional splice sites, it is difficult to interpret because it is not possible to detect
the target mRNA in the absence of potential functional interactions between 5'
splice sitesand U1. The fact that Rev cannot facilitate the cytoplasmic localization
of a RNA with a mutated 5' splice site may reflect the fact that such transcripts in
a eukaryotic nucleus are targeted for degradation. HIV-1 Rev is functional in the
cells of many species from humans to Drosophila (Ivev-HoyLe and ROSENBERG
1990). The fact that the pathway(s) used by Rev are common to higher eukaryotes
indicates that the cellular cofactor(s) facilitating Rev function are highly conserved
and probably essential for the function of normal cells. In mice, though, the
situation is more complicated. Whereas normal Rev function can be demon-
strated in murine cells using Rev-based reporter systems (MaLm et al. 1991), Rev
function in the context of a HIV-1 provirus is defective (TroNo and BaLTiMore 1990).
It has further been shown that this defect in Rev function is not due to the
inefficient function of Tat that had been previously demonstrated in mouse cells
(WinsLow and Trono 1993). The differences detected are probably due to the
efficient splicing of HIV-1 transcripts in murine cells. This increase in splicing
efficiency in mouse cells has been previously demonstrated in the case of the
retrovirus Rous sarcoma virus (RSV) (BersericH et al. 1990; QuiNTRELL et al. 1980).
As described above, inefficient splice sites are required for Rev function.

The Rev protein acts by inducing the cytoplasmic accumulation and subse-
quent translation of incompletely spliced viral mMRNA (HamMARskJOLD et al. 1989;
Maum et al. 1989a; EmermaN et al. 1989; FeLger et al. 1989). The exact mechanism
of Rev action has not been determined, but the Rev-dependent appearance of
incompletely spliced messages in the cytoplasm along with the Rev-dependent
decrease in the expression of completely spliced transcripts presumably involves
either direct inhibition of splicing or a selective induction of RNA transport (GReeN
and Zaprp 1989; CHang and SHarP 1990). There are two possible explanations for
the decrease in the amount of splicing that has been observed. Rev may
specifically inhibit mRNA splicing by directly interfering with the splicing machin-
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ery. This specific inhibition, in turn, eventually leads to cytoplasmic localization
and expression of Rev-dependent mRNA. It is also possible that Rev may
indirectly decrease the amount of fully spliced transcripts, kinetically, by the
depletion of substrate mMRNA available for splicing through direct transport to the
cytoplasm. These observations have led to the development of two primary
models for Rev function, the inhibition of splicing or facilitated transport, to
explain the mechanism of Rev action.

The inhibition of splicing model is based on the observed decrease in the
amount of spliced viral message in the presence of HIV-1 Rev, along with the
requirement for inefficient splice sites for Rev function (Katz and Skaka 1990;
BersericH and StoLtzrus 1991; CHANG and SHARP 1989; Lu et al. 1990). According to
this model, the interaction of Rev with the RRE leads to a disruption of splicing
complexes forming on the transcript, which in turn leads to the appearance of the
incompletely spliced messages in the cytoplasm. It has been previously observed
in yeast that certain splice site mutations cause an increase in the expression of
unspliced mMRNA (Lecrain and RossasH 1989). Additionally, it has been shown that
a peptide of the arginine-rich domain of Rev can inhibit splicing in vitro (Kuems et al.
1991). This study has been extended to determine that the arginine-rich peptide
inhibits the entry of the U4/U6-U5 small nuclear ribonucleoprotein into an assem-
bling splicesome complex (Kvems and SHarp 1993). However, it has not been
demonstrated that the observed inhibition of splicing is required for transactiva-
tion in vivo. Also, in vivo Rev function requires an intact effector domain which is
not required for the observed peptide-specific inhibition described in vitro.

ltis also possible that the interaction of HIV-1 Rev with the RRE directly leads
to the transport of the incompletely spliced mRNA into the cytoplast, where it is
subsequently translated. In this model, Rev will allow the circumventing of the
constitutive nuclear check points that normally prevent incompletely processed
mRNA from exiting the nucleus. Unfortunately, little is currently known about the
details of the nuclear export of processed mRNA into the cytoplasm. In fact,
understanding the details of HIV-1 function should reveal many details of how
mRNA is exported form the nucleus. These two models are not mutually
exclusive and it may be that the actual mechanism of Rev function may include
elements of both models. The splicing and eventual transport of mMRNA from the
nucleus may represent a single pathway that is in some way modified by Rev.

It has also been observed that Rev may effect the stability and efficiency of
translation of viralmRNA. A recent study of the effect of HIV-1 Rev on the stability
of viral mMRNA in a T cell line demonstrates that Rev has the ability to greatly
increase the half-life of viral messages within the nucleus (Maum and CuLLeN
1993). These results indicate that in the absence of Rev, viral mMRNA is targeted
for degradation. Therefore, the induction of gene expression mediated by Rev is
in part the result of the redirection of viral messages from degradation pathways
to transport pathways that facilitate the cytoplasmic localization and subsequent
translation of incompletely spliced viral mMRNA encoding late genes. Several
groups have identified negative cis-acting sequences contained within the viral
genome that can be overcome by the addition of HIV-1 Rev (CocHraNE et al. 1991;



102 T. Hope and R.J. Pomerantz

ScHwaRTz et al. 1992a,b). These inhibitory sequences may be important for the
targeted degradation of nuclear viral mMRNA and changes in mRNA stability
observed when viral mMRNA is expressed in the absence of Rev. It has also been
demonstrated that mRNA redirected to the cytoplasm by Rev is polysome
associated, whereas cytoplasmic RNA detected in the absence of Rev is not
associated with ribosomes (Arrico and CHeN 1991; D'AcosTino et al. 1992). This
observation may indicate that post-transcriptional induction of gene expression
by Rev extends to the level of increasing the efficiency of translation. However,
these changes in MRNA stability and translation may simply be another outcome
of Rev-specific trans-activation. For instance, mRNA that is specifically exported
to the cytoplasm by HIV-1 Rev may be more efficiently translated and more stable
as a result of following the appropriate pathway.

Thus, the HIV-1 regulatory protein Rev is a prime example of the complexity
of replication in this unique lentivirus. Understanding Rev structure and function,
in its intricacy, promises to yield critical clues in the study of HIV-1 pathogenesis
and novel therapeutic modalities.
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1 Introduction

Human immunodeficiency virus type 1 (HIV-1) is a complex retrovirus that
encodes a number of novel regulatory proteins (Tat, Rev, Nef, Vpr, Vif and Vpu) in
addition to the canonical structural proteins (Gag, Pol, and Env) that are common
to all retroviruses. HIV-1 is the causative agent of the acquired immunodeficiency
syndrome (AIDS). The complexity of HIV genomes reveals the complex nature of
host-virus interactions in AIDS pathogenesis (Levy 1993; WEeiss 1993). Some of
the HIV-1 proteins are involved in the regulation of gene expression in virus-
infected cells. For example, the Tat and Rev proteins are essential for HIV
replication in tissue culture (CuLLen 1992). These proteins have been shown to
exert their effects through specific interactions with viral RNA: trans-acting
response element (TAR) in the case of Tat and Rev response element (RRE) in the
case of Rev. The mechanism of action of these proteins will not be considered in
this review, as they will be discussed elsewhere in this volume.

This chapter focuses on biosynthesis and structure—function of Vpu, as well
as the role of Vpu in the HIV life cycle. Aside from the envelope gene product gp
160, Vpu is the only other HIV-encoded protein which is anchored to the
membrane using a hydrophobic transmembrane sequence. However, unlike the
gp120-gp41 complex which constitutes the virus envelope, Vpu is a non-
structural protein which is not part of the virus particle (STreseL et al. 1989;
TerwiLLEGER et al. 1989). The Vpu protein appears to have roles in two apparently
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unrelated functions: virus release and CD4 proteolysis in the endoplasmic reticu-
lum (ER). In this review, the results of experiments will be summarized that
specifically address the role of Vpu in CD4 downregulation and virus release.

2 Synthesis and Membrane Topology of Vpu

The HIV-1 proteins are synthesized from three distinct classes of mRNA: full-
length, intermediate, and small MRNA. The fullmRNA produces Gag-Pol and Gag
proteins, and the intermediate RNA synthesize Vpu, Env, Vif, and Vpr, whereas
the multiply spliced RNA are responsible for the production of Tat, Rev, and Nef
proteins (HaseLTINE 1991; CuLLen 1992). The Vpu protein of HIV-1 is synthesized
with the envelope glycoprotein precursor gp160, (Fig. 1), from the same
bicistronic mMRNA in infected cells (SchwarTz et al. 1990). The coordinate regula-
tion of gp160 and Vpu might have relevance in the virus life cycle, but it is not
apparent from in vitro studies. However, Vpu has been shown to regulate the
formation of gp160-CD4 complexes in the cell (WILLEY et al. 1992a).

The Vpu protein is a transmembrane phosphoprotein which is localized in the
intracellular membrane compartment of HIV-infected cells. Figure 2 shows a
schematic diagram of the HIV-1 Vpu protein with structural features that are
critical for its biological activities in mammalian cells. Experiments with canine
microsomal membranes have revealed that the 27-amino acid N-terminal region

Fig. 1. Organization of the human immunodeficiency virus (HIV)-1 genome. The Vpu and gp160 (env
gene product) proteins are coordinately synthesized from the same bicistronic messenger RNA
(ScHwarTz et al. 1990). The amino acid sequence of the pNL43 Vpu protein is shown (STReBEL et al. 1988).
The Vpu protein is inserted to the membrane through the N-terminal hydrophobic region (boxed);
(STReBEL et al. 1989; MALDERELLI et al. 1993), and the 12-amino acid region (underlined) is conserved in all
known HIV isolates (CHen et al. 1993). LTR, long terminal repeat
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Fig. 2. Structural features of the Vpu protein. The human immunodeficiency virus (HIV)-1 Vpu protein is
a transmembrane protein of 81 amino acids which is phosphorylated by casein kinase-2 at positions
Serb2 and Ser56 (ScHUBERT et al. 1994). The 12-amino acid acidic region is flanked by two amphipathic
a-helical regions (amino acid positions 30-47 and 60-70). The 54-amnio acid cytoplasmic domain is
preceded by the 27-amino acid hydrophobic signal/anchor region, which presumably inserts the protein
to the membrane (SCHUBERT et al. 1994)

of Vpu is responsible for membrane association (STRegeL et al. 1989; MALDERELLI
et al. 1993), suggesting that this region could function as both the ER signal
sequence and the membrane anchor. Furthermore, the 54-amino acid cytoplas-
mic domain of Vpu is highly hydrophilic, having a number of charged amino acids
(CoHen et al. 1988; STrReBeL et al. 1988; ScHuBerT et al. 1994). This domain
posseses a 12-amino acid region that is conserved in all known HIV isolates (CHeN
et al. 1993), and the two seryl residues in the conserved region serve as the
phosphoacceptor sites for the ubiguitous casein kinase-2 (CK-2; ScHUBERT et al.
1994). Furthermore, the secondary structure prediction of Vpu suggests that the
two regions (amino acid positions 30-50 and 58-70) flanking the acidic domain
could assume amphipathic a-helical configurations which might have roles in the
assembly of Vpu in the cell. Interestingly, the Vpu protein has been shown to
assemble as a homo-oligomer in the absence and presence of membranes in
vitro (MaLDERELLI et al. 1993), and it is likely that only the oligomeric form of the
protein is active in mammalian cells.

3 Role of Vpu in Virus Release

Early experiments were performed to ascertain the role of Vpu in the virus life
cycle, as this protein is unique to HIV-1 and is, not encoded by HIV-2 or the
majority of simian immunodeficiency virus (SIV) isolates (CoHen et al. 1988;
STReBEL et al. 1988; Kumkair et al. 1990; TeRwILLEGER et al. 1989). These studies
have demonstrated that functional Vpu protein is necessary to release particles
efficiently from the plasma membrane of infected cells, and Vpu-deficient viruses
are poorly released into culture medium (KumkarT et al. 1990; TERwILLEGER et al.
1990, Yoo et al. 1992, 1993). The majority of mutant virus particles have been
shown to bud from internal membrane compartments, mostly into exaggerated
vacuoles of HIV-infected cells. These particles have the appearance of mature
virions with condensed nucleoids. Furthermore, a small fraction of mutant virions
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is displayed as a tether at the plasma membrane of Vpu-deficient virus-infected
cells (Kumkarr et al. 1990; Yoo et al. 1993). Thus, the Vpu protein appears either to
prevent the assembly of virus particles in inappropriate membranes (intracellular
membranes) or to target the virus to a correct membrane compartment
(plasma membrane).

The assembly and budding of retroviruses is a complex process involving a
number of viral proteins (HunTEr 1994). For the generation of infectious particles,
the envelope glycoproteins and the group-specific antigens (Gag) are targeted to
the plasma membrane, where they are incorporated into virions in a highly
specific fashion. Both envelope and Gag proteins reach the surface of mam-
malian cells by different routes. The envelope glycoproteins use the fairly well
defined mammalian secretory pathway for maturation and proper delivery to the
plasma membrane, whereas Gag proteins are targeted to a specific region of the
plasma membrane by a poorly defined pathway in the cell (HunTErR 1994). It has
been shown that myristoylation of the Gag proteins was necessary for efficient
assembly and release of virus particles from HIV-infected cells (BRvanT and RATNER
1990; GoTTLINGER et al. 1989). Vpu-mediated release of virions could therefore be
related to its interactions with the Gag precursor or processed Gag proteins.
However, recent evidence suggests that the effect of Vpu on the release of virus
particles is not specific to HIV-1. For example, viruses as diverse as visna virus,
SIV, HIV-2, and Mo-MuLV are released efficiently from cells expressing functional
Vpu. The Gag protein of visna virus is not myristoylated as it lacks the N-terminal
glycine residue (myristoylation signal), suggesting that myristoylated Gag pro-
teins are not required for Vpu-enhanced release of virus particles from HIV-
infected cells (GoTTLINGER et al. 1993).

In addition, the C-terminal regions of the Gag precursor proteins are distinct
for different retroviruses and play critical roles in virus assembly processes
(HunTer 1994). The HIV Gag precursor is proteolytically cleaved to generate the C-
terminal 6-kDa protein, and mutations in the protein have generated viruses that
are defective in the assembly process (GoOTTLINGER et al. 1991; PaxTon et al. 1993).
It is interesting to note, however, that visna virus does not possess the open
reading frame (ORF) that would encode a protein analogous to the HIV p6 protein.
It appears therefore that Vpu-mediated enhancement of virus particles might not
be related to the presence of the p6 gene in the HIV genome (GoTTLINGER et al.
1993). Thus, these studies have demonstrated that the Vpu protein alters a
cellular pathway which is commonly used by many retroviruses for assembly and
budding processes, but the mechanism of Vpu action is not clearly defined yet.
GotruingeR et al. (1993) have further demonstrated that the virus release function
of Vpu is cell type dependent, as HIV particles were efficiently released from
COS-7 cells in both the absence and presence of Vpu, suggesting that a cellular
factor(s) might substitute for Vpu activity responsible for virus release in certain
cell types (e.g., COS-7).

Vpu-defective viruses have been shown to be highly cytopathic in tissue
culture as compared to wild-type virus. This cytopathicity was due perhaps to the
accumulation of viral proteins in the cell, as the ratio of intracellular to extracellular
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proteins was high in cells infected with the mutant virus (KumkaT et al. 1990;
TerwILLEGER et al. 1990; GoTTuNGER et al. 1993). The intracellular accumulation of
viral proteins could potentially be toxic to cells, thereby reducing the viability of
cells infected with the mutant virus. Paradoxically, a number of studies have
demonstrated an early onset of syncytia induction in Vpu-deficient virus-infected
cultures as compared to those infected with wild-type virus (Kumkait et al. 1990;
TeRWILLEGER et al. 1990). This property of Vpu-defective viruses directly correlated
with the accumulation of envelope glycoproteins at the cell surface of infected
cells, which might recruit uninfected cells into the giant cell complex (Yao et al.
1993). In contrast, the envelope glycoprotein was incorporated into virus particles
and efficiently released into culture medium of wild-type virus-infected cells,
thereby reducing the concentration of envelope glycoproteins at the cell surface
(Yao etal. 1993). However, there was no difference in the rate and extent of single
cell killing in wild-type and mutant-infected cultures. Recent studies of a macroph-
age tropic virus demonstrated the importance of functional Vpu for the establish-
ment of productive infection in macrophages (BaLLEIT et al. 1994). In this study,
the authors analyzed the replication potential of a Vpu-defective virus and showed
that the mutant virus was highly restricted in the macrophage, but its growth was
normal in T lymphocytes (BALLET et al. 1994). Thus, the study of macrophage
tropic viruses with defined mutations in the vpu gene would provide valuable
information as to the role of Vpu in HIV infection of macrophages.

It has been established that the Vpu protein has two known activities in HIV-
infected or -transfected cells. One of the activities is related to its function in the
degradation of CD4 in the ER, and the other is to enhance the release of virus
particles from infected cells. As discussed above, Vpu is a transmembrane
phosphoprotein which undergoes phosphorylation in two (ser25 and ser56) of the
three serine residues in its cytoplasmic domain by the ubiquitous CK-2. ScHuBerT
and StreseL (1994) have analyzed the role of phosphorylation in distinct functions
of the Vpu protein. Mutations in the two phosphoacceptor sites had only moder-
ate effects in the release of virions from the plasma membrane of infected cells.
However, the unphosphorylated Vpu mutant was completely defective in induc-
ing degradation of CD4 in the ER. It was further demonstrated that the lack of Vpu
activity in the degradation process was not due to missorting of the mutant
protein to a cellular compartment where it could not function, as brefeldin-A (BFA)
treatment of cells expressing the Vpu mutant and CD4 did not reconstitute Vpu
activity (CD4 proteolysis) in the ER environment. BFA is a fungal metabolite
which blocks the transport of protein from the ER to the Golgi compartment by
inducing the collapse of Golgi membranes with ER membranes and also affecting
other membrane trafficking pathways in the cell (PeLHam 1991; KLausner et al.
1992). The release of virus particles was defective in cells treated with BFA,
suggesting that the Vpu protein exerts its effect on the assembly of viruses in a
cellular compartment distinct from the ER. Since mutations in the phosphoryla-
tion sites did not appreciably reduce the release of virions from infected cells,
phosphorylation per se might not regulate membrane trafficking of Vpu in the cell.
However, the modification of Vpu by the cellular CK-2 is critically important in
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regulating its activity in the ER compartment. Furthermore, it has been shown
that phosphorylation does not confer stability to Vpu, as both unphosphorylated
and wild-type Vpu proteins are equally stable in mammalian cells (ScHuserT and
STreBeL 1994). These studies have further revealed that the Vpu effect was very
specific in enhancing the release of virus particles, but did not affect the release
of soluble Gag proteins into the culture medium (ScHuBerT and STrReseL 1994).
Thus, the HIV-1 Vpu protein appears to function in distinct membrane compart-
ments, exhibiting two different activities (virus release and CD4 proteolysis) in
mammalian cells.

4 Role of Vpu in Degradation of CD4
in the Endoplasmic Reticulum

As mentioned above, the other activity of Vpu is to induce degradation of CD4 in
the ER. This was achieved in cells expressing all three proteins (gp160, CD4, and
Vpu) or in conditions in which CD4 was artificially retained in the ER (WiLLEY et al.
1992a; VINCENT et al. 1993). A number of studies have shown that the envelope
glycoprotein precursor gp160 binds tightly to CD4 in the ER, forming gp160-CD4
complexes (Kawamura et al. 1989; Crist et al. 1990; Jassar and Navak 1990; Bour
etal. 1991; WiLLEY et al. 1992b; Rasa et al. 1993). One of the major consequences
of the interaction between gp160 and CD4 in the intracellular compartment was
the interference of normal CD4 trafficking in the cell (Kawamura et al. 1989; Crise
etal. 1990; Jasear and Navak 1990). CD4 is a type | glycoprotein which is delivered
to the cell surface via the Golgi complex undergoing endo-H-resistant oligo-
saccharide modifications (Crise et al. 1990; Jasear and Navak 1990). However,
in cells expressing both gp160 and CD4, the maturation of CD4 was defective,
suggesting that CD4 was not able to exit the ER. This was due to tight binding and
the complex formation between CD4 and gp160 (Buonocore and Rose 1990;
Crist et al. 1990; Jassar and Navak 1990; RaJa et al. 1993). Furthermore, it has
been shown that the envelope precursor, gp160, was poorly transported to the
cell surface, and only a minor fraction of gp160 was endoproteolytically cleaved,
generating gp120 and gp41 subunits in mammalian cells (WiLLEY et al. 1988; Crise
et al. 1990; JasAr and Navak 1990; RaJa et al. 1993). In some experimental
systems, the majority of gp160 was shown to be highly unstable and underwent
degradation in lysosomes (WiLLEY et al. 1988).

Recent experiments have elucidated the role of Vpu in the intracellular
metabolism of CD4 (WiLLey et al. 1992a,b). It was demonstrated that the pres-
ence of Vpuin cells expressing gp160 and CD4 had resulted in the destabilization
of gp160-CD4 complexes in the ER, and gp160 was able to be processed to
gp120 and gp41 (WiLLEY et al. 1992). This phenotype of Vpu expression was
primarily due to selective degradation of CD4 in the gp160-CD4 complex (WiLLEY
et al. 1992b). Vpu-mediated degradation of CD4 has been measured mostly in
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nonlymphoid (Hela) cells, in which CD4 was expressed under control of either
the T7 promoter or the HIV long terminal repeat (LTR; WILLEY et al. 1992a; VINCENT
et al. 1993; LenBerGg and Lanpau 1993). The virus release assay was performed in
both lymphoid and nonlymphoid cells (KLimkait et al. 1990; TERwILLEGER et al. 1990;
Yeo et al. 1993; GeragHTY and PancaniBan 1993). Using proviruses that are
otherwise isogenic except for the synthesis of functional Vpu, it has been shown
that Vpu-mediated virus release occurred independently of both gp160 and CD4
expression (Yeo et al. 1992; GErRaGHTY and PANGANIBAN 1993).

As shown in Fig. 2, the Vpu protein anchors to the membrane through the N-
terminal hydrophobic region, and the 54-amino acid cytoplasmic domain is
projecting into the cytoplasmic face of the ER membrane. Therefore, we hypothe-
sized that the interaction, if any, between CD4 and Vpu is presumably mediated
through either the cytoplasmic or the anchor domain. Accordingly, we generated
HIV envelope glycoproteins that have the extracellular domain of gp160, the
cytoplasmic domains of CD4, and the gp160 anchor domain or the CD4 anchor
domain (Fig. 3). These envelope glycoproteins were able to fuse HelLa CD4* cells,
and the fusion assay was performed to map putative Vpu-responsive elements in
the anchor and cytoplasmic domains of CD4 (VINceNT et al. 1993; Rasa et al. 1994).
We have shown that the envelope glycoprotein E-TC38 underwent Vpu-induced
degradationin the ER and hence was not available for membrane fusion events at
the cell surface. Therefore, no syncytia were formed in Hela cells expressing Vpu
and E-TC38. However, a 20-amino acid deletion in the CD4 had rendered the
mutant chimeric envelope glycoprotein E-TC18 resistant to Vpu-mediated degra-
dation in the ER, and therefore was both biochemically stable and biologically
active in cells expressing Vpu (VINCENT et al. 1993). Thus, we mapped the putative
Vpu-responsive element (VRE) to a six-amino acid region (LSEKKT) of the CD4 tail
(VINCENT et al. 1993). Others have also identified a similar or identical sequence
element in the CD4 cytoplasmic domain employing mutant CD4 molecules in
both in vivo and in vitro assays (CHeN et al. 1993; Lenserg and LANDAU 1993). Thus
the functional (syncytium) assay has correctly revealed the putative minimal VRE
in the cytoplasmic domain of CD4.

Further experiments from our laboratory demonstrated that the anchor
domain of CD4 played a critical role in the initial recognition event that presumably
occurs in the ER membrane between Vpu and CD4. This conclusion was based
on the observation that the envelope glycoprotein EA-C38 bearing the ectoanchor
domains of gp160 and the full-length CD4 cytoplasmic tail was stable and
functionally active in cells expressing Vpu (Rasa et al. 1994). Our conclusion
differs from that of recent study using CD8/CD4 chimeric proteins (WiLLEY et al.
1994). It has been shown that the stability of CD8/cyto4 (the CD8 ectoanchor
domains and the cytoplasmic domain of CD4) was comparable to that of CD8/
CD4 (the extracellular domain of CD8, and the anchor-cytoplasmic domains of
CD4) in the presence of Vpu (WiLLEY et al. 1994). One interpretation of the study
was that the cytoplasmic domain of CD4 alone was necessary and sufficient
for conferring Vpu sensitivity. It is possible that both the CD4 and CD8
anchor domains share common structural or sequence features that are being
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gp160 anchor domain CD4 cytoplasmic domain

EA-C384 IFIMIVGGLVGLRIVFAVLSIGS | RCRHRRRQAERMSQIKRLLSEKKT| CQCPHRFQKTCSPI.

E-TC384 ALIVLGGVAGLLLFIGLGIFFCV Rcmnngmmsquhszn'r CQCPHRFQKTCSPI.
CD4 anchor domain

Fig. 3 A,B. Human immunodeficiency virus (HIV)-1 gp160, CD4, Vpu, and chimeric envelope glycopro-
teins. The chimeric envelope glycoproteins were generated by ligating DNA fragments encoding distinct
domains of the proteins (SANCHEZ-PASCODAR et al. 1985; MappoN et al. 1987; VINCENT et al. 1993; Rasa et
al. 1993). Recombinant clones were isolated and confirmed by sequencing through the junction using
dideoxy reactions. E-TC38 contains the ectodomain of gp160 and anchor-cytoplasmic domains of CD4,
whereas EA-C38 contains the ecto-anchor domains of gp160 and the cytoplasmic domain of CD4. The
membrane topology of Vpu is similar to that of type Il transmembrane proteins (von Hewne 1988; Pinto
et al. 1992). Mutational analyses have shown that the minimal Vpu-responsive element (VRE) maps to
a six-amino acid region (boxed) in the CD4 cytoplasmic domain (VINCENT et al. 1993; CHeN et al. 1993;
LinbBERG and Lanpau 1993). ER, enodoplasmic reticulum

recognized by the Vpu protein with equal efficiencies in the ER membrane. It is
intriguing that the two chimeric proteins CD8/cyto and CD8/CD4 underwent Vpu-
dependent degradation in the ER at similar kinetics. Both proteins have con-
served amino acids (e.g., the trileucine, LLL, motif) in their anchor domains, and
it is likely that the trileucine motif might constitute an important Vpu recognition
sequence in the ER membrane. Furthermore, we cannot rule out the possibility
that other regions of the CD4 anchor domain might be involved in the initial
recognition event between CD4 and Vpu. It is interesting to note that the gp160
anchor domain does not possess the trileucine motif, and envelope glycoproteins
bearing this domain did not undergo degradation in cells expressing Vpu (Rasa et
al. 1994). Furthermore, glycosylation does not play a role in the Vpu-mediated
degradation process, as both glycosylated and unglycosylated CD4 underwent
proteolysis in cells expressing Vpu (WiLLEY et al. 1992a).
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Recent biochemical analyses have also revealed that the HIV-1 Vpu protein
requires both the CD4 transmembrane (anchor) and cytoplasmic domains to
induce the degradation of VSV G-CD4 hybrids in the ER (Buonocore et al. 1994).
For example, the hybrid protein comprising the VSV G ectodomain, the anchor
and cytoplasmic domains of CD4 was sensitive to the Vpu protein and underwent
rapid proteolysis in the presence of Vpu. In contrast, the chimeric protein bearing
the extracellular-anchor domains of VSV G and the full length CD4 tail was stable
in cells expressing Vpu (Buonocore et al. 1994). Thus, this conclusion is consistent
with the study of gp160/CD4 chimeric envelope proteins in the presence of Vpu
(RaJa et al. 1994).

The CD4 molecule plays an important role in immunoregulation of the host
(Weiss and Lirtman 1994) and is also the major receptor for HIV (DaLGLEISH et al.
1984; Kiatzvan et al.1984; Mabbon et al. 1986; McDoucaL et al. 1986). CD4
undergoes internalization in response to mitogenic (e.g., PMA) or antigenic
stimulation (Acres et al. 1986; SHIN et al. 1990). The phorbol myristate acetate
(PMA)-induced internalization and subsequent degradation of CD4 in the lyso-
some requires a sequence element in the CD4 cytoplasmic tail (SHiN et al. 1991).
In an attempt to understand the role of phosphorylation in the Vpu-mediated
degradation process, CD4 mutants defective in phosphorylation were tested for
their stability in the presence of Vpu. Both wild-type and mutant CD4 molecules
underwent degradation in cells expressing Vpu, suggesting that the phosphoryla-
tion of CD4 was not critically important for Vpu-dependent proteolysis in the ER
(LenserG and Lanpau 1993). These results are not surprising, as protein kinase C
(PKC)-mediated phosphorylation of CD4 occurs at or very close to the plasma
membrane and Vpu induces degradation of CD4 in the ER compartment. There is
no evidence for the phosphorylation of CD4 trapped in the ER. CK-2 phosphory-
lates the two seryl residues in the cytoplasmic domain of Vpu, and this phospho-
rylation event is absolutely necessary to induce degradation of CD4 in the ER
(ScHuserT and StreeeL 1994). In addition, a relatively conserved region at the C
terminus of the Vpu protein has been shown to be critical for Vpu-mediated
proteolysis of CD4 in vitro, as deletion of the six C-terminal amino acids had
completely inactivated the Vpu protein (CHeN et al. 1993). It is possible that this
region plays a role in oligomerization of Vpu or in other structural features
important for the functional reconstitution of Vpu in vitro. It will be interesting to
study the effect of this deletion on virus release and CD4 degradation functions of
the Vpu protein in the mammalian cell.

We and others have demonstrated that the CD4 ectodomain did not contri-
bute appreciably to the Vpu-dependent degradation process (VINCENT et al. 1993;
LenserG and Lanbau 1993; WiLLEY et al. 1994). However, the degradation kinetic
rate was dependent on the nature of ectodomains to which the CD4 anchor and
cytoplasmic domains were appended. Our analysis had shown that the gp160/
CD4 chimeric protein E-TC38 exhibited a half-life of 60-90 min in cells expressing
Vpu (Fig. 3A), whereas CD4 underwent rapid degradation (half-life, 12 min) in the
presence of Vpu (WiLLEY et al. 1992a). The CD8/CD4 chimeric proteins exhibited
relatively long half-lives (4 h) in cells expressing Vpu. This was perhaps due to the
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highly stable nature of CD8, which has the turnover rate of 50-60 h in the cell
(WiLLEY et al. 1994). We envisage that the syncytium inhibition assay developed
in our study could be used to screen small molecules that antagonize the activity
of Vpu in mammalian cells. For example, the gp160/CD4 chimeric protein E-TC38
failed to induce syncytia in the presence of Vpu, and an inhibitor or inhibitors of
Vpu could potentially restore the ability of E-TC38 to form syncytia in cells
expressing Vpu. Recently, CHen et al. (1993) demonstrated that Vpu induces
degradation of CD4 in the presence of canine microsomal membranes, and the in
vitro degradation assay will be useful to dissect cellular components that are
involved in Vpu-mediated proteolysis of CD4 in the ER.

5 Perspectives

The preponderance of evidence suggests that Vpu is a bifunctional protein having
a number of cellular targets in mammalian cells (Fig. 4). One of the functions of
the Vpu protein is related to its activity in inducing degradation of CD4 in the cell.
This activity of Vpu is sequence specific, requiring both the anchor and cytoplas-
mic domains of CD4, and it is also compartment specific (ER). The other activity
of Vpu relates to its function in the release of virus particles from infected cells
and is independent of the ER degradation reaction (gp 160 and CD4 expression
independent).

Fig. 4. A model for the role of Vpu in CD4 proteolysis and virus release. The Vpu protein induces
degradation of CD4 in the endoplasmic reticulum (ER; WiLLey et al. 1992b). The Vpu-mediated
degradation process has been shown to be sequence and compartment specific (WiLLEY et al. 1992a;
VINCENT et al. 1993; Linbeerc and Lanpau 1993). The Vpu protein also enhances the release of virus
particles © from infected cells by an unknown mechanism. This activity of Vpu appears to be revealed
in a distinct cellular compartment or compartments CO other than the ER (ScHuserT and StreeeL 1994)
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Even though the sequence requirements for the Vpu-dependent degradation
process are fairly well known, the mechanism by which the Vpu protein targets
CD4 to a degradation pathway in the ER is not clearly understood at the present
time. We can envisage a number of scenarios. For example, Vpu could selectively
target CD4 to a microenvironment of the ER where it becomes susceptible to ER-
specific proteases (selective targeting mechanism). Alternatively, the interaction
between CD4 and Vpu might activate a proteolytic system which selectively
degrades CD4 in the ER membrane (selective degradation mechanism). Itis clear
that the Vpu protein is not a protease, but it could recruit a protease or proteases
to the site of Vpu-CD4 interactions at the ER membrane (protease-targeting
mechanism).

The ER has long been recognized as the major folding compartment in the
cell. Misfolded or unassembled proteins are prevented from reaching the cell
surface by regulatory mechanisms that operate in the ER compartment (GETHING
and Samsrook 1992). For example, one of the major, soluble ER proteins, |g heavy
chain binding protein, (BiP) appears to have roles in the assembly of proteins in
the ER lumen. Misfolded proteins are precipitated as aggregates and the majority
of them have been shown to exist as BiP—protein complexes in the ER (GETHING
and Samerook 1992). Thus, the ER of eukaryotes serves as a quality control check
point ever vigilant in monitoring the status of environmental changes during the
flux of proteins in the secretory pathway. Any abnormal folding of proteins is
quickly sensed so that they could be retained for eventual degradation in the ER
(HurTLey and HeLenius 1987; Dowms et al. 1993). Recent studies on the T cell
receptor complex (TCR) subunits have revealed sequence-specific degradation of
the a- or B-subunits in the ER (BoniFaciNno et al. 1991; KLausNer and Simia 1990; SHIN
et al. 1993; Young et al. 1993). Thus, the ER has also emerged as a major
membrane compartment in which proteolytic systems are abundantly present.
However, the proteolytic system that targets CD4 for degradation in cells
expressing Vpu is presently unknown.

Furthermore, the mechanism of the Vpu effect on the release of virus
particles is not clearly defined. Recent experiments have elucidated that this
effect is independent of both gp 160 and CD4 expression (Yao et al. 1992;
GERAGHETY and PancaniBaN 1993). It has been shown that Vpu-mediated enhance-
ment of virus release is not specific to HIV-1, as viruses as divergent as visna
virus, HIV-2, and Mo-MulLV are efficiently released from cells expressing func-
tional Vpu (GotTLigER et al. 1993). These experiments have suggested that the Vpu
protein affects a common cellular pathway utilized by many retroviruses for
assembly and morphogenesis. The Vpu protein is structurally related to the M2
protein of influenza viruses. M2 is an ion channel protein which appears to protect
influenza virus hemagglutinin (HA) from undergoing acid-induced conformational
changes in the trans-Golgi network of the secretory pathway (PinTo et al. 1992;
TakeucH! and Lamve 1994; HoLsINGER et al. 1994). There is no evidence so far to
suggest that the Vpu protein possesses ion channel activity. Clearly, the system-
atic analysis of Vpu would reveal novel modes of action of this unique protein in
the HIV life cycle and CD4 downregulation.
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1 Introduction

Since the discovery of the human immunodeficiency viruses types 1 (HIV-1) and
2 (HIV-2) as the causative agents of acquired immunodeficiency syndrome (AIDS)
(BarRE-SiNoussi et al. 1983; CLaveL et al. 1987; Papovic et al. 1984) and the isolation
of related lentiviruses from several species of Old World monkeys, much has
been learned about their biology and evolution. Based on genetic analysis, five
distinct phylogenetic lineages of primate lentiviruses have now been identified:
HIV-1/simian immunodeficiency virus (SIV) ., HIV-2/SIVg/SIVyuac: SIV g SIViumor
and SIVg,, (for review see JoHnson etal. 1991; Myers et al. 1992; SHarp et al. 1994).
Like all retroviruses, primate lentiviruses are similar in structure and genomic
organization. They contain gag, pol, and env genes that encode structural proteins
essential for virion architecture (Gag), glycoproteins that enable the virus to
recognize and infect its target (Env), and enzymatic proteins essential for pro-
cesses of virus maturation, reverse transcription, and integration (Pol). While the
genomic structure of all five lineages is conserved, differences exist in the
composition of auxiliary genes: all five groups of viruses contain tat, rev, nef, and
vif, all but SIV,s,, contain vpr, only HIV-1/SIV,,, contains vpu, and only HIV-
2/SIVgy/SIV yac and SIV ., viruses contain vpx (CuLLen and GReen 1990; JoHNsON et
al. 1991). Primate lentiviruses have complex life cycles regulated by interactions
of viral structural and accessory gene products as well as host factors (CuLLEN
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1991). Viral accessory genes modulate replication, host cell tropism, chronic
persistence, and pathogenicity. Defining the role of viral accessory genes is
critical for understanding the natural history of infection and disease pathogenesis
and thus represents a major goal in biomedical AIDS research. Moreover,
knowledge of accessory protein function may facilitate the development of
therapeutic and vaccine interventions. In this chapter the author reviews the
present understanding of the role of Vpx in the HIV-2/SIV life cycle and the
structure=function relationships that mediate incorporation of this protein into
virions. Based on genetic and phylogenetic evidence indicating that in the HIV-2/
SIVg/SIVyaclineage vpxarose from a gene duplication of vprand on the proposed
reclassification of SIV,q, vox to vpr (TrisTEm et al. 1990, 1992), for clarity this
review will discuss vpx for only the HIV-2/SIV,,/SIV,,,. group of viruses.

2 Association of Vpx with Virions

Viral protein X (Vpx) is a virion-associated protein of 14-16 kDa that is expressed
in vitro and in vivo (FrancHINI et al. 1988; HENDERSON et al. 1988a; Kappes et al. 1988;
VENET et al. 1992; Yu et al. 1988). The vpx coding region is located in the central
region of the viral genome between vif and vpr, partially overlapping vif on its 5’
end (CHakrABARTI et al. 1987; FrancHiNI et al. 1987; Guvaper et al. 1987). (Fig. 1). It
predicts a protein of 112 amino acids and is likely encoded from a singly spliced
mRNA whose expression is regulated by rev (VicLianTi et al. 1990). Vpx was first
identified when it was purified by high-performance liquid chromatography
(HPLC) from sucrose-banded preparations of SIV,,,c (Mne strain) and character-
ized by N- and C-terminal amino acid sequence analysis (HenDERsON et al.
1988a,b). Comparison of its amino acid sequence with nucleotide sequences in
the genomes of HIV-2 and SIV,,,. confirmed its viral origin. The vpxgene was also

vpr
gag [ vif ] D envv ]
LTR [ pol | & - rev > LTR
voxll [] - tat -

P

1 20 40
HIV-2rRop MSDPRERIPPGNSGEETIGEAFEWLNRTVEEINREAVNHLPRELIFQVWQRS
(RN PEURELELEETE R e rverrrrerverr it
SIVmac MTDPRETVPPGNSGEETIGEAFAWLNRTVEAINREAVNHLPRELIFQVWQRS

60 80 100 112
WEYWHDEQGMSQSYVKYRYLCLKQKALFMHCKKGCRCLGEGHGAGGWRPGPPPPPPPGLA
e o reeret i Il PEE bt revrrerrrerrnd
WRYWHDEQGMSESYTKYRYLC IIQKAVYMHVRKGCTCLGRGHGPGGWRPGPPPPPPPGLV

Fig. 1. Genomic organization of human immunodeficiency virus (HIV)-2/simian immunodeficiency virus
(SIV)yac/SIVgy, viruses and alignment of the Vpx amino acid sequences of HIV-2,,, and SIVy,,.. Vertical
bars indicate identity. LTR, long terminal repeat
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shown to represent a functional gene by immunologic detection of its protein
product in infected cells and purified virions (FRancHINI et al. 1988; Karpes et al.
1988; Yu et al. 1988). Quantitative amino acid analysis of HPLC-purified SIV, ¢
proteins demonstrated that Vpx is present in virions in molar amounts approxi-
mately equivalent to Gag proteins (HeNDERSON et al. 1988 b). Using semiquan-
titative methods, a similar relationship for virion-associated Vpx has been
demonstrated for HIV-2 (HEnDERSON et al. 1989b; Wu et al. 1994).

Although the abundance of Vpx in the virus particle could suggest that it
plays an important structural role, electron microscopy studies of HIV-2-infected
lymphocytes indicated there are no morphologic or ultrastructural differences
between wild-type and Vpx-deficient virions (Kappes et al. 1991). Vpx mutant
viruses were shown to be normal in size and exhibited mature core structures and
glycoprotein spikes recognizable on their envelope surfaces. Furthermore, there
were no apparent differences in budding virus structures associated with infected
cells. The location of Vpx within the virus particle has been examined by analyzing
the protein contents of SIV,,,. cores purified after destroying the envelope with
detergent (Yu et al. 1993). In contrast to intact virions, substantially less core-
associated Vpx was detected relative to p27 Gag. The concomitant loss of matrix
(MA) protein from purified cores suggested that Vpx localizes predominately
between the virus core and envelope. Incomplete loss of Vpx from purified SIV
cores, and the demonstration that Vpx has single-stranded nucleic acid-binding
properties in vitro (HENDERSON et al. 1988b), suggests that Vpx could also localize
within the core in association with viral RNA. Additional studies are necessary to
further define the subvirion location of Vpx. Figure 2 depicts the structure of a
mature HIV-2 virion, showing the localization of its protein constituents, including
that suggested for Vpx (for review see reference GELbersLOM 1991).

Fig. 2. The human/simian immunodeficiency (HIV/SIV) virion. The organization of the major structural
proteins of a mature virion is shown. The subvirion location of Vpr and p6 Gag is presently unknown



124 J.C. Kappes

Fig. 3. Immunofluorescence microscopy of Vpx. The Vpx protein is stained within Cos-1 cells following
transfection with replication-competent HIV-2 proviral DNA (left panel) and a eukaryotic Vpx expression
plasmid (right panel)

3 Molecular Analysis of Vpx Incorporation into Virions

Unlike Gag, Pol, and Env proteins, Vpx is not synthesized and packaged into
virions as part of a larger polyprotein precursor and therefore requires additional
mechanisms to facilitate its incorporation. Early studies directed toward under-
standing the mechanisms involved in Vpx packaging revealed that in HIV-2-
infected cells Vpx associated predominantly with the plasma membrane
(FRANCHINI et al. 1988; Kappes et al. 1993). Immunofluorescence microscopy
localized Vpx on the plasma membrane in a punctate staining pattern similar to
Gag (Kappes et al. 1993). In marked contrast, when Vpx was transiently expressed
without other viral proteins it was not exported from cells (HorToN et al. 1994) and
did not localize in a punctate pattern, but rather was found to distribute broadly
throughout the cell (Fig. 3) (HorTon et al. 1994; Kappes et al. 1993; Wu et al.
1994). Together, these results indicate that Vpx requires the expression of other
viral components for localization on the inner surface of the plasma membrane, at
sites of virus assembly. Convincing evidence for this hypothesis was provided by
trans-complementation experiments in which coexpression with HIV-2 vpx-
mutant proviral DNA was shown to rescue Vpx surface targeting and
colocalization with Gag (Kaprpes et al. 1993) (Fig. 4). Moreover, coexpression
resulted in the incorporation of Vpx into progeny virions in amounts similar to that
found in virus derived from productively infected cells. Identical trans-comple-
mentation experiments conducted with HIV-1 proviral DNA demonstrated the
lack of Vpx surface localization and virion incorporation (Kappes et al. 1993). These
results indicate that the incorporation of Vpx into virions is regulated by the
expression of virus type-specific components.
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Fig. 4. Double-staining immunofluorescence microscopy of Vpx expressed in trans with HIV-2 and
HIV-1. Vpx (left panels) and Gag (right panels) proteins are stained within the same cell after
cotransfection with either HIV-2 vpx-mutant (upper panels) or HIV-1 (lower panels) proviral DNAs

HIV-1 does not contain a vpx coding region. While its genomic organization is
similar to that of HIV-2, overall there is only 45%-50% identity in amino acid
sequence (RATNER et al. 1985; Wain-HossoN et al. 1985), and structures respon-
sible for the differential ability of HIV-1 and HIV-2 to efficiently package Vpx are
not obvious. Similarities in Vpx and Gag surface localization, constant ratios of Vpx
and p27 Gag detected on immunoblots of purified virions, regardless of whether
Vpx was expressed in cis or in trans (Kaprpes et al. 1993), and the central role of Gag
in virus assembly all suggested that the Gag precursor protein is directly involved
in Vpx localization and packaging. The role of Gag in mediating incorporation of
Vpx into virions has been investigated using transient T7 expression systems that
enable efficient Gag expression, assembly, and extracellular release of virus-like
particles (VLP) (Dong and HunTeEr 1993: FuersT et al. 1986, 1987). Similar to the
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findings reported using HIV-2 proviral DNA, Wu et al. demonstrated that expres-
sion of Gag alone is sufficient to induce localized cell surface expression of Vpx
(Wu et al. 1994). Furthermore, association of Vpx with VLPs released into the
culture medium indicated that Gag is directly responsible for incorporation of Vpx
into virions (HorToN et al. 1994; Wu et al. 1994).

By analyzing extracellular VLPs produced by expressing Gag deletion
mutants for their capabilities to associate with Vpx, the NC region and 26 C-term-
inal residues of p6 were shown to be dispensable for Vpx packaging. Deletion of
the entire p6 region, however, abolished the association of Vpx with VLPs,
implicating a linear sequence of 59 amino acids downstream of NC (residues'
439-497) (Kumar et al. 1990) in Vpx packaging (Wu et al. 1994). The inability of Vpx
to incorporate efficiently into HIV-1 (Kappes et al. 1993; PaxTon et al. 1993) and
VLPs produced by expressing HIV-1 Gag (Lu et al. 1993; Wu et al. 1994) provided
the opportunity to investigate whether C-terminal residues contained the sole de-
terminants necessary for interaction of Gag with Vpx. VLPs produced by expres-
sing an HIV-2/HIV-1 gag chimera containing the coding regions for p17 and p27 of
HIV-2 fused to HIV-1 p15 did not efficiently associate with Vpx. However, VLPs
produced from chimeras containing p17 and p24 of HIV-1 fused to C-terminal HIV-
2 Gag sequences associated with Vpx in amounts similar to HIV-2 virus (Wu et al.
1994). These results demonstrate that HIV-2 Gag mediates the incorporation of
Vpx into virions and suggest the virus type-specific signal that induces packaging
is located downstream of NC, within residues' 439-497 (Fig. 5).

Although these results implicate Gag for mediating incorporation of Vpx into
virions, the exact mechanism by which this may occur is not clear. Direct
interaction of Vpx and Gag has been suggested by experiments demonstrating
anti-Vpx antibody coprecipitates p55 Gag (HorTon et al. 1994). Analysis of VLPs
consisting of mature Gag proteins (derived by expressing gag-pol) indicated
coprecipitation of capsid (CA) with anti-Vpx antibody (Horton et al. 1994). While

Fig. 5. The basic structure of the HIV-2 Gag polyprotein. Natural proteolytic cleavage sites and
corresponding protein products of the Gag precursor are shown (HENDERSON et al. 1988a). C-Terminal
deletion mutants are indicated by blackened bars. The region implicated to be important for Vpx
packaging is shaded. The structure of the HIV-1/HIV-2 Gag capable of incorporating Vpx into virus-like
particles (VLP) is also illustrated. The C-terminal HIV-2 region shown to be important for incorporation of
Vpx into HIV-2 VLP (shaded) is shown fused to the C-terminus of p24
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this result suggests binding of CA and Vpx within virions, the relevance to Vpx
packaging is not clear, especially in light of data demonstrating that turncation of
residues downstreams of CA abolishes incorporation of VPX into VLPs. One
possible explanation for these findings could be that incorporation of Vpx into
VLPs is mediated by amino acids in the C-terminus of pb55 Gag and only subse-
guent to assembly and maturation do Vpx and CA associate. It is also possible
that association with CA is mediated through interaction with other viral and
cellular proteins. Experiments demonstrating Vpx does not associate with puri-
fied virus cores seems to further suggest that it does not directly bind to CA
protein (Yu et al. 1993). Additional molecular genetic studies are likely to help
understand the mechanisms and structural determinants that mediate Vpx Gag
interaction.

The Vpx sequence has also been studied to identify structures that may be
important for interaction with Gag. Computerized secondary structure analysis of
HIV-2,; Vpx predicted the existence of a strong amphipathic helix between
residues 20 and 40 (Fig.6). This amphipathic helix is highly conserved between
phylogenetically divergent HIV-2 and SIV vpx sequences (Kappes et al. 1993) and
by comparison with other known amphipathic helices has a relatively strong
hydrophobic moment of 0.56 using the algorithm reported by Jones et al. (1992).
Ampbhipathic helices are commonly observed structural motifs in both globular
and lipid-binding proteins and are involved in protein—protein and protein-lipid
interactions (SecresT et al. 1990). The identification of a highly conserved pre-
dicted amphipathic helix in the Vpx protein raises the possibility that this region
may be important for Vpx packaging. Studies mapping the requirements of Vpx
for virion incorporation demonstrated that residues 20-68 are sufficient (Wu et al.
1993) and support the notion that this predicted structure represents an important
determinant for incorporation of Vpx into virions.

20 40
HIV-25;  EAFEWLDRTVEAINREAVNHL
HIV-2zop EAFAWLNRTVEAINREAVNHL
SlVgypasy EAFDWLDRTVEEINRAAVNHL
SIVpaces: PWDEWLRDMIEDINQEAKMHF

Fig 6. Computerized secondary structure analysis of
the Vpx amino acid sequence. Vpx residues 20-40
are compared for human immunodeficiency virus
(HIV)-2¢;, HIV-2,,, simian immunodeficiency virus
(SMV)gpgyr @NA SIVyac05:- Conserved amino acid resi-
dues on the hydrophobic phase are in boldface. A
helical wheel diagram of the predicted Vpx amphi-
pathic helix of HIV-2¢; is presented. The wheel is a
two- dimensional projection along the axis of the
helix which is orientated so that the hydrophobic
moment vector points to the top of the page, above
the dashed line
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4 Vpx Augments Virus Infectivity

Studies analyzing the effects of Vpx on virus replication in vitro suggest an
important function in vivo. In immortalized CD4* T cell lines, vpx-mutant and wild-
type viruses are equally infectious, exhibit similar replication kinetics, and pro-
duce comparable cytopathic effects. (Akari et al. 1992; Guvaber et al. 1989; Hu et
al. 1989; Kaprpes et al. 1991; Marcon et al. 1991; SHiBataet al. 1990; Yu et al. 1991).
In primary human peripheral blood mononuclear cells (PBMC) and lymphocytes,
however, HIV-2 vpx-mutant viruses displayed a defect in replication that was
most pronounced at low virus inoculums (Guvaber et al. 1989; Kappes et al. 1991).
To establish productive infection with Vpx-deficient HIV-2 in PBMC two to three
orders of magnitude more virus was required (Kappes et al. 1991). The demonstra-
tion of reduced levels of viral DNA in PBMC newly infected (within a single round
of replication) with vpx-deficient HIV-2 suggested a function for Vpx early in the
virus replication cycle (Kappes et al. 1991). Normal protein composition, morphol-
ogy, and ultrastructure of mutant HIV-2 virions supported this conclusion (KappEs.
etal. 1991).

Although it is generally accepted that vpx augments virus replication in
PBMC, a defect in the repication of mutant viruses is not always observed
between experiments and may, in part, be influenced by the donor cells used as
targets for infection (Akari et al. 1992; Hu et al. 1989; Marcon et al. 1991; Yu et al.
1991). The importance of vpx for virus replication in macrophages is not clear.
While mutations in the vpxreading frame of SIV,,,. cause significant decreases in
virus production in primary cultures of human and rhesus monkey alveolar
macrophages (Giees etal. 1994; Yu et al. 1991); HIV-2 mutants do not appear to be
impaired in replication in human macrophages or in the monocytic line U937
(GuyaDER et al. 1989; Hu et al. 1989; MaRrcoN et al. 1991; Yu et al. 1991). As the
complex nature by which HIV established infection in T lymphocytes and mono-
cytes/macrophages becomes more apparent, it is possible to speculate on many
distinct ways by which Vpx may facilitate virus replication. The presence of Vpxin
the virion, the demonstration that it augments virus infectivity, its strong nucleo-
philic properties (Wu and Kappes 1993) and its association with Gag may indicate
that the function of Vpx early in the virus replication cycle involves stabilization or
targeting of the viral ribonucleoprotein complex.

The significance in the variation of vpx-mutant viruses to replicate in PBMC
and macrophages among studies is not known. Excluding possible differences in
experimental design among laboratories, the molecularly cloned virus itself is
likely to influence the mutant phenotype (SHarP et al. 1994). All the biological
studies on Vpx report results obtained using clones adapted to tissue culture by
multiple passage and selection in immortalized T cell lines. In nearly every
case, these proviruses contain mutations in other genes and/or regulatory ele-
ments (CHAKRABARTI et al. 1987; Guyaper et al. 1987; Horton et al. 1994; Hu et al.
1989; Karpes et al. 1991). Genetic differences in molecular clones of HIV and SIV
are known to affect growth characteristics, host cell tropisms, and replication
properties in various macrophage/monocyte and T cell targets. Especially since
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vpx serves an accessory function, it is likely to exert differing effects on the
replication of viruses with distinct genetic and biological phenotypes. To more
completely understand the importance of vpx in the virus replication cycle,
studies need to be conducted using relevant viruses.

Although dispensable for replication in vitro, it is likely that vpx plays an
important role in viral replication in vivo. Chronic viral persistence in humans and
animals implicates the existence of only partially effective hostimmunity, but also
undoubtedly reflects regulated expression of a complex lentivirus genome
(CuLLen 1991). The balance between viral replication and chronic persistence is
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