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SUMMARY

The majority of the human genome is transcribed
into non-coding (nc)RNAs that lack known biolog-
ical functions or else are only partially characterized.
Numerous characterized ncRNAs function via base
pairing with target RNA sequences to direct their
biological activities, which include critical roles in
RNA processing, modification, turnover, and trans-
lation. To define roles for ncRNAs, we have devel-
oped a method enabling the global-scale mapping
of RNA-RNA duplexes crosslinked in vivo, “LiGation
of interacting RNA followed by high-throughput
sequencing” (LIGR-seq). Applying this method in
human cells reveals a remarkable landscape of
RNA-RNA interactions involving all major classes of
ncRNA and mRNA. LIGR-seq data reveal unex-
pected interactions between small nucleolar (sno)
RNAs and mRNAs, including those involving the
orphan C/D box snoRNA, SNORDS83B, that control
steady-state levels of its target mRNAs. LIGR-seq
thus represents a powerful approach for illuminating
the functions of the myriad of uncharacterized RNAs
that act via base-pairing interactions.

INTRODUCTION

The formation of duplexes and other types of structured RNA
represents a critical feature of most steps in the gene expression
pathway. Key examples include dynamic interactions involving
small nuclear (sn)RNA-snRNA and snRNA-precursor messenger
(pre-m)RNA during the assembly and disassembly of spliceo-
somes (Wahl et al., 2009), interactions between amino-acylated
transfer RNAs (tRNAs) and mRNAs that dictate peptide bond for-
mation during translation (Noller, 2006), interactions between
small nucleolar RNAs (snoRNAs) and target RNAs that guide
the addition of RNA modifications (Lui and Lowe, 2013), and in-
teractions between ncRNAs and mRNAs that control transcript
turnover and translation (He and Hannon, 2004). Despite these
examples, an obstacle confronting the detection and character-
ization of new and functionally important RNA-RNA interactions
is the lack of a method permitting the systematic, global-scale
mapping of RNA duplexes in vivo.
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Methods have been described for the global-scale mapping of
single- and double-stranded regions in RNA that couple high-
throughput sequencing and RNA footprinting strategies utilizing
structure-sensitive chemicals (Ding et al., 2014; Rouskin et al.,
2014; Spitale et al., 2015) or nucleases (Underwood et al.,
2010; Wan et al., 2014). While effective for mapping local pri-
mary and RNA secondary structure in vivo and in vitro, these
approaches are not suitable for the detection of long-range
structural interactions, nor can they identify intermolecular
RNA interactions. Detection of long-range and other tertiary
RNA interactions has been made possible in some cases by
structure-based methods including nuclear magnetic reso-
nance, X-ray crystallography, and cryo-electron microscropy,
yet these methods currently are not high throughput (Feigon,
2015). In contrast, computational methods have been developed
for the large-scale prediction of intra- and inter-molecular RNA
interactions, often by taking advantage of phylogenetic com-
parisons that score the conservation of RNA duplexes. For
example, bioinformatic approaches have predicted microRNA
target sites in mRNA 3 UTR sequences (Oulas et al., 2015),
and snoRNA-guided sites of RNA modification in ribosomal (r)
RNA and snRNAs (Kehr et al., 2011; Tafer et al., 2010). However,
computational approaches vary considerably in their accuracy,
ultimately require experimental validation, and in many cases
are not effective for identifying RNA-RNA interactions involving
short or poorly conserved duplexes, or for more complex types
of short- and long-range interactions.

A significant advance in mapping long-range nucleic acid
interactions was afforded by the development of “proximity
ligation” methods, in which junction sequences formed by the
ligation of two interacting sequences are detected by amplifica-
tion and sequencing. Initial applications included methods such
as “3C” and “Hi-C” for the mapping of native chromatin confor-
mation in vivo (Belton and Dekker, 2015; Dekker et al., 2002).
More recently, RNA proximity ligation following immunoprecipi-
tation of complexes of interest has been used to map Argo-
naute-bound microRNA-mRNA interactions (Grosswendt et al.,
2014; Helwak et al., 2013), snoRNP-bound snoRNA-rRNA inter-
actions (Kudla et al., 2011), and structured RNA bound by the
Staufen protein (Sugimoto et al., 2015). It has also been used
to map short- and long-range intramolecular RNA interactions
in abundant ncRNAs in yeast and human cells, without a prior
crosslinking step (Ramani et al., 2015). Limitations of these
approaches are that they require prior knowledge—and specific
affinity purification of —an interacting protein partner, and proto-
cols that do not employ crosslinking in vivo to stabilize RNA
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duplexes are prone to high false-positive and -negative detec-
tion rates due to undesired spurious RNA associations, or loss
of unstable interactions, respectively. Thus, to determine the
extent to which different classes of RNAs interact with each other
in cells, and to assign possible roles to the massive repertoires
of functionally uncharacterized RNAs in cells, the development
of new methods that enable the systematic mapping of RNA
duplexes in vivo is required.

To address these challenges, we developed LiGation of inter-
acting RNA followed by high-throughput sequencing (LIGR-seq),
a rapid and versatile method for the global-scale detection of
RNA-RNA interactions in vivo that does not require prior knowl-
edge of RNAs forming interactions, or of proteins required for
such interactions. In this study, we employed LIGR-seq to map
intermolecular RNA-RNA interactions in human 293T cells. We
demonstrate that LIGR-seq detects with high specificity known
snRNA-snRNA interactions within spliceosomal snRNPs and
active spliceosomes, as well as known rRNA-rRNA interactions
within the ribosome. Our method further illuminates an extensive
landscape of intermolecular interactions involving all major
classes of RNA, comprising previously unknown ncRNA-ncRNA
interactions, ncRNA-mRNA interactions, and mRNA-mRNA in-
teractions. These data reveal RNA targets and functions for
snoRNAs, including interactions involving the orphan snoRNA
SNORDS83B that promotes the turnover of its target mRNAs.
LIGR-seq is thus an effective tool for providing global-scale
maps of in vivo RNA-RNA interactions that serve as a basis
for uncovering functional roles of previously uncharacterized
ncRNAs.

RESULTS

LIGR-seq (Figure 1A) employs in vivo crosslinking of RNA
duplexes using the modified psoralen derivative 4’-aminome-
thyltrioxalen (AMT), which intercalates into RNA duplexes and,
upon 365 nm UV irradiation, generates inter-strand adducts be-
tween juxtaposed pyrimidine bases (Calvet and Pederson,
1979). Following cell lysis and a limited single-strand S1 endonu-
clease digest, free RNA overhangs adjacent to duplexes are
ligated using circRNA ligase. This ligase catalyzes the ATP-
dependent ligation of proximal RNA ends and has optimal activ-
ity at elevated temperatures that reduce RNA hybridization.
RNase R, a 3'—5' exoribonuclease that digests linear and
structured RNAs (Vincent and Deutscher, 2006), is then used
to digest uncrosslinked RNA, thereby enriching AMT-cross-
linked duplexes (Figures 1A and S1). Following reversal of cross-
links using 254 nm irradiation, the RNA samples are subjected to
high-throughput sequencing to detect chimeras formed by liga-
tion. To assess background ligation artifacts, uncrosslinked
(“-~AMT”) samples are prepared in parallel, and unligated sam-
ples are used to determine the relative expression of transcripts
forming chimeras for downstream normalization and analysis.
A computational method (“Aligater”) employing recursive
chaining of local transcriptome alignments was developed
to identify chimeric reads (Figure 1B). Following filtering steps
to remove artifacts, chimeras were classified as intra- or
inter-molecular interactions (Figure 1B; Figures S1C-S1F; Sup-
plemental Experimental Procedures for details). Reads repre-

senting intramolecular interactions were enriched in —AMT
versus +AMT samples, and intermolecular interactions were
enriched in the +AMT versus —~AMT sample (Figure S1F). A
probabilistic model was developed to assess the significance
of detected interactions, using observed over expected ratios
of chimeric reads. The observed and expected values relate to
the abundance of transcripts forming the chimeras as measured
using the plus and no ligase samples, respectively (Figure 1B;
Figure S1D; Supplemental Experimental Procedures for details).
We observe ratios of chimeric reads reflecting significant inter-
actions in the +AMT versus —AMT sample that increase as a
function of the expression of the interacting RNAs (Figure 1C).
From these data, we estimate upper bounds to the false discov-
ery rate (FDR) within the range of <4.4% for highly expressed
transcripts (>250 RPM, +tAMT = 22.5) and <25% for relatively
low expressed genes (>10 RPM, +tAMT = 4). These estimates
are based on the assumption that ~AMT interactions are true
negatives. However, since stable, true-positive interactions
such as U4 snRNA+U6 snRNA and 5S rBRNA+28S rRNA (see
below) are detected in both the +AMT and —~AMT samples (Table
S1), we expect the true FDR is below these upper bounds.
Comparing the log ratios of observed versus expected counts
of chimeric reads (OE, auT) for statistically significant chimeras
in the +AMT sample in the biological replicate samples, we
observe consistent results for significant interactions (Figure 1D;
Spearman Rho = 0.38, p < 8.247e-06). These data thus indicate
that LIGR-seq results in the reproducible detection of chimeric
sequences formed as a consequence of RNA-RNA interactions
crosslinked by AMT in vivo.

LIGR-Seq Detects Known RNA-RNA Interactions with
High Specificity

To assess the specificity of LIGR-seq, we analyzed all possible
pairwise interactions between snRNAs that form major (U2-
dependent) and minor (U12-dependent) spliceosomes. As ex-
pected, we detect a strong signal for chimeric products
comprising U4+U6 snRNAs (OE,avt = 241.5, p < 1.94e-272),
which stably interact and crosslink within the context of U4/U6
snRNP and U4/U6.U5 tri-snRNP complexes (Figure 2A) (Behrens
and Lidhrmann, 1991; Rinke et al., 1985). Chimeras comprising
U2+U6 snRNAs were also abundant (OE, aut = 84.4, p < 5.0e-
324), consistent with the dynamic interactions between these
snRNAs during the formation of spliceosomes (Hall and Padg-
ett, 1996; Madhani and Guthrie, 1992; Sun and Manley, 1995;
Wassarman and Steitz, 1993). We also observe strong enrich-
ment (OE,avt = 8332.3, p < 7.48e-278) for chimeras repre-
senting known interactions between the minor spliceosomal
snRNAs U4ATAC+UBATAC (Tarn and Steitz, 1996). However,
in contrast to detection of U2+U6 snRNA interactions, the
analogous U12+UBATAC minor spliceosomal interactions
were not significantly enriched (Figure 2B). This may reflect
the relative abundance of the two types of spliceosome, where
introns that are substrates for the minor spliceosome repre-
sent less than one percent of those that are spliced by the ma-
jor spliceoesome (Will and Lihrmann, 2005). However, biases
associated with specific steps of the LIGR-seq protocol, such
as the efficiency of the AMT crosslinking and ligation steps,
which can be influenced by the length, composition, and
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Figure 1. Overview of LIGR-Seq

(A) Schematic overview of the LIGR-seq protocol. Cells are incubated with AMT and irradiated with 365 nm UV light. RNA is extracted, DNase1 treated, and
ribosomal RNA (rRNA) is depleted. Next, the RNA is digested with S1 nuclease-generating ends compatible for ligation by circRNA ligase. Crosslinked RNA is
enriched using RNase R (Figures S1A and S1B) and crosslinks are reversed by 254 nm UV irradiation. Samples are prepared for strand-specific libraries for high-
throughput sequencing. Control samples prepared in parallel are without the addition of AMT or ligase.

(B) Schematic overview of the “Aligater” analysis used to detect and score significance of detected RNA-RNA chimeric reads (Figures S1C-S1F and Experi-
mental Procedures for details).

(C) Ratio of chimeric reads representing significant interactions in +AMT versus ~AMT samples, in relation to a sliding cutoff for the minimum expression level of
the chimera partner with the lowest expression. Interactions with observed/expected ratios that are higher in the +AMT sample compared to the ~AMT sample are
shown. RPM, reads per million total reads; color scale, number of significant chimeric reads in the +AMT sample x10°.

(D) Correlation of the log fold ratio of observed versus expected values in the +AMT versus —~AMT samples for significant (blue) and non-significant interactions
(yellow) detected in both replicates. Interactions with observed/expected ratios (OE) that are higher in the +AMT sample compared to the —~AMT sample are shown
(OE, amT/OE_amt > 1.1; see Supplemental Experimental Procedures).

accessibility of duplexes or digested RNA free ends, may also  chimeras representing combinations of unexpected snRNA-
affect the detection of true-positive interactions (see below). snRNA interactions are detected (Figure 2A). Mapping of
Nevertheless, in contrast to the specific detection of true-pos- individual chimeric sequences onto previously defined sec-
itive snRNA-snRNA interactions, only background levels of ondary structures for U4+U6 snRNA and U2+U6 snRNA
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Figure 2. Specific Detection of In Vivo snRNA-snRNA Interactions by LIGR-Seq

(A) Spliceosomal snRNA-snRNA interactions detected using LIGR-seq. U3 snoRNA is analyzed as a negative (specificity) control. Color scale, log, observed over
expected ratio of chimeric read counts. Gray boxes indicate no supporting chimeric reads. Bolded boxes denote significant interactions.

(B) Circos plot showing intermolecular ligation junctions detected between U2+U6 snRNAs and U4+U6 snRNAs. Numbers indicate positions (in nt) within each
snRNA. Red, blue, and gray ideograms indicate helical regions (dark shading) from known secondary structures involving U2, U4, and U6 snRNAs, respectively
(Madhani and Guthrie, 1992; Rinke et al., 1985) and the inner circle green and orange colored boxes correspond to previously mapped (Madhani and Guthrie,
1992; Rinke et al., 1985) intermolecular interactions. Links within the circos plot indicate ligation sites between two snRNAs, with color corresponding to the
snRNA upstream of the ligation site. The normalized histograms mark relative counts of chimera ligation sites, with the outer and inner histograms indicating

snRNAs contributing a 5 or 3’ end, respectively.

(C) Previously supported secondary structure model for the interaction between U4/U6 snRNAs, with major ligation junctions shown as links in (B) and mapped as

colored arrows in (C).
(D) Same as in (C) but for the U2+U6 snRNA interaction.

interactions reveals non-uniform distributions of these liga-
tion products that significantly coincide with expected sin-
gle-stranded regions (Figure 2B; %2 goodness-of-fit test,
p < 0.001). These data thus provide a map of accessible
and proximal RNA sequences that form ligation products dur-
ing the formation of spliceosomes (Figures 2C and 2D).
Although LIGR-seq employs an efficient rRNA depletion step
(Figure 1; Experimental Procedures), many of the detected
chimeric reads represent interactions associated with rRNA.
This is due to the abundance (~0.1% of total RNA) of remaining
rRNA, but also because multiple steps of the LIGR-seq protocol,
including AMT crosslinking and RNase R digestion, favor detec-
tion of highly structured RNAs such rRNAs and snRNAs. An

analysis of chimeras mapping to 28S, 18S, and 5S rRNAs re-
vealed numerous RNA-RNA interactions with non-uniform distri-
butions (Figures S2A and S2B) that reflect known secondary and
tertiary interactions within the three-dimensional structure of
the 80S ribosome (Figure S2C) (Anger et al., 2013). The most
abundant +AMT-dependent chimeras representing intermo-
lecular interactions involve 28S+5S rRNAs (OEavt = 6.4, p <
2.2e-16), and major ligation junctions cluster in known interac-
tion regions (Figure S2A). In contrast, rRNA-rRNA interactions
not known to occur in the ribosome (e.g., 5S+18S) were not
detected above background levels. Taken together with the re-
sults from analyzing snRNA-snRNA interactions, these observa-
tions further demonstrate that LIGR-seq effectively captures
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well-established examples of structural and functional RNA-RNA
interactions with high specificity in vivo.

Global Snapshot of the RNA-RNA Interactome

We next systematically analyzed all LIGR-seq products to
discover biologically important RNA-RNA interactions. Figures
3A and 3B display landscapes of RNA-RNA interactions that
are significantly enriched beyond expected levels in the +AMT
sample and, for comparison and control purposes, the ~AMT
sample, respectively. We detected an average of 514 significant
interactions in the +AMT samples (Table S2). As expected,
chimeras representing intermolecular rRNA-rRNA and snRNA-
snRNA contacts were the most enriched compared to other
classes of RNA-RNA interactions in the +AMT sample. We addi-
tionally detect numerous interactions between snoRNAs and
other classes of ncRNAs, as well as with mRNA (Table S1;
see below). In contrast, the most abundant classes of ligated
product detected in the -AMT sample relative to the +AMT sam-
ple comprise mMRNA+mRNA interactions, and less frequently
mRNA+ncRNA interactions (Figure 3B; Table S1). The most
abundant and stable interactions in vivo that are crosslinked
by AMT thus involve at least one ncRNA, whereas mRNA-
mRNA interactions are less frequently detected (Figures 1C,
2A, and 2B). These results further demonstrate that LIGR-seq
data are highly enriched in specific, duplex-dependent interac-
tions that form in vivo and thus indicate that it can be used to
identify functionally important RNA-RNA interactions.

LIGR-seq reveals unexpected RNA-RNA interactions
involving all functional classes of RNAs (Figure 3A; Table S1
for a full list). Here, we focus on further investigating snoRNA-
RNA interactions. Aside from known snoRNA+snRNA and
snoRNA+rRNA interactions, snoRNAs were observed to have
the highest number of reads representing significant, previously
unknown interactions in the +AMT sample. C/D box snoRNAs
guide 2'-O-methylation of rRNA and snRNA via base-pairing in-
teractions and are characterized by the presence of RUGAUGA
(terminal box C) and CUGA (terminal box D and internal box D’)
sequences (Figure 3C; Figure S3A) (Kiss, 2002). Sequences that
form base-pairing interactions with target RNAs are located
directly upstream of the D or D’ boxes (Matera et al., 2007). To
investigate snoRNA+ncRNA and snoRNA+mRNA interactions
detected by LIGR-seq, we predicted intermolecular base-
pairing interactions proximal to junctions in chimeric reads (Fig-
ure S3B). In agreement with previous results (Kiss, 2002), known
C/D box snoRNA interactions are associated with predicted
duplexes that are >7 nt long and tend to be located immediately
upstream of D or D’ boxes. In contrast, predicted snoRNA-
snRNA duplexes among the set of previously unknown interac-
tions are generally located at greater distances from D and D’
boxes (Figure 3C; p < 1.03e-6, Kolmogorov-Smirnov test).
Many of these interactions involve orphan snoRNAs, as well as
previously characterized snoRNAs engaged in predicted non-
canonical interactions (Figure 3D). For example, LIGR-seq
detects significant interactions between the orphan snoRNA
SNORD89 and U2 snRNA, and between SNORD44 and a
previously unknown target, the telomerase RNA component
(TERC). Both ligations were validated by RT-PCR assays (Fig-
ures S3C and S3D). These results provide evidence that C/D
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box snoRNAs form interactions with a broader range of target
RNAs than previously anticipated.

SNORDS83B Controls the Levels of Target mRNAs

Orphan C/D box snoRNAs have previously been implicated in
the regulation of mRNA stability, A-to-l editing, and alternative
splicing through direct RNA-RNA interactions (Doe et al.,
2009; Falaleeva et al.,, 2015, 2016; Kishore and Stamm,
2006). However, the range of possible functions of these
ncRNAs is not known. To investigate the functional signifi-
cance of previously unknown snoRNA-mRNA interactions,
we focused on SNORD83B, an orphan box C/D snoRNA for
which LIGR-seq detected multiple, +AMT-stabilized interac-
tions with distinct mRNAs (Table S1 and Figure 4A).
SNORD83B was efficiently knocked down using two indepen-
dent modified antisense oligonucleotides (ASOs) (Figures 4B
and S4A). Importantly, in both knockdowns, we detected sig-
nificant increases in the steady-state levels of three of four
SNORDBS83B target mRNAs, NOP14, RPS5, and SRSF3 (Fig-
ure 4C), but not of transcripts from the rp/3 gene, within which
the SNORD83B locus resides. This indicates that the effect of
the ASO knockdowns is due to SNORD83B depletion and not
an indirect effect of RPL3 depletion (Figure S4B). Moreover,
transcripts of comparable abundance from four genes that
were not detected as SNORDB83B targets also did not show
significant changes in steady-state levels following knock-
down with either ASO (Figure 4C). Finally, the ASO knock-
downs also did not appear to affect transcriptional activity of
the NOP14, RPS5, and SRSF3 genes, since the levels of un-
spliced transcripts from these genes were not appreciably
altered (Figure 4D). Collectively, these results provide evi-
dence that the orphan C/D box snoRNA SNORD83B controls
steady-state levels of target mRNAs detected by LIGR-seq.

DISCUSSION

In this study, we describe LIGR-seq, a method that enables the
generation of global-scale maps of RNA-RNA interactions in vivo.
LIGR-seq complements recently described procedures for the
transcriptome-wide mapping of RNA secondary structure in vivo
(Ding et al., 2014; Rouskin et al., 2014; Spitale et al., 2015), long-
range intramolecular RNA-RNA interactions in vitro (Ramani
et al., 2015), and RNA interactions and structures associated
with specific proteins of interest (Helwak et al., 2013; Kudla
et al., 2011; Sugimoto et al., 2015). Similar to proximity ligation
procedures developed to map long-range chromatin interac-
tions (Dekker et al., 2002), LIGR-seq directly detects long-range
interactions involving RNA molecules in cells. LIGR-seq thus
reveals previously inaccessible information on RNA-RNA inter-
actions that inform downstream functional and mechanistic
studies.

Comparisons of significant chimeric reads detected by LIGR-
seq with well-defined structural models of snRNA and rRNA
intra- and intermolecular interactions demonstrate the specificity
of the method and its ability to capture dynamic, functional
interactions in vivo. In particular, the most significant LIGR-seq
chimeric reads coincide with known single-stranded regions,
where the ligation sites are generally located proximal to known
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Figure 3. LIGR-Seq Analysis of the Human RNA-RNA Interactome

(A) Circos plot of the landscape of human RNA-RNA interactions detected by LIGR-seq. Link width for each class of RNA depicts the relative percent of chimeric
reads representing significant interactions that have an observed versus expected ratio that is higher in the +AMT sample compared to the ~AMT sample
(OE, amT/OE_anmt > 1.1). MRNA-pc, protein-coding mRNA; mRNA-nc, mRNAs lacking a predicted open reading frame; IncRNA-int, intronic IncRNAs.

(B) Same as in (A) but for interactions that have an observed versus expected ratio that is higher in the ~AMT sample compared to the +AMT sample (OE, am1/
OE—AMT < 09)

(C) Predicted antisense regions (black) of snoRNAs on known and previously unknown targets detected by LIGR-seq. Each line represents one snoRNA and all
snoRNAs have been aligned to a D/D’ box (blue). In red are positions of a ligation junction with the associated snRNA.

(D) Table of C/D box and H/ACA box snoRNA-snRNA interactions detected by LIGR-seq. Significant interactions are indicated with bold boxes. Hatching
indicates a known interaction. Color scale, observed over expected ratio of chimeric reads.
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Figure 4. LIGR-Seq-Detected SNORDS83B Interactions Affect mRNA Levels
(A) Predicted SNORD83B-target mRNA interactions. D/D’ boxes of the snoRNA are indicated in blue, and target mMRNA sequences are indicated in green and

purple.

(B) RNase protection assay (RPA) monitoring SNORD83B levels in 293T cells following transfection of modified oligonucleotides with sequences that are sense
(SO) or antisense (ASO) to SNORD83B. “Probe alone,” RPA probe following incubation with RNase but without input RNA.

(C) RT-gPCR assays monitoring levels of four mMRNAs detected by LIGR-seq as SNORD83B-mRNA targets, and four control mRNAs of comparable abundance
not detected as targets. Fold changes in mRNA level following ASO and control treatments are relative to Gapdh and normalized to untransfected controls
(average of n = 3 biological replicates; error bars show SD; *p < 0.05, Welch’s t test).

(D) RT-gPCR assay monitoring levels of mature and precursor SNORD83B transcripts. Fold changes in mRNA following ASO and control treatments are relative
to Gapdh and normalized to untransfected controls (average of n = 3 biological replicates; error bars indicate SD; *p < 0.05, Welch’s t test).

or predicted duplexes that most likely correspond to the sites of
AMT crosslinking. The distances between the ligation junctions
and these duplex regions are specific to each detected RNA-
RNA interaction, and most likely are influenced by constraints
presented by proximal secondary and tertiary structures that
limit the extent of RNase digestion prior to the ligation step. In
this regard, it should be noted that LIGR-seq does not effi-
ciently detect RNA-RNA interactions involving short ncRNAs
(e.g., miRNAs) since the corresponding duplexes do not yield
sufficient lengths of free RNA ends to facilitate efficient ligation,
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and short RNA sequences forming chimeras are difficult to
unambiguously map by our computational method. While
LIGR-seq does not directly map AMT-crosslinked duplexes, in
most cases these can be inferred based on sequence comple-
mentarity proximal to ligation sites within significant chimeras.
Moreover, the validity of these predicted sites of interaction is
further strongly supported by the significant enrichment of the
corresponding chimeras in +AMT versus control ~-AMT samples.

Among other interesting examples, LIGR-seq afforded the
detection of many previously unknown interactions involving



snoRNAs and additional classes of RNAs in human cells. Previous
work has linked snoRNAs to the regulation of alternative splicing,
A-to-l editing, and transcript stability, although the precise mech-
anisms involved are unclear (Doe et al., 2009; Falaleeva et al.,
2015; Kishore and Stamm, 2006; Falaleeva et al., 2016; Brameier
et al., 2011). In the present study, we provide evidence that the
orphan snoRNA SNORD83B controls the steady-state levels of
several LIGR-seq-detected target mMRNAs. Moreover, the detec-
tion of numerous additional snoRNA-mRNA chimeras by LIGR-
seq suggests that there may be additional examples of
snoRNA-mediated gene regulation. These results thus help guide
future experiments directed at investigating specific mechanisms
by which snoRNAs impact the regulation of mRNA transcripts.

In summary, our results demonstrate the utility of LIGR-seq in
illuminating functionally important RNA-RNA interactions. Future
application of LIGR-seq in mapping RNA-RNA interactions
involving transcripts expressed over a wider range of abundance
in diverse cell and tissue types, developmental stages, and in
different species is expected to further facilitate efforts toward
understanding the roles of the multitude of transcribed ncRNAs
that currently lack known functions.

EXPERIMENTAL PROCEDURES

LIGR-Seq Protocol and Data Analysis

AMT Crosslinking and RNA Extraction

293T cells were cultured in DMEM with 10% FBS, aliquoted into 2 x 107 cells/
tube and pelleted. Each pellet was resuspended in 2 mL cold TS buffer and
AMT (Sigma) was added to a final concentration of 20 ng/mL. Cells were incu-
bated for 10 min on ice, transferred to an open 60 mm petri dish placed on ice,
and irradiated at 365 nm UV for 30 min at a distance of 15 cm from UV light
source. RNA was extracted with TRI-reagent (Sigma) as per the manufac-
turer’s instructions and treated with TURBO DNase | (Ambion). See Supple-
mental Experimental Procedures for full details.

RNA Preparation and Ligation

Ribosomal RNA was depleted from 4 g of total RNA using the Ribozero Gold
kit (Epicenter). 400 ng of RNA was digested for 30 min at room temperature in a
20 pL reaction in 1 x S1 buffer containing 2 L S1 enzyme (diluted 1:100in 1 x
S1 buffer). Reactions were stopped by phenol-chloroform extraction. Ligation
was performed using circRNA ligase (Epicenter) in 18 pulL reactions containing
50 ng of S1-digested RNA and pre-incubated with 2 uL 10x circRNA ligase
buffer for 2 min at 85°C to denature RNA. Tubes were immediately transferred
toice; 1 uL of 10 MM ATP and 1 uL of circRNA ligase was added and reactions
were incubated in a thermocycler for 1 hr at 60°C.

Enrichment of Crosslinked RNA and Crosslink Reversal

Reactions were mixed with 0.5 uL of RNase R (Epicenter), 2.5 pL RNase R
buffer, and 2 pL H,O and incubated for 10 min at 37°C then stopped on ice.
RNA was phenol-chloroform extracted, ethanol precipitated, washed in 70%
ethanol, then resuspended in 20 pL of TS buffer and placed on ice in open
Eppendorf tubes. RNA was irradiated for 10 min at 254 nm, ~15 cm from
the UV bulb. Samples were ethanol precipitated and prepared for sequencing
(see Supplemental Experimental Procedures).

Data Analysis

Analysis of LIGR-seq data using Aligater involved local alignment and detec-
tion of chimeras, filtering and reclassification of chimeras, and a probabilistic
analysis to define significant interactions (refer to Supplemental Experimental
Procedures for details). Procedures for the analysis of C/D box snoRNA inter-
actions are also described in Supplemental Experimental Procedures.

Functional Analysis of snoRNA-mRNA Interactions
SNORDB83B was knocked down using modified ASOs (IDT) containing 2'-O-
methyl and phosphorothioate-modified nucleotides. Details of knockdown

conditions, RNAase protection and RT-gPCR assays used to characterize
levels of SNORD83B and its target mRNAs are provided in Supplemental
Experimental Procedures.
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Figure S1. Details of the LIGR-Seq protocol, related to Figure 1

(A) Diagram of substrates that are sensitive or resistant to RNase R in the presence or
absence of AMT. Circular ligation products are indicated by a lack of 5" or 3" ends.
RNase R degrades single-stranded and duplexed RNA with 3" single-strand ends shorter
than 7 nucleotides (Vincent and Deutscher, 2006)

(B) Bioanalyzer traces of total RNA extracted from human 293T cells following
treatment —/+ AMT, and after subsequent digestion with RNase R. 28S and 18S rRNA
bands are indicated. Note that 28S and 18S rRNAs in the +AMT sample are more
refractory to digestion by RNase R.

(C) Example of the Aligater algorithm for the recursive chaining of local alignments
detection strategy. All possible alignment starts and ends are joined minus a gap penalty
(-6M) and the best path through the read is assessed (see Supplemental Experimental
Procedures for details). Note, the algorithm allows for the detection of circular ligation
products that appear as concatemers of the two RNAs. (D) Each ligation site is filtered
using a blastn search against all known nucleic acid sequences deposited in the NCBI.
The significance of remaining chimeras is calculated as a function of enrichment
compared to expectation based on the RNA expression levels of the individual interaction
partners.

(E) Hlustration of the two-pass ‘reclassification algorithm’ developed in the present study
to remove false-positive intermolecular interactions that arise as a result of annotation or
alignment errors. Briefly, a first pass (1) of the algorithm through the data results in
construction of a 2-dimensional k-mer library from all detected chimeric intra- and inter-

molecular reads across all replicates and conditions. A second pass (2) of the data then



employs a greedy-strategy to re-classify chimeras containing matches to the 2d k-mer
library where the most stringent matching classification is always used.

(F) Fractions of chimeric reads classified as Intramolecular, Paralogous/Pseudogene, or
Intermolecular based on the two-pass sequence-based reclassification (refer to Figure
S1D and Supplemental Experimental Procedures for details). Relative to the -AMT
sample, a higher fraction of chimeras are reclassified as intermolecular interactions in the
+AMT sample, whereas a lower fraction are reclassified as intramolecular interactions in

the +AMT sample.
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Figure S2. Specific detection of in vivo secondary and tertiary rRNA-rRNA
interactions by LIGR-Seq, related to Figure 2

(A) Non-uniform distributions of short- and long-range chimeric ligation junctions
mapping to 28S and 5S rRNAs. 0 marks the 5" end of the RNA. Dark shaded regions in
the ideogram represent known helical regions. Blue lines represent ligation junctions

within 28S rRNA and purple lines represent ligation junctions within 5S and with 28S



rRNAs. Histogram on the outer circle represents the relative frequency of ligation
junctions at the given nucleotide positions.

(B) Short- and long-range interactions within 18S rRNA. Note there are fewer long-range
interactions detected than for 28S, consistent with its tertiary structure.

(C) Cumulative distribution of distances between the ligation junctions in 28S rRNA.
Left: primary sequence distance in nucleotides. Random ligation junctions (control) are
simulated that are equal in primary sequence distance. Right: Detected and random
control ligation junctions were mapped to the cryo-electron-microscopy derived structure
(PDB ID: 4V6X (Anger et al., 2013)) and the distance between the 3" carbon (3'C) and
the 5” carbon (5°C) of the two RNA nucleotides involved in the ligation junction in 3-
dimensional (3D) space was measured (in Angstroms). The right panel displays a
significantly left-shifted distribution for real ligation junctions in 3D space compared to

the random junctions that have the same distribution of primary sequence distance.
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Figure S3. Analysis and validation of snoRNA-target interactions, related to Figure
3

(A) Predicted consensus motifs of C and D’/D boxes for C/D box snoRNA (see Figure
3C and Supplemental Experimental Procedures). Implemented in
(http://github.com/timbitz/aligater/bin/snoanno.jl).

(B) Diagram of intra- and inter- molecular folding prediction used to predict snoRNA-
target RNA interactions (see Figure 3C and Supplemental Experimental Procedures).
Chimeric reads + 50 nucleotides beyond each ligation site in the primary transcripts are

used as the first and second sequences for input into RactIP (see Supplemental



Experimental Procedures). Putative sites of AMT crosslinking (juxtaposed uracils) are
subsequently identified.

(C) Schematic of primer design for validation of chimeric transcripts. (related to Figure
S3D)

(D) RT-PCR validation of LIGR-Seq-detected snoRNA-RNA ligations involving
different classes of RNA detected in Figure 3A. Ligase and AMT crosslinking
dependency of the chimeric products are shown. To confirm detected chimeras are not a

consequence of chromosomal translocations, genomic DNA (gDNA) was analyzed in

Tos0o2

ASO2

parallel as a negative control. NT, no template control.

-

12 T
S0O2 ASO2 Probe
alone > 104 T
: 0.8
0.6
5 0.4+
0.2
0 UNT = sot

RPL3 transcript levels
(rel. to GAPDH (a.u.))

" ASOf1

Figure S4

Figure S4. Additional controls for the functional characterization of snoRNA-
mRNA interactions, related to Figure 4

(A) RNase protection (RPA) assay monitoring knockdown of SNORDS3B using a
second antisense oligonucleotide (ASO2), with sense oligonucleotide (SO2) and probe

alone controls as in Figure 4B.



(B) RT-gqPCR analysis of RPL3 (SNORDS3B host gene) mRNA levels following
SNORDS83B ASO knockdown and control conditions. The ASO targeting SNORDS83B
does not affect the RPL3 host transcript levels relative to GAPDH (average of n=3
biological replicates; error bars indicate standard deviation; mean differences are not

significant by Welch’s t-test).

SUPPLEMENTAL TABLE AND FIGURE LEGENDS

Table S1. Table of significant interactions from biological replicate samples, related

to Figure 3

Table S2. Table of total numbers of significant interactions and number of reads
representing significant interactions in the +AMT and —AMT samples for biological

replicates, related to Figures 1 and 3

Supplemental Experimental Procedures

AMT Crosslinking and RNA extraction: 293T cells were cultured in DMEM with 10%
FBS and plated at 2.2x10° cells/10 cm plate. 72 hours after plating, cells were collected in
ice cold PBS, washed twice in PBS, followed by a third wash in cold TS buffer (0.15 M
NaCl/0.01 M Tris-HCI, pH 7.2). Cells were aliquoted into 2x10” cells/tube and pelleted.
Each pellet was resuspended in 2 mL cold TS buffer and AMT was added to a final
concentration of 20 ug/mL. Cells were incubated for 10 min on ice, mixing every few

minutes, and transferred to an open 60 mm petri dish placed on ice. Cells were irradiated



for 5 min intervals for 30 min with mixing between intervals (settings = 365 nm, 1700
uW/cm2, at a distance of 15 cm from UV light source). Cells were pelleted, resuspended
in 500 uL TRI-reagent (Sigma) for RNA extraction as per the manufacturer’s
instructions. DNase I treatment was performed using 2 uL TURBO DNase I (Ambion), 5

uL of 10x TURBO DNase I buffer in a final reaction volume of 50 uL.

RNA preparation and ligation

Ribosomal RNA was depleted from 4 ug of total RNA using the Ribozero Gold kit
(Epicentre). 400 ng of RNA was digested in a 20 uL reaction with 1 x S1 buffer and 2 uLL
of 1:100 S1 enzyme (diluted in 1 x S1 buffer) and incubated 30 min at room temperature.
Reactions were stopped by phenol-chloroform extraction. Ligation was perfomed using
circRNA ligase (Epicenter), which was selected due to its ability to favor ligation events
between proximal RNA ends (as it is typically employed for intramolecular ligation) and
the reduced level of in vitro RNA hybridizations due to the elevated reaction temperature.
In 18 uL, 50 ng of S1-digested RNA was incubated with 2 uL 10x circRNA ligase buffer
for 2 min at 85°C to denature RNA. The tube was immediately transferred to ice and 1
uL of 10 mM ATP and 1 uL of circRNA ligase was added. Reaction was incubated in a

thermocycler for 1 hr at 60°C.

Enrichment of crosslinked RNA and crosslink reversal
0.5 uL of RNaseR (Epicentre), 2.5 uL. RNaseR buffer and 2 uL. water were added to each
ligation reaction in a total volume of 25 uL. The reaction was mixed and incubated for 10

min at 37°C. Immediately after incubation, reactions were placed on ice and RNA was



phenol-chloroform extracted. After washing in 70% ethanol, the RNA was resuspended
in 20 uL of TS buffer. For crosslink reversal, RNA was resuspended in TS buffer in open
eppendorf tubes were placed on ice. The RNA was irradiated for 5 min intervals for 10
min at 254 nm at a distance of ~ 15 cm from the UV bulb. AMT was removed from

samples by ethanol precipitation and the RNA was resuspended in 10 uL of water.

Library Preparation

The SMARTER strand library preparation kit (Clontech), which is well suited for low
amounts of input, was used to prepare libraries from RNA samples according to the
manufacturer’s instructions with a few modifications. Briefly, first strand cDNA
synthesis was performed using a primer that adds a universal sequence to the 5" end of
the first strand, and using a reverse transcriptase that adds several nucleotides to the end
of the cDNA. A universal forward primer was annealed to the added nucleotides for
synthesis of the second cDNA strand. Primers specific to added sequences from the first
and second strand cDNA synthesis were used for library amplification, where the reverse
primer includes a barcode index allowing multiplexing during sequencing. Libraries were
amplified for 20 cycles for replicate 1 and 17 cycles for replicate 2. For extraction and
clean-up of nucleic acid from the RT reaction and PCR reaction with Solid Phase
Reversible Immobilization (SPRI) AMPure beads, a 1:2 ratio of sample:beads was used
to obtain fragments < 100 bp (the ratio of sample to beads preferentially selects an
empirically determined size range of nucleic acid). Following library preparation,

samples were separated on a 6% TBE 1.0 PAGE gel (Novex) at 150 V, 16 A. Products



above 200 nt were excised and eluted overnight in 30 uL. of H,0 at 10°C. Size distribution

was verified using a Bioanalyzer.

Analysis of LIGR-Seq data

Local Alignment and Detection

Single-end strand-specific LIGR-seq reads were trimmed of their 5" random barcodes and
aligned/analyzed wusing a custom software suite, aligater (available at
http://github.com/timbitz/aligater), which is implemented in Julia (v0.4) and Perl (v5).
The hgl9 transcriptome contained the union of GENCODE v19 annotations, Incipedia
v3.0, and the addition of missing ncRNAs and miRbase annotations (Griffiths-Jones et
al., 2006; Harrow et al., 2012; Volders et al., 2013). In the first alignment step “aligater
align’, the reads are mapped via a samtools compatible wrapper to "bowtie2" in "--local --
reorder’ mode with -k 50" under ‘very sensitive’ conditions -R 3 -N 0 -L 16 -1 S,1,0.50".
Other values for "-k* were also used, including 100, 250, 500, and 1000. However the
number of subsequently detected interactions did not noticeably increase, while the
runtime increased nonlinearly. In the chimera detection step “aligater detect’, sam/bam
format alignments are read in blocks for each read and recursively chained following a
stringent chaining penalty of "-48" which corresponds to the bowtie2 score of roughly 6
matches with perfect quality scores (Figure S1C). Other less stringent penalty values
were also tested including -24, -32, and one overly stringent penalty -60. These
parameters are adjustable towards detection of different tasks (such as specifically for
microRNAs etc.) and to the overall library qualities. Reads with best scoring chained

alignments were then assigned a quality score (LIGQ) that records the number of



repetitive chimeras, single alignments, and any intramolecular or identical target

alignments with similarly high alignment scores (score>[max-16]).

Filtering and Re-classification of Chimeras

In order to ensure that chained alignments are ligation products rather artifacts caused by
mis-mapping of spliced transcripts or repetitive and paralogous/pseudogene regions, we
align the 40 nucleotides centered upon each ligation site to the NCBI BLAST databases
(human_genomic, other genomic, nt) using lenient parameters '-word size 24 -
perc_identity 75 -culling_limit 1 -num_alignments 5°. This post-processing step aligater
post --blast’ subsequently removed any chimeras with known BLAST hits that match at
least 6 bp on both sides of the ligation site (Figure S1D). The resulting chimera set
contained the products of both intra- and inter-molecular ligation events (Figure S1E and

SIF).

One major class of technical artifact is the result of intramolecular ligation products being
mapped to paralogous, overlapping transcripts with different gene IDs or pseudogenes
and subsequently being annotated as intermolecular instead. To properly re-classify these,
we took a number of complementary approaches: (1) Transcriptome coordinates were
converted to genomic coordinates and any intermolecular ligation sites mapping within a
500 nt genomic region were re-classified. (2) Chimeras with sub-optimal intramolecular
alternate mapping evidence in its LIGQ string are re-classified. (3) A version (modified
for small RNA genes) of the HUGO gene families list (Gray et al., 2015) was imported

and used to compare interactions between paralogous gene IDs which were subsequently



re-classified as putative paralogs. (4) The genomic coordinates were intersected with
RepeatMasker and repeat-mapping reads were re-annotated and potentially re-classified.
(5) A sequence-specific library model of two 32 nt k-mers, one from each side of a
ligation site, was trained through a two-pass algorithm ‘aligater reclass’ (Figure S1E)
which (a) first stored the most stringent classification for every pair of 32 nt windows
sliding every 16 nt, and (b) second assigned the most stringent class by iterating through
every set of two 32 nt windows for each putative ligation. Other values of k produced
identical outputs, though shorter k-mers also increased runtime and data structure storage

requirements.

Probabilistic Analysis of Interactions

In order to estimate expected background levels of spurious in vitro ligation events, we
defined an analytic probability distribution based upon the normalized expression level of
the interacting RNA partners. Given that +fAMT and —~AMT were expected to behave
differently under denaturing ligation conditions, we calculated expression levels
independently for each sample using the corresponding +AMT or -AMT minus ligase
controls. Because the LIGR-Seq RNase digestion steps produce non-uniform
distributions of reads from the transcriptome, we express whole gene abundance in terms
of reads per million (RPM) without length adjustment. Implemented in “aligater stats’, we
then calculate the joint probability of two interacting genes, P(g., g,), modeled by the
independent set of draws (k=2) from a multinomial distribution proportional to the

relative abundance of each transcript. Formally,



if gx: gy is observed and g, # g,

= 2P(g:)P(gy)
pdf (g gy)
else g.: g, is ~ observed or g, = g,

20
where
gxRPM
2i—19iRPM

P (gx) =
Since the intramolecular ligation (g, = g,) of one gene to itself is not an independent
probability, these and ligation events that never occur (i.e. which may not be able to

occur) are set to zero. We therefore re-normalize the probability distribution to the sum

of 1,

P(9x 9y)
2io1 Zj:i+1P(gi’g}')

pdf(gx gy) =

and treat each set of read counts k supporting an interaction g : g, as k ~ Binomial( p=pdf
(gv g ), N). Subsequently, we assign a p-value to each interaction, and apply a stringent
Bonferroni correction to adjust for multiple testing, therefore applying a standard o value
of 0.1. In order to even more stringently assess which interactions are preserved in situ
from those which may be spurious in vitro ligation byproducts, we subsequently filter
significant interactions that represent AMT-stabilized interactions. Calculating the
observed vs. expected ratios for both mock (-AMT) and AMT samples (OFEyr and
OE ok ), we define a ratio ryyr as +/— AMT the crosslinking dependence of the

enrichment score. Formally,

OEAMT

T, = —
AMT OEmock



For AMT-dependence we require k£ > 2 reads, p-value < o, minimum RPM > 10, and 77
> 1.1. As a control, we also produce the mutually exclusive inverse set of non-AMT
dependent interactions, which is used to estimate the False Positive rate. Similarly, we
require k£ >2 reads, p-value < o, minimum RPM > 10, and the inverse of r4,< 0.9. For
all p-values presented in the text, Fisher’s method is used to combine the Bonferroni

corrected p-values from two replicates.

Characterization of C/D box snoRNA interactions

Given the high consensus similarity of snoRNA C and D boxes, we annotate C and D’/D
boxes using multi-tier regular expressions that first attempt to match the exact consensus
(C box within 20 bp from the 5" end, and D box within 20 bp of the 3" end, D" box > 10
bp from the first two matches), and if unable, continue with subsequent attempts that
allow increasing degeneracy. Applying this approach to annotate the C and D boxes of
all human 2° O methylation guide snoRNAs, we produce consensus motifs with near
identical similarity to expectation (see Figure S3A) (Lui and Lowe, 2013). Antisense
regions were independently determined by in silico RNA folding using the integer
programming solution RactIP (Kato et al., 2010) by supplying as separate RNAs both
sides of a putative ligation site +35 bp upstream or downstream of the ligation site from

the transcript sequence when possible (see Figure S3B).

RT-(q)PCR assays
For validation of RNA-RNA chimeras, RNA samples from LIGR-Seq were analyzed by

endpoint RT-PCR using the OneStep kit (Qiagen). Primer pairs were complementary to



the forward strand of one interaction partner in a chimera and the reverse strand of the
other partner (Figure S3C). For RT-qPCR assays, total RNA was reverse-transcribed to
cDNA with MaximaH Reverse Transcriptase (Thermoscientific) as per the
manufacturer’s instructions and PCR reactions were performed with Sensifast SYBR
(Bioline). Samples from each biological replicate were measured in technical triplicates

on a CFX96 (Biorad) system.

ASO treatment

For analysis of RNA following ASO treatment, 293T cells were plated at a density of
1x10° cells/well in a 24-well format in 0.5 ml of DMEM + 10% FBS. 50 nM (final
concentration) of ASO or SO was transfected 24 hours after plating with RNAimax
(Invitrogen) as per manufacturer’s instructions. Media was changed 24 hours after
transfection and cells were washed in cold PBS and harvested in 500 uL of TRI-reagent
48 hours after transfection. Cells were treated as above. Three biological replicate

experiments were performed for all treatments.

RNA protection assays

Probes complementary to the snoRNAs of interest were synthesized using Megascript T7
(Ambion) and radioactive UTP-32P. Templates for probe synthesis were amplified from
cDNA using primers listed below. Excess NTPs were removed using Microspin G-25
spin columns (GE Healthcare). To verify a single transcript product, probes were run on

8% UREA-PAGE gel. The probe was mixed with 500 ng of RNA from total RNA treated



with ASO/SO as described above. A probe alone control was included to control for
bands observed from secondary structures within the probe that are refractory to digestion
in the RPA assay. RPA assay was performed using RPA III assay (Ambion) as per

manufacturer’s instructions.

Details of primers and oligonucleotides

One-Step RT-PCR reactions (see Figure S3C)

TERC-SNORD44 forward: GTTGGGCTCTGTCAGCCQG,
TERC-SNORDA44 reverse: GTCAGCATTTGCTTATCATCATCCA
U2-SNORDS9 forward: ACGTCCTCTATCCGAGGACAATA,
U2-SNORDS9 reverse: GTGCCCATGGAGAGCAAACT,
SNORD®83B-NOP14 forward: GAACCGTTCCTTGTTGCCTTC,

SNORDS83B-NOP14 reverse: CTTTTTCCTCTTCAGAGCCTTCC.

RT-gPCR reactions

gapdh forward: GAAGAGAGAGACCCTCACTGCTG
gapdh reverse: ACTGTGAGGAGGGGAGATTCAGT
rpl3 forward: AGTACTGCCAAGTCATCCGTG

rpl3 reverse: CCTGCCCAAACACTTGGTTC
pm20d2 forward: TGGAGTGCAGTGGTGTAATC
pm20d2 reverse: AGTGCCTCAAGCCTGTAATC
leng8 forward: TACTGCCTACCGAATCCTCTAC

leng8 reverse: CAAGGATCTGCCTTCAGTTCTC



rest forward: TTCTGGAGGAGGAGGGCTGT

rest reverse: CCCCAACCGGCATCAGTTCT

srrm4 forward: TTGTTGAGGCACTGGTAACCCTGA
srrm4 reverse: AGCAGCATCCTGGTGATCTGTCAT

cythl forward: TGACCTCACTCACACTTTCTTC

cythl reverse: AGCGTCTCTTCCAAGTCTTTAC

srsf3 forward: GCTGAGAGGCACTATGGATTAG

srsf3 reverse: GACCCTGAACTGGCTTCTATG

nopl4 forward: TGGAAGGCTCTGAAGAGGAAA

nopl4 reverse: CAGACCATTCCCGATCCCAG

rps3 forward: AAGCTCTTTGGGAAGTGGAG

rps3 reverse: GGCAGGTACTTGGCATACTT

nop14 pre-mRNA forward: TGGTTCTGATGTGGGAGAGA
nopl4 pre-mRNA reverse: CTGTGTAGCCAGGCTGTTAAA
rps3 pre-mRNA forward: GCAGCATCAGTTGGGAGT

rps5 pre-mRNA reverse: CAGCAATGGTCTTAATGTTCCG
srsf3 pre-mRNA forward: GAGTCACCATGCCAGATCAA

srsf3 pre-mRNA reverse: GCGATCTCTCTCTTCTCCTATCT

Sense/antisense oligonucleotides (ASO/SO) sequences
SNORD83B ASO: mCmCmAmMGmMCGCACATTCCAMGMGmCmCmU

SNORDS83B SO: MAMGMGMCMCTGGAATGTGCmGMCmUmMGmG.



DNA oligonucleotides were synthesized with a phosphorothioate backbone and 2" O

methylated RNA ends (denoted above with a preceding m).

RNase Protection Assays

The following primers were used to construct templates for probe synthesis:
SNORDS83B forward:
GCACCTGCTAATACGACTCACTATAGGGGCTGTTCTCAGAAGGAAGGCA,

SNORDS3B reverse: ATAGTAGCTtgttcagtgatgaggcctg
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