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ABSTRACT

Small nucleolar RNAs (snoRNAs) are among the first
discovered and most extensively studied group of
small non-coding RNA. However, most studies fo-
cused on a small subset of snoRNAs that guide the
modification of ribosomal RNA. In this study, we an-
notated the expression pattern of all box C/D snoR-
NAs in normal and cancer cell lines independent of
their functions. The results indicate that C/D snoR-
NAs are expressed as two distinct forms differing in
their ends with respect to boxes C and D and in their
terminal stem length. Both forms are overexpressed
in cancer cell lines but display a conserved end distri-
bution. Surprisingly, the long forms are more depen-
dent than the short forms on the expression of the
core snoRNP protein NOP58, thought to be essential
for C/D snoRNA production. In contrast, a subset of
short forms are dependent on the splicing factor RB-
FOX2. Analysis of the potential secondary structure
of both forms indicates that the k-turn motif required
for binding of NOP58 is less stable in short forms
which are thus less likely to mature into a canonical
snoRNP. Taken together the data suggest that C/D
snoRNAs are divided into at least two groups with
distinct maturation and functional preferences.

INTRODUCTION

Small nucleolar RNAs (snoRNAs) are ubiquitous ribonu-
cleoprotein particles required for the processing, modifica-
tion and assembly of ribosomal RNA (rRNA) (1-3). This

abundant group of small RNA is divided into two families
based on activity and structural features: the C/D snoR-
NAs are responsible for 2'-O-ribose methylation and the
H/ACA snoRNAs catalyze pseudouridylation of their tar-
gets (4-6). snoRNAs of both families guide their associated
protein catalytic subunit (the pseudouridylase dyskerin for
H/ACA snoRNAs and the methyltransferase fibrillarin for
C/D snoRNAs) by base pairing between the snoRNA guide
region and the target sequence in rRNA and snRNA (6-8).

Box C/D snoRNAs are 50-100 nucleotides (nt)-long
transcripts featuring conserved box C (RUGAUGA where
R is a purine) and box D (CUGA) motifs that align to form
a characteristic structural motif called the kink-turn or K-
turn motif (4,7,9-11), as illustrated in Figure 1A. K-turn
motifs are widespread in many classes of RNA and involve
non-canonical G—A base pairing causing a tight kink in the
axis of double-stranded RNA (12,13). The k-turn motif is
typically flanked by a 5’ canonical stem composed of regular
base pairs and by a 3’ non-canonical stem consisting of the
G-A base pairs (11,13). The minor grooves of the canon-
ical and non-canonical stems can interact, coordinated by
metal ions or binding proteins, stabilizing the structure (11).
In box C/D snoRNAs, constrained by the sequences of the
boxes C and D, the non-canonical G—A stem is typically fol-
lowed by one pair of U-U mismatched nucleotides and two
canonical base pairs (Figure 1A). Both the canonical stem
and the extended non-canonical stem appear to be impor-
tant for proper processing of the snoRNA (14) and assem-
bly of the snoRNP complex. In vertebrates, most snoRNAs
are encoded in introns and co-transcribed from the pro-
moter of their host genes. The assembly of the pre-snoRNP
complex typically occurs on spliced and debranched in-
trons and is initiated by the recognition of the k-turn struc-
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Figure 1. Comparison of box C/D snoRNA expression patterns in normal
and cancer cell lines. (A) Schematic representation of box C/D snoRNA
structure. Box C/D snoRNAs are small non-coding RNAs featuring two
short sequence motifs (C: RUGAUGA and D: CUGA) that are aligned
together through base pairing to form a characteristic structural k-turn
motif. This motif typically involves a bulge upstream from the box C and
non-canonical A-G and G—A base pairing between box C and D residues,
preceded on the 5 side by a stem involving canonical base pairing (12).
X and R represent any nucleotide and purines, respectively. The 3" end
terminus of the short and long snoRNA forms detected in this study are
indicated by arrows. (B) The processing pattern of box C/D snoRNA is
conserved in normal and cancer cells. Sequence reads mapping to at least
77% of full-length box C/D snoRNAs in normal (BJ-Tielf, INOF), breast
(MCF-7) and ovarian cancer cell lines (SKOV3ip) were counted and plot-
ted with respect to their corresponding boxes C and D for every residue
of all box C/D snoRNAs. CPM indicates count per million. All experi-
ments were performed in duplicate. (C) Identification of two distinct forms
of C/D snoRNA. Two general forms (long and short) of box C/D snoR-
NAs were identified according to the distance between their ends and their
characteristic C/D motifs. The short forms (snoRNAgy) start 4 or 5 nt up-
stream of their box C and end 2 or 3 nt downstream of their box D, while
the long forms (snoRNA} ) start 5 or 6 nt upstream of their box C and end
4 or 5 nt downstream of their box D. The number of snoRNAs displaying
only short or only long forms, a mix of the two forms or neither long nor
short forms (other) was counted in the different cell lines and presented
in the form of a histogram. The standard deviation between the duplicate
experiments is shown as error bars.

ture by the core binding protein 15.5K (15-20). The bind-
ing of 15.5K to the k-turn provides a scaffold for the as-
sembly of the box C/D snoRNP complex which includes
additional core binding proteins NOP56, NOP58 and the
methyltransferase fibrillarin (15,21-26). The resulting pre-
snoRNPs are exonucleolytically trimmed from both the 5’
and 3’ ends, generating mature snoRNPs (19,20,27). The
binding of the core proteins likely protects the snoRNAs
from further trimming and determines their exact termini
(14). Disruption of the k-turn and flanking stems prevents
stable accumulation of snoRNAs (14,22), underlining the
importance of these motifs for the appropriate processing
and the stability of C/D snoRNAs and the proper structure
and assembly C/D snoRNPs.

Most C/D snoRNAs in vertebrate genomes are located
within the introns of genes that typically code for proteins
involved in related functions like translation and ribosome
biogenesis (22,23). However, in human only ~20% of the
269 annotated box C/D snoRNAs in snoRNABase (28) are
found in genes coding for proteins involved in ribosome bio-
genesis or translation. Strikingly, over 50% of human snoR-
NAs are not associated with established coding genes but
instead are generated from long non-coding or hypothetical
host genes. This suggests that some human snoRNAs may
have functions other than rRNA modification. Indeed, re-
cent studies have revealed non-canonical characteristics for
some snoRNAs including members with no rRNA targets
(referred to as orphan snoRNAs) (22,29), smaller stable and
conserved RNA fragments derived from snoRNAs (30-32),
non-canonical functionality for some snoRNAs including
miRNA-like functions (33-36) and a role in the regulation
of alternative splicing (30,32,37). In addition, despite the
fundamental housekeeping role of many snoRNAs, their
abundance is cell type and condition dependent (38-40) and
specific snoRNAs display significantly altered expression in
diverse cancers, some having been described as tumor sup-
pressors or oncogenes (41-43).

Despite two decades of extensive studies, our knowledge
of snoRNA biology in human remains limited to a small
subset of canonical snoRNAs required for rRNA modifi-
cation. The processing mechanism and protein factors re-
quired for the function of the majority of orphan snoRNAs
and their contribution to cell- and tissue-specific function
is largely unexplored. In this study, we provide an exten-
sive analysis of the expression pattern, protein requirement
and cell specificity of all known human box C/D snoRNAs.
Paired-end sequencing of RNA extracted from a variety of
normal and cancer cell lines indicates that while most snoR-
NAs are upregulated in cancer cell lines their overall pro-
cessing patterns are conserved. Surprisingly, snoRNAs are
not expressed as a homogenous population with randomly
heterogeneous termini as previously believed. Instead, we
found that box C/D snoRNAs fall into two groups, the
first displaying long ends (snoRNA} ) and the second with
short ends (snoRNAgp). The long forms exhibit the features
of canonical snoRNAs while snoRNAs produced as short
forms include more orphans and non-canonical snoRNAs.
Strikingly, the snoRNA| are more sensitive to the deple-
tion of the core snoRNP protein NOPS58 while a subset of
snoRNAgy are affected by the depletion of the splicing fac-
tor RBFOX2 that was previously shown to bind snoRNA
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Figure 2. The long form of box C/D snoRNA (snoRNA1 ) features extended base pairing downstream of the k-turn structural motif. (A) The long and
short snoRNA forms share the basic structural features of box C/D snoRNA. The characteristic box C, box D and k-turn were identified and their level
of sequence conservation in each class of snoRNA was determined using the sequence obtained from the SKOV3ipl cell line. The number and percent of
snoRNAs displaying each feature are shown. Only predominant snoRNA forms expressed above 1 CPM in both replicates were counted. (B) The snoRNAp
form features more stable k-turn structure. The length of the external stem was measured using SKOV3ipl RNA for snoRNAs only expressed as short or
only expressed as long forms. The proportion of snoRNAs from these two groups is expressed as a function of the number of paired nucleotides in their
external stem. (C) Schematic representation of the external stem observed in snoRNAs only expressed as long or short snoRNA forms. The percentage of
snoRNAs containing the different number of base pairs downstream of box D is shown on the right of each form. The orange and blue boxes indicate the
position of the C and D motifs, respectively.
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flanking long non-coding RNA (44). Together the data sug-
gest that some snoRNAs are differentially processed to
form snoRNP with distinct protein components.

MATERIALS AND METHODS
Cell culture and transfections

All cell lines were cultured in antibiotic- and antimycotic-
free media (Wisent). The ovarian adenocarcinoma
SKOV3ipl cell line was grown in DMEM/F12 (50/50)
medium (Wisent), the breast adenocarcinoma MCF-7 cell
line was grown in EMEM (Wisent) supplemented with 1
mM sodium pyruvate and MEM nonessential amino acid
(Wisent), the immortalized normal ovarian fibroblast cell
line INOF was grown in OSE (ovarian surface epithelium)
medium (Wisent) and normal immortalized skin fibroblast
BJ-Tielf was grown in alpha-MEM (Wisent). All media
were supplemented with 10% fetal bovine serum and 2
mM L-glutamine. Cell propagation and passaging were
as recommended by American Type Culture Collection.
For transfection, cells were seeded at 350 000 cells per
well in 6-well plates (BD Biosciences). Transfections were
performed in suspension using Lipofectamine 2000 (Life
technologies) according to the manufacturer’s protocol and
20 nM of 21-mer siRNA (Sigma) for 48 h. All cell lines
were actively growing when harvested. All knockdowns
(KD) were done in duplicate using different siRNAs for
each sample and were validated by qPCR (Supplementary
File 1, Figure S1). The sequences of the siRNAs used are
the following: CUUCUACCGUUCAGAUUCU (NOPS58
KD 1), GACAAGUCCCAAACACAAA (NOPS§8 KD
2), GAUGGUCACACCAUAUGCA (RBFOX2 KD 1),
CACCUCCGCAGAAUGGAAU (RBFOX2 KD 2).

RNA extraction and quantitative PCR

Total RNA extractions were performed using miR Neasy kit
(Qiagen) as recommended by the manufacturer. RNA in-
tegrity of each sample was assessed with an Agilent 2100
Bioanalyzer. Reverse transcription was performed at 55°C
on a fixed volume (11 pl) of RNA sample with Transcrip-
tor (Roche Diagnostics), random hexamers, dNTPs and 10
units of RNaseOUT (Invitrogen) in a total volume of 20
wl. All cDNAs were diluted in RNAse DNAse-free water
(IDT). Quantitative PCR reactions (Supplementary File 1,
Figure S1) were performed on 10 ng of cDNA as described
elsewhere (45). Relative expression levels were calculated us-
ing the qBASE framework (46) using PSMC4 and SDHA
as reference genes. Primer design and validation were eval-
uated as described (45). In every run, a no template control
was performed for each primer pair. These controls were
consistently negative. To measure the abundance of U31
(Supplementary File 1, Figure S6), real-time PCR quantifi-
cation was performed as described (45). Fifty nanogram of
total RNA was reverse transcribed using Transcriptor Re-
verse Transcriptase (Roche) and the PCRs were performed
in a realplex (Eppendorf) using primers complementary to
the sequence of U31 RNA (U31_forward: TGAGTTGAAT
ACCGCCCCAG and U3l _reverse: GCTCAGAAAA TA
CCTTTCAGTCACQ).

Preparation of small RNA samples for RNA-seq

Small RNAs (<200 nt in length) were isolated from the dif-
ferent cell lines and transfected cell lines considered using a
low molecular weight RNA extraction kit (mirVana, Invit-
rogen) and from these samples, cDNA libraries were pre-
pared using the TruSeq small RNA Sample Prep kit (II-
lumina) which includes adapter ligation, reverse transcrip-
tion and PCR amplification. The quality of the RNA and
libraries were analyzed using an Agilent Bioanalyzer (Sup-
plementary File 1, Figure S2). The resulting cDNA libraries
were paired-end sequenced on Illumina HiSeq sequencers
at the McGill University and Genome Quebec Innovation
Centre. For these sequencing runs, eight samples were mul-
tiplexed per lane, resulting in between 15M and 24M paired
reads per dataset. Paired-end sequencing was chosen be-
cause the length of some of the molecules of interest sur-
passed the read length (which was 100 nt). Additionally,
the paired-end sequencing ensures high-quality sequences
at both ends of the RNAs of interest. It should be noted
that because only RNAs of <200 nt in length were kept
and the paired-end read length used was 2 x 100 nt, all
small RNAs present in our sequencing dataset were entirely
sequenced (including the middle of the molecule). The se-
quencing datasets were deposited in GEO (GSE55940).

Processing of RNA-seq datasets

Because many small RNAs isolated using our proce-
dure are shorter than the sequencing read length (100
nt), the 3’ adapters were still present in the fastq files
for many read pairs. Cutadapt (47) was used to re-
move the adapters and control the quality of the se-
quences. Parameters were set to -minimum-length 2, -
match-read-wildcards, -q 3 and the adapter sequences
were TGGAATTCTCGGGTGCCAAGG (R1 file) and
GATCGTCGGACTGTAGAACTCTGAAC (R2file). The
resulting reads were aligned to the build hgl9 of the hu-
man genome using Bowtie2 (48) with parameters —local, -
I 13. SAMtools (49) and BEDTools (50) were used to ob-
tain the positions of all reads on the small RNAs of interest
and calculate alignment statistics. Reference sequences of
snoRNAs, miRNAs and tRNAs were obtained respectively
from snoRNAbase (28), miRBase version 18 (51) and the
genomic tRNA database (52). Sequences of snRNAs and
rRNAs were obtained from Genbank (53) and sequences of
Y RNAs were obtained from the supplementary material of
(54).

Accumulation profiles of full-length snoRNAs in different cell
lines and abundance of different forms

To be considered in these analyses, snoRNAs had to be rep-
resented by at least 10 reads covering at least 77% of the
full-length snoRNA as defined in snoRNAbase (28). For
analyses considering all reads mapping to full-length snoR-
NAs regardless of forms (Figures 3A and 4A), the normal-
ized abundance value per snoRNA (one value per snoRNA)
as well as per miRNA, per tRNA, per rRNA, per YRNA
and per snRNA was calculated using DESeq (55). The fold
change following the depletions (Figures 3A and 4A) was
calculated as the average normalized abundance value in
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Figure 3. Depletion of the core box C/D snoRNA binding protein NOPS58 preferentially downregulates the expression of the long snoRNA forms. (A)
KD of NOPS58 inhibits the expression of some box C/D and not H/ACA snoRNAs. NOP58 was knocked down in SKOV3ipl using two independent
siRNAs and the impact on the abundance of RNA shorter than 200 nt (snoRNA, miRNA, snRNA, YRNA and tRNA) was calculated relative to the
level in mock-transfected cells (LF). The log2 fold change in RNA abundance is shown in the form of scatter plots. The different small RNA members are
indicated by blue dots, while the box C/D (left panel) and H/ACA snoRNA (right panel) are highlighted in red. The dashed lines represent a decrease
of 2-fold in the NOPS58 depletion. (B) Effect of the NOP58 KD on the different forms of box C/D snoRNA. The number of long (snoRNA} ), short
(snoRNAgy) and other (that differ from the snoRNAy and snoRNAgy) predominant forms of box C/D snoRNAs was determined and plotted relative
to binned values of the log2 fold change in expression after the NOP58 KD. The enrichment in snoRNA|, downregulated by the KD is shown at bottom.
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the two depletion samples divided by the average normal-
ized abundance in the three mock-treated (Lipofectamine)
samples.

For form-specific analyses (Figures 1, 2, 3B, 4B, 5
and Supplementary File 1, Figures S3-S9), for any given
snoRNA, all sequences differing by as little as 1 nt but
present with a count of at least 10 reads were considered as
different forms of the same snoRNA. Predominant forms
were defined as forms representing at least 20% of the to-

tal number of reads mapping to the full-length snoRNAs
as defined above (i.e. these reads must cover at least 77%
of the full-length snoRNA). The different snoRNA forms
were compared to the positions of the boxes C and D as de-
fined in snoRNAbase (28) and sno/scaRNAbase (56). Most
box C/D snoRNA sequences start 4-6 nt before the box C
and end 2-5 nt after the box D. Short snoRNA forms were
defined as sequences starting 4 or 5 nt before the box C and
ending 2 to 3 nt after the box D, while long snoRNA forms
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Figure 5. NOP58 and RBFOX2 snoRNA targets are form-dependent.
The abundance of the different forms generated from each snoRNA was
determined before and after the KD of either NOP58 or RBFOX2 and
plotted relative to the number of nucleotides upstream of box C and down-
stream of box D. Shown are three examples representing snoRNAs pro-
ducing only long (A), only short (B) or both long and short (C) forms. The
snoRNA names are shown on top, while the enrichment of the short and
long forms are illustrated at bottom. CPM and LF respectively indicate
counts per million reads mapped and mock transfection (Lipofectamine).
The data obtained after the transfection of two independent siRNAs tar-
geting either NOP58 (blue bars) or RBFOX2 (red bars) and three mock
transfections (black bars) are shown.

were defined as sequences starting 5 or 6 nt before the box
C and ending 4 or 5 nt after the box D. The abundance of
each different snoRNA form was calculated by normaliz-
ing the read count corresponding to the form by the total
number of reads mapped to the genome for the given sam-
ple and multiplying by 1 000 000, obtaining abundance val-
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ues in count per million (CPM). For all figures analyzing
short and long snoRNA forms separately, only predomi-
nant forms with a minimum abundance of 1 CPM were
considered. The fold change following the NOP58 depletion
was calculated as the average normalized abundance for the
NOPSS depletions divided by the average normalized abun-
dance in the mock-treated samples. The fold change follow-
ing the RBFOX2 depletion was calculated using the same
procedure. The U3 family members were not considered in
the analysis as their length exceeds the size cutoff of 200 nt
used to isolate the RNA.

Measurement of the length of the external stem

To investigate whether the length of the external stem of
snoRNAs differs for short and long snoRNAs, snoRNAs
producing only short forms or only long forms were con-
sidered separately. The external stem length was calculated
as the number of consecutive canonical base pairs and G-
U pairs from the k-turn towards the end of the molecule.
The maximum stem length considering a k-turn bulge (sece
Figure 1A) of two and three residues is reported.

Northern blot

Total RNA was isolated from siRNA-transfected cells
grown 48 h using a commercial kit (Qiagen rneasy mini
kit). DNase treatment (QIAGEN) was performed. The
integrity of the treated RNA was examined using Ag-
ilent 2100 Bioanalyzer that calculates the rRNA ratio.
Northern blots were performed as described (57) using
15 pg of total RNA and an 8% denaturing polyacry-
lamide gel. The RNA was visualized by autoradiogra-
phy using 5-end-labeled oligonucleotide probes compli-
mentary to the mature sequence of the snoRNA (snR39B:
5-TGAGTATTCTCTTCATTTCAGGTCA-3'; U3l: 5'-
CCTTTCAGTCACACATTGATCAGA-3'). The radiola-
beled bands were visualized using a Storm 860 scanner (GE
Healthcare) and analyzed using the Quantity One software
(Bio-Rad).

RESULTS

Many box C/D snoRNAs are overexpressed in ovarian and
breast cancer cell lines

To monitor the expression pattern and define the expressed
sequence of human snoRNAs without predetermined struc-
tural or functional bias, we extracted and sequenced all
small RNAs shorter than 200 nt from two immortalized
normal fibroblasts (INOF and BJ-Tielf) and two cancer
cell lines (ovarian: SKOV3ipl and breast: MCF7). High-
throughput paired-end sequencing of the RNA extracted
from two biological replicates of each cell line generated be-
tween 15 and 24 million read pairs per sample. The read
pairs were processed to remove adapters, controlled for
quality and aligned to the human genome as detailed in the
Materials and Methods section. Across the four cell lines,
between 37% and 56% of the reads mapped to snoRNAs
(Table 1), while the rest mapped to other small RNA in-
cluding tRNA and microRNA. As expected, the read dis-
tribution and number of read per transcript were very close
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for the different biological replicates (Table 1) confirming
the quality and reproducibility of the sequencing.

As shown in Figure 1B, a higher proportion of reads were
mapped to box C/D snoRNA in the ovarian and breast can-
cer cell lines than those in the normal fibroblast cell lines.
Although this difference in expression levels may be caused
by cell-type differences, it seems to be specific to cancer
cells since it was also observed between the closely related
ovarian fibroblast and serous ovarian cancer cell lines. This
increase in the expression of snoRNA is consistent with
a large body of literature showing that ribosome produc-
tion and its associated factors are upregulated in cancers
(43,58.,59). Interestingly, the opposite trend is seen for or-
phan snoRNAs which are more abundant in normal cell
lines than in cancer cell lines (Supplementary File 1, Figure
S3). These data suggest that orphan snoRNAs might play
antiproliferative roles in the cell and that cancer can induce
both loss and gain of snoRNA functions.

The box C/D snoRNAs are expressed in discrete forms with
varying ends

The analysis of all paired-end reads mapping to full-length
snoRNAs reveals that the great majority of box C/D snoR-
NAs start sharply 4-6 nt upstream from the box C and end
between 2 and 5 nt downstream from the box D (Figure
1B). This variation in snoRNA 5" and 3’ ends was previously
observed but was not further considered and was likely dis-
missed as processing heterogeneity (14,60). However, close
scrutiny of individual snoRNA accumulation profiles sug-
gests non-random distribution of snoRNA 5" and 3’ ends.
Indeed, sequence analysis reveals the presence of two preva-
lent forms of C/D snoRNA, a short form (snoRNAgp)
starting 4 or 5 nt upstream of the box C and finishing
2 or 3 nt downstream from the box D, and a long form
(snoRNA) starting 5 or 6 nt upstream from the box C
and ending 4 or 5 nt downstream from the box D (Figure
1C and Supplementary File 1, Figure S4). Most snoRNAs
were found expressed either as the short (e.g. U106) or the
long form (e.g. HBII-295), while a minority was found ex-
pressed as both forms (e.g. U15B) or neither as long nor
as short forms (Figure 1C and Supplementary File 1, Fig-
ure S4A). These findings were also seen by northern blot for
two snoRNAs chosen for validation. U31 is detected only
as a short form by RNA-seq and is present as one band by
northern blot, and snR39B is detected as both a long and
a short form by RNA-seq and is present as two bands by
northern blot (Supplementary File 1, Figures S5 and S6).
This snoRNA-specific distribution of 5" and 3’ ends sug-
gests that the difference between snoRNA forms is gener-
ated through specific processing pathways and not random
processing heterogeneity. Indeed, the exact snoRNA forms
are well conserved across the four cell lines considered re-
gardless of their tissular origin and proliferative potential
(Supplementary File 1, Figure S4B).

Extension of snoRNA 5’ and 3’ ends increases the stability of
the external stem structure

To understand the relevance of the different snoRNA
forms, we investigated their structural and functional dif-
ferences and their impact if any on the basic features of

box C/D snoRNA. As summarized in Figure 2A, no sig-
nificant differences between the long and short forms were
found in the consensus sequences of boxes C and D, or in
their k-turn characteristics as defined in Figure 1A. How-
ever, the external stem, which is expected to increase the
stability of the k-turn motif and believed to be important
for canonical snoRNP assembly (17,61,62), is significantly
shorter in snoRNAgy (P-value < 10~* by Kolmogorov—
Smirnov goodness-of-fit test). As shown in Figure 2B and C,
while 30% of snoRNAs produced only as short forms have
no external stem (i.e. 0 or 1 consecutive paired residues in
this region), over 75% of snoRNAs produced only as long
forms have a stem of over five base pairs and many extend
well passed the end of the actual mature snoRNA (but are
present in the genomic DNA and could be present as long
stems before the snoRNA 1is excised and processed from
the intron). Thermodynamic analyses using mfold (63) on
a small number of snoRNAs produced as both long and
short forms indicate that the longer forms have an aver-
age 4 kcal/mol lower free energy than the shorter forms,
when folding to form k-turns (e.g. compare Supplementary
Filel, Figure S7A and B, D and E as well as G and H). The
short forms are often more likely to fold in a way that max-
imizes canonical base pairing, but makes k-turn formation
unlikely (e.g. Supplementary File 1, Figure S7C, F and I).
Therefore, the long snoRNA forms are more likely to pre-
serve the structure of the k-turn motif needed for the as-
sembly of core snoRNA proteins, such as NOP58, than the
short form.

Depletion of NOPS8 preferentially inhibits the expression of
the box C/D snoRNA long form

Since the snoRNA forms appear to exhibit differences in
the stability of the k-turn motif required for the assem-
bly of the NOP58 associated protein complex, we inves-
tigated the impact of depleting this protein on the abun-
dance of the different snoRNA forms. NOP58 is essential
for the accumulation and stability of canonical box C/D
snoRNAs (16,21,64,65) and thus its depletion should in-
hibit the expression of all box C/D snoRNAs. Accordingly,
NOPS8 was knocked down in the ovarian cancer model
cell line SKOV3ipl using two independent siRNAs and
the resulting RNA was sequenced and compared to that
extracted from mock-transfected cells. As expected, box
H/ACA snoRNAs, miRNAs and tRNAs, which do not in-
teract with NOPSS, were not affected by the KD of NOPS58
(Figure 3A). A subset of 13 box C/D snoRNAs are strongly
affected by the KD of NOPS58 (overall decrease in abun-
dance of more than 2-fold following NOP58 depletion, con-
sidering all forms of the snoRNA together). However, a sig-
nificant proportion of box C/D snoRNAs are not strongly
affected by the KD of NOPS3S.

The effect of the NOPSS8 depletion is better understood
when snoRNA| and snoRNAgy are considered separately.
The abundance distributions of snoRNA| and snoRNAgy
are significantly different following the depletion of NOPS58
(P-value < 108 by one-tailed Kolmogorov—Smirnov test)
and while most of the long snoRNA forms are affected
by the NOPS58 KD, the majority of the short forms are
not (Figure 3B). Indeed, the expression of over 70% of



Table 1. Sequencing alignment statistics

Nucleic Acids Research, 2014, Vol. 42, No. 15 10081

Number of aligned read

Dataset pairs Percentage of reads aligned to

C/D H/ACA

snoRNA  snoRNA  scaRNA  miRNA snRNA YRNA tRNA rRNA
SKOV3ipl repl 16660014 50 0.82 0.13 12 0.13 0.14 2.6 29
SKOV3ipl rep2 14925302 52 0.82 0.12 12 0.14 0.15 2.0 28
MCF7 repl 21538622 53 0.79 0.28 6.1 0.089 0.16 1.4 35
MCFT7 rep2 19362058 54 0.78 0.27 5.7 0.092 0.15 1.4 35
BJ-Tielf repl 17557177 56 0.95 0.16 9.9 0.095 0.24 5.9 27
BJ-Tielf rep2 17373969 54 0.95 0.17 10 0.084 0.23 5.9 29
INOF repl 16716777 37 0.59 0.11 14 0.099 0.20 29 42
INOF rep2 16663938 38 0.63 0.12 14 0.097 0.19 2.7 40

snoRNAgp is either increased or not affected by the NOPS5§
depletion, while the expression of 63% of snoRNA¢y is
downregulated by 1.5-fold or more. Forty-five snoRNA
forms are negatively affected more than 2-fold in the NOP58
depletion (listed in Supplementary File 1, Figure S8). The
small number of other box C/D snoRNA forms that do
not correspond to the definition of either the short or long
forms did not show preferential NOPS58 effects. The great
majority of these other snoRNAs are either at least as short
if not shorter than the snoRNAgy for both of their ends, or
at least as long if not longer than the snoRNA[ for both of
their ends.

The form-specific effect of the NOP58 depletion was con-
firmed by northern blot for snR39B, which is expressed as
both a long and a short form. Corroborating the results ob-
tained by RNA-seq analysis, northern blot analysis showed
the long form to be negatively affected by the NOP58 KD
while the short form is unaffected (Supplementary File 1,
Figure S5). Collectively, these data indicate that NOPSS is
important for the stability of some but not all box C/D
snoRNAs and that snoRNAs most strongly affected by the
depletion of NOPS58 are predominantly produced with long
ends.

The RNA binding protein RBFOX2 is required for the expres-
sion of some short form snoRNA

The insensitivity of snoRNAgy to NOPSS8 depletion sug-
gests that this group of snoRNAs uses a different or par-
tially altered set of protein factors to form a stable snoRNA
complex. To investigate this possibility, we examined the
effect of proteins implicated in RNA processing and sta-
bility on snoRNAgy expression by KD of these proteins.
Surprisingly, out of eight different ribonucleases and RNA
binding proteins tested (single KD of NOP58, RBFOX2,
QKI, Drosha, Dicer and DGCRS, as well as double KD
of XRN1 and XRN2, as well as of DDX47 and EX-
OSC10), only NOP58 and RBFOX2 showed a significant
and widespread snoRNA-specific effect (Figures 3 and 4
and data not shown). RBFOX2 is a splicing factor (66—70)
that is not considered to be a component of the canonical
snoRNP complex but instead was shown to physically in-
teract with and stabilize the precursors of the large HBII-
85 box C/D snoRNA family (44). As shown in Figure 4A,
the RBFOX2 depletion reduced the expression of a spe-
cific subset of box C/D and H/ACA snoRNAs without af-
fecting the overall expression levels of most small RNAs.

Interestingly, in complete opposite to the NOPS8 deple-
tion shown in Figure 3B, the RBFOX2 depletion preferen-
tially decreases the abundance of snoRNAgy (Figure 4B).
Once again, snoRNA| and snoRNAgy display significantly
different abundance distributions following the depletion
of RBFOX2 (P-value < 10~® by one-tailed Kolmogorov—
Smirnov test). The C/D snoRNAs with forms most strongly
affected by the depletion of RBFOX2 are shown in Sup-
plementary File 1, Figure S9. Close scrutiny of individ-
ual snoRNA forms indicates that the great majority are ei-
ther affected by the RBFOX2 or NOP58 depletions or af-
fected by neither, but very few are affected by both (for ex-
amples see Figure 5). In general, NOPS58 affects snoRNA
producing the long form (e.g. HBII-82, Figure 5A), while
RBFOX2 affects snoRNA producing the short form (e.g.
U84, Figure 5B). Strikingly, in the case of snoRNAs ex-
pressing both short and long forms, the NOP58 KD typi-
cally affects specifically only the long form, while the RB-
FOX2 depletion only affects the short form (e.g. U26 in Fig-
ure 5C). Three box C/D snoRNAs expressing both a long
form strongly affected by the depletion of NOP58 and a
short form strongly affected by the depletion of RBFOX2
were identified: U15B, U26 and SNORDI126. The analy-
sis of their predicted secondary structure (Supplementary
File 1, Figure S7) indicates that the minimum free energy
of the long form with likely k-turn formation is on av-
erage 3.9 +/—0.8 kcal/mol lower than the minimum free
energy of the short form with likely k-turn formation. In
all three cases, other predicted secondary structures of the
short form were also predicted with strong canonical pair-
ing in the box C and box D region and lower minimum free
energy than the short k-turn form (Supplementary File 1,
Figure S7), suggesting that the short forms are more likely
to fold maximizing the canonical pairing than favoring the
k-turn formation. We conclude that the differences between
the forms of box C/D snoRNAs alter their protein interac-
tions and possibly the nature of their mature snoRNP com-
plex.

NOPS58 and RBFOX2 affect snoRNAs with different struc-
ture and genomic position

The distinct effects of NOP58 and RBFOX2 on box C/D
snoRNA suggest that snoRNAs displaying different ge-
nomic characteristics may form snoRNP complexes with
distinct protein requirement. To further examine this pos-
sibility, we compared the genomic location and precursor
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Figure 6. Intronic snoRNA processing model. (A) Intronic snoRNAs dis-
playing canonical features including a strong k-turn and/or proximity to
the downstream exon are more likely to follow the canonical processing
pathway including dependency on core box C/D snoRNP proteins such as
NOP58. (B) In contrast, snoRNAs displaying non-canonical features are
more likely to depend on non-canonical snoRNA binding proteins such as
RBFOX2.

structure of NOP58- and RBFOX2-dependent snoRNAs.
In accordance with results described above, only 39% of the
individual forms affected by the NOP58 depletion are short,
while 95% of those affected by the RBFOX2 depletion are
short (Supplementary File 1, Figure S10). This indicates
that these proteins affect distinct subsets of box C/D snoR-
NAs. In general, NOP58-sensitive snoRNAs display higher
count and form diversity than those affected by RBFOX2
(Supplementary File 1, Figures S7-S9). This supports the
more general role of NOP58 in snoRNA biogenesis and
suggests that RBFOX2 has more specialized functions af-
fecting a small subset of snoRNA. In addition, NOP58 and
RBFOX2 appear to affect snoRNAs produced via differ-
ent processing pathways. NOP58-dependent snoRNAs typ-

ically form a strong terminal stem extending within the in-
tronic sequence and are located in close proximity (<150
nt) to the nearest downstream exon, both characteristics of
snoRNAs produced through the canonical processing path-
way (18). In contrast, 71% of snoRNAs affected by the de-
pletion of RBFOX2 either have short or no terminal stems
(< = 4bp) or are found more than 150 nt away from the
nearest downstream exon (Supplementary File 1, Figure
S10 right column). Overall, the data suggest that the ma-
jority of RBFOX2- and NOP58-dependent snoRNAs have
different structural requirements for processing and biogen-
esis.

DISCUSSION

Classical approaches for the study of snoRNA structure
and function (e.g. northern blot, low-throughput sequenc-
ing of individual snoRNAs) have led us to believe that a
given snoRNA is always recognized in the same way and
processed /bound by the same interactors, generating a sin-
gle functional molecule. In contrast, the genome scale anal-
ysis of snoRNA presented here suggests otherwise. Box
C/D snoRNAs are produced as specific and distinct forms
that are conserved in different cell lines (Figure 1 and Sup-
plementary File 1, Figure S4) and affected by different
factors (Figures 3 and 4), which cannot be explained by
stochastic differences in processing events. Indeed, compar-
ison between normal and cancer cell lines indicates that
while snoRNAs are generally overexpressed in cancer, their
processing pattern and the relative form distribution is
highly conserved (Figure 1 and Supplementary File 1, Fig-
ures S3 and S4). Most box C/D snoRNAs detected in this
study are found in one of two forms: (i) the long form, which
consists of snoRNAs starting between 5 and 6 nt before the
box C and ending between 4 and 5 nt after the box D and
(1) the short form, which is defined as snoRNAs starting
4 or 5 nt before the box C and ending 2 or 3 nt after the
box D. The long forms are more likely to display canoni-
cal snoRNA features, such as long terminal stems, location
near the 3’ splice site of the host intron and dependency on
core snoRNA binding proteins (e.g. NOP58). In contrast,
most short snoRNAs are NOP58 independent, fewer have
validated targets and a subset requires non-core snoRNA
binding proteins like RBFOX2 for expression. These obser-
vations indicate that snoRNAs are expressed in subclasses
with varying processing and functional preference and un-
derscore the importance of the 5" and 3’ end sequences for
snoRNA biogenesis and function.

The sequence and functions of most snoRNAs are con-
served but their genomic location and expression patterns
vary between species. In yeast most snoRNAs are tran-
scribed from independent promoters, while in human they
are excised from the introns of host genes (71). Studies using
model snoRNAs have shown that the processing pathways
of intronic snoRNAs depend on their location within the
host gene (18,72,73). snoRNAs located ~75 nt upstream
of a 3 splice site are efficiently processed in a splicing-
dependent manner, while those further upstream require ex-
tended terminal stems for splicing-independent processing
(18,72,73). Consistently, the results of this study indicate
that all but four of the 45 snoRNAs following the canoni-



cal processing pathway, as judged by their dependency on
NOP58, are either near the 3’ splice site, possess an ex-
tended terminal stem or exhibit both features (Supplemen-
tary Data File 2). In contrast, snoRNAs that do not exhibit
these canonical features do not require NOP58 and instead
some require the expression of the splicing factor RBFOX2.

Many snoRNAs have previously been found bound to
RBFOX2 suggesting that RBFOX2 might affect their mat-
uration. Indeed, an RBFOX2 cross-linking immunoprecip-
itation coupled with high-throughput sequencing (CLIP-
seq) dataset (70) identified many reads mapping to snoR-
NAs (Supplementary File 1, Figure S11). The interaction
between RBFOX2 and snoRNAs appears to be specific
since a much larger proportion of CLIP-seq reads map to
snoRNAs than to mRNAs or even miRNAs, which origi-
nate from precursors of a size similar to snoRNAs and like
snoRNAs, are also highly abundant (Supplementary File
1, Figure S11). Furthermore, one of the most strongly en-
riched RBFOX2 consensus sequences, GUGAUG, (70) re-
sembles the sequence of the box C (RUGAUGA). It is not
clear at this stage whether RBFOX2 forms a stable com-
plex with snoRNAs or transiently binds these snoRNAs
during splicing and biogenesis. However, unlike NOPS58,
RBFOX2-dependent snoRNAs are more likely to be lo-
cated away from splice sites (Supplementary File 1, Fig-
ure S10) and thus do not overlap with the regions harbor-
ing the RBFOX2 binding motifs affecting the splicing deci-
sion (70). In addition, RBFOX2-dependent snoRNAs are
not enriched in introns flanking RBFOX2-regulated exons
(data not shown). Together these observations suggest that
the regulatory role of RBFOX2 in alternative splicing is not
strictly linked to its role in snoRNA biogenesis.

The data obtained in this study suggest a snoRNA pro-
cessing model (Figure 6) where snoRNAs forming a k-turn
motif stabilized by a long terminal stem, and typically lo-
cated close to a 3’ splice site, are likely to bind to the NOP58
complex leading to the formation of canonical snoRNPs
that mostly target rRNA for modification. In cases where
the k-turn is unstable (e.g. snoRNAgy) and the snoRNA is
positioned further upstream from the 3’ splice site, binding
of the NOP58 complex becomes less efficient, making the
snoRNA available for association with other protein fac-
tors like RBFOX2. According to this model, non-canonical
snoRNAs that do not have conventional targets or activity
are more likely to be generated by an alternative process-
ing mechanism independent of the snoRNP core proteins
that obligatorily associate with NOP58. This group of non-
canonical snoRNAs may include those serving as precur-
sors for miRNAs or involved in rRNA independent func-
tions such as splicing regulation and chromatin modulation
(30,32,35-37,74-76). Many of these snoRNAs are not af-
fected by either NOP58 or RBFOX2 depletions, suggest-
ing that other protein factors might be involved in forming
specific subclasses of snoRNAs. Detailed analysis of the ef-
fects of different RNA binding proteins on snoRNA may
shed light on the breadth and depth of the snoRNA super
family. Meanwhile, the data presented here provide a clear
example of snoRNA subclasses and challenges the notion
that all box C/D snoRNAs are obligatorily dependent on
core snoRNA binding proteins.
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