RNA length defines RNA export pathway
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Different RNA species are exported from the nucleus by distinct mechanisms. Among the different RNAs,
mRNAs and major spliceosomal U snRNAs share several structural similarities, yet they are exported by
distinct factors. We previously showed that Ul snRNAs behaved like an mRNA in nuclear export if various
~300-nucleotide fragments were inserted in a central position. Here we show that this export switch is
dependent on the length of the insertion but independent of its position, indicating unequivocally that this
switch is indeed the result of RNA length. We also show that intronless mRNAs can be progressively
converted to use the U snRNA export pathway if the mRNAs are progressively shortened by deletion. In
addition, immunoprecipitation experiments show that the protein composition of export RNPs is influenced
by RNA length. These findings indicate that RNA length is one of the key determinants of the choice of RNA
export pathway. Based on these results and previous observations, a unified model of how an RNA is

committed to a specific export pathway is proposed.
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The nuclear envelope separates the eukaryotic cells into
two major compartments, the nucleus and the cyto-
plasm. This separation necessitates transport through
nuclear pore complexes (NPCs), which form gateways
across the nuclear envelope barrier (Macara 2001; Lei and
Silver 2002; Suntharalingam and Wente 2003). All the
nuclear proteins that are made in the cytoplasm must be
imported to the nucleus. In contrast, the vast majority of
the RNA species, following their synthesis and process-
ing in the nucleus, are exported to the cytoplasm. It has
been shown that different RNA species are exported
from the nucleus via distinct export pathways, that is, by
distinct sets of export factors (Jarmolowski et al. 1994;
Komeili and O’Shea 2001; Cullen 2003). Accumulating
evidence shows that the pathway of RNA export can
influence the fate of an RNA in the cytoplasm (Ohno et
al. 2002; Jin et al. 2003; Wiegand et al. 2003; Kuersten et
al. 2004; Nott et al. 2004; Swanson et al. 2004), indicat-
ing the biological importance of the choice of RNA ex-
port pathway. This means that the cellular export ma-
chinery must be able to infallibly discriminate distinct
RNA species.

The discrimination mechanism for tRNA export
seems simple. The major export factor for tRNAs is
Xpo-t (Losl in yeast), a member of the family of nuclear
transport receptors, the prototype of which is importin .
Xpo-t binds directly to tRNAs cooperatively with
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RanGTP, and this trimeric complex formation facilitates
transit of the RNA to the cytoplasm (Arts et al. 1998a;
Hellmuth et al. 1998; Kutay et al. 1998). Xpo-t requires
major features of the higher-order structure of tRNAs
in order to bind them efficiently, and these features are
not present in other classes of RNA (Arts et al. 1998D;
Lipowsky et al. 1999).

By contrast, how the cellular export machinery can
discriminate between U snRNAs and mRNAs is not so
easy to understand because these two classes of RNA
share several similarities. Both classes of RNA are tran-
scribed by RNA polymerase II, and therefore, both ini-
tially acquire a seven-methyl guanosine cap (m7G-cap)
structure. In addition, neither class of RNA has con-
served RNA sequences or structures, with the exception
of the poly(A) tail for mRNAs and the Sm-binding site for
U snRNAs. Neither of these two elements is required for
nuclear export (Hamm and Mattaj 1990; Jarmolowski et
al. 1994). Despite these similarities, export of these two
classes of RNA is mediated by different factors.

Major spliceosomal U snRNAs such as Ul, U2, U4,
and U5 are initially exported from the nucleus in Meta-
zoa (Mattaj 1988; Will and Luhrmann 2001). U snRNA
export is mediated by CRM1, another member of the
importin B family (Fornerod et al. 1997). CRM1 is also
known to be the export receptor for proteins carrying a
leucine-rich nuclear export signal or NES (Fischer et al.
1995; Wen et al. 1995; Fornerod et al. 1997; Fukuda et al.
1997; Ossareh-Nazari et al. 1997; Stade et al. 1997).
CRM1 binds directly to NES but indirectly to U
snRNAs. Two adaptor proteins bridge the interaction be-
tween CRM1 and the U snRNAs. One is the heterodi-
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meric cap-binding complex (CBC), which binds specifi-
cally to the essential export signal of U snRNAs, the
m7G-cap structure (Ohno et al. 1990; Izaurralde et al.
1994, 1995; Kataoka et al. 1994, 1995). The other adaptor
is PHAX, which bridges the interaction between CRM1
and the CBC/RNA complex (Ohno et al. 2000). PHAX
has a leucine-rich NES to which CRM1 binds coopera-
tively with RanGTP. In this way these five proteins and
a U snRNA assemble into the export complex in the
nucleus, and this complex subsequently transits to the
cytoplasm.

On the other hand, the major export receptor for
mRNAs is a protein called TAP or NXF1 (and its related
proteins) in vertebrates and Mex67p in yeast (Segref et al.
1997; Griiter et al. 1998; Katahira et al. 1999). TAP is one
of the few non-importin B family transport receptors
identified to date. Several RNA-binding proteins are also
implicated in mRNA export (Dreyfuss et al. 2002; Stutz
and Izaurralde 2003; Dimaano and Ullman 2004), and at
least some of them, such as REF/Aly (Yral in yeast), me-
diate the interaction of TAP with mRNAs (Strisser and
Hurt 2000; Stutz et al. 2000; Zhou et al. 2000; Rodrigues
et al. 2001; Huang et al. 2003).

In the course of attempts to search for distinguishing
features between mRNAs and U snRNAs that can be
recognized by the cellular export machinery, we previ-
ously found that the presence of introns in mRNA pre-
cursors is one such feature. If a pre-mRNA intron was
artificially inserted into Ul snRNA, the spliced Ul
snRNA was exported via the mRNA export pathway in-
stead of the U snRNA pathway, indicating that introns
can function as an identity element for mRNA export
(Ohno et al. 2002). It was very likely that this identity
element functions through splicing-dependent deposi-
tion of a protein complex termed the exon—exon junction
complex (EJC), in which mRNA-specific export factor
REF is included (Zhou et al. 2000; Kim et al. 2001; Le Hir
et al. 2001).

A key determinant of RNA export pathway

The presence of introns, however, cannot be the only
mRNA identity element because there are many
mRNAs that do not contain introns. We previously
found that if Ul snRNA was elongated by insertion of
~300-nucleotide (nt) fragments of various sequences, the
resultant artificial Ul snRNAs were also exported via
the mRNA pathway (Ohno et al. 2002), suggesting that
RNA length, sequence, or structure is another distin-
guishing feature of mRNAs and U snRNAs in nuclear
export.

In this study, we have focused on the RNA length
issue and obtained several novel findings that unequivo-
cally show that RNA length is an extremely important
determinant of RNA export pathway choice. The ob-
tained results have allowed us to propose a unified model
of how an RNA is committed to a specific RNA export
pathway.

Results

Elongated U1 RNAs behaves like an mRNA
in nuclear export.

It was previously shown that Ul snRNAs in which ~300
nt fragments of various sequences had been inserted at
the central Sm-site position behaved like an mRNA in
export (Ohno et al. 2002). Although this result already
suggested that RNA length might be an important deter-
minant of the choice of RNA export pathway, it was still
possible that the insertion might have disrupted a hypo-
thetical U snRNA identity element(s) required for com-
mitting the RNA to the U snRNA export pathway. To
check this possibility, a 300-nt fragment derived from ftz
cDNA (see Supplementary Fig. 1) was inserted at two
novel positions of UIASm RNA, the very 5’ end (just
downstream of the cap structure, Fig. 1A; 300-U1) or the
very 3’ end (Fig. 1A; U1-300), and the export pathway of
the resultant artificial Ul RNAs was analyzed in Xeno-
pus oocytes (Fig. 1B). We used UIASm RNA as the pa-
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rental RNA because it has mutations in the Sm-binding
site and therefore is defective in reimport into the
nucleus (Hamm and Mattaj 1990).

Two different mixtures of 3>P-labeled RNAs were gen-
erated: one containing 300-U1 RNA together with DHFR
mRNA, UlASm, U5ASm, and U6Ass RNAs (Fig. 1B, left);
and the other containing U1-300 RNA in place of 300-U1
RNA (Fig. 1B, right). All the RNAs except U6Ass were
m7G-capped. Immediately after injection, all the RNAs
were nuclear (Fig. 1B, lanes 1,2,13,14). After 2 h, 300-U1,
U1-300, and the reference RNAs had been exported par-
tially to the cytoplasm, except for the nonexported U6
RNA control (Fig. 1B, lanes 3,4,15,16). To determine the
export pathway of the two U1 derivatives, two inhibitors
of CRMI1-mediated export of U snRNAs were used. The
first was a conjugate of NES peptides coupled to BSA
(BSA-NES) that saturates CRM1 export (Fischer et al.
1995), and the second was a dominant-negative mutant
of a U snRNA export factor, PHAX, that lacks the NES
sequence (PHAX ANES) and thus blocks U snRNA-
CRMI1 complex formation (Ohno et al. 2000).

When BSA-NES was injected together with the RNAs,
export of Ul and U5 control RNAs was inhibited as ex-
pected, whereas the CRM1-independent export of DHFR
mRNA was unaffected (Fig. 1B, lanes 9,10,21,22). Export
of the two U1 derivatives (300-U1 and U1-300) was also
not affected by BSA-NES (Fig. 1B, lanes 9,10,21,22).
When the control conjugate BSA-mut was used, the
RNA export pattern was very similar to that without the
conjugate (Fig. 1B, lanes 11,12,23,24). Similarly, when
PHAX ANES was coinjected with the RNAs, export of
Ul and U5 RNAs was severely inhibited, whereas export
of mRNA was not inhibited (Fig. 1B, lanes 7,8,19,20).
Export of the two Ul derivatives (300-Ul and U1-300)
was also not inhibited by PHAX ANES (Fig. 1B, lanes
7,8,19,20). When wild-type PHAX (PHAX WT) was used,
export of Ul and U5 was stimulated whereas export of
mRNA and the two Ul derivatives was essentially un-
affected (Fig. 1B, lanes 5,6,17,18). These results indicated
that the two Ul derivatives (300-U1l and U1-300) were
exported via the mRNA export pathway. Thus, the effect
of fragment insertion is likely to be position-indepen-
dent, and therefore, the above-mentioned possibility that
the insertion might have disrupted a hypothetical U
snRNA identity element(s) is unlikely (see Fig. 3, below).

RNA export pathway gradually shifts as the length of
U1 RNA increases.

To examine how much longer Ul RNA must be to be-
have like an mRNA, fragments of various lengths (50,
100, 200, and 300 nt) derived from the DHFR cDNA
sequence (see Supplementary Fig. 1) were inserted into
U1ASm RNA at the central position, and export pathway
of the resultant elongated Ul RNAs was examined as in
Figure 1 (Fig. 2A-C). RNA export gradually shifted from
U snRNA export to mRNA export as the insert became
longer, as judged by the requirement for CRM1 and
PHAX proteins (Fig. 2A [lanes 3-12], B,C for quantita-
tion). The longer the insert, the more like an mRNA the
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RNA behaved, and if the insert was as long as 300 nt, the
elongated Ul RNAs behaved indistinguishably from an
mRNA in export (Fig. 2A-C). When the full-length
DHFR mRNA sequence (720 nt) was inserted, the result-
ant Ul RNA also behaved identically to an mRNA (data
not shown). Similar results were obtained with other
mRNA fragments derived from B-globin and ftz cDNAs
(Fig. 2D-F,G, respectively; see Supplementary Fig. 1).

To further confirm that the elongated Ul RNAs used
the mRNA export pathway, another criterion was exam-
ined. A characteristic of mRNA export is its high sensi-
tivity to uncapped mRNA competitors (Jarmolowski et
al. 1994). Therefore, the effect of coinjection of excess
uncapped DHFR mRNA on the export of elongated Ul
RNAs with ftz fragments was examined (Fig. 2H). Export
of DHFR mRNA was severely inhibited as expected,
whereas export of Ul RNA was hardly affected (Fig. 2H,
lanes 3-6). RNA export gradually shifted from U snRNA
export to mRNA export as the insert became longer, as
judged by the sensitivity to the competitor (Fig. 2H,
lanes 3-6). Similar results were obtained with elongated
Ul RNAs with B-globin fragments (data not shown).
These results, together with the previous data (Ohno et
al. 2002), indicated that Ul RNAs elongated by the in-
sertion of >300-nt fragments were induced to use the
mRNA export pathway and that the nucleotide sequence
or the position of the inserted fragments was not impor-
tant for this effect.

Shortened mRNAs behave like a U snRNA
in nuclear export.

The results described so far strongly suggested that RNA
length has an important role in the choice of RNA export
pathway. Moreover, the results implied an intriguing
possibility that intronless mRNAs might be induced to
behave like a U snRNA in export if the mRNAs were
sufficiently shortened. We therefore tested this possibil-
ity. An m7G-capped DHFR mRNA (720 nt) was progres-
sively shortened by deletion from the 3'-end, and export
of the shortened DHFR-derived mRNAs was examined.
If the mRNAs were >300 nt, they did not require CRM1
or PHAX for export and thus used the mRNA pathway
(Fig. 3A [lanes 3-12], B,C for quantitation). By contrast, if
the mRNAs were <120 nt, they used the U snRNA ex-
port pathway exclusively, (Fig. 3A [lanes 3-12], B,C). If
the mRNA had an intermediate length (200 nt), it
showed intermediate behavior between mRNA and U
snRNA (Fig. 3A-C). Very similar results were obtained
with another intronless mRNA derived from B-globin
cDNA (Fig. 3D [lanes 3-12], E,F for quantitation). More-
over, shortening of an intronless mRNA derived from ftz
c¢DNA from the 5-end gave similar results (data not
shown), indicating the effect is independent of the loca-
tion of the deletion.

To further confirm that the shortened mRNAs used
the U snRNA export pathway, two additional criteria
were examined. As previously reported (Hamm and Mat-
taj 1990) U snRNA export is dependent on the m7G-cap
structure, whereas mRNA export is not. Export of m7G-
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capped RNAs and A-capped RNAs, the latter of which
are hardly recognized by CBC (Ohno et al. 1990; Izaur-
ralde et al. 1994; Kataoka et al. 1994), was therefore com-
pared (Fig. 3G). Export of DHFR mRNA and B-globin
mRNA (360 nt) was independent of m7G-cap as expected
(Fig. 3G, lanes 3,4,7,8). Export of the shortened B-globin
mRNAs, however, became increasingly dependent on
the m7G-cap as the RNA length decreased, and RNAs
<130 nt behaved very similarly to Ul RNA, the export of
which was dependent on m7G-cap (Fig. 3G, cf. lanes 3,4
and 7,8). In addition, the effect of coinjection of excess
uncapped DHFR mRNA on the export of shortened
m7G-capped B-globin mRNAs was examined (Fig. 3H).
Export of DHFR mRNA and B-globin mRNA (360 nt)
was abolished as expected, whereas export of Ul RNA
and shortened B-globin mRNAs was not at all or was less
affected (Fig. 3H, lanes 3-6). Export of the mRNAs <130

3%

B-globin mRNA sequences were inserted instead
of DHFR sequences. (G) The same as B and E
except that ftz mRNA were used as the insert.
Only quantitation is shown. (H) Effect of an
mRNA competitor on RNA export. The same
RNA mixture as in G was microinjected either
with 0.5 pmole of unlabeled uncapped DHFR
mRNA (DHFR comp., 500 times excess over la-
beled RNAs) or without it (buffer).

U1 ASm

nt was as insensitive to the competitor as that of Ul.
These results confirmed that mRNAs longer than ~300
nt were still using the mRNA export pathway but that
mRNAs <130 nt were induced to use the U snRNA ex-
port pathway.

Behavior of highly structured RNAs

The results so far indicated that RNA length is a very
important element for discriminating between mRNA
and U snRNA export. m7G-capped RNAs longer than
~300 nt use the mRNA export pathway, whereas m7G-
capped RNAs shorter than ~130 nt use the U snRNA
export pathway. RNAs with intermediate length show
intermediate phenotypes. However, Ul snRNA has an
intermediate length (~170 nt) but does not at all show an
intermediate phenotype. U2 snRNA is even longer (~190
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Figure 3. Effect of mRNA shortening on RNA export. (A) A
32P.Jabeled RNA mixture containing shortened DHFR mRNAs
(300 nt, 200 nt, 121 nt, 80 nt, and 50 nt), full-length DHFR
mRNA, Ul ASm, and U6 Ass RNAs was microinjected with
either PHAX WT (lanes 5,6), PHAX ANES (lanes 7,8), BSA-NES
(lanes 9,10), or BSA-mut (lanes 11,12), or without proteins
(buffer; lanes 3,4). All the RNAs except U6 were m7G-capped.
RNA was extracted immediately (0 h; lanes 7,2) or 1 h (1 h; lanes
3-12) after injection, and analyzed as in Figure 1. (B,C) Quanti-
tation of RNA export from three independent experiments car-
ried out as in A. (D-F) The same as in A-C except that B-globin
mRNA derivatives (360 nt, 300 nt, 200 nt, 130 nt, 80 nt, and 50
nt) were used. (G) Effect of the cap structure on export of the
shortened B-globin mRNAs. The same RNA mixture as in D
was prepared by primed-transcription with either dinucleotide
ApppG (A-cap; lanes 1-4) or m’GpppG (m’G-cap; lanes 5-8) and
RNA export was analyzed as in D. Note that U6 Ass RNA was
always uncapped. (H) Effect of an mRNA competitor on RNA
export. The same RNA mixture as in D was microinjected ei-
ther with 0.5 pmole of unlabeled uncapped DHFR mRNA
(DHFR comp., 500 times excess over labeled RNAs) or without
it (buffer). RNA was extracted and analyzed as in D.
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nt), but export of this RNA follows the U snRNA export
pathway (Jarmolowski et al. 1994). U snRNAs such as
Ul and U2 are not homologous to each other in RNA
sequence or structure per se, but U snRNAs are generally
highly structured. Therefore, we hypothesized that
highly structured RNAs are not recognized by the
mRNA export machinery independent of their real
length. To test this hypothesis, we generated artificial
RNAs with the Ul RNA sequence tandemly repeated
two or three times [Fig. 4A; (Ul)x2 and (U1)x3, respec-
tively]. The latter of these, (U1)x3 RNA, is ~500 nt long
and should be long enough to behave like an mRNA in
export. However, (U1)x3 RNA, as well as (Ul)x2, still
behaved like a U snRNA as judged by the requirement
for CRM1 (Fig. 4B,C for quantitation). When the anti-
sense Ul RNA sequence was tandemly repeated, similar
results were obtained, although export of these antisense
Ul derivatives was significantly slower than that of the
sense derivatives (data not shown), indicating that the
cognate Ul sequence or structure was not important for
this phenomenon. These results taken together support
the hypothesis that highly structured RNAs are not ef-
fective in exerting the RNA length effect on the choice of
export pathways.

U6 snRNA is also highly structured, but this RNA is
not exported. This is because U6 RNA naturally does not
have an m7G-cap structure (Singh and Reddy 1989) and
also because U6 is retained in the nucleus possibly by
the action of La protein, which binds near the 3’ end of
UG (Stefano 1984; Terns et al. 1992). Even if U6Ass RNA
was artificially m7G-capped, the RNA was hardly ex-
ported (Fig. 5, lanes 3,4). However, coinjection of PHAX
WT recombinant protein could induce export of U6 (Fig.
5, lanes 5,6). If eight nucleotides were deleted from the
3'-end of U6 to which La protein binds (Terns et al. 1993;
Boelens et al. 1995), export of U6 was observed even
without PHAX WT recombinant protein (Fig. 5, lanes
11,12). Furthermore, export of this RNA was stimulated
by PHAX WT but was blocked by PHAX ANES (Fig. 5,
lanes 11-16), indicating that this artificial U6 RNA was
exported via the U snRNA pathway. If U6 RNA was
uncapped, it stayed in the nucleus in all the tested con-
ditions (Fig. 5, lanes 17-32). These results, together with
the results shown in Figure 3, strongly suggest that the
presence of the m7G-cap structure and shortness of RNA
length are the only essential determinants of U snRNA
export, and the specific RNA sequence or structure per
se is not important.

Remodeling of RNA-protein complex in response
to the RNA length

The results so far suggested that RNAs were associated
with different export factors in an RNA-length-depen-
dent manner. It was previously shown that Ul RNAs in
which ~300-nt fragments of several different sequences
had been inserted into the central Sm-site position were
associated with mRNA specific factor Y14 (Kataoka et
al. 2000) but not with U snRNA export factor PHAX, as
judged by immunoprecipitation (Ohno et al. 2002). How-
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ever, because the role of Y14 in mRNA export is not
clarified, use of Y14 as a marker protein of mRNA export
was inappropriate. Here we extended the previous analy-
sis by using REF/Aly (Zhou et al. 2000; Kim et al. 2001;
Rodrigues et al. 2001) as a marker of mRNA export. Pro-
teins associated with the elongated U snRNAs and the
shortened mRNAs were analyzed by immunoprecipita-
tion.

Control UIASm RNA was efficiently precipitated by
an antibody against PHAX, an export factor for U snR-
NAs, but the same Ul RNA was hardly precipitated by
an antibody against REF, an export factor for mRNAs
(Fig. 6A-H, cf. PHAX lanes and REF lanes), indicating
that Ul RNA was bound by PHAX but not by REF in the
nucleus. Conversely, control DHFR mRNA behaved op-
positely, indicating that DHFR mRNA was bound by
REF but not by PHAX (Fig. 6A-H). In the case of Ul
RNAs elongated with the DHFR fragments, less PHAX
but more REF was bound as the RNA length increased
(Fig. 6A,B for quantitation). Similar results were ob-
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tained with the shortened DHFR mRNAs. More PHAX
but less REF was bound to the RNA as the RNA length
decreased (Fig. 6C,D). When Ul RNAs elongated with
B-globin fragments (Fig. 6E,F) and shortened B-globin
mRNAs (Fig. 6G,H) were used, comparable results were
obtained. These results were in good agreement with the
gradual shift of export pathway in response to RNA
length. These results suggest that there is constant com-
petition between U snRNA export factors and mRNA
export factors for binding to the RNA and also that there
is an active RNP remodeling mechanism that depends
upon RNA length.

Discussion

In this study, the effect of RNA length on the choice of
RNA export pathway was investigated. We found that
Ul snRNA can be induced to use the mRNA export
pathway if the Ul RNA is elongated by insertion of vari-
ous RNA sequences of =300 nt. Conversely, intronless
mRNAs can be induced to use the U snRNA export path-
way if the mRNAs are shortened to ~130 nt or shorter.
RNAs of intermediate length exhibit intermediate ex-
port behavior. Immunoprecipitation experiments sug-
gest that RNA length can define the protein composition
of pre-export RNPs in the nucleus. Thus, RNA length is
an extremely important determinant of RNA export
pathway.

A model of RNA export

Based on the results obtained in this study together with
those reported in previous publications, a model of how
an RNA is committed to a specific export pathway is
presented (Fig. 7). In this model, RNA export is divided
into five classes. We discuss the classes one by one.

First of all, if the RNA contains specific RNA se-
quences or structures for export, the RNA is committed
to the corresponding specific export pathways (Fig. 7,
class I). Most, if not all, RNA polymerase I and III tran-
scripts are in this category, and therefore, this class is
heterogeneous in terms of RNA export pathways. As was
already mentioned, proper recognition of tRNAs by
Xpo-t requires major features of the higher-order struc-
ture of tRNAs. Although the details of the export mecha-
nisms of large and small rRNAs remain unknown, it is
clear that these RNAs have to be properly processed and
subsequently have to be assembled into ribosomal sub-
units in order to be exported to the cytoplasm (Johnson
et al. 2002; Tschochner and Hurt 2003). The proper pro-
cessing and subunit assembly obviously require major
structural features of the rRNAs. It has been recently
shown that some short double-stranded RNAs such as
pre-miRNAs and adenovirus VAI are exported by expor-
tin-5 (Gwizdek et al. 2003; Yi et al. 2003; Lund et al.
2004). These RNAs should be also categorized in this
class.

A specialized fraction of RNA polymerase II tran-
scripts are also categorized in class I. Export of some viral
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Figure 5. Export of m’G-capped U6 RNA deriva- ~ MRNA
tives. Either m’G-capped (+cap) or uncapped (-cap)
32P-labeled U6 Ass RNA (lanes 1-8,17-24) or 3'-tail-
deleted U6 RNA (U6 A3’; lanes 9-16,25-32) was in-
jected with a 32P-labeled reference RNA mixture
containing m’G-capped DHFR mRNA, uncapped
U3 RNA, and m’G-capped Ul ASm RNA, and RNA
export was analyzed as in Figure 1A.

mRNAs requires virus-specific RNA sequences and also
often virus-specific proteins. One of the best-character-
ized examples is HIV-1 mRNAs. Export of partially
spliced and unspliced HIV-1 mRNAs requires virus-en-
coded protein Rev and the virus-specific RNA structure
Rev Response Element or RRE (Malim et al. 1989; Pol-
lard and Malim 1998). Interestingly, simpler retroviruses
such as simian type D retroviruses use a comparable sys-
tem to export their unspliced RNAs. In this case, how-
ever, only a virus-specific RNA element, the constitu-
tive transport element (CTE), is required. The cellular
export factor TAP binds directly to the CTE without the
aid of viral proteins (Pasquinelli et al. 1997; Griiter et al.
1998). Export of some specific cellular mRNAs also re-
quires a specific RNA sequence. Histone H2A mRNA,
which is naturally devoid of introns, has a specific RNA
sequence termed the intronless transport element,
which was shown to stimulate RNA export through
binding to specific cellular factors (Huang and Carmi-
chael 1997; Huang and Steitz 2001; Huang et al. 2003).
If the RNA does not contain any of the above features,
then the next point of selectivity is whether the RNA
contains a pre-mRNA intron (Fig. 7). If the answer is no,
the next question is whether the RNA is long or not. If
the RNA is longer than ~300 nt, it is committed to the
major mRNA pathway mediated by Tap (Fig. 7, class III).
If the RNA is shorter than ~130 nt and contains an m7G-
cap, it will be committed to the U snRNA export path-
way (Fig. 7, class IV). It was previously shown that export
of mRNAs became inefficient when intronless mRNAs
were shortened to ~200 nt (Rodrigues et al. 2001). In light
of our results, ~200 nt is an intermediate length that is
too short for efficient export as an mRNA and too long
for efficient export as a U snRNA, and therefore, the
overall kinetics of export could be slower with this
length. Although we did not observe a severe decrease or
cessation of export of the RNAs we examined here at the
range of 200 nt (Fig. 3), kinetic changes in export may
depend on the specific sequence of the RNA substrate.
Another important issue regarding RNA length is
whether the poly(A) tail of mRNAs can be counted in as
part of the RNA length. The average length of the poly(A)
tail is ~200 nt, and it is possible that this length may
contribute to make the RNA an mRNA. However, it is
equally possible that the poly(A) tail does not contribute
to the length effect because the poly(A) tail must be cov-
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ered by poly(A)-binding proteins in the nucleus. So far we
have not succeeded in testing these possibilities because
short RNAs that were artificially poly(A)-tailed in vitro
were found to be unstable in Xenopus oocytes (data not
shown).

It was previously reported that three RNA elements in
Ul snRNA, the m7G-cap and 5’- and 3’-stem loop struc-
tures, are important for the export of Ul snRNA (Terns
et al. 1993). However, our present results show that there
is no absolute requirement for internal RNA sequences
or structures to commit an RNA to the U snRNA export
pathway. This conclusion was also implicit in Hamm et
al.’s (1989, 1990) analysis of Ul and U2 mutants in splic-
ing, in which all the mutants except ASm were able to
associated with the Sm proteins and reimported into the
nucleus. The only requirements are the presence of the
m7G-cap and the shortness of the RNA length. Our re-
sults are not necessarily contradictory with the results of
Terns et al. (1993), because we are dealing with essential
identity elements of U snRNA whereas Terns et al.
(1993) dealt with efficiency of RNA export. It is also
possible that stem-loop RNA structures apparently
stimulate RNA export simply because such structures
increase RNA stability.

In contrast to capped RNAs, uncapped short RNAs in
general would not be actively exported but rather stay in
the nucleus unless they diffuse through the NPCs (Figs.
7 [class V], 3). Exceptions to the above-mentioned length
rule include highly structured RNAs, which are not ef-
fective in exerting the RNA length effect on the choice of
export pathway (Fig. 4). Strong secondary structures may
be sufficient to prevent interaction of mRNA-specific
RNA-binding proteins with the RNAs.

Finally, if the RNA contains a pre-mRNA intron(s),
the RNA is committed to the major mRNA export path-
way regardless of the length and regardless of the pres-
ence of the cap structure (Fig. 7, class II). Short capped
RNAs that are exported via the U snRNA pathway or
short uncapped RNAs that stay in the nucleus are both
induced to be exported via the mRNA pathway if they
are produced via mRNA splicing reactions (Ohno et al.
2002). It is highly likely that this phenomenon is depen-
dent on the deposition of the EJC on the spliced RNAs
(Dreyfuss et al. 2002; Reed and Hurt 2002; Le Hir et al.
2003).

Nuclear RNA retention mechanisms are not discussed



P
PHAX  REF Conirol

Input

DHFR
mRNA
+300 nt

+200 nt

+100 nt
+50 nt

U1ASm

aPHAX =REF aPHAX =REF

J[IMLH. ‘J[lm

DHFR +300 +200 +100 +50 W1 DHFR 300 200 121 BO S50 W

DHFR insert DHFR deletion

A key determinant of RNA export pathway

E G
P
Input Input 4
PHAX REF Confrol PHAX REF Conlrol
DHFR
i t - DHFR mRNA
+300 nt
360 nt
+200 nt (B gobi)
+100 nt g o
¥t : - U1ASm
U1ASm - - 130t
. - 80 nt
-e s0nt
F H oPHAX =REF
g o PHAX =REF 35 3.08

1

5 EI[i&[L :ﬁ Ao

DHFR'BDD +200+100 +50 W1 DHFR 360 200 130 80 &0 W

mRMNA
B -globin insert A -globin deletion
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mRNAs.

in this model, although such mechanisms are clearly im-
portant for understanding RNA export. There are spe-
cific retention mechanisms for certain RNAs, such as
U6, and for unspliced RNA precursors (Terns et al. 1993;
Boelens et al. 1995; Rutz and Seraphin 2000; Galy et al.
2004), but such retention mechanisms may also influ-
ence the export of many RNAs. RNA export in general
might be achieved under constant competition between
export and retention mechanismes.

Other factors that may influence the choice of RNA
export pathway

The results presented here indicate that a relatively un-
structured RNA region of certain length (300 nt) can
induce mRNA export. However, does the RNA sequence
itself not at all influence this effect? We have observed
small but reproducible differences between different
RNA fragments in the activity to induce mRNA export
when the fragments were inserted into Ul RNA. For
instance, ftz fragments are slightly more effective than
B-globin fragments of the same length in inducing
mRNA export. This indicates that the sequence of the
RNA fragments can influence the inducing activity.

However, we do not know the cause of this difference at
the moment. It is to be clarified whether this difference
is due to some specific RNA sequence properties that
may actively influence the choice of RNA export path-
way or due to the difference in the stability of general
RNA secondary structure that counteracts the RNA
length effect.

In this study, we analyze RNA export by microinject-
ing in vitro transcribed RNAs in Xenopus oocyte nuclei.
In this system, RNA export is uncoupled from transcrip-
tion and 3’-end processing. Despite this, we can observe
the expected specificity of export factors, indicating that
the export factors can be loaded onto RNAs posttran-
scriptionally. However, we cannot rule out the possibil-
ity that in vivo transcription and/or 3’-end processing
may contribute to the specificity of export because it has
been shown that these processes contribute at least to
the association of export factors (Huang and Carmichael
1996; Strisser et al. 2002).

Factors that recognize the RNA length and remodeling
of export RNPs

Our results show that relatively unstructured RNAs of
>300 nt are considered to be mRNAs by the cellular ex-
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flowchart shows the major criteria that determine the RNA export pathway. See the text for details.

port machinery. This indicates that RNA length is some-
how measured by the cellular export machinery. This
probably means that a certain length of unstructured
RNA would be required for stable binding to mRNA ex-
port factors. Consistent with this notion is our finding
that the mRNA-specific RNA-binding protein REF is re-
cruited to RNA in an RNA-length-dependent manner
(Fig. 6). However, this does not necessarily mean that
REF itself is the factor that measures RNA length. The
length could be measured by other nuclear RNA-binding
protein(s) because it is not clear whether REF binding is
the cause or the result of the determination of mRNA
identity. Regarding this issue, it is enigmatic why a rela-
tively long region (>300 nt) is necessary for this effect.
The length of 300 nt seems to be too long only for a
single protein factor to bind. It is possible that binding of
multiple copies of a single factor is required for deter-
mining mRNA identity and that the minimal length that
allows the binding of the minimal necessary copies is
~300 nt. A more intriguing alternative possibility is that
efficient binding of a large protein complex that imprints
mRNA identity requires 300 nt. In either scenario, it is
interesting to consider that very long mRNAs may need
multiple TAP molecules along the RNA for efficient
translocation through the NPCs just like the centipedes
use many pairs of legs for walking. The length of 300 nt
might be the unit to which one TAP molecule, that is, a
pair of legs in centipedes, is recruited.

As a result of the binding of mRNA identity factors, an
RNA is committed to the mRNA export pathway. More-
over, our results indicate that U snRNA-specific export
factors such as PHAX are not found on the RNA if the
RNA is committed to the mRNA export pathway. We
previously observed similar RNP remodeling in the case
of Ul RNA that had been produced via pre-mRNA splic-
ing (Ohno et al. 2002). Thus, it may be a general rule that
if the RNA is committed to one pathway, association of
the export factors of other pathways is prevented. It will
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be interesting to elucidate the molecular mechanisms
that operate to achieve such remodeling of export RNPs.

Materials and methods

DNA constructs

For Ul derivative plasmids, corresponding PCR-amplified DNA
fragments, designed for Xhol and Sall digestion, were inserted
into the Xhol site of Xenopus T7 Ul ASm plasmid (Hamm et al.
1987). For the U3 RNA plasmid, U3A (Savino et al. 1992) gene
was PCR-amplified from Xenopus laevis genomic DNA. The T7
promoter was then added by a second PCR, and the amplified
product was directly used as a template for in vitro transcrip-
tion. The deletion of B-globin cDNA was done by PCR from a
human B-globin ¢cDNA fragment cloned into pSP64 (Promega;
Mayeda and Ohshima 1990). DHFR deletion was similarly done
with the mouse DHFR gene inserted into pBluescribe (Kambach
and Mattaj 1992). For the latter, a termination codon was intro-
duced at the end of each deletion point. For the tandemly re-
peated Ul constructs, a BglII site was introduced at the 5’ end of
the Ul sequence in T7 ULASm plasmid (pBgl-U1). The Ul frag-
ment was prepared by Bglll/BamHI digestion of pBgl-Ul and
cloned into the BamHI site of T7 UlASm. For the 300-U1 and
U1-300 constructs, a ftz cDNA fragment of 300 nt was inserted
into the BgIIl or BamHI site of pBgl-Ul plasmid, respectively.
For the U6 A3’ construct, 8 nt (AUAUUUUU) were deleted from
the 3’ end of the U6 sequence in the U6 Dgr;ss RNA by PCR,
and the PCR product was directly used for in vitro transcription.

In vitro transcription

32P-labeled RNAs were transcribed as described previously (Jar-
molowski et al. 1994) except that only [a->’P]JUTP was used.
The transcription reaction was usually performed for 45-60 min
at 37°C. Uncapped DHFR competitor RNA was synthesized by
using MEGAscript (Ambion) according to the manufacturer’s
instructions.

Recombinant proteins

Mouse PHAX WT or NES mutant proteins with a his-tag were
expressed as described previously (Ohno et al. 2000) except that



Escherichia coli BL21 (DE3) codon plus (Stratagene) with pRep4
plasmid was used. His-tagged proteins were purified by using a
His Bind kit (Novagen) according to the manufacturer’s proto-
col.

RNA microinjection into Xenopus oocytes

RNA microinjection into Xenopus oocytes was performed as
previously described (Jarmolowski et al. 1994). For preparation
of BSA-NES and BSA-mut, PKI NES peptide (CELALKLAGLDIN)
or a mutant peptide (CELALKAAGADIN]| was conjugated to
BSA as described previously (Fischer et al. 1995). Analysis and
quantitation of RNA bands were performed with BAS-2500
(FujiFilm) and Image Gauge version 3.45 (FujiFilm).

Immunoprecipitation experiments

Different antibodies were individually bound to Protein
A-Sepharose beads (Amersham Biosciences) on a rotating plat-
form for 1 h at 4°C. In the case of mouse monoclonal antibodies,
rabbit antimouse IgG antibody was also used as a bridging an-
tibody. After RNA injection into Xenopus oocyte nuclei, the
injected nuclei were isolated and resuspended in RSB100N
buffer (10 mM Tris at pH 7.4, 100 mM NaCl, 2.5 mM MgCl,,
0.1% NP-40) supplemented with complete protease inhibitor
cocktail (Roche) and 1000 U/mL RNasin (Promega). The mix-
ture was centrifuged at 14,000 rpm for 15 min at 4°C, and the
resultant supernatant was incubated with the antibody-bound
beads for 1 h at 4°C. After the beads were washed five times
with RSB10ON buffer, they were incubated in HomoMix (50
mM Tris at pH 7.4, 5 mM EDTA, 1.5% SDS, 300 mM NaCl, 1.5
mg/mL Proteinase K; Nakalai Tesque) for 30 min at 50°C to
elute RNA in the supernatant. RNA was recovered from the
supernatant by phenol/chloroform extraction and ethanol pre-
cipitation. The recovered RNA was analyzed by denaturing
PAGE.
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