For additional information on DSB track
clustering, we probed the YH2AX-CD tracks
for Rad51, a protein involved in DSB repair by
homologous recombination (/). The linearity of
the tracks of Rad51 (Fig. 3A) and Mrell foci
(Fig. 2D) observed upon exposure to o particles
demonstrates colocalization of the DNA repair
proteins with DSBs. Rad51 (Fig. 3, B to E) and
avidly bound Mrell (Fig. 2, B and C) were
concentrated mainly in small foci located at the
interior or at the periphery of the YH2AX-CD.
Moreover, we very rarely observed more than
one repair protein focus in an individual
YH2AX-CD. Mrell was present in Subgroups
Ia and Ib and Group II tracks in ~80% of the
cells, which suggests that Mrell-mediated
DSB processing occurred in all track types. By
contrast, Rad51 localized to Subgroup Ib and
Group II tracks but was absent from tracks that
displayed clustering only (Subgroup Ia; Table
1). Possibly, DSB processing in these clusters
proceeds through a Rad51-independent path-
way. This is consistent with our observation
that the cells containing this track morphology
are in the G1 phase of the cell cycle in which
Rad51 foci do not form (21).

To assess the influence of other DSB re-
pair proteins on YH2AX-CD clustering, we
introduced DSB tracks in Chinese hamster
ovary cells deficient in one of two mechanis-
tically distinct DSB repair pathways, homol-
ogous recombination and nonhomologous
DNA end joining (8). Formation of both clus-
tering (Subgroups Ia and Ib) and noncluster-
ing (Group II) tracks was observed in these
mutant cells, suggesting that the initial move-
ment and adhesion of DSB-containing chro-
mosome domains occurs upstream or inde-
pendent of DSB repair.

Our results suggest why experiments using
partial irradiation of cells with ultrasoft x-rays
produced apparently immobile DSBs (5). Nu-
clei in those experiments absorbed a local dose
of irradiation that was more than two orders of
magnitude higher than that produced by an
a-particle track. Every DSB resulting from the
local x-irradiation would be embedded in a
dense cloud of adhesive yH2AX-CDs that
would prevent the DSB-containing chromo-
some domains from detectably moving. The
use of lower doses delivered by local « irradi-
ation reveals that the positions of DSB-induced
YH2AX-CDs are not necessarily fixed and can
move to cluster together. The clusters contain
multiple YH2AX-CDs and multiple foci of the
Mrell and/or Rad51 DSB repair proteins,
which supports the notion that distant DSBs can
be juxtaposed. Gathering of multiple DSBs has
also been observed in Saccharomyces cerevi-
siae cells (22). However, for yeast cells it is
suggested that in S phase, multiple DSBs are
recruited to repair centers containing a high
concentration of repair proteins (22). In mam-
malian cells, juxtaposition of multiple DSBs
occurs primarily in G1 phase, and the individ-

ual breaks already contain repair proteins. Jux-
taposition of multiple DSBs, even though con-
served among eukaryotes, seems potentially
dangerous, because malfunctioning of repair
could generate genomic rearrangements. Al-
though chromosome translocations could also
arise from the interaction of a single broken
chromosome with a nondamaged chromosome
(23), our demonstration that DSB-containing
chromosome domains are mobile and can inter-
act supports the breakage-first theory to explain
the generation of translocations between two
broken chromosomes.
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Nuclear Export of MicroRNA
Precursors

Elsebet Lund,” Stephan Giittinger,> Angelo Calado,?*
James E. Dahlberg,’t Ulrike Kutay?}

MicroRNAs (miRNAs), which function as regulators of gene expression in eu-
karyotes, are processed from larger transcripts by sequential action of nuclear
and cytoplasmic ribonuclease Ill-like endonucleases. We show that Exportin-5
(Exp5) mediates efficient nuclear export of short miRNA precursors (pre-
miRNAs) and that its depletion by RNA interference results in reduced miRNA
levels. Exp5 binds correctly processed pre-miRNAs directly and specifically, in
a Ran guanosine triphosphate—dependent manner, but interacts only weakly
with extended pre-miRNAs that yield incorrect miRNAs when processed by
Dicer in vitro. Thus, Exp5 is key to miRNA biogenesis and may help coordinate
nuclear and cytoplasmic processing steps.

MicroRNAs (miRNAs) are ~22-nucleotide
(nt) single-stranded molecules that control
post-transcriptional gene expression in eu-
karyotes. Several hundred distinct miRNAs
exist in animals and plants (/-5), but few of
their precise functions and mechanisms of
action are known. miRNAs can silence gene
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expression through inactivation or degrada-
tion of mRNAs (6—13).

The biogenesis of miRNAs in mammalian
cells involves both nuclear and cytoplasmic
processing (/4) catalyzed by ribonuclease 111
(RNase III)-like endonucleases that recog-
nize double-stranded RNAs. First, nuclear
Drosha cleaves long primary transcripts re-
leasing 60- to 70-nt pre-miRNAs (15), which
can be folded in silico into stem-loop hair-
pins. Then, cytoplasmic Dicer processes pre-
miRNAs into ~20- to 22-nt duplexes bearing
two nucleotide single-stranded 3’ extensions
(15-17) (Fig. 1). Generally, only one strand
of the duplex serves as the mature miRNA.
Because the pre-miRNAs generated in the
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nucleus require further processing in the cy-
toplasm, nuclear export represents a critical,
but hitherto uncharacterized, step in the bio-
genesis of miRNAs.

We studied three model human pre-
miRNAs (Fig. 1A). Pre-miR-31 (57 nt) is the
likely immediate precursor of miR-31, on the
basis of sequence analyses of pre-miRNAs
produced in vivo (9, 18) or in vitro (I5).
Pre-miR-31(71) and pre-miR-22(85) are pu-
tative precursor forms with extended stem
structures (1, 16).

All three pre-miRNAs, synthesized in
vitro (19), were processed by recombinant
Dicer in vitro, albeit with different efficien-
cies, yielding 20- to 22-nt products (Fig.

Fig. 1. Pre-miRNA sub-
strates for nuclear ex-
port and processing. (A)
Pre-miR-31 has the 5’
end of mature miR-31 A

1B). RNase T1 digestion of these process-
ing products (fig. S1) showed that Dicer
released RNA duplexes by cutting ~20 to
22 nt from the bottom of the stem (Fig. 1A),
consistent with cleavage patterns of per-
fectly double-stranded RNA substrates
(20). Notably, pre-miR-31, with the miR-
31 sequence at its very 5’ end, yielded the
correct mature miRNA, whereas the two
extended pre-miRNAs did not.

Export of pre-miRNAs from Xenopus oo-
cyte nuclei was rapid, with >90% of the
RNAs accumulating in the cytoplasm within
30 min after nuclear injection (Fig. 2A, panel
1). All RNAs appeared to use the same satu-
rable export pathway, as they competed spe-

|pre-miR-31
|pre miR-31(71)
|pre-miR<22(85)

and 2 nt 3' overhang. M -+ - + — + Dicer
Pre-miR-31(71) and pre- . v caa
. . GGCAA AUG UGGCAUAGC GUU C -

m|R-22(85) contain ex- ccouu uac accGuauce caa u  Pre-miR-31 60 | ._-

tended duplexes predict- UM i A a

ed from human genomic — 3 & ¢ . u om 30 -

sequences (7). Sequenc- Sfes soul Wonwoier &0 G penineicr

es of mature miRNAs are e .. -
A 200

bolded. Thick bars and e _ . v cove

brackets indicate ap- gz oo cccuemeric woch s 0 ) preminzzes)

proximate in vitro Dicer v e = Te - - accc 10

cleavage sites. (B) Prod-

ucts of in vitro Dicer cleavage of 32P-labeled pre-miRNA substrates. Arrow indicates ~22-nt

products. See fig. S1 for detailed analyses.

Fig. 2. Receptor-mediated, )
RagnGTP-depPendent pre- A Competitor
miRNA export. (A) A mix- Inj
ture of 32P-labeled pre-
miR-31, pre-miR-31(71),
pre-miR-22(85), and U3

and UTASm RNAs was in-
jected into Xenopus oocyte
nuclei (Inj). Export was
monitored at 0.5, 1, and 2
hours in the absence (panel

1) or presence (panels 2 to

4) of unlabeled competitor B
pre-miRNAs. (B) Export of
pre-miRNAs was moni- Inj
tored as in (A) in oocytes
depleted of RanGTP upon
preinjection of RanT24N.
(C) Export of 32P-labeled
tRNAMet and pre-miRNA-
31 (panel 1) was saturat-
ed by coinjection of unla-
beled competitor RNAs
(panels 2 to 5), and resto-
ration of export was mon-  C  Competitor
itored after nuclear prein- Exportin
jection of recombinant Inj
export receptors (panels 3
to 5). RNA export was
analyzed at 0.5 and 1
hour after RNA injection.
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cifically, in a dosage-dependent manner, for
export of pre-miRNA but not for export of
U1IASm or tRNA (panels 2 to 4; fig. S2A).
Thus, pre-miRNA export is carrier-mediated
but unlikely to use the nuclear export recep-
tors CRM1 or Exportin-t (Exp-t) (21).

The affinities of most substrate-specific
exportins for export cargos are greatly en-
hanced by complex formation with Ran
guanosine triphosphate (RanGTP) (21).
When RanGTP was depleted as a result of
inhibition of the Ran guanine nucleotide
exchange factor (22), export of pre-miRNA
was greatly reduced (Fig. 2B), indicating
that it is mediated by a RanGTP-binding
export receptor.

All three pre-miRNA species were stable
in the cytoplasm for several hours and were
not processed into miRNA-sized products
(23). This stability and lack of detectable
processing suggests that oocyte cytoplasm is
deficient in Dicer activity. Likewise, no RNA
fragments resembling Dicer processing prod-
ucts were detected in the nucleus (23). How-
ever, when confined to the nucleus, both
pre-miR-31(71) and pre-miR-22(85), but not
pre-miR-31, gave rise to slightly shorter deg-
radation products (Fig. 2, A and B).

Our competition experiments indicate that
pre-miRNA uses an export receptor other
than CRM1 or Exp-t. Exportin-5 (Exp5) (24)
is a good candidate because it exports small,
structured, minihelix-containing RNAs (25)
and, less efficiently, tRNAs (26). As predict-
ed, export of 32P-pre-miR-31, which was
competed by excess unlabeled pre-miRNA,
was effectively restored by exogenous Exp5
but not by CRM1 or Exp-t (Fig. 2C, panels 3
to 5; fig. S2B). Thus, pre-miRNA export is
specifically stimulated by Exp5.

To determine whether Exp5 can bind pre-
miRNAs directly in the absence of adaptor
proteins, we assayed for formation of com-
plexes between 32P-pre-miR-31 and recom-
binant Exp5 (Fig. 3A). As expected for an
exportin/cargo interaction, the production of
a stable complex was greatly enhanced by
RanGTP and was competed by unlabeled pre-
miR-31 (lanes 3 to 5). Complex formation
was specific for Exp5, because neither Exp-t
nor CRM1 bound pre-miR-31 (lanes 6 to 9).
The direct binding of Exp5 to pre-miRNAs
shows that adaptor proteins are not required
for complex formation, but additional pro-
teins might still promote interactions in vivo.

The Exp5 complex can accommodate
any of the three pre-miRNAs, but with
varying efficiencies (Fig. 3B). Pre-miR-31
was the strongest competitor of both com-
plex formation (panels 2 to 4) and pre-
miRNA export (Fig. 2A; fig. S2, A and B),
and pre-miR-22(85) was the weakest. Un-
related small, structured RNAs competed
poorly for Exp5 complex formation (Fig.
3B, panels 5 and 6).
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The selectivity of the interaction between
pre-miRNA and Exp5 was demonstrated in
total HeLa cell extract. Two complexes con-
taining 3?P-pre-miR-31 were observed by
electrophoretic mobility shift assay (EMSA)
(Fig. 3C). The slower migrating complex
(lane 3), which resembles the one formed
with purified factors (lane 2), was super-
shifted by ExpS5-specific but not unrelated
control antibodies (lanes 4 and 5), demon-
strating that it contained Exp5. The faster
migrating complex (¥) likely contains the
nuclear antigen La, because its formation was
competed by U6 small nuclear RNA (lane 7)
and NL15 RNA (23), both of which bind La
strongly (27, 28). This complex does not
contain Exp5 (lane 4) and probably is not
involved in export. Formation of both com-
plexes was competed by unlabeled pre-miR-
31 (lane 6).

The highly specific interactions between
Exp5 and pre-miRNAs implicate this expor-
tin as an essential factor in miRNA biogene-
sis. If that is the case, depletion of cellular
Exp5 by RNA interference (RNAi) should
decrease the levels of mature miRNAs. Treat-
ment of HeLa cells with three different Exp5-
specific short interfering RNAs (siRNAs),
but not control siRNAs against CRM1 or
Exp-t, effectively reduced the levels of Exp5
(Fig. 4A, fig. S4). Cells depleted of ExpS5
were also impaired for Exp5 function (Fig.
4B), as indicated by the nuclear accumulation
of GFP-NLS-eEF1A (29). Normally, this re-
porter protein is exported to the cytoplasm by
Exp3, using aminoacylated tRNA as an adap-
tor (26, 29).

Upon depletion of Exp5 by RNAI for 48
to 72 hours, the levels of let-7a-1 and other
mature miRNAs were reduced by 40 to 60%
(Fig. 4C) (23). The residual levels of miRNA
may indicate that low amounts of Exp5 are
sufficient for continued pre-miRNA export
(and hence miRNA production) or that ma-
ture miRNAs have long half-lives. The latter
possibility is consistent with observations of
comparable reductions of miRNA levels after
3 days of RNAI against Drosha or Dicer (15,
23). Thus, our results demonstrate a direct
and central role of Exp5 in miRNA biogen-
esis and offer a possible explanation for the
extensive developmental defects observed in
strains of Arabidopsis thaliana carrying loss-
of-function mutations in the ortholog of
Exp5, HASTY (30).

RNAs that interact with Exp5 all have a
high degree of double-stranded character (25)
(Fig. 1). The slightly shorter pre-miRNAs
that accumulated in nuclei when export was
saturated (Fig. 2A) were poorly exported
even when excess Exp5 was provided (fig.
S2B). It is unclear whether this inefficient
export results from changes in RNA second-
ary structure or from loss (or gain) of termi-
nal nucleotides or phosphate groups. Variant

REPORTS

A c 3 . Fig. 3. Direct and_ specific
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fluorescence microscopy 48 hours later. (C) Total cellular RNAs from untreated, mock-treated,
or siRNA transfected cells (52 hours) were assayed for levels of let-7a RNA and normalized to
a constant amount of glyceraldehyde phosphate dehydrogenase mRNA with RNA Invader
assays (Third Wave Technologies Inc., Madison, WI) (79). Error bars indicate the standard
deviations of triplicate assays. Depletion of Exp5 resulted in similar reductions of let-7a RNA
levels in eight independent RNAi experiments.
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pre-miRNA-31 with an unpaired 5" extension
was greatly impaired for export and Exp5-
binding (fig. S3, B and C) (23), indicating
that the precise ends of pre-miRNAs gener-
ated in vivo by Drosha (/5) may contribute
both to efficient export and to correct cyto-
plasmic processing by Dicer (Fig. 1B) (23).

The direct binding of RNAs to Exp5 al-
lows aminoacylated tRNAs to function as
export adaptors for eEF1A (Fig. 4B) (26, 29).
Because tRNAs can be exported by both
ExpS and Exp-t, whereas pre-miRNAs are
exported only by Exp5 (Fig. 2C), tRNA can
compete for export of pre-miRNA (fig. S2C),
but not vice versa (fig. S2A).

The spatial separation, and hence sequen-
tial action, of Drosha and Dicer, which are
localized in the nucleus and cytoplasm of
mammalian cells, respectively, appears to
promote the correct and efficient processing
of precursors in the generation of mature
miRNAs (/5). Exp5, which functions in the
middle of this pathway, may facilitate
miRNA biogenesis by monitoring the integ-
rity of pre-miRNAs and by promoting effi-
cient release of pre-miRNAs from Drosha in
the nucleus, where the level of RanGTP is
high. Conversely, in the cytoplasm, where the
level of RanGTP is low, Exp5 would release
pre-miRNAs to Dicer for further processing.
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Coordinated Activation
of Hsp70 Chaperones

Gregor ). Steel, Donna M. Fullerton, John R. Tyson, Colin ). Stirling*

Hsp70s are a ubiquitous family of molecular chaperones involved in many
cellular processes. Two Hsp70s, Lhs1p and Kar2p, are required for protein
biogenesis in the yeast endoplasmic reticulum. Here, we found that Lhs1p
and Kar2p specifically interacted to couple, and coordinately regulate, their
respective activities. Lhs1p stimulated Kar2p by providing a specific nucle-
otide exchange activity, whereas Kar2p reciprocally activated the LhsTp
adenosine triphosphatase (ATPase). The two ATPase activities are coupled,
and their coordinated regulation is essential for normal function in vivo.

The chaperone function of an Hsp70 protein
requires an intrinsic ATPase activity that is
enhanced by a Dnal-like partner and modu-
lated by a nucleotide exchange factor (/). The
yeast endoplasmic reticulum (ER) contains
two distinct Hsp70s, Kar2p and Lhslp, that
are conserved throughout eukaryotes (2—4).
Evidence suggests that these two chaperones
functionally overlap because mutation of ei-
ther one alone results in defects in common
pathways, including protein translocation
into the ER and protein folding in the ER
lumen (2, 3, 5—-9). Kar2p has been extensive-
ly studied, and its interactions with the J-
partner, Sec63p, and the nucleotide exchange
factor, Sillp, have been examined (10-15).
However, the biochemical role of Lhslp has
remained elusive, and no co-chaperones have
been identified.

To understand the molecular role of
Lhslp, we sought to identify putative co-
chaperones. The Kar2p ATPase is regulated
by the co-chaperones Sec63p (/3) and Sillp
(14-16), and therefore we investigated
whether Lhslp might also be stimulated by
these same proteins. Kar2p exhibited a low
basal activity that was stimulated about eight-
fold by the soluble J-domain of Sec63p (Fig.
1A). This activity was further enhanced to
14-fold basal activity by the addition of Sillp
(Fig. 1A). Unlike Kar2p, Lhs1p had no mea-
surable ATPase activity and was unaffected
by the presence of either the J-domain, Sillp,
or both in combination (Fig. 1A). Because
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Sillp is the only known nucleotide exchange
factor in the ER lumen, we also examined its
ability to physically interact with Lhslp. We
incubated a native ER lumenal extract with
immobilized recombinant Sillp and found
that Kar2p bound, as expected, but that Lhs1p
did not (Fig. 1B). Thus, Lhslp and Kar2p
do not share a common complement of
co-chaperones.

We next sought to identify candidate
co-chaperones for Lhslp by adapting the
binding approach above. Recombinant
Lhs1p was immobilized and incubated with
a detergent-solubilized microsomal extract.
A single major interacting species of 75 kD
was observed (Fig. 1C) and identified as
Kar2p by immunoblotting. This interaction
was direct because purified recombinant
Kar2p also bound immobilized Lhslp (fig.
S1). Native forms of Kar2p and Lhs1p also
interacted in yeast microsomal extract, and
this increased after cross-linking (Fig. 1D).
No Sillp was coprecipitated either in the
presence or absence of cross-linker (Fig.
1D). Thus, we have found a specific inter-
action between Lhslp and Kar2p that is
labile, at least in vitro, but that can be
trapped by photochemical cross-linking.
Our results demonstrate that both Sillp and
Lhs1p can bind Kar2p but suggest that they
do so in a mutually exclusive manner.

Does this interaction have any effect
upon ATPase activity? When Kar2p (K)
and Lhs1p (L) were combined, their overall
ATPase activity was similar to that of
Kar2p alone (Fig. 1E). However, the fur-
ther addition of the J-domain (J) led to a
total activity >30-fold over the basal level
of Kar2p. The combined activity for LKJ
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