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ABSTRACT

The human immunodeficiency virus type-1 Rev
protein induces the nuclear export of intron-
containing viral mMRNAs that harbor its binding site,
the Rev response element (RRE). A leucine-rich
region of Rev, the activation domain, is essential for
function and has been shown to be a nuclear export
signal (NES). Although Rev exports viral RNAs that
resemble cellular mRNAs, competition studies
performed using microinjected Xenopus laevis
oocytes have previously indicated that Rev utilizes a
non-mRNA export pathway. Here, we show that Rev
is able to induce the export of both spliceable and
non-spliceable RRE-containing pre-mRNAs and that
this activity is not dependent on the location of the
RRE within the RNA. Importantly, even RNA molecules
of different classes, such as U3 snoRNA and U6 snRNA,
which are retained in the nucleus by non-pre-mRNA
mechanisms, are exported to the cytoplasm in response
to Rev. Consistent with the notion that Rev-mediated
export of RRE-containing RNA is mechanistically
distinct from the export of processed cellular mRNA,
a chimeric Rev protein in which its NES is replaced
by the NES of hnRNP Al does not induce the export
of a Rev-responsive mRNA. Finally, we demonstrate
that Rev/RRE-activated RNA export is, like other nuclear
export pathways, linked to the Ran—-GTPase cycle.

INTRODUCTION

(proteins) are important for the export of given RNA species.
For certain RNAs, in particular tRNA, it has been demon-
strated that the RNA itself binds directly to a member of the
importinf3-like superfamily of nucleocytoplasmic transport
(import and export) receptors (5,6). For other RNAs, the RNA
may either be bridged to an export receptor by an RNA-binding
adaptor protein, or be exported by mechanisms that are less
well defined and might not involve proteins related to these
receptors (7—12; for reviews see 13-15).

Cellular mRNA export appears, at least in part, to be mediated
by heterogeneous nuclear RNP (hnRNP) proteins. In particular,
hnRNP A1, a protein which is present at 41bpies per
somatic cell nucleus, shuttles rapidly between the nucleus and
the cytoplasm and is bound to mRNA during mRNA nuclear
export, and is presumed to play a major role in the export
process (10,12). Importantly, a 38-amino acid region of Al
termed M9—residues 268 to 305—has been shown to be sufficient
for protein nuclear export, thus defining this element as a
nuclear export signal (NES) (16). Recently, nuclear micro-
injection of excess Al, but not of an NES-deleted derivative,
was found to inhibit the export of a dihydrofolate reductase
(dhfr) mRNA in Xenopusoocytes (17). Thus, the binding of
Al [and possibly also other hnRNP proteins (18)] to MRNA, as
well as ensuing NES function, appears to facilitate the trans-
port of cellular mRNA to the cytoplasm.

Most RNAs are retained in the nucleus and extensively
modified/processed prior to being targeted to the cytoplasm.
The relationship between nuclear export and RNA processing
has been most extensively analyzed for pre-mRNA. For
instance, studies in yeast have shown that the removal of
introns by splicing markedly enhances export and that it is the
interaction of spliceosomal factors with pre-mRNA that is

Many nuclear encoded RNAs are post-transcriptionallyesponsible for retention in the nucleus (19,20). In other words,
exported to the cytoplasm in the form of ribonucleoproteinsplicing must be completed before mature mRNA is released
(RNP) complexes. Microinjection experiments performedfrom nuclear retention and transported to the cytoplasm. In
usingXenopus laevisocytes have shown that different classescontrast to mRNA, other RNA species, such as the nucleolar
of RNA including messenger, transfer, ribosomal and smalU3, U8 and U14 snoRNAs and the spliceosomal U6 snRNA,
nuclear RNAs (MRNA, tRNA, rRNA and snRNA, respectively) are entirely confined to the nucleus and are never transported
are exported to the cytoplasm via distinct pathways (1-4)to the cytoplasm (21-23). The mechanisms by which these
These findings suggest that distinct class-specific factorRNAs are retained in the nucleus remain largely unknown but
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are likely to differ from those that sequester incompletely processddATERIALS AND METHODS
pre-mRNAs.

While most cellular mRNAs only exit the nucleus after being
fully spliced, the regulated transport of the intron-containingThe transcription template plasmids pAd46, pAd48 and pU6
mRNAs of complex retroviruses such as human immunohave been described (1). pAd50 and pAd52 were similarly
deficiency virus type-1 (HIV-1) constitutes an important violation generated except that the RRE was located at positions 258 and
of this ‘rule’ (for reviews see 24,25). Following the onset of 345 of the pre-mRNA. p9001 was derived from pAd50 by
viral transcription, only fully spliced viral mRNAs are trans- introducing a G to A point mutation in the-Splice site at
ported to the cytoplasm. At later times, however, bothiNtron position+5 by site directed mutagenesis. p9003 was also
unspliced and partially spliced (intron-containing) viral d€rived from pAds0 and lacks the-8xon and most of the
mMRNAs must also be exported: not only do these mRNAdNtron up to position 234. The RRE (nt 7362-7595) was added

; - ; ; U3 and pU6 at the'3ermini of the transcript coding
encode essential virion proteins, but unspliced fuII-IengtH0 p
RNA also serves as the viral genome. Importantly, thigegions to form pU3-RRE and pU6-RRE.

i ; : : ; The eukaryotic expression vectors pgTat, pcRev and
temporal regulation of viral mMRNA expression is strictly X ) ‘
dependent on the virally encoded activator of RNA export, Re CRevM10 have been d%s%rlbgtég?). ;’_he Eev(wnl_?_ type).Alf
(24,25). vectors were constructed by -mediated amplification o

. , Bglll-Hindlll fragments that encoded residues 268-305 (the
Num_erous mutatlonal analyses have he_Iped to define th|9I9fragmentor minimal NES), 235-320 (the M3 fragment) or
esser_mal functional elem.ents ofthe_116-a_m|no acid HIV-1 Revg1-320 (M3 plus the glycine-rich region) of hnRNP A1 (16)
protein (25). The N-terminal 66 amino acids harbor sequenceg)iowed by their insertion into pcRevM9 (27). The resulting
that mediate (i) the direct binding of Rev to all intron- Rey:A1 chimeric proteins therefore retain the N-terminal 66
containing viral RNAs via a complex stem-loop structure, th&esidues of Rev and comprise 106, 154 and 208 amino acids,
Rev response element (RRE), that is located ineivegene,  respectively. These were subsequently modified by introduction
(i) the multimerization of Rev on the RRE and (iii) the nuclear of the RevM6 mutation (27) to create the Rgw:Al chimeras.
import of Rev. Towards the C-terminus is a leucine-rich o
domain (previously termed the activation or effector domain)n Vitro transcription
that functions as an NES and is dispensable for RRE bindinpNAs were linearized witlBarHI (pAd46, pAd48, pAds0,
and multimerization (25). More recently, it has been demonpAd52, U6, p9001 and p9003) Hindlll (U6-RRE and U3-RRE)
strated that the NES of Rev binds to the export receptoand used as templates fiorvitro transcription reactions using
exportin 1/Crm1p (7,11,26) such that intron-containing Rev-T7 RNA polymerase and the ©@pppG cap as described (1).
RNP complexes are targeted to and through the nuclear poféP-labeled RNAs were extracted with phenol, precipitated
complex (NPC). To achieve this, however, Rev must also ovemwith ethanol and dissolved in water.
come the interactions that impart nuclear retention; for introni\/licroin'ection of X laevisoocvies and analvsis of RNA
containing HIV-1 RNAs, these are thought to be mediated b¥rans oth : y y
spliceosomal components (24). P _ _ _ _ _
Microinjection studies usingenopusoocytes have shown As described previously (1X.laevisovaries were incubated
that synthetic Rev NES peptides that are coupled to BSAOr 2-3 h in calcium-minus modified Barth’s medium
(BSA-R) can inhibit the Rev-mediated nuclear export of RNA,containing 0.2% collagenase type Il (Sigma). Defulllpulated
presumably by the titration of exportin 1 (and perhaps otheftage V and VI oocytes were collected and stored in small

factors involved in Rev-mediated export) (1). The finding thatir@ctions in Barth’s medium at I€. For injection of Rev-—

BSA-R did not inhibit the nuclear export of a cellular mRNA RNA complexes #2P-labeled RNAs (typical specific activity

indicated that these two export processes may require differe k> ;306 ;.p.m.pl; tqtaIF;:oncbe_ngatioré oll:fO.W\{I)l\\;lveNre iCnlcuz%ate(IJIv'
limiting factors (1). In this study, we have examined Rev-mediate IrEPESm—IECc))ITl '(C?*"; g)e\; 5”:nll\;I]€|J\/l u I%rs[ mM E?)T A 10';
RNA export in further detail by evaluating the susceptibilities pH 1.9), <. 96I0. ' 0

! ; : “glycerol and 1 mM DTT] in the presence of a 10-fold molar
of a variety of different nuclear restricted RNAs to Rev/RRE excess of recombinant Rev or RevM10 to allow formation of

erendent export. Using microinje_ct_ionsXJénopusnocytes, RNA-Rev complexes (1§2P-labeled U6 RNA and a 10 mg/ml

It was founpl that all RRE-cqntammg pre-mRNAs teSted’solution of dextran blue were added to all mixtures to monitor
whether spliceable or non-spliceable, were exported 0 thge sjte of injection. In some experiments, purified recombinant
cytoplasm in response to Rev. Moreover, two non-mRNAiqiidine tagged wild-type Ran or RanQ69L (28) were also
molecules, U3 small nucleolar (sno) RNA and U6 snRNA,inc|uded in the injection cocktails at a final concentration of
were also exported from the nucleus in response to the Rev/RFgE“g/m_ Typically, 10-15 nl of solution was injected per
mMRNA and Rev occur via different pathways, it was also notedimes. Oocytes were manually dissected into nuclear and cyto-
that the NES of Rev could not be functionally substituted withplasmic fractions, RNAs isolated, fractionated on urea—poly-
the transferable NES of the hnRNP Al protein. Finally, and agicrylamide gels and visualized by autoradiography (29).
observed for other nuclear transport pathways, Rev activated . o

RNA export function was shown to be linked to the Ran—GTPas@nalysis of Rev function in transfected COS cells

cycle. The implications of these results for the interplayAs described elsewhere (27), 35-mm subconfluent COS cell
between nuclear retention and nucleocytoplasmic transport areonolayers were transiently transfected using DEAE-dextran.
discussed. Tat and Rev proteins were detected by metabolic labeling

Plasmid construction
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using P5S]methionine, -cysteine followed by immunoprecipi- RRE
tation using specific polyclonal antisera raised in rabbits -3= BP =] pAds
against synthetic peptides, SDS—polyacrylamide gel electro-
phoresis, fluorography and autoradiography. RRE BP

YA £z ] pAd4s
Nucleocytoplasmic shuttling in interspecies heterokaryons arE
The evaluation of shuttling was performed as described (30) pAd50
except that transiently transfected COS cells were used to RRE
express Rev or the Rev:Al fusions. COS cell monolayers were Br N7
transfected in plastic culture dishes, replated onto pelysine [ E1 | B2 | pAdS2
treated glass coverslips at 48 h and cultured for a further 24 h. cwoa RRE gp

Mouse L cells were then added to the medium and allowed to p9001
settle for 3.5 h, the cultures treated with 108/ml cyclo-

heximide for 30 min to inhibit protein synthesis and the cells 2RE, ep

fused by floating the coverslips on 50% polyethylene glycol p9003
(average relative molecular mass, 14)®or ~150 s. Following CUs ] RE ] U6-RRE
extensive washing, the cultures were maintained in the presence

of cycloheximide for a further 3 h, fixed and stained with the [ E} T RRE | U3-RRE

Rev-specific rabbit antiserum and [fg/ml Hoechst 33258.
Bound antibody was detected with a fluorescein isothiocyanate
conjugated anti-rabbit antibody raised in goats and the sampl@gure 1. Schematic representation of the RNA transcripts usedéstopus

viewed by epifluorescence. oocyte injections.

RESULTS Rev +Rev

The RRE functions in both intronic and exonic positions in PAG46 pAdd8 pAd50 pAd52 pAdd6 pAd48 pAd50 pAds2
pre-mRNAs NCNCNCNCNCNCNTCNRC

In X.laevisoocytes, the HIV-1 Rgv protein induces the nuclear ® o - = _ lariat
export not only of an adenovirus derived pre-mRNA that e | pre-mRNA
harbors the RRE within its intron but also of the intron lariat | % i . L '

itself (1,29). Although the RRE can function at different

intronic locations and in the' &xon in transfected mammalian -

cells (25), we wished to determine whether this is also the cast
in Xenopusoocytes. Accordingly, the RRE was inserted in to
the first exon (pAd46), the second exon (pAd52) or at two
different positions of the intron (pAd48 and pAd50, respectively)
of the pre-mRNA (Fig. 1)3%P-labeled transcripts were generated
in vitro and injected directly into the nuclei of oocytes either - mRNA
with or without a 10-fold molar excess of recombinant Rev
protein. Ensuing splicing and nuclear export were determined - . . | Ue
at 90 min by cell fractionation, RNA isolation and visualization |
following gel electrophoresis (Fig. 2). As controls for nuclear * 2 # 4 & & 7 8 3 10 11 12 13 14 15 1§
injection and integrity, U6 snRNA was also included in all

injected samples. - - diated ¢ adenovi RNA is independ f
_ L ; . Figure 2. Rev-mediated export of adenovirus pre-m is independent o
As expected, pAd48 pre-mRNA was efficiently spliced N the position of the RREZP-labeled adenovirus pre-mRNAs containing the

the absence of Rev; the excised intron lariat was entirel¥RE in the intron (pAd48 and pAd50) o in the first or second exon (pAd46
restricted to the nucleus and 30-50% of the spliced produeihd pAd52, respectively) were injected into the nucleXehopusoocytes
was exported to the Cytop|a3m (Fig_ 2, lanes 3 and 4)_ Theither in the absence (lanes 1-8) or presence (lanes 9-16) of recombinant Rev
unspliced pre-mRNA was also restricted to the nucleus an otein. At 90 min, the oocytes were dissected into nuclear (N) and cytoplasmic
could only be detected at early timepoints and prior to th ) fractions and the RNA was analyzed using denaturing polyacrylamide gels
. 7 nd autoradiography. U6 snRNA was co-injected in all experiments to ensure that

Comp|et|0n of splicing (1,_29) ((_jc"?lta not ShOWﬂ)_- In contrast, thene injection occurred exclusively into the nucleus. The bands that correspond to
addition of Rev resulted in efficient translocation of the RRE-pre-mRNA, lariat, spliced mRNA and U6 are indicated to the right of the gel.
Containing unspliced pre-mRNA and excised intron lariat to’he same results were also obtained when Rev was injected 1 h later than
the cytoplasm (Fig. 2, lanes 11 and 12). Essentially identic ’;dﬁfe?;gg‘f’; ?L':ﬁeséf:’e”tfe'mg]ngf;hc”t‘ég‘?v does not function by inhibiting
results were obtained when the RRE was moved to a position
more distal to the Bsplice site in pre-mRNA pAd50 (Fig. 2,
lanes 5, 6, 13 and 14).

To address RRE function in exonic locations, oocyte nuclethese pre-mRNAs were spliced very inefficiently (Fig. 2,
were injected with the pAd46 or pAd52 pre-mRNAs with or lanes 1, 2, 7 and 8); this finding was further confirmed using
without Rev. In contrast to the RNAs described above, both ofitro splicing extracts (data not shown). We speculate that
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Figure 3. Rev is dominant over nuclear retention of different classes of RRARadiolabeled U6-RRE, U3-RRE, p9001 and p9003 RNAs were mixed with U6
snRNA and injected either alone (lanes 1, 2, 5, 6, 9, 10, 13 and 14, respectively) or along with recombinant Rev protein (lanes 3, 4, 7, 8, 11, 1Pe4pamtiviel) into

the nucleus of oocytes. Nuclear export was analyzed after 90 min as in Figure 2. The exported full-length RNAs in lanes 4, 8, 12 and 16 are indicatdtbaih.a
(B) Using the same set of oocytes, the same RNAs as in (A) were also nuclear injected with RevM10 and export analyzed.

these splicing defects are most likely to be due to the close In the absence of Rev, nuclear injected pAd9001 RNA was
proximity of the RRE to the'5or 3-splice site and the subsequent highly unstable (Fig. 3A, lanes 9 and 10). p9003 RNA was
inhibition of RNA recognition (and binding) by spliceosomal stable, however, and, as would be expected for an RNA that
factors. Nevertheless, both pAd46 and pAd52 pre-mRNA@ssembles into a stable commitment complex, was entirely
were confined to the nucleus in the absence of Rev (Fig. 2juclear (Fig. 3A, lanes 13 and 14). These two RNAs were then
lanes 1, 2, 7 and 8) even after prolonged incubations of up te0-injected with a 10-fold molar excess of Rev. In both cases,
3 h (data not shown). Importantly, when these RNAs were cothe RNAs were not only stable but were also efficiently trans-
injected with Rev they were efficiently exported to the cytoplasnPorted to the cytoplasm (Fig. 3A, lanes 11, 12, 15 and 16). To
(Fig. 2, lanes 9, 10, 15 and 16). We therefore conclude that tHgonfirm that the induction of nuclear export was due to the
presence of the RRE in a pre-mRNA provides Rev responsivene@§tion of a functional Rev protein and not the result of masking

independent of its specific localization. of the RNA from retention factors, a non-functional mutant
Rev protein, RevM10, was also co-injected with these RNAs.

Rev activates the nuclear export of pre-mRNAs with This particular protein has a disrupted NES but is still able to

deleted consensus splice site signals bind to the RRE as efficiently as wild-type Rev; its defect in

. . i activity is therefore due to an inability to interact with exportin
The resuls obtained with the pAd46 and pAdS2 pre mRNASl and, possibly, other cellular cofactors (25). As shown in

suggest that the C"?‘Pac“y to be spliced is not rgquired ].cor thEigure 3B, the p9001 and p9003 RNAs remained entirely
Rev response. This would appear to be consistent with thﬁuclear in the presence of RevM10 (Fig. 3B, lanes 5-8). In

earlier observation that'a non-spliceable RNA that carried q4aqt o oocytes that received p9001 RNA alone, the addition
non-conventional ApppG &ap was rendered Rev-responsive byt peyMm10 appeared to confer RNA stabilization (compare
the addition of the RRE (29). To evaluate further the |mportancq:ig_ 3A, lane 9 with Fig. 3B, lane 5), implying that RevM10
of splicing in the oocyte system, we next examined the ab|I|_tyO|Oes indeed bind to the RRE under thaseivo conditions.

of Rev to export pre-mRNA mutants that are defective inTaken together, these results show that Rev can activate the

splicing and that, as a result, are retained in the nucleus as noggport of RNAs that are retained in the nucleus as stable ‘dead-
productive splicing complexes. It was anticipated that suclyng’ splicing complexes.

experiments would indicate whether Rev can actively dissociate
pre-mRNAs from nuclear retention sites in oocyte nuclei. TheéRev-dependent nuclear export of U6 sSnRNA and U3 SnoRNA

p9001 and p9003 pre-mRNA mutants were therefore generatedk giscussed earlier, U3 snoRNA, U6 snRNA and pre-mRNA
and their export phenotypes determined by nuclear injection Qfre a| retained in the nucleus. Importantly, however, the
Xenopusocytes (Figs 1 and 3). The p9001 mRNA contains anechanism by which this occurs for U3 and U6 appears to be
G to A point mutation at the +5 position of the intron but is yery different than for the spliceosome-mediated retention of
otherwise identical to pAd50 pre-mRNA; p9003 mRNA is apre-mRNA. Thus, the RNA polymerase III transcribed U6
deletion mutant that lacks thé-6xon and most of the intron snRNA is retained (at least in part) by its association with the
but retains the RRE, branch point an@splice site (Fig. 1). La protein while U3 snoRNA localizes to nucleoli where it is
Importantly, both RNAs form a splicing commitment complex retained by one or several (as yet unidentified) saturable Box D
in vivo andin vitro (also called complex A) but fail to either interacting factor(s) (21-23,31). It was therefore of interest to
dissociate or form additional spliceosomal complexes (20)est whether human U3 or U6 could be programed for nuclear
(data not shown). export by Rev. The RRE was fused to thet&mini of both
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RNAs (Fig. 1) and the resulting U3-RRE or U6-RRE chimeric & 4

RNAs were injected into the nuclei of oocytes with an equal O AiPaiind

amount of U6 RNA in the presence or absence of Rev (Fig. 3A). 0 & AT AT
Both RNAs were unstable in the absence of Rev with the . R0 ¥ o ¢

RRE portion of each being degraded; as expected, the resulting & <3 @"S;S‘é-t-'“é&

‘mature’ U3 and U6 RNAs still localized predominantly to the ( ('1’ (n, Q’( (

nucleus (Fig. 3A, lanes 1, 2, 5 and 6; in the case of U6-RRE, —_— —

the degraded U6 product co-migrates with the co-injected unit Lo = .

length U6). In oocytes that also received Rev, both chimeric e 1 i e i | — 2 70" T

RNAs were stabilized as full-length species and efficiently g7 MlexonTat

L]

exported to the cytoplasm (Fig. 3A, lanes 3, 4, 7 and 8). A
potential explanation for the observed export of the U3-RRE
and U6-RRE RNAs was that the interaction of Rev with the
RRE might have interfered with the appropriate association of
these RNAs with their respective nuclear retention factors. To
exclude this possibility, we also injected U3-RRE or U6-RRE
together with RevM10 into nuclei and analyzed the patterns of
localization. As illustrated in Figure 3B, RevM10 mediated the
stabilization of both chimeric RNAs in the nucleus but failed to
induce the nuclear export of either (lanes 1-4). In conclusiorkigure 4. The NES domains of HIV-1 Rev and hnRNP Al are not functionally
Rev is not only able to override the nuclear retention of pre—mRN@vftifC*?ngﬁb'e- tinOS Crft': Tg”ot'a?’%fsnwezf;e mgctk:f;”f‘?ftﬁd g’;meTl)t‘f ga*\‘j;el‘ge
but is also capable of activating the nuclear export of non-preg. N 4‘i gTangraR:V?Xstsos (facnz 5)’5" geTat'fFfeV: AZES/SZ:EI e ’6? o gTate "
mRNAs that would otherwise be restricted to the nucleus.  Rey:ALy, .,q(lane 7). Following metabolic labeling, cell lysates were immuno-

. precipitated with anti-Tattbp) or anti-Rev pottom) antisera and visualized
The NES of hnRNP Al cannot functionally replace Rev's NES  foliowing electrophoresis through SDS-14% polyacrylamide gels.
The HIV-1 Rev NES can be functionally substituted by the
NESs of other lentivirus Rev proteins or the Rex protein of
human T-cell leukemia virus type-1 (HTLV-1) as well as by
the leucine-rich NESs of non-viral proteins such as the inhibitonor any of the Rev:Al chimeras were capable of inducing
of protein kinase A (PKI), the fragile X mental retardation expression of 72-amino acid Tat (Fig. 4, lanes 4-7) and,
(FMR) 1 protein and the inhibitor of NKB (IkBa) (24,25). presumably, of activating the export of unspliced tran-
To determine whether the NES of Al, which displays noscripts. Importantly, insufficient expression levels cannot
discernible primary sequence similarity to leucine-rich NESsaccount for the lack of Rev function in these samples as the
(32), could also function in this context, Rev:Al chimeric various Rev proteins were readily detected by the Rev-specific
proteins were constrgcted in which NES-containing regions oéntiserum (Fig. 4, lower panel).
A1 that comprised residues 268-305 (the M9 fragment), 235-320T¢ address possible explanations for the inability of these
or 181-320 were appended to the N-terminal 66 amino acids g8ey:A1 chimeras to activate the nuclear export of a Rev-
HIV-1 Rev. As noted above, this region of Rev is fully sufficient rgponsive RNA, we evaluated the export capabilities of these
for nuclear import and RRE binding (24,25). Trens-activation — fsion proteins using interspecies heterokaryons (Fig. 5). COS
potential of each of these chimeric proteins was evaluated iy monolayers were initially transfected with vectors

transfected COS ce_lls usi.ng af ;ﬁpokﬁ\eygflasmit_lll_,hgTat, tWhiCprressing wild-type Rev or each of the three Rev:Al proteins.
EXpresses a genomic version ot the gene. This VECIOT = ¢ 75 h, each culture was fused to untransfected mouse L cells,

expresses twdat mRNASs, a fully spliced transcript that maintained in cycloheximide-containing medium for 3 h and
encodes an 86-amino acid form of Tat and an unspliced tran- | . 7 .
l{bjected to indirect immunofluorescence and Hoechst

script that contains the RRE and encodes a foreshortened e . o
protein of 72 amino acids. Because the unspliced mRNA onl amning (the L cell nuclei are dlstlngu!shed frc_)m the COS cell
uclei by their smaller size and regions of intense Hoechst

enters the cytoplasm in the presence of a functional Rev, - : :
Rev chimerum, synthesis of the 72-amino acid Tat proteir?ta'n'ng)' As shown previously, Rev shuttles rapidly between

serves as a sensitive indicator of Rev function (27). the nucleus and the cytoplasm and was therefore efficiently

COS cell monolayers were transiently cotransfected Witﬁelocalized_ to the L cell-derived nuclei of expressing hetero-
gTat and vectors that expressed wild-type Rev (positivé(aryons (Flg. 5a—c) (30). In markfad contrast, all three Rev:Al
control), RevM10, the Rev:Al fusion proteins or an irrelevantfusion proteins, which each localized to the nuclei/nucleoli of
protein (negative control). At 48 h, the cells were metabolicallythe transfected COS cells, remained in the COS cell-derived
labeled with f5S]cysteine, -methionine for 2 h and lysed in nuclei for the duration of the experiment (representative results
RIPA buffer. The Tat and Rev proteins were then immunofor Rev:Alig s, are shown in Fig. 5d—f). Two potential
precipitated with relevant antisera, electrophoreticallyeXxplanations for these results are that the nature of the fusions
resolved and visualized by autoradiography (Fig. 4, upper andetween Rev and Al inactivates the A1 NES, or that inter-
lower panels). As described previously, gTat transfected cel®ctions between Rev and nuclear components cannot be overcome
only expressed the 86-amino acid form of Tat (Fig. 4, lane 2py Al's NES. To examine these possibilities, NES-containing
whereas cells containing Rev also synthesized the 72-amiritagments of A1 were joined to the N-terminal region of a
acid Tat protein (Fig. 4, lane 3). In contrast, neither RevM10mutant Rev protein, RevM6, that does not accumulate in the

20 kD

18.4 kD
14.3 kD

anti-Rev
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anti-Rev Hoechst  phase . 3 +Rev +RaNWT  +RevOBaL

ith  2h 1th_2h 1h_2h 1h 2h
[ L L e B B T P T |
NCNCNO CNCNCMNCNCNC

--Q—-—-w-»rpama

Rev:Al4g1/320

S o s """ ® & 5

Rev,nisiAT1g1/320 12 84 5 6 7 8 8 101112 13 14 1516

Figure 6. Sensitivity of Rev-mediated RNA export to RanQ69L. A mixture of
p9003 RNA and U6 snRNA was injected inkenopusoocyte nuclei either
Figure 5. The NES of hnRNP A1 does not confer nuclear export on the HIV-1alone (lanes 1-4), with wild-type Rev (lanes 5-8), with Rev and wild-type Ran
Rev protein. COS cell monolayers were transfected with vectors encodinffanes 9-12) or with Rev and RanQ69L (lanes 13-16). Nuclear export was
either Rev §, b andc), Rev:Al g 3,0(d, e andf) or Reviy s:ALg1320(9, h andi) measured 1 and 2 h later as in Figure 2.
and fused to mouse L cells to form heterokaryons. Following incubation for 3 hin
the absence of protein synthesis, fixed cells were stained with an anti-Rev
antiserum (a, d and g) and Hoechst 33258 (b, e and h, L cell-derived nuclei are

indicated with arrows). The corresponding phase contrast analyses are algo . .
shown (c, f and i). ) ponding p Y at Rev-mediated RNA export is coupled to the Ran-GTPase

cycle.

nucleus (25,27), and their respective shuttling capabilitiegy scyssion
tested in heterokaryon assays. Importantly, and in contrast to
the fusions with wild-type Rev sequences, the RgyAl It has been established that the HIV-1 Reansactivator
fusions not only localized to the nucleus, but also shuttle¢ontains an NES that directly promotes the nuclear export of
efficiently (results for Reyy s:Algs0are shown in Fig. 5h  RRE-containing viral RNAs (25). Despite this generally
and i). Of note, the nuclear localization of these chimeras i@ccepted view of Rev-regulated transport, many of the specific
explained by the fact that the NES of A1 also functions as @spects of this export process remain to be elucidated. In
nuclear localization signal (NLS) (16,33). Thus, the NES ofparticular, it is unclear how Rev releases RRE-containing
Al, while clearly transferable, is not capable of conferringmRNA from nuclear retention. Using microinjectionsX@nopus
export activity on either wild-type Rev or intron-containing, oocytes, we demonstrate that Rev function is not restricted solely
Rev-responsive RNA. to MRNA, but that the transport of sn/snoRNAs to the cytoplasm

, o can also be rendered sensitive to Rev (Fig. 3). Thus, RNAs that
Rev-mediated RNA exportis linked to the Ran—-GTPase cycle are retained in the nucleus by functional pre-mRNA splice
It has been demonstrated that the export of RNA out of th&ites and interacting factors (Fig. 2) (19,20), ‘dead-end’ non-
nucleus is functionally linked to the Ran-GTPase cycldfunctional splicing complexes (Fig. 3), an inappropriate&p
(4,5,34-37). To test whether this relationship extends to Restructure (20,29) or non-mRNA related mechanisms (Fig. 3),
mediated RNA export, we assessed the effect of perturbatiotfn each be induced to undergo nuclear export in response to
of the Ran—-GTPase system Xenopusoocytes (Fig. 6). For the Rev/RRE interaction. The mechanism of Rev-mediated
this purpose, we purified both wild-type Ran and a mutatedRNA export therefore appears to be independent of the mode
derivative in which the glutamine at position 69 has beerpf nuclear retention and can, accordingly, be considered
substituted for leucine (RanQ69L). Because this mutant iglominant’ over all such nucleus restricted fates. In other
deficient for GTPase activity (35,37), export processes whichvords, it appears unlikely that specific interactions between
are either linked to, or dependent on, Ran-mediated GTRevV and individual RNA retention factors are required for Rev
hydrolysis should be inhibited by the addition of RanQ69L.function.
The export potential of p9003 derived RNA was therefore Of particular interest concerning the nuclear export of RNA
determined 1 or 2 h following nuclear injection alone, with are the potential commonalties and differences that may exist
Rev, with Rev and RanQ69L or with Rev and wild-type Ran.between the Rev-regulated export of HIV-1 mRNAs and the
As expected, the RNA was restricted to the nucleus in th@pparently constitutive transport of fully processed cellular
absence of Rev (Fig. 6, lanes 1-4), or transported to the cytanRNAs. For instance, the Rev NES can saturate the nuclear
plasm in its presence (Fig. 6, lanes 5-8). In contrast to excesxport of both U snRNAs and 5S rRNA but not of mRNA in
wild-type Ran which had no discernible effect on Rev functionXenopusoocytes (1). To address this issue further, we have
(Fig. 6, lanes 9-12), RanQ69L was able to inhibit the Revexamined whether the leucine-rich NES of Rev is functionally
mediated export of RRE-containing RNA to the cytoplasm to dnterchangeable with the NES of the mRNA export factor
significant degree (Fig. 6, lanes 13-16). We conclude, thereforenRNP Al. The finding that various Rev:Al chimeric proteins
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were devoid of Rev function (Fig. 4) suggests that these tWREFERENCES

pathways of RNA export may be fundamentally different, a ;
result that is consistent with the aforementioned competition

experiments. Moreover, the fact that Rev can induce the2.
nuclear export of any RNA that is confined to the nucleus

whereas hnRNP Al—which binds to both intron-containing ~
pre-mRNA and mature mMRNA—appears only to be capable of4.
mediating the export of mature mRNA, is also indicative of 5.
important dissimilarities between these pathways. 6.

In addition to being inactive in RNA export, the wild-type
Rev:Al fusions examined here were, themselves, also unable
to exit the nucleus (Fig. 5). In contrast, however, derivative 8.
Revy s:Al fusions were clearly capable of efficient nuclear
export. This result, together with the earlier demonstration that
the A1 NES is sufficient to confer nuclear export on the nucleo-
plasmin core domain (16), suggests that the RNA binding/NLSio0.
domain of Rev may be retained in the nucleus by interactiong1.
that are dominant over the export capabilities of Al’'s NES.12
Since it has been suggested that Al has a role in the export g
fully processed mRNA, it is possible that nuclear retention that.4.
is mediated by the interaction of splicing factors with pre-mRNA
may also be dominant over export that is mediated by A1. Ant>:
alternative, though in our view less likely, explanation for the?
retention of Rev:Al fusion proteins might be that the precise
nuclear location(s) at which these chimeras accumulate maig.
not be accessible to the A1 NES export machinery.

Despite the differences that appear to exist between the Rev/RRg'
and mRNA export pathways, both are inhibitedXenopus 2.
oocytes by the nuclear injection of the GTPase-deficient Ranz2.
mutant Q69L (Fig. 6). These results, therefore, further suppor#3:
the idea that the nuclear export of diverse RNPs is linked to th
activity of the Ran—GTPase cycle. Interestingly, it has recentlys
been demonstrated that the nuclear export of a leucine-rich
NES that is not associated with RNA requires Ran to be in th&6-
GTP-bound state but can be uncoupled from Ran-mediate
GTP hydrolysis (35). Understanding this striking difference
between protein-mediated RNA (RNP) export and proteires
export will no doubt be aided by a more detailed appreciation
of the roles of Ran, its associated factors and GTP hydrolysié
in nuclear transport. 30.
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