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ABSTRACT

Posttranscriptional modifications of rRNA occur in the nucleolus where rRNA modification guide RNAs, or snoRNAs, con-
centrate. On the other hand, scaRNAs, the modification guide RNAs for spliceosomal snRNAs, concentrate in the Cajal
body (CB). It is generally assumed, therefore, that snRNAs must accumulate in CBs to be modified by scaRNAs. Here we
demonstrate that the evidence for the latter postulate is not consistent. In the nucleus, scaRNA localization is not limited
to CBs. Furthermore, canonical scaRNAs can modify rRNAs. We suggest that the conventional view that scaRNAs function
only in the CB needs revision.
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INTRODUCTION

Site-specific positioning of the most abundant posttran-
scriptional RNA modifications, such as pseudouridylation
and 2′-O-methylation, is usually mediated by specialized
small RNAs called guide RNAs. The majority of these
guide RNAs concentrate in the nucleolus and are respon-
sible for modification of ribosomal RNAs (rRNAs).
Therefore, they are designated small nucleolar RNAs, or
snoRNAs (Maxwell and Fournier 1995; Smith and Steitz
1997; Decatur and Fournier 2003). Early studies of rRNA
modification demonstrated that most if not all of the
2′-O-methylation of rRNAs occurs on the nascent 45S pre-
cursor (for reviews, see Maden 1990; Decatur and Fournier
2003). Thus, the nucleolus is the place where newly tran-
scribed rRNAs meet matching modification guide RNAs
and become modified cotranscriptionally.
Spliceosomal U snRNAs represent another class of

heavilymodified RNAs. Their guide RNAs, with one excep-
tion (U6 snRNA 2′-O-methylation), are often concentrated
in a separate nuclear compartment, the Cajal body (CB).
Consequently, these modification guide RNAs are named
small CB-specific RNAs, or scaRNAs. CB-localization ele-
ments (CAB-box and G.U/U.G wobble stem) and their
association with the WDR79 protein are essential for tar-
geting scaRNAs to CBs (Richard et al. 2003; Tycowski
et al. 2009; Deryusheva and Gall 2013; Marnef et al.
2014). CBs are found in various eukaryotic species and
are usually identified by the marker protein coilin. They
are also characterized by a high concentration of spliceo-

somal snRNAs and core components of their modification
machinery, such as the methyltransferase fibrillarin and the
pseudouridine synthase dyskerin. The fact that modifica-
tion guide RNPs and their cognate substrate RNAs both
accumulate to high concentration in the CB led to the hy-
pothesis that snRNA modification itself occurs there. In
support of this hypothesis, fragments of U2 and U5
snRNAs became modified when they were specifically tar-
geted to CBs, whereas fragments of rRNA and U6 snRNA
became modified when they were targeted to nucleoli
(Ganot et al. 1999; Jády et al. 2003).
However, the evidence that snRNA modification occurs

only in CBs has never been strong. Most notably, CBs are
not universal cell components, being absent from many
normal cells, including stem cells (Liu et al. 2009). Further-
more, snRNA modification is unaffected in the coilin mu-
tant of Drosophila, which lacks CBs entirely (Deryusheva
and Gall 2009). Here we describe additional observations
that question the exclusive roles of the CB and scaRNAs in
posttranscriptional modification of spliceosomal snRNAs.

OBSERVATIONS AND CONCLUSIONS

Subtle structural changes make substrate RNA
unmodifiable

Key evidence that snRNAmodifications occur in CBs came
from an experimental setup in which test RNA fragments
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were inserted into scaRNA U87/SCARNA5 for targeting to
CBs (Jády et al. 2003). In our study of Drosophila scaRNA
modifications, we adapted U87-based constructs to ex-
press stable artificial substrate RNAs in a yeast cell system
(Deryusheva and Gall 2013). When we tested the ability of
Drosophila scaRNA:ΨU2–55 to modify 28S rRNA, we acci-
dentally created a construct with a motif specifically recog-
nized by the yeast pseudouridine synthase Pus4 (Fig. 1A,
underlined in top sequence). The presence of this acciden-
tally created motif resulted in the positioning of an extra
pseudouridine outside the test 28S rRNA sequence in-
serted in the U87 backbone RNA (Fig. 1B). To avoid any
confusion, we mutated the Pus4p-modified uridine to

cytosine. Unexpectedly, this new substrate RNA became
unmodifiable, although a 1-nt mutation should not alter
the substrate-guide RNA base-pairing (Fig. 1C). When ad-
enine replaced the same uridine, the scaRNA:ΨU2–55 tar-
get position became efficiently modified again (Fig. 1D).
Importantly, the expression level of the exogenous guide
RNA scaRNA:ΨU2–55 was similar in all experiments, as
verified by northern blots. Thus, minor alterations in sec-
ondary structure of a substrate RNA dramatically change
the accessibility of RNA target sequences to the modifica-
tion machinery (Fig. 1B′–D′).

These observations prompted us to pursue an alterna-
tive explanation for negative results in RNA-targeting
experiments.

Fragments of U6 snRNA and rRNAs become
modified whether targeted to Cajal bodies
or to nucleoli

Early experiments from the Kiss laboratory (Jády et al.
2003) demonstrated that fragments of U6 snRNA were
not modified when targeted to CBs. This result supported
the idea that typical snoRNAs in the nucleolus acted as
guide RNAs for 2′-O-methylation of U6 snRNA (Tycowski
et al. 1998; Ganot et al. 1999). Later, U6 pseudouridylation
guide RNAs were identified and found concentrated in
CBs (Tycowski et al. 2009; Deryusheva and Gall 2013).
From these findings, one would expect that 2′-O-methyla-
tion of U6 snRNA occurs in the nucleolus and pseudouridy-
lation in the CB. Yet, neither type of modification had been
detected when U6 snRNA fragments were targeted to CBs
(Jády et al. 2003).

To resolve these contradictory findings, we generated
similar U87 constructs containing fragments of U6 snRNA
(Fig. 1A). Because minor structural alterations can make
substrate RNA unmodifiable, we first tested all constructs
in a yeast cell system to be sure that they could bemodified
appropriately (data not shown). We then transfected
HeLa cells. Full-length U87 scaRNA with inserted frag-
ments of U6 snRNA concentrated in CBs as expected
(Fig. 2A). However, in contrast to previously reported re-
sults (Jády et al. 2003), the inserted sequences became
modified at positions specific toU6 snRNA,bothpseudour-
idylation and 2′-O-methylation (Fig. 2B). Furthermore,
rRNA fragments inserted into U87 scaRNA and targeted
toCBswere alsomodified (Fig. 2B). Importantly, when frag-
ments of U6 snRNA were inserted into U87 lacking the
H/ACA domain and CB-localization signals (Fig. 1A,
U87-S), they also became properly modified (Fig. 2B, blue
trace). We should emphasize that the analysis is complicat-
ed by the fact that transiently expressed exogenous RNAs
often show mislocalization within the transfected cells. In
our experiments, we verified the concentration of substrate
RNAs in nuclear bodies using fluorescent in situ hybridiza-
tion (FISH). No more than 5% of the cells showed a weak
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FIGURE 1. Structural alterations in substrate RNA can changemodifi-
cation efficiency. (A) Schematic drawing of two types of artificial
substrate constructs used in this study. Highlighted in blue are
fragments of Drosophila 28S, human 18S and 28S rRNAs, and U6
snRNA inserted into human U87 scaRNA. The yeast Pus4p-specific
motif is underlined in the U87-Dm28S [1952–1965] substrate se-
quence; the tested target uridine is boldfaced and marked with a
star (top row). (B–D) Modification of U87-Dm28S [1952–1965]
substrate RNA mediated by Drosophila scaRNA:ΨU2–55 in yeast.
(B′–D′) Predicted secondary structure at the site of substrate insertion.
Induced pseudouridylation and point mutations are depicted. The
U-to-C point mutation shown in C′ stabilizes the stem at the substrate
loop and inhibits positioning of Ψ1960, as shown in C.
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signal in nucleoli in addition to accumulation in CBs, when
theywere transfectedwith full-length U87 scaRNA (Fig. 2A,
middle panel). This minor mislocalized fraction of test sub-
strate RNA cannot explain the very high efficiency of
modification observed: Reverse transcriptionwas terminat-
ed at modified positions, and few full-length fragments
were detected (Fig. 2B, red traces). These observations
demonstrate that targeting of RNA to a particular nuclear
compartment is not essential for proper posttranscriptional
modification.

A canonical scaRNA can modify rRNA

Since the early discovery of dual guide RNAs for modifica-
tion of U6 snRNA and 28S rRNA (Tycowski et al. 1998), sev-
eral scaRNAs were predicted to mediate modification of
both spliceosomal U snRNAs and rRNAs (Yuan et al.
2003; Deryusheva and Gall 2013). In fact, two canonical
scaRNAs in Drosophila, scaRNA:ΨU1–6 and scaRNA:
ΨU2–55, modified substrate RNAs corresponding to 18S
and 28S rRNA sequences, when they were tested in yeast
cells (Deryusheva and Gall 2013). Nevertheless, endoge-
nousDrosophila rRNAs were notmodified at the predicted
target positions. One could argue that modification guide
RNAs behave differently when expressed in yeast; for in-
stance, yeast snoRNA snR81 normally modifies both U2
snRNA and 25S rRNA (Ma et al. 2005). Furthermore, the
pseudouridylation pocket in snR81 that is specific to 25S
rRNA mediates the formation of a stress-inducible pseu-
douridine in U2 snRNA (Wu et al. 2011). Thus, while it
was evident that scaRNAs can modify rRNAs in yeast, it re-
mained an open question whether the same is true in high-
er eukaryotes.
To address this question, we developed an assay using

vertebrate cell lines. In our bioinformatics analysis of verte-
brate snoRNAs, we identified amphibian and zebrafish
SNORA14 as a potential guide RNA for 18S rRNA pseu-
douridylation at a position equivalent to position 892 in
human 18S rRNA (Fig. 3A, left scheme). We showed pseu-
douridylation of this position in zebrafish and four amphib-
ian species: axolotl, newt, Xenopus tropicalis (Fig. 3B, top
green trace), and X. laevis (Fig. 3C), but no pseudouridyla-
tion in lizard, chicken, mouse, and human (Fig. 3B, bottom
gray trace).WeexpressedXenopus SNORA14 inHeLacells
andobservedpseudouridylationof human18S rRNAatpo-
sition 892 (Fig. 3B, blue trace, star). This is an example of a
typical snoRNA (Fig. 3E) that modifies rRNA at the predict-
ed position. Then we generated an artificial guide RNA for
human 18S-892 by antisense element replacement in
X. tropicalis SCARNA4, which normallymodifies U2 snRNA
at position 41 (Fig. 3D). When expressed in HeLa cells, this
chimeric scaRNA, xtSCARNA4>hu18S-Ψ892, concen-
trates in CBs as expected (Fig. 3E) and, despite the CB lo-
calization, induces modification of human 18S rRNA (Fig.
3B, red trace, star). Thus, these experiments demonstrate
(i) that Xenopus SNORA14 is a genuine guide RNA for
the tested position, (ii) that human 18S rRNA is promiscu-
ous for pseudouridylation at this position, andmore impor-
tantly (iii) that both snoRNAs and typical scaRNAs can
modify rRNA.
To confirm this observation in other cells, we took ad-

vantage of differences in 18S rRNA modification between
X. laevis and X. tropicalis. In X. laevis, position 828 in 18S
rRNA is not pseudouridylated (Fig. 3C, bottom brown
trace); this position is equivalent to position 866 in human
and is known as a highly conserved pseudouridine across
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FIGURE 2. (A) A full-length human U87 scaRNA that contains a U6
snRNA insertion (U87-F-U6[48–70]) concentrates in CBs. (Left panel)
Bright red FISH signals are detected in CBs of transfected HeLa cells
after hybridization with a Cy3-labeled U87 antisense probe. (Middle
panel) A few cells have a weak signal in the nucleoli. (Right panel)
Control nontransfected cells show no detectable signal. Similar FISH
patterns were observed when HeLa cells were transfected with
U87-F constructs containing fragments of 18S and 28S rRNAs (not
shown). (B) Fragments of rRNAs and U6 snRNA are properly modified
when they are targeted to CBs (red traces). Modification also occurs
when the fragments are inserted into a U87-S construct that lacks
the H/ACA domain, which contains the CAB-box (blue trace). In
each case, black traces are controls.
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different vertebrate species, including X. tropicalis (Fig.
3B). Coinciding with the observed modification pattern,
the corresponding guide RNA SNORA28 is mutated in
X. laevis (Fig. 3A, right scheme). We transfected the X. lae-
vis cell line XTC with constructs to express either X. tropi-
calis SNORA28 or chimeric scaRNA xtSCARNA4>xl18S-
Ψ828. In both cases, X. laevis 18S rRNA became modified
at position 828 (Fig. 3C, blue and red traces, stars). These
experiments clearly demonstrate that scaRNA modifica-
tion activity is not limited to spliceosomal snRNAs.

In fact, neither snoRNAs nor scaRNAs are limited to spe-
cific compartments. A recent study from Karla Neugeba-
uer’s laboratory demonstrated that various scaRNAs,
when injected into cultured HeLa cells, concentrate in nu-

cleoli in addition to CBs; similarly, snoRNAs, while obvi-
ously concentrated in nucleoli, were not excluded from
CBs (Machyna et al. 2014). scaRNAs in Xenopus oocytes
concentrate in CB-like nuclear organelles called pearls
and in numerous extrachromosomal nucleoli; the removal
of the CB-localization signal from a scaRNA did not change
this localization (Nizami and Gall 2012). An earlier study of
Xenopus oocytes (Yu et al. 2001) suggested that splice-
osomal snRNAs concentrate in nucleoli and that post-
transcriptional modification takes place there. In these
experiments, however, the accumulation of U snRNAs
was demonstrated on nuclear spreads. In such prepara-
tions, the nucleoplasm is not retained on the slides
(Yu et al. 2001; Gerbi and Lange 2002; Gerbi et al. 2003).
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FIGURE 3. Typical scaRNAs can modify 18S rRNA. (A) Postulated base-pairing of Xenopus snoRNAs, SNORA14, and SNORA28, with 18S rRNA.
Differences between X. tropicalis and X. laevis SNORA28 are highlighted in red. (B) 18S rRNA from X. tropicalis is pseudouridylated by SNORA28
at position 828 and by SNORA14 at position 854 (top green trace). In HeLa cells, the position corresponding to the Xenopus SNORA14 target is
not modified (bottom gray trace). When Xenopus SNORA14 was expressed in HeLa cells, position 892 (equivalent to position 854 in Xenopus)
becamepseudouridylated (blue trace, star). Human 18S-892 guide RNAmade from Xenopus SCARNA4 (xtSCARNA4>hu18S-Ψ892) also induced
the pseudouridylation of 18S rRNA in HeLa cells (red trace, star). (C ) In contrast to human and X. tropicalis, 18S rRNA in X. laevis is not pseudour-
idylated at position 828 (bottom brown trace). Expression of X. tropicalis SNORA28 in XTC cells induced pseudouridylation of this position (blue
trace, star). This pseudouridine was also induced by the chimeric scaRNA xtSCARNA4>x18S-Ψ828 (red trace, star). (D) Schematic representation
of 18S guide RNA generated from scaRNA. (E) In transfected HeLa cells, FISH with Cy3-labeled antisense RNA probes shows that xtSNORA14
localizes in nucleoli (left panel, red signal) and xtSCARNA4>hu18SΨ892 localizes in CBs (right panel, red signal).
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If RNA distribution is analyzed in whole oocyte nuclei
isolated in mineral oil, no enrichment of U2 snRNA is ob-
served in nucleoli (Fig. 4A), whereas scaRNA concentration
there is evidently high (Fig. 4B). It is worth noting that even
this observation of scaRNA concentration in nucleoli is mis-
leading. In the case of fluorescently labeled scaRNAs in-
jected into Xenopus oocytes, one can easily estimate
that ∼98% of the nuclear signal is dispersed throughout
the nucleoplasm, despite the presence of hundreds of ex-
tremely bright nucleoli (Fig. 4B). Thus, scaRNAs do nor-
mally concentrate in CBs, but they are also dispersed in
the nucleoplasm and can re-localize to another nuclear
compartment, especially in the absence of canonical CBs.

Final remarks

Normally scaRNAs concentrate in CBs, but their nuclear lo-
calization is not restricted to CBs and CBs are not required
for scaRNA activity. Furthermore, scaRNA guide activity is
not limited to spliceosomal RNAs. Similarly, snoRNAs can
be found outside the nucleolus. scaRNPs contain at least
one component not present in snoRNPs, the WDR79 pro-
tein, which is bound to the CAB-box. Yet neither WDR79
nor the CAB-box are essential for scaRNP guide activity
(Deryusheva and Gall 2009). In summary, there is no sharp
distinction between snoRNAs and scaRNAs. Their sub-
strate specificities overlap as well as their localization with-
in the nucleus.

MATERIALS AND METHODS

Expression of exogenous guide and substrate RNAs

Constructs were made in which fragments of U6 snRNA, 18S and
28S rRNAs were inserted in the human U87/SCARNA5 coding
sequence (schematic representation shown in Fig. 1A); these chi-
meric U87 sequences themselves replaced intronic snoRNA
snR18 in the yeast EFB1 gene. The resultant DNA fragments
were cloned into pCS2 and p426Gal1 vectors for expression in
vertebrate cell lines and in the yeast Saccharomyces cerevisiae,
respectively. X. tropicalis SNORA14, SNORA28, and SCARNA4
occur within introns; these introns, along with their flanking
exons, were amplified from genomic DNA and cloned into
pCS2 vector. PCR-based mutagenesis was used to replace anti-
sense element sequences in xtSCARNA4. Yeast expression
constructs for these guide RNAswere generated as previously de-
scribed (Deryusheva and Gall 2018).
Human HeLa and X. laevis XTC cells were transfected with the

listed constructs using ViaFect and FuGene HD transfection re-
agents (Promega), respectively. Yeast expression constructs
were introduced into BY4741 “wild-type” yeast strain using the
standard lithium acetate transformationmethod. RNAwas extract-
ed fromcultured transfected and control cells usingTRIzol reagent
and Direct-zol RNA MiniPrep kit (Zymo Research). Yeast RNA was
extracted using the hot acid phenol method. Expression of exog-
enous RNAs was verified by northern blot analysis as previously
described (Deryusheva and Gall 2013).

RNA modification analysis

Modifications of human and Xenopus 18S rRNA and artificial sub-
strate RNAs inserted in the human U87 backbone were analyzed
using a fluorescent primer extension method as previously de-
scribed (Deryusheva and Gall 2009). CMC treatment of test RNA
was used to map pseudouridines. A low concentration of dNTP
in the reaction mix was used for 2′-O-methylation mapping. 6-
FAM-labeled oligonucleotides were the following: SD339 (3′-ter-
minus of human U87) AGGTCTCAGATTGAAAACTTGAGATCA
andSD493 (1002–1033nt of human18Sor 964–995nt ofXenopus
18S rRNA) CGTTCTTGATTAATGAAAACGTTCTTGGCAAA.
Because RNAmodification analyses based on reverse transcrip-

tion are only semiquantitative, each sample was tested in dupli-
cate or triplicate and separated on capillary columns in serial
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FIGURE 4. Distribution of fluorescently labeled snRNAs and scaRNA
in X. laevis oocyte nuclei. RNAs were injected into the cytoplasm of
intact oocytes. Eighteen hours later, nuclei were isolated underminer-
al oil, which preserves the nucleoplasm in which the organelles are
suspended. (A) Oocytes injected with fluorescein-U2 snRNA. U2
snRNA (green) is not enriched in nucleoli relative to the nucleoplasm.
(B) Oocytes injected with a mixture of fluorescein-U7 snRNA and in vi-
tro-transcribed Drosophila scaRNA:MeU2-C28 labeled with Cy5. U7
snRNA (green) concentrates in histone locus bodies, whereas the
scaRNA (red) concentrates in nucleoli. (C ) Uninjected control nuclei
do not fluoresce.
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dilutions. All experiments were performed in parallel. Expression
levels of exogenous guide and substrate RNAs were verified
by northern blots, and their nuclear localization was determined
by FISH.

Fluorescent in situ hybridization (FISH)

Transfected and control mock-transfected HeLa and XTC cells
were grown on 4-well culture slides. The slides were rinsed in
phosphate-buffered saline (PBS) and fixed in 4% formaldehyde/
PBS for 10–15 min. The fixed cells were permeabilized in 0.3%
Triton X-100 in PBS for 30 min followed by 70% methanol over-
night. Slideswere then either rehydrated and used for FISH exper-
iments or stored refrigerated in 70% methanol until use. Cy3-
labeled antisense RNA probes were made by in vitro transcription
reactions using DNA constructs or PCR fragments as templates.
Hybridization was performed overnight at 42°C. Slides were
washed in 0.2× SSC three times for 10 min, stained with DAPI,
and mounted in a Mowiol/DABCO antifade solution. Images
were captured using a laser-scanning confocal microscope
(Leica SP5) with a 63× (NA 1.40) planapochromatic objective.

Injections into Xenopus oocytes

In vitro transcribed fluorescently labeled RNAs (fluorescein-U2
snRNA, fluorescein-U7 snRNA, Cy5-DmscaRNA:MeU2-C28)
were injected into X. laevis oocytes using a Nanoject microinjec-
tor (Drummond). The injection procedure and amount of injected
RNAs were exactly the same as in the in vitro modification assay
with unlabeled U2 snRNA and its guide scaRNA:MeU2-C28
(Deryusheva and Gall 2009). After overnight incubation, injected
and control Xenopus oocyte nuclei were isolated under mineral
oil. While still in oil, nuclei were transferred onto slides, gently
covered with a coverslip, and analyzed by confocal microscopy.
All manipulations with Xenopuswere performed according to ap-
proved IACUC protocols.
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