L)

Check for
updates

Stable lariats bearing a snoRNA (slb-snoRNA) in
eukaryotic cells: A level of regulation for

guide RNAs

Gaélle J. S. Talross*'2, Svetlana Deryusheva®', and Joseph G. Gal

|a,3

?Department of Embryology, Carnegie Institution for Science, Baltimore, MD 21218

Contributed by Joseph G. Gall, September 10, 2021 (sent for review August 12, 2021; reviewed by Brenda L. Bass and Anita K. Hopper)

Small nucleolar (sno)RNAs guide posttranscriptional modifications
essential for the biogenesis and function of their target. The
majority of snoRNAs in higher eukaryotes are encoded within
introns. They are first released from nascent transcripts in the
form of a lariat and rapidly targeted by the debranching enzyme
and nuclear exonucleases for linearization and further trimming.
In this study, we report that some snoRNAs are encoded within
unusually stable intronic RNAs. These intronic sequences can
escape the debranching enzyme and accumulate as lariats. Stable
lariats bearing a snoRNA, or slb-snoRNA, are associated with
snoRNA binding proteins but do not guide posttranscriptional
modification. While most slb-snoRNAs accumulate in the nucleus,
some can be exported to the cytoplasm. We find that this export
competes with snoRNA maturation. SIb-snoRNAs provide a previ-
ously unknown layer of regulation to snoRNA and snoRNA binding
proteins.
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mall nucleolar RNAs (snoRNAs) represent a class of very

abundant nuclear RNAs. The majority of snoRNAs guide
site-specific uridine isomerization (H/ACA box snoRNAs) and
2'-O-methylation (C/D box snoRNAs) of ribosomal RNA
(rRNA), small nuclear RNA (snRNA), transfer RNA (tRNA),
and potentially other RNAs (1, 2). In vertebrates, nearly all
snoRNAs are encoded within introns. snoRNAs are released in
the form of a lariat and must be linearized by the debranching
enzyme, DBR1, before further trimming by nuclear nucleases
to their mature size, ~60 to 300 nt. Additionally, lariats may be
linearized by nuclear endonucleases, such as RNT1 in yeast, to
promote maturation (3-6).

In a recent study, we analyzed RNA extracted from oocyte
nuclei or germinal vesicles (GVs) of the frog Xenopus tropicalis.
This analysis allowed us to catalog more than 400 snoRNAs in
this species (7). When we examined intronic reads in the Inte-
grative Genomics Viewer (IGV) browser, we noticed that many
Xenopus snoRNAs overlapped with other noncoding(nc)
RNAs, namely stable intronic sequence (sis)RNA.

sisSRNA refers to a class of intron-derived RNA first described
by our laboratory (8). sisSRNAs persist for hours in cultured cell
lines or even for days in the frog oocyte (8, 9). In many species,
including frogs, human, mouse, and chicken, most abundant sisR-
NAs exist in the form of lariats (10). Unlike “canonical” intronic
RNAs, sisRNAs escape linearization by DBR1 and degradation
by nucleases. These lariats are unusually stable, partially due to
their noncanonical C-branchpoint (10), a poor substrate for
DBRI, which is most efficient on A-branched RNA (11). Addi-
tionally, lariats can be exported to the cytoplasm, a cellular com-
partment largely depleted of DBR1 (10).

A few reports suggest that stable nuclear lariats play a role
in transcription regulation in cis or in trans; these sisRNAs tend
to accumulate at the site of transcription (9, 12-14). Alterna-
tively, circular sisSRNAs can be recruited to nuclear bodies and
sequester proteins, such as Dicer (15). Viral sisRNAs can also
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regulate host proteins presumably by sequestration (16, 17).
The functions of cytoplasmic sisSRNAs remains unknown.

In this study, we report that hundreds of snoRNA-encoding
introns give rise to circular sisRNAs in different vertebrates.
We refer to this class of sisSRNAs as stable lariats bearing a
snoRNA, or slb-snoRNAs. The slb-snoRNAs do not function
as modification guide RNAs, yet they are associated with
canonical modification snoRNP proteins (e.g., the snoRNA
binding protein pseudouridine synthase dyskerin). A fraction of
slb-snoRNAs can be exported to the cytoplasm, which prevents
snoRNA maturation and accumulation in the nucleus. We dis-
cuss the regulatory roles that slb-snoRNAs may play in
snoRNA biogenesis and in sequestration of snoRNA binding
proteins.

Results

Detection of slb-snoRNAs. In a previous study, we took advantage
of the GV transcriptome to annotate nearly all snoRNAs
encoded in the X. tropicalis genome (7). As we inspected the
sequence alignment of the GV transcriptome in the IGV
browser, searching for snoRNA reads (Fig. 14), we noticed
reads that covered nearly the entire length of some snoRNA-
encoding introns (306 of all 405 intronic snoRNAs) (Dataset
S1). In each case, no reads were mapped to exon-intron
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Fig. 1. Typical slb-snoRNAs in frog oocytes. (A) IGV browser view of the
X. tropicalis eif4al locus. In the nucleus, mature snoRA48 and snoRD10
(green) and slb-snoRA48 and slb-snoRD10 (red) are detected. After RNase
R treatment, only slb-snoRNAs are detected. The bottom track shows
“inverted” reads, indicating that the RNA is circular. (B) IGV browser view
of the X. tropicalis gIn3 locus. SIb-snoRD69 (red) is readily detected in con-
trol and RNase R-treated samples. The bottom track shows inverted reads.
(C) Northern blot analysis of snoRD69 in X. tropicalis liver (5 pg) and
oocyte RNA (500 GVs) samples. Two bands were detected in RNA from
oocytes: fully processed snoRD69 (lower band) and slb-snoRD69 (higher
band). Note that the higher band migrates much slower than expected for
the corresponding full length linear intronic RNA.

junctions. In fact, the coverage of these reads started near the
5" splice site and ended a little upstream of the 3’ splice site
(Fig. 14, red coverage). This pattern suggests that the oocyte
accumulates stable partially processed intronic snoRNAs in
the nucleus.

Because most abundant sisSRNAs accumulate as lariats (18),
we wondered whether these partially processed snoRNAs also
accumulated as lariats. We analyzed a dataset of the circular
transcriptome that we generated by treating nuclear RNA with
RNase R, a 3'-5' exonuclease that degrades linear RNA and
leaves circular RNA intact (18). As expected, we could no lon-
ger detect mature linear snoRNAs in this dataset. However, we
detected reads that mapped throughout the intron, which is
consistent with the detection of a circular intronic RNA (Fig.
14, red coverage). Additionally, we detected numerous reads
that could map to the linear genome only when they were seg-
mented and rearranged (SI Appendix, Fig. S14). These so
called “inverted” reads correspond to the junctions of the circu-
lar RNA (Fig. 14, black coverage). Thus, these data demon-
strated that a fraction of some snoRNAs can be stabilized in
the form of a lariat.

To confirm the existence of stable lariats encoding snoRNAs,
we analyzed X. tropicalis GV RNA by Northern blotting. Using
a probe specific for snoRD69 (Fig. 1B), we detected a band of
about 70 nt in length, corresponding to the mature form, in
liver and oocyte RNA. A higher band was readily detected only
in the oocyte RNA lane (Fig. 1C). This higher molecular-
weight band ran slower than the expected linear intronic RNA,

20f 10 | PNAS
https://doi.org/10.1073/pnas.2114156118

consistent with it being a circular molecule. We observed a sim-
ilar pattern when we used a probe against the mature snoRA48,
although the lariat was detected at a lower level than the
mature snoRNA (SI Appendix, Fig. S24). We conclude that, in
frog oocytes, a fraction of certain snoRNAs can accumulate in
a lariat form in addition to the mature linear form. We refer to
these circular transcripts as stable lariats bearing a snoRNA or
slb-snoRNAs.

SIb-snoRNAs tend to be more abundant than other nuclear
circular sisRNAs (SI Appendix, Fig. S3). Nevertheless, some
abundant lariats did not encode a known snoRNA. This obser-
vation poses the question whether these abundant sisRNAs
show similarities with slb-snoRNAs. SnoRNAs form a stable
stereotypical structure and contain essential short sequences
known as “boxes”: C/C' (RUGAUGA) and D/D’ (CUGA) in
box C/D snoRNAs, or H (ANANNA) and ACA (AYA) in box
H/ACA snoRNAs. We searched for such motifs within the
sequence of the abundant circular sisSRNAs (fragments per
kilobase of transcript per million mapped reads [FPKM] > 100
in an RNase R experiment, ~1,300 introns) using the prediction
software snoReport 2.0 (19). We found snoRNA motifs (score
> 0.9) within 75 sisRNAs, which included 33 of the 63 known
snoRNAs that overlap with abundant lariats. Altogether,
8% (105) of abundant lariats contain snoRNAs or snoRNA
motifs (Dataset S1). About 90% of these abundant lariats were
shorter than 500 nt. Therefore, we surveyed annotated introns
that were 100- to 500-nt long and did not code for a stable lar-
iat (~7,500 introns); only ~2% of these introns contained
snoRNA motifs. Altogether, we showed that the frog oocyte
accumulates hundreds of stable lariats bearing a snoRNA or a
snoRNA-like sequence. Furthermore, there is some enrichment
of snoRNA motifs in stable lariats compared to unstable lariats
of the same size.

Are slb-snoRNAs limited to the Xenopus oocyte? Previously,
we carried out an RNA high-throughput sequencing study of
circular RNA purified from cells treated with a-amanitin, a
transcription inhibitor, and identified hundreds of stable lariats
in human, mouse, chicken, and frog cell lines. This analysis led
to the annotation of hundreds of sisSRNAs (10). We reexamined
these siSRNAs and found that 8 encoded a snoRNA in human
HelLa cells, 6 in mouse 37T3 cells, 3 in chicken DF1 cells, and 11
in frog Xenopus laevis XTC cells. There was little overlap across
snoRNA orthologs (Fig. 24 and Dataset S1). Additionally,
across all four analyzed species, the snoReport 2.0 algorithm
predicted a snoRNA motif in 391 sisRNAs. Of the 391, 24 cor-
responded to the annotated snoRNAs mentioned above, and
188 showed high predictability scores (>0.9), including 14 that
had a perfect score (=1) (Fig. 2B and Dataset S1).

There are three lines of evidence for the circular nature of
these slb-snoRNAs drawn from our previously generated RNA-
sequencing (RNA-seq) data for RNase R-treated samples (10).
First, we observed that sisRNAs bearing a snoRNA persisted
after the RNase R treatment (Fig. 24). Second, intronic reads
were not restricted to the snoRNA sequence; instead, they
extended from the 5’end to the branchpoint. Finally, for some
snoRNA-bearing sisRNAs, we detected unconventional reads
containing branchpoint regions linked to the 5’ ends of introns.
These reads correspond to the junction of lariats (Fig. 24,
inverted reads tracks).

Importantly, we confirmed by RT-PCR that the circular
snoRNA-bearing sisSRNAs are indeed lariats. We generated
cDNA from RNA extracted from oa-amanitin—treated cells
using either Episcript RT, a reverse transcriptase that is active
across branchpoints, or AMV-RT, a reverse transcriptase that
terminates at branchpoints (18). Intronic cDNA produced with
either enzyme could be amplified using inward facing primers.
However, with outward-facing primers, only cDNA generated
with Episcript RT was amplified (Fig. 2B and SI Appendix, Fig.
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Fig. 2.

Identification of slb-snoRNAs in cell lines from different vertebrate species. (A) IGV browser view of a typical gene encoding a circular sisRNA that

overlaps with a snoRNA from human, mouse, chicken, and frog. Unlike exonic reads (yellow), intronic reads are detected in RNA samples treated with
RNase R, shown in purple (human), red (mouse), orange (chicken), and green (frog). In black is the coverage of intronic inverted reads. These unconven-
tional reads demonstrate that the intronic transcripts are circular. (B) RT-PCR analysis of slb-snoRNAs in the four studied species. Reverse transcription was
carried out with either Episcript-RT or AMV-RT. Intronic cDNA was amplified by PCR using inward and outward primers; the latter detect circular mole-
cules only (see schematics in S/ Appendix, Fig. S1B). Predicted snoRNA motifs for the tested slb-snoRD-like transcripts are shown below the corresponding

gel images. Terminal stems (red) and predicted C and D boxes (black frames)

S1B). The specificity of the PCR products was confirmed by
sequencing. Thus, we demonstrated that many snoRNAs and
snoRNA-like sequences were stabilized in the form of a lariat
in cell lines from various vertebrate species.

SIb-snoRNAs Do Not Function as Modification Guide RNAs. Can slb-
snoRNAs guide 2'-O-methylation and pseudouridylation? In
yeast, the dbriA strain, which is mutant for the debranching
enzyme DBRI, is viable and accumulates lariats (3). While the
majority of yeast snoRNAs are expressed from independent
mono or polycistronic genes, eight are encoded within introns.
In dbrlA, these intronic guide RNAs cannot be processed prop-
erly, and therefore accumulate mostly in the form of a lariat
and partially processed linear transcripts (4). Remarkably, even
when mature snoRNA molecules are barely detectable, as in
the case of snR24, positions targeted for modification by this
guide RNA (C1437, C1449, and C1450 of 25S rRNA) remain
properly modified (4). Although the authors of the early studies
thoughtfully stated that “unprocessed intronic U24 snoRNA
appears to function in 2'-O-methylation,” it was tempting to
“suggest that pre-U24 in the lariat form is functional” (4).

We first started questioning the possibility of snoRNA func-
tion in the lariat form when we could not detect modifications
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are highlighted.

mediated by snoRA29 in human 18S and 28S rRNAs (7).
SnoRA29 is highly conserved across vertebrate species, yet in
humans it accumulates only in a partially processed form, most
likely a lariat (Fig. 34). Indeed, the high molecular-weight
band persisted in human RNA samples after RNase R treat-
ment, which indicates its circular nature. One could argue that
human slb-snoRA29 accumulates at very low levels, which
may not be sufficient for modification activity. Furthermore,
the 3’ terminus of human snoRA29 sequence has a point
mutation in a canonical ACA box, which may affect guide
RNA functions (Fig. 3B).

We made various constructs to express ectopically either slb-
snoRA29 or fully processed snoRA29, with or without restora-
tion of the ACA box (Fig. 3C). Only fully processed snoRA29,
either human with the restored ACA box or mouse as a positive
control (Fig. 3D), could induce pseudouridylation of 28S rRNA
at position 45 (Fig. 3E) and 18S rRNA at position 220 (SI
Appendix, Fig. S4) in HeLa cells. Importantly, mature human
snoRA29 was expressed at very low levels, yet it could mediate
rRNA modification. At the same time, twofold overexpression
of human slb-snoRA29, regardless of the point mutation in the
ACA box (Fig. 3D), was not sufficient to modify 28S-45 and
18S-220 (Fig. 3E and SI Appendix, Fig. S4).
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Fig. 3. Testing snoRA29 modification activities in mouse and human cells. (A) Northern blot analysis of snoRA29 in mouse (3T3) and human (HeLa) RNA sam-
ples treated with RNase R. Fully processed snoRA29 was detected only in control mouse RNA. In human RNA, the snoRA29 sequence is present only in the high
molecular-weight band; this band is resistant to RNase R, indicating its circular nature. No snoRA29* bands persist in mouse RNA treated with RNase R, indicat-
ing that in mouse both snoRA29 and the higher molecular-weight band are linear molecules; the latter represents partially processed mouse snoRA29-
encoding intron. 55 rRNA served as the control for loading and RNase R treatment efficiency. (B) Postulated base pairing of snoRA29 with 185 and 28S rRNAs.
(C) Diagram of constructs for ectopic snoRA29 expression in Hela cells. (D) Northern blot analysis of human and mouse snoRA29 expression in Hela cells trans-
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X. laevis snoRA75 provided another hint that slb-snoRNAs
may not be functional as modification guide RNAs. We previ-
ously identified snoRA75 in two frogs of the same genus, X. tro-
picalis and X. laevis (7). The orthologs have almost identical
structure (Fig. 4 4 and B), yet mature snoRA75 is expressed in
X. tropicalis but not in X. laevis (Fig. 4 C and D). Accordingly,
X. laevis 18S rRNA lacks pseudouridylation of U93 (Fig. 4F).
In oocytes, we detected snoRA75 expression in both X. tropica-
lis and X. laevis by RNA-seq and Northern blotting. However,
X. laevis snoRAT7S5 is expressed only in the form of a lariat (Fig.
4 C and D). Although slb-snoRA75 is very abundant and con-
centrates in GVs, where RNA modification normally occurs,
18S-U93 is not modified in X. laevis oocytes either (Fig. 4F).
These results suggest that slb-snoRNAs and slb-snoRNA-like
RNAs do not support posttranscriptional modifications.
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To further explore the modification activity of snoRNAs in
the form of lariats, we returned to the yeast cell system. Since
the partial processing of snoRNAs in the dbr/A mutant strain
could be driven by RNTI, an endonuclease involved in
snoRNA processing (6), we naively expected to distinguish lar-
iat and partially processed snoRNA activities using a double
mutant, dbrlArntl1A. However, in the dbrlArntlA mutant strain,
all eight intronic snoRNAs still accumulated in the lariat, par-
tially processed, and mature forms, although the latter two are
at low levels (SI Appendix, Fig. S54), and normal rRNA modifi-
cation patterns were detected (S Appendix, Fig. S5B). Notably,
independently transcribed snoRNAs were barely detectable in
dbriArnt1A (SI Appendix, Fig. S5C), yet we still detected modifi-
cations at their target positions (SI Appendix, Fig. S5B). It
appears that yeast endogenous snoRNA processing machinery
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Fig. 4. X tropicalis and X. laevis snoRA75 and slb-snoRA75. (A) Alignment
of the two snoRA75 orthologs. The antisense element for positioning 18S-
W93 is highlighted with blue; the H and ACA boxes are framed with black
lines. (B) Postulated base-pairing between snoRA75 and 18S rRNA. (C) IGV
browser view of snoRA75 and slb-snoRA75 in oocyte and somatic tissues of
X. tropicalis and X. laevis. (D) Northern blot analysis of snoRA75 in somatic
cells, the XTC cell line and liver (10 pg of total RNA per lane) and oocytes
(300 GVs) from X. laevis, and in liver (7 pg of total RNA) and oocytes (100
GVs) from X. tropicalis. Fully processed snoRA75 was detected only in X. tro-
picalis liver and oocyte RNA samples. High molecular-weight bands were
detected in oocytes from both frogs; these bands migrate much slower than
expected for linear full-length intronic RNA molecules, which is characteristic
of intron lariats. () Mapping pseudouridines in the 5 terminal region of
Xenopus 185 rRNA. X. tropicalis 185 rRNA from liver (green trace) and
oocytes (red trace) is pseudouridylated at positions 34 and 93 (star). X. laevis
18S rRNA is modified at position 34 but not at position 93 (arrowhead) in
any tissues, including oocytes (pink trace), liver (gray trace), and the cultured
cell line XTC (bottom brown trace). Traces are scaled as in Fig. 3E.

is very robust. It has multiple back-up mechanisms to ensure
proper modification of functionally important RNA molecules.

We proposed that vertebrate slb-snoRNAs, unlike endoge-
nous yeast intronic snoRNAs, may be resistant to alternative
processing, and in the dbriA and dbrlArnt1A yeast mutant strains
the exogenous slb-snoRNAs will accumulate exclusively in a lar-
iat form. We selected two relatively abundant X. tropicalis slb-
snoRNAs: slb-snoRA28 and slb-snoRD41. Advantageously,
vertebrate snoRA28 mediates pseudouridylation of 18S rRNA at
a position that is not modified in yeast (18S-U808). Further-
more, we showed previously that this modification can be
induced in yeast by the expression of a corresponding guide
RNA (7). Unfortunately, the target position of snoRD41 is mod-
ified in yeast (25S-Um2729). To minimize alterations in the
already sensitive mutant strains, we opted for the replacement of
the antisense element in snoRD41 to target U2 snRNA at posi-
tion C41 instead. Yeast U2-C41 is not normally modified, but
this modification can be easily induced (20).

We inserted the Xenopus slb-snoRNAs in the yeast EFBI
gene, in place of the intron encoding snRI18, but preserved
yeast canonical splicing motifs (Fig. 54). As a control, we made
constructs to express snoRA28 and snoRD41 as independent
genes (Fig. 54). When we expressed snoRA28 from the inde-
pendent gene construct in the dbrlA strain, low levels of mature
snoRA28 were detected by Northern blot (Fig. 5B) and 18S-
U808 became modified in these cells (Fig. 5C, green trace).
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Fig. 5. Testing slb-snoRNA modification guide activities in the yeast cell sys-
tem. (A) Schematic of DNA constructs made for expression in yeast of fully
processed linear snoRNAs (independent) and snoRNAs in the form of lariats
(intronic). A28 is X. tropicalis snoRA28; c-D41 is chimeric snoRD41 with anti-
sense element for U2-C41 instead of 285-U4276 (yeast 255-U2729). RNT1
cleavage site and snR13 terminator are depicted. Intronic constructs are
made by intron replacement in the yeast EFBT gene. Xenopus-specific
intronic regions are shown in red. (B) Northern blot analysis of xtsnoRA28
expressed from independent and intronic constructs in yeast dbriA strain.
Mature snoRA28 is expressed only from the independent construct. Expres-
sion from the intronic construct produced snoRA28 in the lariat form, and
partially processed linearized lariats. (C) Mapping pseudouridines in 185 rRNA
from the dbr14A yeast strain. Normally, pseudouridines are detected at posi-
tions 759 and 766 in yeast 18S (bottom black trace). An additional pseudouri-
dine is detected at position 808 (star) when fully processed xtsnoRA28 is
expressed from the independent construct (green trace), but not when
xtsnoRA28 is expressed in the lariat form from the intronic construct (red
trace). (D) Northern blot analysis of xtsnoRD41 expression from independent
and intronic constructs in yeast dbriA and dbriArnt1A strains. Mature
snoRD41 is expressed only from the independent construct. Expression from
the intronic construct produced lariats and their linearized forms in both
mutants (presumably broken during RNA preparation). Note that partially
processed transcripts can be detected in the dbri4 single mutant in addition
to the lariats. (E) Analysis of 2'-O-methylation in yeast U2 snRNA. Normally,
yeast snRNAs do not have 2'-O-methylated residues (bottom black trace).
Expression of fully processed (top green trace) or partially processed snoRD41
(red trace) induced 2'-O-methylation of C41 in yeast U2 snRNA (star). In the
dbr1Arnt14 double mutant, snoRD41 is expressed from the intronic construct
only in the form of a lariat and cannot induce 2'-O-methylation of U2 snRNA
(blue trace).

Similar to endogenous yeast snoRNAs, a minimal amount of
fully processed snoRA28 is sufficient for modification. At the
same time, when we expressed intronic snoRA28 in dbriA,
mature snoRA28 failed to accumulate. Instead, we detected
slb-snoRA28 and linearized slb-snoRA28 (Fig. 5B). Even
though the lariat and “partially processed” linearized tran-
scripts were abundant, they could not induce pseudouridylation
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of 18S-U808 (Fig. 5C, red trace). These results demonstrate
that neither partially processed box H/ACA snoRNA nor its
lariat are capable of mediating RNA modification.

Intriguingly, when we transformed the dbr/A mutant strain
with the snoRD41 constructs, U2-C41 was modified by both
independently transcribed and intronic chimeric guide RNAs
(Fig. 5E, green and red traces, respectively), even though in
the case of intronic construct, mature snoRD41 was not evi-
dent (Fig. 5D). When snoRD41 was expressed from the
intronic construct, we detected slb-snoRD41 and the par-
tially processed form of snoRD41; the guide RNA activity
could come from either or both forms of this box C/D
snoRNA. We next transformed the dbriArntIA double
mutant. In this mutant, the intronic chimeric snoRNA accu-
mulated mostly as a lariat (Fig. 5D), and U2-C41 was not
modified (Fig. SE, blue trace). Because the levels of slb-
snoRD41 in the dbrlArntlA strain were three to five times
higher than the levels of linear snoRD41 expressed as an
independent transcript (Fig. 5D), we concluded that snoR-
NAs in the lariat form are not functional as modification
guide RNAs. Based on all these experiments, we rule out the
possibility that slb-snoRNAs can guide posttranscriptional
modifications.
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Fig. 6.

Canonical snoRNP Core Protein Can Bind to slb-snoRNA. To function
as modification guide RNAs, snoRNAs form a snoRNA-protein
complex (snoRNP) with four different proteins, including one cat-
alytic enzyme: the pseudouridine synthase dyskerin in H/ACA
box snoRNPs or the methyltransferase fibrillarin in C/D box
snoRNPs. Often the snoRNP assembly occurs cotranscriptionally.
Since we found that snoRNAs in a lariat form could not guide
posttranscriptional modifications, we wondered if canonical
snoRNP proteins bind stably to slb-snoRNAs. Originally, the
human snoRA29 sequence, which exists only in a lariat form (Fig.
34), was identified in an RNA fraction coprecipitated with GAR1
protein, one of the four core proteins in box H/ACA snoRNPs
(21). This finding indicated that snoRNP proteins can bind to slb-
snoRNAs. We decided to focus on dyskerin, the only snoRNA
binding protein with catalytic activity and an RNA binding
domain, and to test if it is associated with slb-snoRNA. As an
RNA counterpart for this assay, we selected an abundant slb-
snoRNA, Xenopus slb-snoRA75, because this lariat could be
ectopically expressed at high levels and easily detected by North-
ern blotting and RT-PCR.

We coinjected X. laevis oocytes with a DNA construct encod-
ing HA-tagged dyskerin and a construct optimized to express
stable lariats (10). The latter construct included the X. tropicalis
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Ectopic expression of slb-snoRNA, its coimmunoprecipitation with dyskerin and its active export to the cytoplasm. (A) Diagram of expression con-

structs used for ectopic expression of slb-snoRNA in X. laevis oocytes. (B) Northern blot analysis of X. tropicalis snoRA75 and slb-snoRA75 coprecipitated
with dyskerin. Ectopic xtslb-snoRA75 is detected in both input samples: oocytes coinjected with HA-tagged dyskerin and mock coinjected. The xtslb-
snoRA75 coprecipitated only in the presence of HA-tagged dyskerin. (C) RT-PCR analysis of RNA coimmunoprecipitated with dyskerin. Inverted primers
(blue arrows in the gene model schematic) were used to detect slb-snoRNA only. Ectopically expressed xtslb-snoRA75 and endogenous x/slb-snoRA75
coprecipitated with dyskerin in both nuclear and cytoplasmic fractions. (D) Northern blot analysis of xtslb-snoRA75 accumulation in X. laevis oocytes coin-
jected with a construct for expression of GFP mRNA as a competitor. When the xtsnoRA75 construct is injected alone, ectopic slb-snoRA75 (higher band)
is detected in the nucleus and cytoplasm of X. /aevis oocytes; expression of mature xtsnoRA75 is detectable only in the nucleus using much longer expo-
sures (not shown). RNA from one dissected nucleus (GV) and cytoplasm of injected oocytes was loaded per lane. After coinjection with 750 pg of GFP con-
struct, slb-snoRA75 is detected mostly in the nucleus, and fully processed snoRA75 is accumulated in the nucleus at high levels.
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(xt) sIb-snoRA75 sequence inserted in a portion of the X. laevis
ncl gene, downstream of mCherry (Fig. 64). Two days after
injection, nuclei of mCherry® oocytes were isolated, lysed, and
subjected to RNA coimmunoprecipitation using an anti-HA tag
antibody. Using Northern blotting, we detected ectopically
expressed xslb-snoRA75 in the RNA fraction coimmunopreci-
pitated with HA-tagged dyskerin, which indicated that dyskerin
was bound to the lariat (Fig. 6B). We then tested whether
endogenous X. laevis (xI) slb-snoRA75 interacts with dyskerin
as well. We performed RT-PCR analysis using outward facing
primers to detect x/slb-snoRA7S5. It is important to point out
that newly synthesized endogenous RNA is virtually undetect-
able in this assay. Surprisingly, we found endogenous x/slb-
snoRA75 was also coprecipitated with HA-tagged dyskerin
(Fig. 6C). These results suggest that dyskerin forms a dynamic
RNP complex with slb-snoRNAs, and that snoRNP can bind to
slb-snoRNA posttranscriptionally.

slb-snoRNAs Can Be Exported to the Cytoplasm and This Export
Competes with Mature snoRNA Processing. We previously
reported that most abundant lariats are exported to the cyto-
plasm. Naturally, we questioned if slb-snoRNAs were also
exported. As an initial experiment, we searched through RNA-
seq datasets from RNase R-treated cytoplasmic samples.
Because snoRNAs are typically found in the nucleus, we
expected that slb-snoRNAs would be restricted to the nucleus.
Remarkably, we detected 29 slb-snoRNAs in the cytoplasm of
X. tropicalis oocytes (SI Appendix, Fig. S2B, blue coverage, and
Dataset S1). Additionally, about 2% of the most abundant cyto-
plasmic sisRNAs (FPKM >100 in RNase R experiment, ~2,000
introns analyzed) have high-probability snoRNA motifs. Cyto-
plasmic lariats did not show an enrichment for such motifs rela-
tive to unstable introns of the same size.

Typical sisRNAs are exported to the cytoplasm by the NXF1/
NXT1 machinery (10). To test if slb-snoRNAs were also
actively exported, we carried out the export competition assay
for an sIb-snoRNA. We injected xtslb-snoRA75 construct, sepa-
rated nuclear and cytosolic RNA fractions from mCherry*
oocytes, and analyzed these RNAs by Northern blotting. Both
xtsnoRA75 and xtslb-snoRA75 were detected in the nuclear
fraction, but only xtslb-snoRA75 accumulated in the cytoplasm
(Fig. 6 B and D). When the xtslb-snoRA75 construct was coin-
jected with large amount of the GFP expression construct, a
competitor for the NXF1/NXT1 export machinery, accumula-
tion of xtslb-snoRA75 in the cytoplasm was impaired, suggest-
ing that slb-snoRNAs are actively exported to the cytoplasm by
the NXF1/NXT1 export machinery. We also noted that the
export impairment was accompanied by increased accumulation
of mature snoRA75 in the nucleus (Fig. 6D). These results
were highly reproducible. That is, the export of slb-snoRNAs to
the cytoplasm appears to compete with snoRNA maturation.

Finally, we tested if cytoplasmic slb-snoRNAs were also asso-
ciated with the canonical snoRNA binding proteins. We
analyzed cytoplasmic RNA coprecipitated with HA-tagged
dyskerin. Both ectopic xtslb-snoRA75 and endogenous x/slb-
snoRA75 were detected in the cytoplasmic RNA coimmuno-
precipitated with dyskerin (Fig. 6C). The most plausible inter-
pretation of these results is that slb-snoRNAs accumulate in
the cytoplasm as RNP particles that still contain dyskerin.

Discussion

SnoRNAs are among the most thoroughly studied noncoding
RNAs, yet many questions remain about their biogenesis and
functions. The conventional model of snoRNA expression is
that they are processed from excised and linearized introns of
Pol II transcribed genes. Yet, the expression levels of many
intronic snoRNAs cannot be explained by the expression levels
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of their host genes. Two mechanisms have been proposed to
explain the uncoupling of host gene and snoRNA expression
levels: nonsense-mediated decay (22) and dual-initiation tran-
scription (23). However, not all snoRNAs and host genes fit
these models (24). We found that a subset of snoRNAs, the
sIb-snoRNAs, become stabilized as lariats. The accumulation of
snoRNAs in this form and their further active export to the
cytoplasm prevent their processing into mature snoRNA mole-
cules. This accumulation of slb-snoRNAs occurs both tissue-
specifically (Figs. 1C and 4D) and species-specifically (Dataset
S1). These findings reveal a pathway for fine regulation of
snoRNA expression in the cell.

Compound ncRNAs that contain snoRNAs have been previ-
ously described (25-27). However, in the previous cases
snoRNA domains were found at the ends of linear RNA mole-
cules; stabilization and protection of the ends are their main
function (26-28). In the slb-snoRNAs, the lariat structure itself
provides snoRNA sequences with additional protection against
exonuclease activities. Importantly, this structure also prevents
snoRNAs from functioning as guide RNAs for posttranscrip-
tional modification of rRNAs and snRNAs (Figs. 3-5), even
though snoRNAs in the lariat form are associated with core
snoRNP proteins, including the modification enzyme dyskerin
(Fig. 6). Such exclusion from a pool of functional modification
guide RNPs may play a role in negative regulation of posttran-
scriptional modification of functionally critical cellular RNA.
Recent studies identified fractionally modified positions in
rRNAs (29-32) and snRNAs (33); these diversified modifica-
tion patterns generate ribosome and spliceosome heterogene-
ity. In fact, slb-snoRD RNAs that we identified in HeLa cells
(Dataset S1) target either very vulnerable and undermethylated
positions in rRNAs, or they modify positions in close proximity
to such highly sensitive residues identified in humans (34).
These correlations support the proposed regulatory role of slb-
snoRNAs.

The inability of slb-snoRNAs to mediate posttranscriptional
modifications assigned to their cognate snoRNAs is critical for
their proposed regulatory function. Our experiments clearly
demonstrate that slb-snoRNAs are not functional modification
guide RNAs (Figs. 3-5), which is contrary to the earlier study
of endogenous yeast snoRNA function in the dbrlA strain (4).
These discrepancies can be easily explained by the presence of
partially processed snoRNAs in the mutant yeasts; particularly,
box C/D snoRNAs were found functional even when they were
not fully processed.

One could argue that slb-snoRNAs show no modification
activities because lariats are rapidly exported to the cytoplasm,
and therefore they become separated from their substrate in
the nucleus. Indeed, an excess of lariats in the nucleus is toxic
for cells, and their export to the cytoplasm was demonstrated in
yeast cells deficient for DBR1 (35). However, in Xenopus GVs
some slb-snoRNAs accumulate at levels comparable to that of
fully processed snoRNAs (Figs. 1C and 4D). Specifically, X. lae-
vis slb-snoRA75 is one such example, yet X. laevis snoRA7S5 in
the lariat form does not support modification of 18S rRNA
(Fig. 4E).

Intriguingly, the circularization of a snoRNA does not alone
eliminate its ability to mediate posttranscriptional modification.
Archaeal circular snoRNA-like RNAs are fully functional mod-
ification guide RNAs (36-38). These circular guide RNAs
belong to a class of stable circular RNAs called tRNA intronic
circular (tric)RNA (39). Why are tricRNAs functional modifi-
cation guide RNAs but not slb-snoRNAs? It is possible that
slb-snoRNAs are too bulky relative to mature snoRNAs and
tricRNAs. Archaeal circular guides have only 2 to 3 extra
nucleotides, whereas slb-snoRNAs are at least 100 nt longer
than mature snoRNAs. Such additional sequence might affect
overall snoRNA folding or stabilize nonfunctional alternative
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conformations. Although no dramatic changes were predicted
in snoRNA domains of most slb-snoRNAs using RNA folding
software algorithms (SI Appendix, Fig. S6), even minor
alterations in snoRNA structure can turn fully functional
modification guide RNPs into nonfunctional (20). Additionally,
slb-snoRNAs have a 5-2' covalent bond linking the branch-
point to the 5’ end of the intron, whereas tricRNAs consist of
regular 5'-3’ links throughout.

We should emphasize here that snoRNA functions are not
limited to canonical guide RNA activities and rRNA processing
(40-44). Dysregulation of snoRNAs is associated with many
diseases, and some snoRNAs have been proposed to have
oncogenic or tumor-suppressive functions (45-49). In some
cases, the link between a single snoRNA and tumor progres-
sion involves misregulation of modifications in rRNA (50) or
spliceosomal snRNA (51), although these are rather rare exam-
ples. The underlying mechanism could be associated with
smaller RNAs processed from snoRNAs. These include micro-
RNAs (miRNAs), PIWI interacting RNAs, and snoRNA-
derived RNAs (sdRNAs), which regulate transcription, transla-
tion, and alternative splicing (52-58). Thus, the stabilization of
sdRNA precursors as slb-snoRNAs would affect processing
and function of both snoRNAs and sdRNAs. Intriguingly,
among the human slb-snoRNAs that we report here (Dataset
S1), four contain snoRNAs up-regulated in cancers: U27, U64,
U38B, and U105B.

Different conditions, stress factors, and drugs can change
snoRNA expression and cellular distribution (59-64). In
response to lipotoxic and oxidative stress, some snoRNAs accu-
mulate in the cytoplasm (61, 63). The export mechanism
requires further study (65). It is possible that these snoRNAs
are exported in the form of slb-snoRNAs and, under stress con-
ditions, become further processed to the mature form in the
cytoplasm. Consistent with this hypothesis, DBR1 has been
shown to shuttle between the nucleus and the cytoplasm (66).

Furthermore, slb-snoRNAs may regulate the availability of
RNA binding proteins in the cell. It has been shown that artifi-
cial accumulation of lariats, driven by knockdown of the
debranching enzyme, led to sequestration of the RNA-binding
protein TDP-43 in yeast and mammalian cells (35). It is known
that TDP-43 binds transiently to introns and regulates many
cellular processes. In plants, Dicer, an endonuclease required
for miRNA processing, can be sequestered in a similar manner,
resulting in a general down-regulation of miRNAs (15). It is
possible that slb-snoRNAs are necessary to sequester snoRNA
binding proteins. In fact, many stable lariats contain snoRNA-
like motifs (e.g., human slb-snoRA29) (Dataset S1) rather than
typical snoRNAs; the latter form fully processed functional
snoRNPs. Because dysregulation of snoRNA binding proteins
is prominent in some diseases (67-70), their tight regulation is
essential.

Concluding Remarks

In this study we reported hundreds of snoRNAs that normally
accumulate in the form of stable lariats instead of fully proc-
essed snoRNP particles. This type of ncRNA is wide-spread
across different species. We proposed that the main function
for this unusual form of snoRNA is the fine-tuning of expres-
sion levels of mature snoRNAs and modification guide
snoRNPs. Since more than 15% of snoRNAs show some level
of tissue specificity (24), and little overlap of slb-snoRNAs was
found between different species (our data), we predict that
more slb-snoRNAs will be identified when more species and
cell types are analyzed. As ever more diversified functions of
snoRNAs themselves are discovered, we predict that the roles
of slb-snoRNAs will also expand beyond the regulation of
snoRNA expression.
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Materials and Methods

Cell Culture and Transfection. Human HelLa and mouse 3T3 cell lines were cul-
tured according to standard procedures. Hela cells were transfected using
ViaFect reagent (Promega). SnoRA29 expression constructs are depicted in Fig.
3C. Fragments of snoRNA-coding genes were amplified from genomic DNAs
and cloned into the pCS2 vector under the CMV promoter.

Animals, Oocytes, and Microinjections. X. /aevis females were anesthetized
with tricaine methanesulfonate (MS222), pH 7.0, and a portion of their ovary
was removed. Manually separated oocytes were injected at the animal pole
with 100 pg of plasmid in a 2.3-nL volume, unless otherwise stated. After injec-
tion, oocytes were incubated in OR2 for 2 d. Oocytes were dissected in a pH
5.6 isolation solution (83 mM KCl, 177 mM NacCl, 6.0 mM Na,HPO,4, 4.0 mM
KH,PO4, 1 mM MgCl,, 1.0 mM DTT) to separate nuclear and cytoplas-
mic fractions.

Human dyskerin cDNA was amplified from a construct provided by Mary
Armanios, The Johns Hopkins University School of Medicine, Baltimore, MD,
and a C-terminal HA-tag was added with a reverse primer. The PCR fragment
was cloned into pcDNA3 vector under the CMV promoter. A construct to
express xtslb-snora75 was generated as previously described (10).

Yeast Strains and Plasmids. Haploid yeast Saccharomyces cerevisiae strains
used in this study were the following: BY4741 (a wild-type control), the dbr14,
DBR1::KAN mutant strain (kindly provided by Jeff Han, Tulane University
School of Medicine, New Orleans, LA), and the double-knockout dbr1ArntiA,
DBR1::HIS RNT1::TRP strain (kindly provided by Sherif Abou Elela, Université
de Sherbrooke, Sherbrooke, QC, Canada).

To express exogenous RNAs in yeast cells, corresponding coding sequences
were amplified from genomic DNAs and cloned into p426Gal1 and p416GalS
vectors and into the YEplac195 plasmid containing a GPD promoter, an RNT1
cleavage site, and an snR713 terminator (71). The RNT1 cleavage site was
removed from the constructs that were expressed in dbr1ArntiA strain.
Overlap-extension PCR was used to make chimeric fragments. Schematic
representation of these constructs is shown in Fig. 5A. Yeast cells were trans-
formed using standard lithium acetate methods. At least two to three inde-
pendent colonies were analyzed from each plate. Transformants were grown
in SC-URA medium with either glucose or galactose as a source of sugar at
30°C, or at 25°C when the dbr1Arnt1A mutant strain was used in the experi-
mental set-up.

RNA Purification. TRIzol reagent (Ambion) was used to extract RNA from ver-
tebrate cell lines and Xenopus oocytes. Hot acid phenol was used for yeast
RNA extraction. RNA was purified using the Direct-zol RNA MiniPrep kit
(Zymo Research). DNA was removed on the columns according to the manu-
facturer’s protocol.

RNA Coimmunoprecipitation. Oocytes were dissected in isolation buffer
adjusted to pH 7.0. Nuclear and cytoplasmic fractions were collected in sepa-
rate tubes and homogenized in a lysis buffer (20 mM TrisHCI, pH 7.4, 150 mM
Nacl, 5 mM MgCl,, 1 mM DTT) with a proteinase inhibitor mixture (Roche).
The lysates were incubated with anti-HA magnetic beads (Pierce) for 1 h at
room temperature. Coprecipitated RNA was extracted with TRIzol.

Northern Blotting. RNA was separated on an 8% urea polyacrylamide gel,
transferred onto a nylon membrane (Zeta Probe, Bio-Rad), and probed with
digoxigenin (Dig)-labeled DNA probes, specific for yeast and vertebrate snoR-
NAs. Dig was detected with an anti-Dig antibody conjugated with alkaline
phosphatase and the chemiluminescent substrate CDP-Star (Roche). Hybridiza-
tion signals were visualized and analyzed using a Li-Cor Odyssey Fc imaging
system and Image Studio software. All Northern blots were repeated twice.

RT-PCR Analysis. Reverse transcription was performed using random hexam-
ers with Episcript-RT (Epicentre) and AMV-RT (New England Biolabs) for 1 h at
37°C. ¢<DNA was amplified with inward and outward facing primers (S/
Appendix, Table S1) using Tag DNA polymerase. RT-PCR experiments were
performed in two independent replicates. To confirm the specificity of the
amplified sequences, PCR fragments were cloned into the pGEM-T Easy vector
(Promega) and sequenced.

Fluorescent Primer Extension Analysis of Posttranscriptional Modifications.
For mapping 2'-O-methylated and pseudouridylated residues in yeast and ver-
tebrate RNAs, we used nonradioactive modifications of reverse transcription-
based methods described in Deryusheva and Gall (72). The 6-FAM-labeled
oligonucleotides specific for yeast U2 snRNA and rRNAs were previously
designed (7, 73). In brief, to detect 2’-O-methylation, we performed primer
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extension with a low concentration of dNTP (0.004 mM). To detect pseudouri-
dines, RNA samples were treated first with CMC [N-cyclohexyl-N’-(2-morpholi-
noethyl) carbodiimide metho-p-toluene sulfonate] (Sigma-Aldrich) and then
with 50 mM sodium carbonate buffer (pH 10.4). Fragments were separated on
a capillary electrophoresis instrument (Applied Biosystems) using techniques
and parameters suggested by the manufacturer. The Gene Scan-500 Liz Size
Standard was included in each run to align fragments from different samples.
GeneMapper software (Applied Biosystems) was used to screen the data, iden-
tify peaks, and precisely map modified nucleotides. All RNA modification anal-
ysis experiments were done in duplicates; each sample was run on capillary
columns in three serial dilutions.
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