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ABSTRACT

U3 and U8 small nucleolar RNAs (snRNASs) participate in
pre-rRNA processing. Like the U1, U2, U4 and U5 major
spliceosomal snRNAs, U3 and U8 RNAs are transcribed
by RNA polymerase Il and their initial 7-methylguanosine
(m’G) 5' cap structures subsequently become converted
to 2,2,7-trimethylguanosine. However, unlike the
polymerase Il transcribed spliceosomal snRNAs, which
are exported to the cytoplasm for cap hypermethylation,
U3 and U8 RNAs undergo cap hypermethylation within
the nucleus. Human U3 and U8 RNAs with various cap
structures were generated by in vitro transcription,
fluorescently labeled and microinjected into nuclei of
normal rat kidney (NRK) epithelial cells. When U3 and U8
RNAs containing a m ’G cap were microinjected they
became extensively localized in nucleoli. U3 and U8
RNAs containing alternative cap structures did not
localize in nucleoli nor did U3 or U8 RNAs containing
triphosphate 5 '-termini. The nucleolar localization of
m’G-capped U3 RNA was competed by co-micro-
injection into the nucleus of a 100-fold molar excess of
dinucleotide m “GpppG but not by a 100-fold excess of
ApppG dinucleotide. Although it was obviously not
possible to assess formation of di- and trimethyl-
guanosine caps on the microinjected U3 and U8 RNAs
in these single cell experiments, these results indicate
that the initial presence of am 7G cap on U3 and U8
RNAs, most likely together with internal sequence
elements, commits these transcripts to the nucleolar
localization pathway and point to diverse roles of the
m’G cap in the intracellular traffic of various RNAs
transcribed by RNA polymerase II.

INTRODUCTION

cases this has been linked to sequence elements in the mRNA
3'-untranslated regionl{4). In the nucleus pre-mRNAs are
thought to be tethered in place by virtue of physical associations
among elements of the transcriptional, polyadenylation and
splicing machinery®-13), followed by rapid nuclear export once
processing is completed. In the case of the small nucleolar RNA
(snRNA) species RNase MRP RNA we have shown that a
discrete sequence element near thenl is necessary and
sufficient for localization in the nucleolud4). We have also
identified specific nucleotide sequences involved in intranuclear
localization of the RNA subunit of RNase B5). It is not known
whether various intracellular RNA localization events are based on
direct affinity between distinct RNA sequence elements and fixed
intracellular sites or, alternatively, a prior binding of key proteins
to specific RNA sequences with the resulting ribonucleoprotein
structure constituting the high affinity ‘ligand’ for particular loci in
the cell (see for examplet16).

U3 and U8 snRNAs are members of a family of RNAs that are
defined by their nucleolar localization and association with the
nucleolar protein fibrillarin. Both U3 and U8 RNAs are essential
for pre-rRNA processindlL{—22). Like the spliceosomal ShRNAs
U1, U2, U4 and U5, the snRNAs U3 and U8 are transcribed by
RNA polymerase Il with typical 7-methylguanosine/@) 5 cap
structures, which subsequently become hypermethylated to
2,2, 7-trimethylguanosine28-25). Here we report that nucleolar
localization of U3 and U8 RNAs in mammalian cells is dependent
on the specific nature of theif Bap structure and that excess
dinucleotide MGpppG  specifically competes nucleolar
localization of mMG-capped U3 RNA.

MATERIALS AND METHODS

Human U3 RNA was transcribed with T7 RNA polymerase from
Hincll-linearized pHU3.1, the detailed construction of which has
been previously describetl). Human U8 RNA was transcribed
with T7 RNA polymerase frorXbd-linearized pSPU8, provided
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correct destinations in the cell constitutes a key element Bchool of Medicine). The transcription conditions and fluorescent
eukaryotic gene expression that has only recently begun to lbbeling of RNA were as described previously,{5,26,27).
understood. Certain messenger RNAs have been shown to havanscription reactions were carried out in the presence or absence
non-uniform distributions within the cytoplasm and in severabf 1 mM nm’G(5)ppp(3)G, G(B3)ppp(3)G, A(B)ppp(3)G or
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Figure 1. Nucleolar localization of AG-capped U3 RNA. Human U3 RNA was Figure 2.(5)Appp(5)G-capped U3 RNAA) Phase contrast image immediately
transcribed in the presence of’@¢5)ppp(8)G and 5-(3-aminoallyl)UTP after microinjection. B—D) Fluorescence micrographs: (B) 1 min after micro-
followed by rhodamine labeling, purification and microinjection into the nuclei of  injection; (C) 3 min after microinjection; (D) 7 min after microinjectid). Rhase

NRK epithelial cells (see Materials and Methods). Three representative cells arecontrast image 20 min after microinjectiof) Fluorescence micrograph 21 min
shown. A, C andE) Phase contrast imagek min after microinjectionB, D and after microinjection. The image in (F) was contrast enhanced using Adobe
F) Fluorescence micrographs: (B) 20 s after microinjection; (D) 30 s after Photoshop V.4.0 software (Adobe Systems Inc., San José, CA).

microinjection; (F) 2 min after microinjection.

m’G(5)ppp(B)A (all obtained from New England Biolabs Inc., occasionally there was some nucleolus-to-nucleolus variation
Beverly, MA); the concentrations of the four ribonucleosidewithin a particular nucleus (as is evident in the nuclei shown in
triphosphates in the transcription reactions were each 1 mMig. 1D and F).
RNAs were either column purified or gel purified prior to Because the first transcribed nucleotide from the T7 promoter—U3
microinjection into the nucleus of NRK fibroblasigi(15,26). All gene construct is G, the’@(5)ppp(3)G cap can be incorporated
microinjection experiments were carried out with sub-conflueri both orientations during transcription by T7 RNA polymerase
cultures of growing NRK cells set up in special chambers in whicf28). We therefore employed the cap analog)pp(3)G, which
the temperature and G@vel were precisely maintained during thecan only be incorporated with the A as the U3 RNA ultimate
period of observation2f). For competition experiments on U3 5 nucleotide. In contrast to @&(5)ppp(3)G-capped U3 RNA
RNA nucleolar localization dinucleotide’@pppG or dinucleotide  (Fig. 1), U3 RNA containing the A(Rpp(8)G cap did not display
ApppG was mixed at a 100-fold molar excess willGroapped — appreciable nuclear localization over a period of 9 minZBigD).
rhodamine-labeled U3 RNA prior to nucleus microinjectionHowever, a small degree of nucleolar localization was observed at
Microinjection of excess cap dinucleotides had no apparent effect 8h min after microinjection when the image was deliberately
cell viability, as determined by phase contrast microscopy at varioogntrast enhanced (Fi®2F). We also used the cap analog
times (up to 1 h) after microinjection. m’G(5)ppp(3)A, which can only be incorporated into U3 RNA by
T7 RNA polymerase in the orientation&5")ppp(3)G'm...3". As
RESULTS shown in Figure8, U3 RNA containing this cap displayed a low
level of nucleolar localization that was evident 11 min after
When human U3 RNA transcribed with d@@ncap was micro- microinjection (Fig.3C). The fact that a small amount of this U3
injected into the nucleus a substantial fraction underwent very ragRNA carrying a 7-methylG as the cap internal nucleotide displayed
nucleolar localization (Figl). At the earliest post-microinjection some nucleolar localization probably reflects the contribution, in a
time point it is feasible to record?0—-30 s) the majority of U3 RNA minor fraction of the RNA molecules, of the 7-methylG even in this
already displayed extensive nucleolar localization (lgand D).  (perhaps sterically hindered) position. As shown in Figureg3
In general each nucleolus within a given nucleus displayedNA with no 3 cap (i.e. containing d Biphosphate end) displayed
approximately similar levels of fluorescent U3 RNA, althoughno appreciable nucleolar localization (F& and C).
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Figure 3.A(5")ppp(8)GM’-capped U3 RNA A) Phase contrast imag8.4nd

C) Fluorescence micrographs: (B) 5 min after microinjection; (C) 11 min after
microinjection. The small, bright fluorescent spots in (B) and (C) are at or near
the microinjection site. They were not coincident with nucleoli nor were they
observed consistently. (This also applies to the small, bright spots in Fig. 4B and
C and Fig. 6B and C.)

Figure 5. Nucleolar localization of i&(5)ppp(3)G-capped U8 RNAA) Phase
contrast imageB-D) Fluorescence micrographs: (B) 4 min after microinjection;
(C) 9 min after microinjection; (D) 25 min after microinjection.

Figure 4. U3 RNA containing a triphosphatédnd. A) Phase contrast image.
(B andC) Fluorescence micrographs: (B) 9 min after microinjection; (C) 14 min
after microinjection.

We next asked whether thiséap structure-dependent nucleolar
localization of U3 RNA was the case also for U8 snRNA, another
nucleolar RNA that is involved in pre-rRNA processig),?2)
and, like U3, binds the nucleolar protein fibrillaritB). As shown
in Figure 5B-D, U8 RNA containing a f&(5)ppp(3)G cap
displayed nucleolar localization, although this took place somewhat _ RNAA) Ph Atrastim N
more slowly than in the case of U3 RNA. The cell shown 'nFI8grgfcgrfcs(e)pr?\?é?())gr;;h?e(%;]82 min {a(gter Erﬁil%?njteitsign;ez%?g dmcl:r)1 after
Figure5A was binucleate and the two nuclei were closelymicroinjection.
juxtaposed. Interestingly, a small amount of the microinjected U8
RNA moved into the other nucleus and there, too, displayed
nucleolar localization (FighB and C). U8 RNA containing the caps might serve to keep the cytoplasmic precursors of U1, U2, U4
non-methylated cap G{Bpp(8)G did not become localized in and U5 RNAs from associating with the tratisiaal machinery,
nucleoli (Fig.6) nor did non-capped U8 RNA containing a Wwith which they might otherwise become engaged if bearif@® m
triphosphate 'Send (Fig.7). We also attempted to investigate thecaps like most mRNAs. However, the subsequent findings that
intranuclear behavior of U3 and U8 RNA containing’ &i5  synthetic mRNAs containing$¥ ‘G caps are capable of translation
methylguanosine cap structure, but th&2nG(5)ppp(8)G  (33) and thatransspliced mRNAs contain #% G caps $4,35)
preparation we employed was not appreciably incorporatgiakes it very unlikely that thed? G caps on U1, U2, U4 and U5
during transcription of U3 or U8 RNA by T7 RNA polymerasepre-snRNAs are designed to keep them from interacting with the
(M.R.Jacobson and T.Pederson, unpublished results). translational apparatus. Studies of spliceosomal SnRNP biosynthesis

To further investigate the & cap dependence of U3 RNA in Xenopusoocytes have revealed a bipartite signal for nuclear
nucleolar localization competition experiments were carried owmport of UL and U2 snRNPs, consisting of the Sm domain and its
in which an excess of the cap dinucleotidéS()ppp(8)G or  associated proteins and ther®2 G cap 86-38). However, in the
the cap analog dinucleotide AYBpp(3)G was co-microinjected case of U4 and U5 snRNPs theé»#1G cap is of reduced
into the nucleus together with fluorescedGrcapped U3 RNA.  importance for nuclear import into the nucleuxehopusoocytes
As shown in Figur®, the presence of a 100-fold molar excess of36,39). Moreover, the $2G cap is not required for nuclear
m’G(5)ppp(8)G prevented nucleolar localization of fluorescentimport of UL or U2 snRNPs in mammalian cefls,¢1). That the
U3 RNA (Fig. 8B), whereas the presence of a 100-fold molam?2 G cap is not invariably involved in nuclear—cytoplasmic traffic

excess of A(5ppp(8)G did not (Fig.8D). of sSnRNAs has been further reinforced by studies of U3 RNA
biosynthesis, which have revealed that in B@hopusocytes and
DISCUSSION mammalian cells this RNA does not leave the nucleus during

maturation, including cap hypermethylatiet2,¢3).
Ever since they were discoveréd,31) the n#2./G cap structures Previous studies have defined elements within U3 RNA that are
on the 5ends of sSnRNAs have remained enigmatic as regardsquired for binding of specific proteingi4-46) and for
function. We previously speculategl] that the trimethylguanosine pre-rRNA processingl({,18). Our results demonstrate that the
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Figure 7.U8 RNA containing a triphosphatéénd. A) Phase contrastimage.  Figure 8. Nuclear micrainjection of fluorescent’&(5)ppp(8)G-capped U3
(B-D) Fluorescence micrographs: (B) 1 min after microinjection; (C) 9 min RNA with a 100-fold molar excess of dinucleotidé®)ppp(8)G (A andB)

after microinjection; (D) 15 min after microinjection. The images in (C) and (D) or dinucleotide A(3ppp(3)G (C andD). (A and C) Phase contrast images
were contrast enhanced (each to the same quantitative extent) to confirm thd min after microinjection. (B and D) Fluorescence micrographs 30 s after

absence of any nucleolar localization. microinjection.

initial presence of a A% cap on U3 RNA is a determinant of localization, since rG-capped U3 RNA undergoes cap hyper-
subsequent nucleolar localization and we show that the same is traethylation in the nucleoplasmic but not the nucleolar fractions of
for U8 RNA. Our finding that the initial presence of &3rcap is  both Xenopusoocyte germinal vesicleg () and HelLa cell nuclei
required for subsequent nucleolar localization of both U3 and UB/.R.Jacobson and T.Pederson, unpublished results). A specific
RNAs is compatible with the fact that these two RNAs share seveiaternal region of U3 and U8 RNAs, box D, has been implicated in
other properties, including their association with fibrillart®)(  cap hypermethylation of these RNAsXenopusocytes 47) and

their roles in pre-rRNA processing22) and their maturation it is possible that this internal region also plays a role in nucleolar
within the nucleus without a detectable cytoplasmic phadecalization. This is further suggested by the observation that the
(42,43,47). One difference betwen U3 and U8 RNAs as regards thaucleolar function of the intron-encoded U20 snRNA in directing
present study is that the amount of fluorescent U8 RNA thaite-specific 20-ribose methylation of pre-rRNA is dependent
becomes localized in nucleoli appears to be less than thaton a box C/D structure that forms'@5erminal stemg2).
observed when an approximately equimolar amount of U3 RNA In a previous study on the role of U8 RNA in pre-rRNA
is microinjected (Figl versus Fig5 and data not shown). This processing ilXenopusocytes it was found that ApppG-capped U8
may reflect a relative difference in the number of nucleolaRNA was able to rescue pre-rRNA processing in oocytes depleted
binding sites for U3 and U8 RNA. Endogenous U8 RN&18%  of endogenous U8 RNA, suggesting that a methylated guanbsine 5
as abundant as U3 RNAY). Moreover, U3 and U8 RNAs cap is not required for nucleolar localization of U8 RNA in this
function at temporally distinct steps in pre-rRNA processingystem 21). We consider it likely that this reflects a difference
(17-22) and it is possible that this is reflected in the relativébetween thXenopuoocyte and the mammalian cell we have used
affinities of the two RNAs for their respective nucleolar bindingn the present investigation. As mentioned earlier, the role of the 5
sites. Indeed, the spatial localization of U8 RNA within thecap structure in SnRNA intracellular traffic has already been found
nucleolus as observed lwysitu hybridization has been reported to differ significantly betweerXenopusoocytes and mammalian

to differ from that of U3 RNA4S). cells in numerous previous studi€s{41).

Virtually all RNA polymerase |l transcripts havers’G caps and Considering the present results in a broader context, it is apparent
yet most do not localize in the nucleolus, so clearly tf@ oap is  that the various RNAs imported into the nucleolus display a diversity
not in and of itself a nucleolar localization signal. This samef 5-end structures. In addition to the trimethlyG-capped U3, U8
conclusion follows from our finding that several other RNAsand U14 snRNAs, several nucleolar RNAs have triphosphate
containing MG caps (e.g. U2 RNA, pre-mRNAs and spliced5'-termini, e.g. 5S rRNA, RNase MRP RNA and RNase P RNA
MRNA) do not localize in nucleoli when microinjected into the(53-55). U3 RNA in higher plants is transcribed by RNA
nucleus 49; M.R.Jacobson and T.Pederson, unpublished resultgolymerase Ill and contains théyamonomethyl phosphate ester
The presence of nucleolar localization signals in U3 and U8 RNA=sp structure6) first discovered on U6 snRNAT), which is also
in addition to the Bcap itself is also indicated by the fact that othetranscribed by RNA polymerase 1B&59). A very large number
RNA polymerase |l transcripts, i.e. pre-mRNAs and spliceosomalf SnRNAs are processed from introns of pre-mRNAsg3) and
snRNA precursors, are exported from the nucleus via’@ m are therefore presumably imported into the nucleolus with
cap-dependent mechanisad 6 1). Itis likely that U3 (and probably monophosphate-$ermini. Finally, plant viroid RNAs, which are
U8) RNA cap hypermethylation temporally precedes nucleolaslosed circular single-stranded RNAS4), are localized in
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nucleoli £5), thus providing an example of nucleolar localization27
of RNAs that have nd ermini. It is therefore clear that there are

a considerable number of different signals and mechanisms f

nucleolar localization of RNAs, as opposed to a single canonicg
targeting element, and that these diverse nucleolar localization
mechanisms operate on RNA molecules with several different
types of S-ends. st
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