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Abstract

The HIV-1 replication cycle requires the nucleocytoplasmic export of intron-containing viral RNAs, a process
that is ordinarily restricted. HIV overcomes this by means of the viral Rev protein, which binds to an RNA
secondary structure called the Rev response element (RRE) present in all unspliced or incompletely spliced
viral RNA transcripts. The resulting mRNP complex is exported through interaction with cellular factors. The
Rev–RRE binding interaction is increasingly understood to display remarkable structural plasticity, but little is
known about how Rev–RRE sequence differences affect functional activity. To study this issue, we utilized a
lentiviral vector assay in which vector titer is dependent on the activity of selected Rev–RRE pairs. We found
that Rev–RRE functional activity varies significantly (up to 24-fold) between naturally occurring viral isolates.
The activity differences of the Rev–RRE cognate pairs track closely with Rev, but not with RRE activity. This
variation in Rev activity is not correlated with differences in Rev steady state protein levels. These data suggest
that Rev sequence differences drive substantial variation in Rev–RRE functional activity between patients. Such
variation may play a role in viral adaptation to different immune milieus within and between patients and may
be significant in the establishment of latency. The identification of differences in Rev–RRE functional activity
in naturally occurring isolates may also permit more efficient production of lentiviral vectors.

Introduction

The binding of the HIV-1 Rev protein to viral mRNA
and its subsequent multimerization on the Rev response

element (RRE) are critical steps in HIV replication. These
interactions allow the unspliced viral genome, and the in-
completely spliced viral mRNAs that are generated from
this RNA, to reach the cytoplasm through the formation of
ribonucleoprotein (RNP) complexes that are competent for
nucleocytoplasmic export. Without the formation of these
complexes, these mRNAs, which all retain introns, are blocked
from export by cellular mechanisms that restrict the export of
incompletely spliced mRNA (see reviews in Refs.1,2). Export
through the Rev–RRE pathway is also necessary for efficient
entry into polyribosomes and translation.3

Most structural and functional studies to date on Rev and
the RRE have involved work with laboratory-adapted viru-
ses.4 Earliar work identified the minimal functional RRE as
a highly conserved 234 nucleotide structure consisting of
multiple stem loops.5,6 More recently, through secondary
structure probing studies of the whole viral genome, inves-
tigators have come to realize that the lower stem of this

structure extends further by about 60 nucleotides on either
side, yielding a structure of about 350 nt. The primary bind-
ing of Rev to this structure occurs in a region named stem
loop IIb.7,8 Additional molecules of the Rev protein then
interact with distal regions of the RRE to form a large mul-
timeric complex consisting of at least six Rev monomers.9

The Rev–RRE RNP forms in conjunction with Ras-related
nuclear protein-Guanosine-5¢-triphosphate and also recruits
the cellular export receptor Crm1 to create a large RNP
complex that is competent for export.10

The prototype subtype B Rev protein consists of 116 amino
acids. Several important highly conserved domains have been
identified within Rev, including regions involved in dimer and
oligomer formation, nuclear entry, RNA binding, and nuclear
export.11,12 The carboxyl terminal domain (*25 amino acids)
does not have a function ascribed to it and is the most highly
variable region.13 Rev has also been shown to be a phospho-
protein, although no function has yet been demonstrated for
this modification.14

Recently published data have shown that Rev binds to the
RRE with great plasticity due to the slippery hydropho-
bic nature of its dimerization domain and the flexibility of
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binding shown by its arginine-rich motif (ARM). After the
first Rev monomer makes contact with the primary binding
site, the additional Rev molecules that form the multimer
contact other regions of the RNA. What is remarkable about
the resulting complex is that the ARM of each Rev shows
great variability in the way it binds to the RNA with different
residues of the identical ARMs making contact with the RRE
at each binding site.15,16 Recognition of each binding site
depends on how the ARM is oriented, as well as on the three-
dimensional structure of the RNA, which participates to-
gether with the amino acid sequences of the protein to direct
the orientation of each Rev monomer. To be exported, the
mature Rev–RRE RNP complex then recruits a dimer of
Crm1.17 Surprisingly, Crm1 binds to the Rev–RRE RNP
through a different surface than it uses for other substrates,
where it binds as a monomer, and the binding seems to tol-
erate considerable variation in the Rev nuclear export signal
(NES) sequence.18

Since the Rev–RRE RNP is intrinsically plastic in nature,
it is possible that variability in Rev and RRE sequence and
structure leads to the formation of complexes that present
their NESs to the Crm1 dimer in slightly different configu-
rations.19,20 If so, it would be expected that different Rev–
RRE RNPs recruit the Crm1 dimer with different efficiencies,
resulting in different export dynamics.21 This may enable
HIV to modulate the rate of viral replication by varying RNA
export activity.

In fact, small sequence variations in Rev and/or the RRE
structure have been shown to affect overall Rev function and
virus replication. In one study, viruses were sequenced in a
group of HIV-infected long-term survivors and Rev protein
variants were identified that had a twofold to fourfold lower
functional activity than a control Rev protein from the NL4-3
laboratory isolate.22,23 Other studies have shown that se-
quence variation of the RRE yielded marked differences in
activity among primary isolates,24, 25 and that increased Rev
protein function can be observed in patients with advanced
stage disease compared with asymptomatic patients.19 We
have recently shown that viruses can evolve with different
levels of Rev–RRE functional activity during the course of
infection within the same patient.19 This study used single
genome sequencing to identify cognate pairs of Rev and RRE
from infected patients at different time points. It was shown
that sequence variation of the RRE, but not Rev, led to the
formation of Rev–RRE RNP complexes that had different
rates of migration on native gels, implying structural differ-
ences, and this appeared to be the underlying reason for the
differences in activity. In another study, we found that
structural isomerization of the RRE from NL4-3 leads to
different levels of replication activity.20 Rev and/or RRE
variation during infection has also been observed with other
lentiviruses.26–28

Despite the high level of genetic diversity that exists
among HIV-1 isolates worldwide, molecular biological
studies that have examined the function of specific regulatory
and accessory genes have mostly utilized sequences from
Group M, subtype B laboratory strains. However, there are a
few studies on Rev and RRE function from nonsubtype B
isolates,24,25 and some information also exists on subtype
differences in Tat, Vif, Vpr, and Nef.29–32 In examining Rev
and RRE sequences from circulating recombinant forms
(CRFs), we noticed that among the CRF02_AG viruses,

which have emerged as the dominant CRF in West and
Central Africa and are now spreading in Russia, Rev se-
quences from subtype G have often recombined with subtype
A envelope sequences, creating viruses that contain a subtype
A RRE and a subtype G Rev33–36 (reviewed in Ref.37). Given
that the flexible nature of Rev–RRE RNP complex formation
might lead to activity differences in such recombinants, we
decided to examine Rev and RRE function in selected
CRF02_AG recombinants. This was compared with Rev and
RRE function in selected subtype A and subtype G isolates
and in some of the subtype B primary and laboratory isolates
that we have previously characterized.

Materials and Methods

Nucleotide sequence selection

HIV Rev and RRE sequences were obtained from the Los
Alamos HIV Database (www.hiv.lanl.gov) by searching for
subtype A, CRF02_AG, and G sequences with coverage
extending over both exons of rev and the RRE. Rev and RRE
sequences from four subtype B viruses were obtained through
single genome sequencing as described previously.19 The
laboratory strain NL4-3 was used for reference sequences.
For each virus, the 234-nt RRE sequence and both exons of
rev were identified using Geneious (Biomatters Ltd.).

Determination of Rev–RRE functional activity

All plasmids utilized in this study were given the notation
pHRXXXX for easy identification. To measure Rev–RRE
function, we utilized an HIV vector system that has been
previously described.20,38,39 This vector produces a genomic
RNA whose nucleocytoplasmic export and packaging are
dependent on Rev–RRE function. Thus the titer of the virus-
vector particles produced from the system is a measure of
Rev–RRE functional activity. Vector titer can be readily
measured since the vector transduces target cells with a hygro-
mycin resistance cassette.20

The system utilized 293T cells transfected with five plas-
mids and rev and RRE sequences that were chemically syn-
thesized (Integrated DNA Technologies). For testing the
function of the different RREs, the original vector (pTR167
pHR1266)38 was modified to contain an inactive RRE in the
native position (pHR5096)40 and the different RRE se-
quences to be tested were cloned into the Nef region.20 The
rev sequences were cloned into a CMV expression plasmid.19

HIV structural proteins were provided by the GPV-4xCTE
(pHR3296) construct, which produces Gag and Pol in a Rev-
independent manner.41,42 Vesicular stomatitis virus G protein
was provided by pMD-G (pHR2004)43 and Tat was provided
by pCMV–Tat (pHR136). A detailed list of the plasmids
utilized in these assays is given in the Supplementary
Table S1 (Supplementary Data are available online at www.
liebertpub.com/aid).

The day before transfection, 3 · 106 293T/17 cells were
seeded onto a 100 mm plate in medium containing Iscove’s
modified Dulbecco’s medium, 10% bovine calf serum, and
gentamicin. Using the calcium phosphate method,44 the cells
were transfected using 20 lg pTR167 (RRE-) (nef-) (selected
RRE+), 15 lg GPV-4xCTE, 5 lg pMD-G, 1 lg CMV–Tat,
and 1 lg CMV–Rev such that each producer cell culture
would receive the appropriate combination of Rev and RRE
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sequences to be tested. Cell-free supernatant was harvested
from the producer culture 72 h after transfection and serial
dilutions of viral stocks were used to infect Hela cells using
DEAE dextran. Beginning 2 days after infection, Hela cell
cultures were maintained in hygromycin-containing medium
(200 lg/ml) until background cells were killed and colonies
were clearly visible. The hygromycin-resistant colonies were
fixed and stained with crystal violet, and colonies were
counted to determine titer.

The cell-free supernatant from the producer cell culture
was also used to determine p24 production using an ELISA.45

To calculate the relative Rev–RRE functional activity, the
titer of vector as determined by hygromycin-resistant colony
counting was normalized to the p24 production of the pro-
ducer cell culture to account for variation in transfection ef-
ficiency. When necessary to compare functional activity
levels between assays, colony counts were also normalized to
the NL4-3 Rev–RRE cognate pair functional activity as
measured by an assay performed on the same day.

Determination of Rev steady state expression

The steady state expression of selected Rev sequences used
in the activity assays mentioned was determined by means of
Western blotting. Selected CMV–Rev constructs were al-
tered to express a modified Rev protein with an influenza
hemagglutinin (HA) epitope consisting of the amino acid
sequence YPYDVPDYA at the N terminal end.46

Using the calcium phosphate transfection method, 3 · 106

freshly plated 293T/17 cells were transfected with 5 lg of
CMV–HA–Rev plasmid and 1 lg CMV–SEAP (pHR1831)

to serve as a control for transfection efficiency. At 72 h, cells
were collected and lysed. A Western blot was performed with
extracts from the cells using primary antibodies to the HA
epitope (Pierce, Thermo Fisher Scientific) and beta-tubulin
(Abcam) and fluorescent secondary antibodies (LI-COR
Biosciences). Imaging and analysis were performed using an
Odyssey infrared imager (LI-COR Biosciences). The Wes-
tern blot procedure was replicated using alternative blotting
membranes, including nitrocellulose and polyvinylidene
fluoride, to ensure that results were not secondary to differ-
ential blotting efficiency. Cell-free medium was collected
during cell harvest and assayed for secreted embryonic al-
kaline phosphatase (SEAP) activity (Phospha-Light; Applied
Biosystems). Relative steady state Rev expression was cal-
culated by normalizing the intensity of the relevant Rev band
to the intensity of the beta-tubulin band to control for lane
loading and SEAP expression to control for transfection
efficiency.

Results

Viruses selected for study

Twelve Rev–RRE pairs from different HIV isolates were
selected for functional analysis in this study. Eight of the
pairs were from viruses listed in the Los Alamos HIV Data-
base, which included two from subtype A (1-A, accession
AB098330 [unpublished data]; 2-A, accession JX20304947),
four from subtype CRF02_AG (3-AG, accession AY27169048;
4-AG, accession AY37112449; 5-AG, accession AY37113849;
6-AG, accession AY82921450), and two from subtype G

FIG. 1. Phylogenetic trees
of selected RRE and Rev
sequences. Phylogenetic trees
of the selected RRE nucleo-
tide (A) and Rev amino acid
(B) sequences were gener-
ated using ClustalX v2.163

and TreeView v1.6.6. Corre-
sponding consensus sequences
representing subtypes A, G,
B, and CRF02_AG were in-
cluded to more clearly show
subtype clustering. Trees were
rooted using an SIV(cpz) se-
quence as an outgroup. The
numbers next to nodes cor-
respond to bootstrap values
using 1,000 iterations. RRE,
Rev response element.
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(8-G, accession FJ38936751; 9-G, accession JX14067652). In
addition, the Rev–RRE pair from the NL4-3 laboratory strain
(7-NL, accession U2694253) and three Rev–RRE pairs from
subtype B primary isolates previously tested for function in
our laboratory were also included (1004-B [1004-M18A
RRE accession KF559150, 1004-M18A Rev accession
KF559129], 3024-B [3024-M43A RRE accession KF559153,
3024-M43A Rev accession KF559133], SC3-B [SC3-M57A
RRE accession KF559162, SC3-M0A Rev accession
KF559145]).19 For each isolate, the 234-nt RRE sequence
and the Rev coding exons were identified and phylogenetic
trees were constructed using a neighbor joining method with
an Simian immunodeficiency virus(cpz) sequence (accession
U4272054) as an outgroup [Fig. 1A (RRE), B (Rev)]. As
already noted, many of the subtype CRF02_AG viruses have
most of the env sequences, including the RRE, contributed by
parental subtype A, while both exons of rev are contributed
by parental subtype G.55 As expected, the phylogenetic trees
show that the CRF02_AG RREs cluster with subtype A se-
quences, whereas the CRF02_AG Revs are more closely
related to the subtype G sequences.

An alignment of these sequences showed substantial nu-
cleotide diversity in the RREs as well as in the Rev coding
sequences (Figs. 2 and 3). Interestingly, most of the RRE
differences between subtypes occurred in the region corre-
sponding to stem loops III and IV (see also Supplementary
Fig. S1 that shows a Highlighter plot of the same alignment
that is shown in Fig. 2). In studies using the NL4-3 subtype B
laboratory strain, this region of the RRE has previously been
shown to adopt alternative secondary structures, which pro-

mote different rates of replication.20 In the case of Rev, all of
the subtype B isolates had a seven amino acid deletion rela-
tive to the A and G isolates. The most variation was observed
in the carboxy-terminal region of the protein to which no
function has been ascribed. The amino terminus, ARM/RNA
binding domain, NLS (nuclear localization signal), and NES
domains are highly conserved, as are the key residues Asn26,
Arg48, and Gln49 (N28, R50, and Q51 in Fig. 3), which form
the critical hydrogen bonding network that aligns the two
helices of the monomer in the subtype B Rev crystal struc-
ture.56 The oligomerization domains are also conserved, with
only conservative amino acid substitutions present, except
for the His53 residue present in NL4-3 (H55 in Fig. 3) that is
highly variable. In the subtype B crystal structure, hydrogen
bonding interactions of this residue with Y23 (Y25 in Fig. 3)
add stability to the helical packing of the Rev monomer. This
raises the possibility that the observed variations cause
changes in monomer stability.56

The functional activity of naturally occurring
Rev–RRE pairs varies greatly

We next tested the relative functional activity of each Rev–
RRE pair derived from the different isolates (cognate pairs) in a
virus-vector packaging system. In this system, the infectious titer
of the virus-vector released from the packaging cells is directly
proportional to the activity of the Rev–RRE pair (see Materials
and Methods section and Sherpa et al.20), since the virus-vector
contains a genomic RNA whose trafficking is dependent on
Rev–RRE function. The RNA also contains a hygromycin re-
sistance gene cassette that is expressed in transduced cells. Thus,

FIG. 2. Alignment of selected RRE sequences. The sequences of 234-nt RREs from 12 selected viruses were aligned to
the RRE from NL4-3. Dots denote that there is no difference in that position from the NL4-3 sequence. Regions that would
fold to form a five stem-loop structure are noted above the NL4-3 sequence. (Modified from Geneious v5.3.64)
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Rev–RRE function is easily scored by counting hygromycin-
resistant colonies after transduction of target cells.

Surprisingly, wide differences in activity of the various
pairs were observed with as much as a 24-fold difference in
functional activity between the most active (9-G) and least
active (1004-B) Rev–RRE cognate pair (Fig. 4). This is
considerably of more variation than we previously observed
within a patient during the course of an infection.19 Activity
levels did not appear to cluster with subtype, although the

power to detect such clustering was quite low (data not
shown). In fact, subtype G displayed both the most active (9-G)
and one of the least active (8-G) Rev–RRE cognate pairs.

Cognate pair functional activity variation tracks
closely with variation in Rev activity

We next sought to determine whether the variation in Rev–
RRE cognate pair functional activity was attributable to

FIG. 3. Alignment of selected Rev amino acid sequences. The amino acid sequences of Rev from 12 selected viruses were
aligned to the Rev sequence from NL4-3. The bars above the NL4-3 sequence denote known Rev functional domains.
(Modified from Geneious v5.3.64)

FIG. 4. Functional activity
variation of Rev–RRE cog-
nate pairs. An HIV vector
assay was used to determine
the relative functional activ-
ity of Rev–RRE pairs cor-
responding to each of 12
viruses. The activity of the
pair was measured by assaying
the efficiency of Rev–RRE-
dependent vector production
in CFUs per milliliter of pro-
duction culture medium. This
value was normalized to the
amount of p24 in each viral
stock to control for variation
in transfection efficiency.
Bars show average deviation
from the mean for two rep-
licates. CFUs, colony form-
ing units.
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activity differences in either the RRE or Rev component. To
examine this issue, we first paired several selected RREs with a
single reference Rev and compared the functional activity of
the combination with the functional activity of the cognate pair
from which the RRE was derived. In these experiments, either
the 7-NL Rev or the 6-AG Rev was used as the reference, since
they were derived from different subtypes and their cognate
pairs show large activity differences from each other. The
SC3-B RRE was specifically excluded from this analysis, as
we have previously shown it evolved to be hyperactive over
the course of a clinical infection, in conjunction with a Rev
protein that did not change sequence.19

These experiments showed that most of the RREs did not
promote the same level of functional activity when matched
with the 7-NL reference Rev as with their cognate pair
(Fig. 5A). In addition, the rank order of activity for each pair
was not the same as the rank order of the cognates. Specifi-
cally, the RREs of 5-AG, 6-AG, 8-G, and 1004-B showed

greater activity with 7-NL Rev than the activity using the
cognate pair. In contrast, when paired with the 6-AG Rev, all
of the RREs demonstrated lower activity than the cognate
pairs, again with a difference in the rank order (Fig. 5C). To
analyze these results more fully, we plotted the activity of
each cognate pair as a function of the activity of each RRE
with the reference Revs. A linear regression performed for
both reference Rev experiments (Fig. 5B, D) demonstrated
that there was no significant correlation between RRE acti-
vity in the context of the reference Rev proteins and cog-
nate pair activity (r2 = 0.0002 for 7-NL Rev pairing and
r2 = 0.0799 for 6-AG Rev pairing).

A similar experiment was conducted to assess the rela-
tionship between variation in Rev function and variation in
cognate pair functional activity. Selected Revs were paired
with a reference 7-NL RRE or 6-AG RRE in separate exper-
iments as mentioned. For both reference RREs, the activity of
the Rev–reference RRE pairs was less than that of the

FIG. 5. Correlation between the RRE component and cognate pair functional activity variation. (A) The relative func-
tional activity of individual RREs was determined by pairing them with NL4-3 Rev (solid bars). The activity of the pair is
displayed alongside the functional activity of the corresponding cognate pair (open bars). Rev–RRE functional activity
values were normalized to p24 and to the NL4-3 cognate activity level, which was tested as an internal control in each
experiment, to permit comparison between experiments. Bars show average deviation from the mean for two replicates. (B)
The activity of each Rev–RRE cognate pair is plotted as a function of the activity of each RRE–NL4-3 Rev pair. A linear
regression was performed to examine the degree of correlation between variation in RRE activity and cognate pair activity.
(C) The functional activity of individual RREs was determined by pairing them with 6-AG Rev (solid bars). The activity of
the pair is displayed alongside the functional activity of the corresponding cognate pair (open bars). Activity values are
presented as CFUs/ml normalized to p24. Bars show average deviation from the mean for two replicates. (D) The activity of
each Rev–RRE cognate pair is plotted as a function of the activity of each RRE–6-AG Rev pair. A linear regression was
performed to examine the degree of correlation between variation in RRE activity and cognate pair activity.
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corresponding cognate pair (Fig. 6A, C). A regression analysis
showed that the selected Rev–reference RRE pair func-
tional activities varied linearly with the corresponding cog-
nate pair for both the 7-NL and 6-AG reference (r2 =
0.7248 and 0.9929, respectively; Fig. 6B, D). Thus Rev
functional variation, rather than RRE variation, appears to be
the key factor that promotes the activity variation observed
with the cognate pairs.

Rev–RRE functional activity differences between
isolates do not correlate with differences
in Rev steady state levels

To determine whether expression of Rev from the different
isolates led to different steady state levels of Rev protein that
might explain the activity differences observed, we created
influenza HA epitope-tagged Rev sequences, so that we could
detect all of the Rev variants using the same antibody on a

Western blot. We then measured the activity of selected HA–
Rev and RRE pairs to assess whether the presence of the HA
tag changed Rev–RRE activity compared with the pairs with
the nontagged Rev. Our results showed that the HA tag did
not change the rank order of activity of the different pairs,
although lower absolute titers were obtained (data not shown).
Figure 7 shows the results of one such comparative activity
assay using the 8-G and 9-G cognate pairs, as well as the
heterologous combinations. Similar relative activities were
observed using the untagged (Fig. 7A) or the HA-tagged
(Fig. 7B) Rev sequences and again the function correlated
with Rev rather than the RREs. However, surprisingly, the
relationship between Rev steady state expression and func-
tional activity was inverse. The pairs containing 9-G Rev
were significantly more active than the pairs that contained
8-G Rev, although the Rev from the 8-G isolate displayed 1.5
times greater steady state levels than the Rev from 9-G
(Fig. 7C, D).

FIG. 6. Correlation between the Rev component and cognate pair functional activity variation. (A) The relative functional
activity of individual Revs was determined by pairing them with the NL4-3 RRE (solid bars). The activity of the pair is
displayed alongside the functional activity of the corresponding cognate pair (open bars). Rev–RRE functional activity
values were normalized to p24 and to the NL4-3 cognate activity level, which was tested as an internal control in each
experiment, to permit comparison between experiments. Bars show average deviation from the mean for two replicates. (B)
The activity of each Rev–RRE cognate pair is plotted as a function of the activity of each Rev–NL4-3 RRE pair. A linear
regression was performed to examine the degree of correlation between variation in Rev activity and cognate pair activity.
(C) The functional activity of individual Revs was determined by pairing them with 6-AG RRE (solid bars). The activity of
the pair is displayed alongside the functional activity of the corresponding cognate pair (open bars). Activity values are
presented as CFUs/ml normalized to p24. Bars show average deviation from the mean for two replicates. (D) The activity of
each Rev–RRE cognate pair is plotted as a function of the activity of each Rev–6-AG RRE pair. A linear regression was
performed to examine the degree of correlation between variation in Rev activity and cognate pair activity.
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To determine whether the lack of correlation between Rev
steady state levels and activity held true for all of the isolates
tested, we plotted the activity of each Rev–RRE pair (in-
cluding the two reference RREs and cognate RREs) as a
function of the steady state levels of Rev detected by Western
blotting (Fig. 8A–C). Rev protein steady state levels varied
considerably among the isolates (x-axis Fig. 8). However, the
results of a linear regression analysis show that there was
no significant correlation between protein expression and
Rev–RRE functional activity (r2 = 0.01913, r2 = 0.0105
and r2 = 0.1147, respectively). Thus Rev sequence variation
and not steady state expression level appears to be the de-
terminant of the functional variation we observed.

Discussion

In this study, we describe a previously unrecognized de-
gree of HIV Rev–RRE functional activity variation between
clinical isolates. This activity variation appears to be driven
mainly by differences in the activity of the Rev component.
Furthermore, the variation in Rev activity is not explainable

in terms of differences in Rev steady state protein expression.
These results suggest that differences in Rev sequence and
structure can result in functional activity differences, poten-
tially by creating Rev–RRE complexes that recruit Crm1, or
other cellular factors, with differential efficiencies. This notion
is consistent with structural studies that have described the
plasticity of the Rev–RRE ribonucleic acid particle.15,16,56

Further experiments are needed to elucidate the mechanisms
underlying the differential activities, as well as to clarify the
role that functional activity variation may play in pathogenesis.

Although differences in both Rev and the RRE have been
demonstrated to be sufficient to cause functional activity
variation of the Rev–RRE regulatory axis, few studies to date
have attempted to parse the relative contributions of these
elements to the activity of the cognate pair. Our laboratory
has previously examined Rev–RRE functional activity in five
patients at two time points during the course of infection.19 In
that study, functional activity variation tracked more closely
with variation in RRE activity than with Rev activity. The
present study shows the opposite result; there is a close linear
relationship between variation in Rev activity and variation

FIG. 7. Rev and RRE contributions to functional activity in subtype G viruses. The activity of subtype G virus Rev–RRE
cognate pairs as well as Rev–RRE pairs created by transposing the 8-G and 9-G Rev and RRE components were measured
using the standard Rev sequences (A) or HA-tagged Rev sequences (B). Bars show average deviation from the mean for two
replicates. (C) Western blot showing the level of steady state Rev expression of both subtype G HA-tagged Rev isolates.
Rev expression was detected using a fluorescent secondary antibody and infrared imager. (D) Rev intensity values were
measured and normalized to beta-tubulin to control for loading variation and to SEAP expression to control for transfection
efficiency, yielding arbitrary normalized units. HA, hemagglutinin; SEAP, secreted embryonic alkaline phosphatase.
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in activity of the corresponding Rev–RRE cognate pair, but
this does not hold for variation in RRE activity.

One explanation for this discrepancy is that modulation of
Rev–RRE functional activity may be accomplished in dif-
ferent ways over the course of infection in a single host (intra-
patient variation) compared with longer time scales between
hosts (inter-patient variation). Although changes in Rev ac-
tivity require nonsynonymous mutations that alter protein
function, very minor changes in the RRE nucleotide sequence
can modify the activity of this element, likely due to the
plasticity of RRE secondary structure.20 Thus, viral quasis-
pecies with differential Rev–RRE functional activity might
more readily arise due to changes in the RRE rather than in
Rev over the course of infection in a single patient.57 How-
ever, both Rev and RRE changes would likely be seen over
the longer evolutionary time frames that account for inter-
patient variation.

The mechanisms underlying the observed variation in Rev
functional activity were not examined in this study. Although
there were substantial differences in Rev steady state protein
levels, there was no association between these levels and Rev
functional activity. However, it is notable that there were
significant differences between the Rev sequences studied,
including in residues that are believed to be important for
RRE binding, Rev multimerization, and Crm1 interaction.
We also observed significant differences in regions of un-
known function, particularly at the carboxyterminus. These
sequence differences clearly could play a role in mediating
the differential activity.56 Further studies using chimeric Rev
sequences may be helpful in elucidating which residues are
the determinants of differential Rev activity. These data, in
turn, may help to inform future structural studies of Rev–
RRE interactions.

Although our sample size was small, there does not appear
to be any generalizable difference in the functional activity
of Rev–RRE between subtypes A, G, and CRF02_AG. This
suggests that the recombination of an A-derived RRE and a
G-derived Rev sequence is not a primary driving factor in the
increasing prevalence of CRF02_AG in western Africa and
central Asia. This pattern of recombination may instead yield
a competitive advantage due to the Env sequence.58

There is insufficient data about the clinical context in
which the viruses used in this study were isolated to permit
any correlation with patient outcomes or immune milieu.
Only a single patient-derived virus was predicted to utilize
CXCR4 (3-AG) (data not shown), preventing any analysis
using coreceptor usage as a proxy for disease stage. However,
our group has previously shown that the Rev–RRE functional
activity of viral quasispecies isolated from a single patient at
a single time point during infection tends to cluster together,
and that this activity set-point can change over time within
the same patient.19 This suggests that different levels of Rev–
RRE activity may be selected in the different immune envi-
ronments in which HIV is replicating. The variation observed
in the functional activity of the Rev–RRE cognate pairs used
in this study may, therefore, reflect the presumably different
clinical contexts in which they were obtained.

Overall, the Rev–RRE regulatory system can be viewed as
a rheostat that permits modulation of the production of viral
proteins and the rate of viral replication. A cell infected with a
virus with higher Rev–RRE functional activity will produce
more viral proteins and will permit a faster rate of viral

FIG. 8. Correlation between Rev steady state protein ex-
pression and Rev–RRE functional activity. The functional
activity of (A) selected Rev–NL4-3 RRE pairs, (B) selected
Rev–6-AG RRE pairs, or (C) cognate pairs were plotted as a
function of the Rev steady state levels. The degree of corre-
lation was calculated by performing a linear regression. The
quantification of steady state expression for the various Revs
was performed by Western blotting as described in the legend
of Figure 7. The values for Rev steady state levels represent the
average of three different determinations.
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replication. However, it also may be at higher risk for cyto-
toxic T-lymphocyte-mediated killing, since greater amounts
of viral antigens are being produced.59 Thus, one would ex-
pect that in the context of an active immune system, selection
pressure would favor viruses with lower Rev–RRE functional
activity. In contrast, in late stage disease when there is less
immune surveillance, viruses with higher Rev–RRE activity
would have a selective advantage. Variation in the Rev–RRE
regulatory axis could thus be one mechanism by which HIV
adapts to the particular immune environment in which it finds
itself and fine-tunes the rate of replication to optimize the
balance between virus particle production and immune eva-
sion. An alternative or additional role for Rev–RRE modu-
lation could arise out of a proposed oscillatory pattern of viral
replication in conjunction with Tat regulation.60 In this
model, cyclic viral replication could be tuned by modification
of Rev–RRE functional activity to promote immune evasion
and minimize direct viral cytotoxicity.

Further investigation into the role of Rev–RRE functional
activity variation in pathogenesis is warranted and may have
relevance for HIV therapy. Many so-called kick and kill cure
strategies rely on the vigorous production of viral proteins
after the stimulation of the latent proviral reservoir (re-
viewed in Ref.61). If lower Rev–RRE functional activity
indeed correlates with effective immune evasion in clinical
infection, then the latent reservoir may be relatively en-
riched with viruses that have a less active Rev–RRE. A fuller
understanding of this regulatory axis may, therefore, play a
key role in developing effective agents for the stimulation of
latent cells.

During this study, we identified both naturally occurring
and artificial Rev–RRE pairs that yield greater functional
activity than that of the laboratory strain NL4-3. High-
activity Rev–RRE combinations may have a potential ap-
plication in the efficient production of lentiviral vectors. The
production of high vector titers remains a significant barrier
to the commercial use of such vectors,62 and optimization of
Rev–RRE function in this context may help to reduce costs
for this promising therapeutic modality.
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