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Abstract

associated proteins.

efficiently incorporated into the Ago2 protein.

Background: In recent years, a variety of small RNAs derived from other RNAs with well-known functions such as
tRNAs and snoRNAs, have been identified. The functional relevance of these RNAs is largely unknown. To gain
insight into the complexity of snoRNA processing and the functional relevance of snoRNA-derived small RNAs, we
sequence long and short RNAs, small RNAs that co-precipitate with the Argonaute 2 protein and RNA fragments
obtained in photoreactive nucleotide-enhanced crosslinking and immunoprecipitation (PAR-CLIP) of core snoRNA-

Results: Analysis of these data sets reveals that many loci in the human genome reproducibly give rise to C/D
box-like snoRNAs, whose expression and evolutionary conservation are typically less pronounced relative to the
snoRNAs that are currently cataloged. We further find that virtually all C/D box snoRNAs are specifically processed
inside the regions of terminal complementarity, retaining in the mature form only 4-5 nucleotides upstream of the
C box and 2-5 nucleotides downstream of the D box. Sequencing of the total and Argonaute 2-associated
populations of small RNAs reveals that despite their cellular abundance, C/D box-derived small RNAs are not

Conclusions: We conclude that the human genome encodes a large number of snoRNAs that are processed
along the canonical pathway and expressed at relatively low levels. Generation of snoRNA-derived processing
products with alternative, particularly miRNA-like, functions appears to be uncommon.

Background

Small nucleolar RNAs (snoRNAs) are a specific class of
small non-protein coding RNAs that are best known for
their function as guides of modifications (2’-O-methylation
and pseudouridylation) of other non-protein coding RNAs
such as ribosomal, small nuclear and transfer RNAs
(rRNAs, snRNAs and tRNAs, respectively) [1-3]. Based on
sequence and structural features, snoRNAs are divided
into two classes. C/D box snoRNAs share the consensus C
(RUGAUGA, R = A or G) and D (CUGA) box motifs,
which are brought into close proximity by short regions of
complementarity between the snoRNA 5’ and 3’ ends [4,5]
and are bound by the four core proteins of the small ribo-
nucleoprotein complex (snoRNP), namely 15.5K, NOP56,
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NOP58 and Fibrillarin (FBL) [6-8] during snoRNA
maturation. Fibrillarin is the methyltransferase that cata-
lyzes the 2’-O-methylation of the ribose in target RNAs
[9]. Most C/D box snoRNAs also contain additional con-
served C’ and D’ motifs located in the central region of the
snoRNA. The other class of snoRNAs is defined by a dou-
ble-hairpin structure with two single-stranded H (ANA-
NNA, N = A, C, G or U) and ACA box domains [10], and
are therefore called H/ACA box snoRNAs. They associate
with four conserved proteins, Dyskerin (DKC1), Nhp2,
Nop10 and Garl, to form snoRNPs that are functionally
active in pseudouridylation. Although all four H/ACA pro-
teins are necessary for efficient pseudouridylation [10], it is
Dyskerin that provides the pseudouridine synthase activity
[11]. While H/ACA and C/D box snoRNAs accumulate in
the nucleolus, some snoRNAs reside in the nucleoplasmic
Cajal bodies (CBs) where they guide modifications of
snRNAs [2] and are called small Cajal body-specific RNAs
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(scaRNAs). In addition to the typical H/ACA snoRNA fea-
tures, vertebrate H/ACA box scaRNAs carry a CB localiza-
tion signal called CAB box (UGAG) in the loop of their 5’
and/or 3’ hairpins [12].

Immediately upstream of the D box and/or the D’ box,
C/D box snoRNAs contain 10 to 21 nucleotide-long
antisense elements that are complementary to sites in
their target RNAs [13-15]. The nucleotide in the target
RNA that is complementary to the fifth nucleotide
upstream from the D/D’ box of the snoRNA is targeted
for 2’-O-methylation by the snoRNP [14,15]. H/ACA
box snoRNAs contain two antisense elements termed
pseudouridylation pockets, located in the 5" and 3’ hair-
pin domains of the snoRNA [16,17]. Substrate uridines
are selected through base-pairing interactions between
the pseudouridylation pocket and target RNA sequences
that flank the targeted uridine.

Deep-sequencing studies revealed a surprising diver-
sity of small RNAs derived from non-coding RNAs
(ncRNAs) known as small derived RNAs (sdRNAs) with
well-established functions such as tRNAs [18,19], Y RNAs
[20], vault RNAs [21], ribosomal RNAs [22], spliceosomal
RNAs [23] and snoRNAs [24-26]. In fact, the profile of
sequenced reads observed for some of these small RNA
species are very characteristic and have even been used for
ncRNA gene finding based on sequencing data [27,28].
The majority of C/D box and H/ACA snoRNAs seems to
be extensively processed, producing stable small RNAs
from the termini of the mature snoRNA [29] and the pro-
cessing pattern is conserved across cell types [30]. Thus, it
appears that snoRNAs are versatile molecules that give
rise to snoRNA-derived miRNAs [24,31], other small
RNAs [25,29] or longer processing fragments [32].

To gain insight into the complexity of snoRNA proces-
sing and the functional relevance of the derived sdRNAs,
we undertook a comprehensive characterization of pro-
ducts generated from snoRNA loci, combining high-
throughput sequencing of long and short RNA fragments
with photoactivatable-ribonucleoside-enhanced cross-
linking and immunoprecipitation (PAR-CLIP) of core
snoRNA-associated proteins and with data from Argo-
naute 2 (Ago2) immunoprecipitation sequencing (IP-seq)
experiments. We found that many loci in the human gen-
ome can give rise to C/D box-like snoRNAs. Among
the novel snoRNAs that we identified are very short
sequences, extending little beyond the C and D boxes,
which are essential for the binding of core snoRNA pro-
teins. Compared to the snoRNAs that are already known,
the novel snoRNA candidates exhibit a lower level of
evolutionary conservation and a lower expression level.
These findings indicate that the C/D box snoRNA struc-
ture evolves relatively easily and that C/D box snoRNA-
like molecules are produced from many more genomic
loci than are currently annotated. We further found that
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C/D box snoRNAs are very specifically processed inside
the regions of terminal complementarity, retaining in the
mature form only four to five nucleotides upstream of
the C box and two to five nucleotides downstream of the
D box. Sequencing of the small RNA population as well
as of the small RNAs isolated after Ago2 immunoprecipi-
tation revealed that despite their cellular abundance, C/D
box-derived small RNAs are not efficiently incorporated
into the Ago2 protein. Our extensive data thus indicate
that, contrary to previous suggestions [25,33], snoRNA-
derived small RNAs that carry out non-canonical, parti-
cularly miRNA-like, functions are rare.

Results
PAR-CLIP of C/D box and H/ACA box snoRNP core
proteins identifies their RNA binding partners
To investigate the RNA population comprehensively that
associates with both C/D box and H/ACA box small
nucleolar ribonucleoproteins we performed PAR-CLIP as
previously described [34] with antibodies against the endo-
genous Fibrillarin (FBL), NOP58 and Dyskerin (DKC1)
proteins, in HEK293 cells (for details see Materials and
methods). For NOP56 we used a stable cell line expressing
FLAG-tagged NOP56 and anti-FLAG antibodies. Because
we recently found that the choice of the ribonuclease and
reaction conditions influences the set of binding sites
obtained through cross-linking and immunoprecipitation
(CLIP) [35], we also generated a Fibrillarin PAR-CLIP
library employing partial digestion with micrococcal
nuclease (MNase) instead of RNase T1. PAR-CLIP
libraries were sequenced on Illumina sequencers, mapped
and annotated through the CLIPZ web server [36]. The
obtained libraries were comparable to those from previous
PAR-CLIP studies in terms of size, rates of mapping to
genome and proportion of cross-link-indicative T—C
mutations (Table 1). The DKC1 PAR-CLIP library shows
a lower frequency of T—C mutations compared to all
other libraries, but T—C mutations were still the most
frequent in this library as well (data not shown).
Compared to the libraries that we previously generated
for HuR and Ago2 [35], two proteins whose primary targets
are mRNAs, we found that snoRNAs, rRNAs and snRNAs
were strongly enriched in PAR-CLIP libraries generated for
the snoRNP core proteins (Table 1). The fact that not only
snoRNAs but also the primary targets of snoRNAs, namely
ribosomal RNAs and small nuclear RNAs, are enriched in
these samples suggests that like Ago2 cross-linking, which
captures both miRNAs and their targets [34,35], cross-link-
ing of core snoRNPs efficiently captures both snoRNAs and
targets. To quantify the specificity of our PAR-CLIP
libraries, we intersected the 200 clusters with the highest
read density per nucleotide from each library with curated
snoRNA gene annotations based on snoRNA-LBME-db
[37] (Table 2). Currently, snoRNA-LBME-db lists about
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Table 1 Summary of CLIPZ mapping statistics and annotation categories for PAR-CLIP samples.

Feature FBL FBL NOP56 NOP58 NOP58 DKC1 Ago2 HuR
(MNase) rep A rep B rep A rep A
Mapping rate 6047%  73.3% 26.6% 41.4% 46.6% 47.5% 67.9% 72.4%
Library size 3,755,090 7,396,138 2,789,209 3,678,032 3,798,895 7,727,966 5,899,130 5,491,479
T—C mutations among all observed 64.8% 57.7% 48.6% 67.9% 73.0% 19.7% 55.8% 58.8%
mutations
snoRNAs 3379%  31.55% 2995%  39.05% 44.10% 1313%  0.18% 0.01%
SNRNAs 2087%  33.17% 1545%  22.36% 25.60% 10.18%  0.28% 0.02%
rRNAs 1864%  13.83% 8.12% 742% 7.16% 1553%  1.07% 0.17%
mMRNAs 14.47% 11.61% 22.27% 19.42% 15.14% 17.40% 50.07% 47.87%
Repeats 6.42% 1.60% 1551%  6.08% 3.36% 1839%  11.29% 42.08%
tRNAs 1.57% 267% 244% 0.99% 0.57% 5.10% 0.75% 0.14%
miRNAs 0.07% 0.18% 0.02% 0.01% 0.01% 0.05% 2041% 00.00%
Other Categories 2.74% 3.66% 3.01% 2.98% 2.78% 2.80% 3.86% 1.99%
No annotation 143% 1.74% 321% 1.69% 1.27% 1743%  12.10% 7.71%

Ago2: Argonaute 2; DKC1: Dyskerin; FBL: Fibrillarin; miRNA: micro RNA; MNase: micrococcal nuclease; PAR-CLIP: photoactivatable-ribonucleoside-enhanced
cross-linking and immunoprecipitation; rRNA: ribosomal RNA; snoRNA: small nucleolar RNA; snRNA: small nuclear RNA; tRNA: transfer RNA

153 human C/D box snoRNA loci and 108 human H/ACA
box snoRNA loci that are known to be ubiquitously
expressed. For each of the C/D box specific PAR-CLIP
libraries, more than 100 of the top 200 clusters could be
assigned to C/D box snoRNAs indicating the specificity of
our CLIP experiments and the broad coverage of the
snoRNA genes by the sequencing reads obtained from
HEK293 cells. The Dyskerin PAR-CLIP data set showed
a weaker enrichment in snoRNAs compared to the data
sets for the core C/D box-specific proteins, with 57% of all
known H/ACA box snoRNAs being represented among the
200 top-ranking clusters. scaRNAs were detected in both
H/ACA box and C/D box specific libraries, as expected
because many scaRNAs have both C/D box and H/ACA
box elements. Finally, minor fractions of H/ACA box snoR-
NAs were also found in PAR-CLIP libraries of the C/D
box-specific proteins, and vice versa. This could be caused
by the close spatial arrangement of snoRNPs on the target
molecule, or could indicate that H/ACA box snoRNAs
and C/D box snoRNAs guide modifications on each other.

Binding patterns of core proteins on snoRNAs

As mentioned in the introduction, both C/D box and H/
ACA box snoRNAs carry very specific functional sequence
and structure elements, which are recognized by the
snoRNP core proteins. We thus asked whether different
C/D box core proteins have distinct preferences in binding
different regions of the C/D box snoRNAs. Figure 1A
depicts PAR-CLIP read profiles along selected snoRNA
genes (profiles for all scaRNA and snoRNA genes are in
Additional file 1). Both C/D box core proteins as well as
the H/ACA box specific Dyskerin bind to SCARNAG6,
which has a hybrid structure composed of both C/D box
and H/ACA box elements. However, while the CLIP reads
from the Fibrillarin, NOP56 and NOP58 samples cover
the C and D box motifs, Dyskerin was preferentially cross-
linked to the H-box motif and to the 5’ end of the first H/
ACA box stem. For the C/D box snoRNAs, different
snoRNA core proteins gave very similar cross-linking pat-
terns (Figure 1B), which we quantified through the corre-
lation coefficient between read densities obtained along

Table 2 Annotation summary of the top 200 clusters inferred from PAR-CLIP experiments with snoRNA core proteins.

PAR-CLIP library C/D box snoRNAs H/ACA box snoRNAs scaRNAs mRNA exons Other

FBL 123 (61.5%) 9 (4.5%) 10 (5.0%) 5 (2.5%) 53 (26.5%)
FBL (MNase) 106 (53.0%) 16 (8.0%) 10 (5.0%) 26 (13.0%) 42 (21.0%)
NOP56 115 (57.5%) 28 (14.0%) 15 (7.5%) 2 (1.0%) 40 (20.0%)
NOP58 rep A 114 (57.0%) 14 (7.0%) 10 (5.0%) 9 (4.5%) 52 (26.0%)
NOP58 rep B 125 (62.5%) 4 (2.0%) 10 (5.0%) 9 (4.5%) 52 (26.0%)
DKC1 11 (5.5%) 62 (32.0%) 18 (9.0%) 7 (3.5%) 102 (51.0%)
Ago2 rep A 0 (0.0%) 0 (0.0%) 1(0.5%) 59 (29.5%) 140 (70.0%)
HuR rep A 0 (0.0%) 0 (0.0%) 0 (0.0%) 117 (58.5%) 83 (41.5%)

Ago2: Argonaute 2; DKC1: Dyskerin; FBL: Fibrillarin; MNase: micrococcal nuclease; PAR-CLIP: photoactivatable-ribonucleoside-enhanced cross-linking and
immunoprecipitation; scaRNA: small Cajal body-specific RNA; snoRNA: small nucleolar RNA;
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Figure 1 Summary of PAR-CLIP data of snoRNP core proteins. (A) Profiles of sequencing reads obtained from PAR-CLIP experiments for selected
snoRNAs. Black bars in the profiles indicate the number of T—>C mutations observed in PAR-CLIP reads at a particular nucleotide. (B) Similarity of
binding profiles of core proteins that associate with C/D box snoRNAs. (C) Comparison of protein binding profiles as inferred from RNase T1-treated
and MNase-treated PAR-CLIP samples. (D, E) Preferential binding of Fibrillarin to box elements as inferred from PAR-CLIP samples prepared with T1 (D)
and MNase ribonucleases (E). (F) Comparison of binding preferences at D/D box elements and guide regions for snoRNAs with and without a known
target. (G) Analysis of binding preferences of Dyskerin for H/ACA box snoRNA-specific elements. D, E, F and G show the cumulative distributions of
CLIP read coverage z-scores for nucleotides located in various regions of the snoRNA relative to the overall coverage of the snoRNA. CLIP: cross-linking
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snoRNA: small nucleolar RNA; snoRNP: small nucleolar ribonucleoprotein.
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individual snoRNAs in pairs of samples. Comparing
NOP58 to Fibrillarin and NOP56 we found that 109 (78%)
and 111 (80%) snoRNA genes had a correlation coefficient
of at least 0.9. To put this in perspective, between biologi-
cal replicates of NOP58, 130 out of 139 snoRNAs investi-
gated have a correlation coefficient of at least 0.9. This
indicates that Fibrillarin, NOP56 and NOP58 form a tight
complex that contacts the snoRNA. As noticed before,
however [35], the nuclease treatment has a strong influence
on the relative number of tags obtained from different
positions along a snoRNA (Figure 1C). Only 19 snoRNA
genes (14%) show a correlation = 0.90 in their tag profiles
obtained with RNase T1- and MNase-treated Fibrillarin
PAR-CLIP samples, reflecting the fact that T1 nuclease is
more efficient and generates a more biased position-depen-
dent distribution of reads than MNase (Figure 1A). Figures
1D and Figure 1E summarize these results, showing that
nucleotides in D’ boxes are most frequently cross-linked,
followed by nucleotides in the C’ and C boxes, and then by
nucleotides in the D box and in the rest of the snoRNA.
MNase treatment in particular results in very poor cover-
age of the D box. On the other hand, we observed gene-
specific differences in the binding of the core proteins. For
example, SNORD20 only shows a peak of CLIP reads at
the D box, SNORD30 only at the C box, while SNORD76
has peaks at both C and D boxes (Figure 1A).

We further asked whether the binding pattern of Fibril-
larin reflected in the abundance of CLIP reads differs
between guide regions of the snoRNAs that have a target
annotated in snoRNA-LBME-db and orphan guide
regions. For guide regions, we took the nine nucleotides
upstream of the D and D’ boxes and as a reference we
compared the coverage of the D and D’ boxes themselves
(Figure 1F). We found that guide regions with a known
target and their associated D/D’ boxes generally have a
higher coverage compared to those that are orphan (70%
compared to 40% positive z-scores of the average coverage
per position in the guide region relative to the entire
snoRNA, Figure 1G). This could indicate that the binding
to the target renders the snoRNA-core protein complex
more accessible to cross-linking.

For H/ACA box snoRNAs we found that Dyskerin
strongly prefers the H box nucleotides (Figure 1G), which
in 70% of the snoRNAs have a positive z-score for cover-
age compared to the entire snoRNA. This is expected
because these snoRNAs are highly structured, with most
nucleotides being engaged in base pairs in the two hairpin
stems and a few nucleotides are free to interact with the
proteins.

Identification of novel snoRNA genes from PAR-CLIP and
small RNA sequencing

We screened the top 500 clusters from each PAR-CLIP
library that did not overlap with known ncRNAs, mRNAs
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or repeat elements for potentially novel snoRNA genes.
To identify H/ACA box genes we employed the SnoRe-
port program [38], while for C/D box snoRNA detection
we applied a custom approach searching for a C box motif
(RUGAUGA, R = A or G; allowing one mismatch) at the
5 end and a D box motif (MUGA, M = A or C) at the 3’
end, requiring that a terminal stem of at least four canoni-
cal base pairs can be formed by the nucleotides flanking
the C and D boxes. We combined these computational
screens with isolation and sequencing of the 20 to 200
nucleotide RNA fraction from HEK293 cells, which pro-
vides evidence for expression of the predicted snoRNAs.
Requiring a minimal average coverage per nucleotide of at
least 1 tag per million (TPM) in least one type-specific
CLIP library as well as in the small RNA-seq library, we
identified 77 and 20 putative C/D and H/ACA box snoR-
NAs, respectively (Additional files 2 and 3). We addition-
ally screened 14 distinct small RNA sequence libraries
from the recently released ENCODE data [39] and found
that more than 75% of our putative C/D box snoRNAs
were detected in at least one cell type other than HEK293
(see Additional file 4). We further tested the expression of
the 20 most abundantly sequenced candidate snoRNAs by
Northern blotting (see Additional file 5). Nine of the
twenty candidates were also detectable in this assay, while
an additional nine C/D box snoRNAs are supported by
the ENCODE data (see Additional file 4).

To determine whether the candidates we identified as
described are entirely novel snoRNA genes or so far unde-
scribed homologs of known snoRNAs, we performed a
BLAST search against the snoRNA genes from snoRNA-
LBME-db (requiring an E-value < 107%). We further com-
pared the loci of the putative snoRNAs with the snoRNA
annotation available in ENSEMBL release 65 [40], which is
based on automatic annotation with sequence/structure
models available in the Rfam database [41]. Out of the 20
H/ACA box snoRNA candidates, 18 show sequence or
structural homology to known snoRNAs, while candidates
ZL4 (annotated as nc053 in [42], but not classified as a
snoRNA by the authors) and ZL36 appear to be novel
H/ACA box snoRNAs without a known homolog.
The homology search additionally revealed that ZL4 is
conserved until Xenopus tropicalis.

Of the 77 C/D box snoRNAs, only seven showed
sequence homology to known C/D box snoRNA genes,
but in one case (ZL1) the homology consisted solely of a
long GU-rich region. The evolutionary conservation of
the guide regions of five of these snoRNAs (ZL11, ZL109,
71126, ZL127 and ZL132) suggests that they target the
same nucleotides on ribosomal RNA as their homologs.
A sixth snoRNA, ZL142, appears to be a human homolog
of the GGN68 snoRNA of chickens [43,44]. An additional
comparison with the results of another large snoRNA
analysis [45], revealed that ZL2 and ZL107 have been
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previously described as SNORD41B and Z39, respectively.
In order to further characterize the 69 potentially novel
C/D box snoRNAs (including ZL1, which only had homol-
ogy with a known snoRNA in a GU-rich region), we first
asked whether their C and D boxes are evolutionarily con-
served (Additional file 1). To this end, we computed their
average position-wise phastCons scores [46], which we
obtained from the UCSC genome browser. Five candidates
including ZL1 showed an average phastCons score per
nucleotide higher than 0.25 for C and D box nucleotides.
A comprehensive homology search of vertebrate genomes
allowed us to trace the evolutionary origin of these snoR-
NAs and to annotate C’ and D’ boxes as well as putative
guide regions based on sequence conservation. ZL1 is
highly conserved in vertebrates including Petromyzon
marinus, while for ZL5, ZL6, ZL8 and ZL24 we were not
able to retrieve any homologs outside of mammals.

The remaining C/D box snoRNAs show overall weak
conservation in mammals and in primates (Additional
file 1). The C’ and D’ box elements of these snoRNAs,
which are typically more variable in sequence, were parti-
cularly difficult to annotate without supporting evidence
from evolutionary conservation. Because it is not clear
that these snoRNAs have a C-D’-C’-D box architecture,
we refer to them as C/D box-like. The small RNA
sequence data indicates that these C/D box-like snoRNAs
are only weakly expressed (Additional file 6). Interest-
ingly, while the shortest C/D box snoRNA that has been
characterized so far is SNORD49B, which has 48 nucleo-
tides, 23 of our C/D box-like snoRNAs are even shorter.
Figure 2 depicts PAR-CLIP tags and small RNA-seq
reads for four of these snoRNAs which we called mini-
snoRNAs. ZL77 is among the shortest, with 27 nucleotides
in length, and only 7 nucleotides available as a potential
guide region between the C and D boxes, while ZL49 and
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ZL103 are slightly longer (14 and 15 nucleotides between
the C and D boxes). Another mini-snoRNA, ZL63, gener-
ated a considerable number of reads in all the CLIP
libraries as well as in the RNA sequence data.

Our screen could further identify a snoRNA with mixed
C/D box and H/ACA box structure. SCARNA21, a com-
putationally predicted H/ACA box snoRNA [47], is sur-
rounded by conserved C and D box elements enclosed by
a terminal stem structure (Additional file 7). Northern
blot analysis revealed that the prevalent form in the cells is
the one that contains the C/D box elements and not the
short form, which would be the single H/ACA box
snoRNA.

Target prediction for newly identified snoRNA genes

To gain insight into the function of the novel snoRNAs
that we identified, we sought to determine whether they
have canonical targets. We employed the programs
RNAsnoop and PLEXY to predict targets of H/ACA box
and C/D box snoRNAs, respectively [48,49]. As potential
target sequences we considered ribosomal and spliceoso-
mal RNAs obtained from snoRNA-LBME-db. Indeed, for
the highly conserved C/D box snoRNAs ZL1, ZL5 and
ZL6 (which share the guide region), as well as for the
H/ACA box snoRNA ZL4, we could identify canonical
targets (Figure 3). ZL1 and ZL4 are both predicted to
guide modifications on the U2 snRNA, 2’-O-methylation
of U47 and pseudouridylation of U15, respectively. The
pseudouridylation of U2 snRNA at U15 has already been
described, but the guiding snoRNA was not known [50].
With primer extension assays we could further validate
the U47 modification (see Additional File 8). SnRNA
modifications are known to occur in Cajal bodies. Con-
sistent with ZL4 H/ACA box snoRNA being a scaRNA
that is recruited to Cajal bodies, is the presence of the
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Figure 2 Small RNA-seq and PAR-CLIP reads mapping to mini-snoRNAs. Mini-snoRNAs ZL77, ZL49, ZL103 and ZL63 are shown. Black bars in
the panels corresponding to PAR-CLIP libraries indicate the number of T—>C mutations observed at individual nucleotides. CLIP: cross-linking and
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ZL5/6 (LOC100499177)

Ly

CAB box motif (UGAG), known to mediate this trans-
port [12], in the hairpin loops. For the C/D box snoRNA
ZL1 targeting U2 snRNA we could not identify an
H/ACA box-like structural domain with a CAB box.
Interestingly, however, this snoRNA candidate contains a
long GU repeat, a feature shared by SCARNAY, the only
Cajal body-associated snoRNA that lacks H/ACA and
CAB boxes. This suggests that the GU element serves as
an import signal into Cajal bodies. For ZL5/6, the pre-
dicted modification site on the 28S rRNA is in fact a
known modification site for which the guide was so far
unknown. We could not predict a target for the newly
identified C/D box domain of SCARNAZ21.

We were especially interested to find out whether the
non-conserved C/D box-like snoRNAs and in particular
the mini-snoRNAs, could guide 2’-O-methylations. To this
end, we took a simple approach searching for 8-mer
Watson-Crick complementarity between the putative
guide regions upstream of the D boxes to ribosomal and
spliceosomal RNAs. We did indeed identify seven putative
interaction sites, but none of these are known modification
sites (Additional file 2). Thus, the targets of these C/D
box-like snoRNAs remain to be identified.

Non-canonical RNA partners of core snoRNA proteins
Although snoRNAs are best known for guiding modifica-
tions of rRNAs, snRNAs and tRNAs [1-3], some evidence
has emerged for the involvement of full-length mature
snoRNAs also in other biological processes such as alter-
native splicing [51]. To investigate this possibility, we
searched our PAR-CLIP data sets for RNAs that were
abundantly cross-linked, yet not known to associate with
the core snoRNA proteins. In contrast to the HuR PAR-
CLIP that we performed before [35], the PAR-CLIP
experiments conducted with C/D box snoRNP core pro-
teins repeatedly identified several non-coding RNAs
including vault RNA 1-2, 7SK RNA and 7SL RNA as well
as H/ACA box snoRNAs. Similarly, in the Dyskerin
PAR-CLIP we observed cross-linking of several C/D box
snoRNAs.

We performed primer extension experiments to deter-
mine potential sites for 2’-O-methyl and pseudouridine
modification in prominent ncRNAs such as 7SK RNA,
7SL RNA and vault RNA 1-2 (see Additional file 9 for pri-
mer extension assays and Additional file 10 for a catalog
of identified modifications sites and target predictions).
Indeed, we found that all three of these RNA species carry
modifications. Vault RNA 1-2 contains four 2’-O-methyl
sites, 7SK RNA carries at least six 2’-O-methyl sites and
one pseudouridylation site, and 7SL RNA contains several
sites of pseudouridylation. Additionally, we sought to
determine whether C/D box and H/ACA box snoRNAs
guide modifications on each other. We thus performed 2’-
O-methylation primer extension assays on SNORA61 and
pseudouridylation assays on SNORD16 and SNORD35A.
We found that SNORAG61 potentially carries one 2’-O-
methylation, while SNORD16 and SNORD35A carry two
and six pseudouridylated residues, respectively. To identify
C/D box snoRNAs that could guide the observed 2’-O-
methylations, we searched for 8-mer complementarity
upstream of D and D’ boxes of C/D box and C/D box-like
snoRNAs, but we did not find sequences complementary
to the modification sites. To predict guiding H/ACA box
snoRNAs we employed the program RNAsnoop using
stringent filtering criteria. We identified potential guiding
H/ACA box snoRNAs for 7SK RNA residue ¥250 and
7SL RNA residue ‘¥226.

Previous studies reported that snoRNAs may function in
alternative splicing [32,51] and we also repeatedly observed
cross-linking of C/D box core proteins to regions that are
annotated as exons of protein coding genes. To determine
whether these mRNA regions are targeted by snoRNAs, we
selected, from the top 1,000 clusters located in mRNA
exons in NOP58 libraries, the 157 that were present in
both NOP58 replicates and a third CLIP library with at
least 10 TPM per nucleotide (Additional file 11). We iden-
tified complementarities to the 8-mer guide regions of
snoRNAs in 79 of these clusters. In contrast, in shuffled
CLIPed regions we only found 60 complementarities to
snoRNA guide regions (average of 100 simulations on
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shuffled sequences). Thus, the mRNA sequences that we
isolated in the CLIP experiments are consistent with the
possibility that snoRNAs act as guides in some steps of
mRNA processing.

snoRNA processing patterns

It has become apparent that many ncRNAs such as
tRNAs, snRNAs, rRNAs and snoRNAs are extensively
processed into small, stable RNA fragments originating
mainly from the termini of the mature ncRNA [29],
which in some cases are incorporated in the Argonaute
proteins to function as microRNAs [24]. To identify
snoRNA-derived small RNAs that could potentially act
as miRNAs comprehensively, we isolated and sequenced
the RNA fraction of 18 to 30 nucleotides from HEK293
cells. Small RNAs derived from C/D box snoRNAs con-
stitute about 1.7% of the small RNA pool in this size
range in HEK293 cells (Table 3). Consistent with the
results of Li and colleagues [29], we found that most of
the 513,339 reads overlapping with C/D box snoRNA
genes originate from the 5" or 3’ ends (38.7% and 46.0%,
respectively). Visual inspection of the alignment of these
reads to the snoRNAs revealed, however, that start and
end positions of the reads do not generally coincide
with the annotated snoRNA termini, which were
inferred based on the characteristic C/D box snoRNA
terminal stem (Figure 4A). Instead, the reads that we
obtained indicate specific trimming that generates sharp
5" ends for 5’-end-derived reads and sharp 3’ ends for
3’-end-derived reads. To determine whether this trim-
ming may occur in the process of generating small
RNAs from mature C/D box snoRNAs, we isolated
small RNAs of length 20 to 200 nucleotides that pre-
sumably included the full-length, mature snoRNAs
(average C/D box snoRNA length is 70 to 90 nucleo-
tides) and performed a 150-cycle sequencing run. Figure
4A depicts the alignment of reads obtained in the small
RNA fraction and the reads obtained in the 150-cycle
sequencing run for three selected C/D box snoRNAs.
Strikingly, the sharp ends of C/D box snoRNA-derived
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small RNAs coincide with the 5" and 3’ ends of the
mature form. More generally, we found that for 84% and
70% of the top 50 expressed C/D box snoRNAs, the most
prominent start and end positions, respectively, obtained
from long sequencing reads coincided with the most pro-
minent start and end positions obtained from small RNA
sequencing. This suggests that the observed trimming of
the terminal closing stem occurs during the excision of
the snoRNA from the intron and is not specific to the
processing of the mature snoRNA form into smaller frag-
ments. Furthermore, we found that it is the distance to
the C or D boxes that seems to determine the observed
ends of the snoRNAs rather than the length of the term-
inal closing stem (Figure 4B). The 5’ end is sharply
defined four to five nucleotides upstream of the C box,
while the 3’ end is more variably located two to five
nucleotides downstream of the D box. In most cases this
will leave mature C/D box snoRNAs with a terminal 5’
overhang compared to the 3’ end. This suggests that,
similar to other small RNAs [52,53], snoRNAs are
trimmed presumably by exonucleases, to boundaries that
are determined by the proteins with which these small
RNAs are complexed.

Small RNAs derived from C/D box snoRNA termini
appear to be abundant in the cells, and can be incorpo-
rated into Argonaute proteins to act as miRNAs [31]. To
determine the relative participation of various small RNA
classes in the Argonaute-dependent gene silencing, we
immunopurified Ago2 from HeLa cells and sequenced
the associated small RNA fraction. We found that, as
expected, miRNAs constitute the most abundant RNA
class that associates with Ago2 (approximately 90%),
while C/D box snoRNAs account only for 0.005% of the
IP-seq reads (Table 3). Assuming that overall proportions
of small RNAs derived from tRNAs and snoRNAs are
fairly constant across cell types, we can estimate the effi-
ciency with which small RNAs (from the total small RNA
pool) are incorporated in the Argonaute proteins. We
found, for example, that although small RNAs derived
from tRNAs are 5.6 times more abundant than C/D box

Table 3 Functional annotation of sequencing reads obtained in sSRNA sequencing and HelLa Ago2 IP sequencing.

RNA class HEK293 sRNA sequencing (18 to Hela Ago2 immunoprecipitation sequencing Hela Ago2 immunoprecipitation
30 nucleotides) (asynchronous cells) sequencing (mitotic cells)

microRNAs 18.304% 89.750% 82.237%

tRNAs 9.694% 0.204% 0.298%

SNRNAs 5.275% 0.029% 0.071%

C/D box 1.751% 0.005% 0.054%

snoRNAs

H/ACA box 0.318% 0.026% 0.046%

snoRNAs

No 64.658% 9.985% 17.293%

annotation

Ago2: Argonaute 2; IP: immunoprecipitation; snRNA: small nuclear RNA; snoRNA: small nucleolar RNA; sRNA: small RNA; tRNA: transfer RNA
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Figure 4 Terminal processing of C/D box snoRNAs. (A) Profiles of sequencing reads obtained from two small RNA seq libraries for three
selected C/D box snoRNAs (SNORDS8, SNORD21 and SNORD29). Upper: sdRNA sequencing, 18 to 30 nucleotides. Lower: sRNA sequencing, 20 to
200 nucleotides. Secondary structure annotation of the terminal closing stem is given on the top of the figure, while the locations of C and D
motifs are shown on the bottom. (B) Detailed analysis of terminal stem processing for C/D box snoRNA expressed in HEK293 cells. The y-axis
indicates individual nucleotides, with their specific identity for the nucleotides in C/D boxes and position relative to the boxes for the flanking
nucleotides. Each column corresponds to a snoRNA, whose identity is shown at the top of the panel. Grey boxes indicate nucleotides that are
predicted to be paired in the terminal stem. The size of black boxes is proportional to the number of SRNA sequencing reads that start (5" end)
or end (3" end) at a particular nucleotide. See Additional File 16 for analysis of all C/D box snoRNAs expressed in HEK293 cells. sdRNA: small
derived RNA; snoRNA: small nucleolar RNA; sRNA: small RNA

derived snoRNAs, tRNA fragments are 40 times more is consistent with observations that tRNAs are cleaved by
abundant in the Ago2-associated fraction. Thus, tRNA-  nucleases such as Angiogenin and even Dicer to generate
derived small RNAs appear to be more efficiently incor-  processing fragments that are active in translation regula-
porated in Ago2 than C/D box snoRNA fragments. This  tion [54,55]. Similarly, small RNAs derived from H/ACA
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box snoRNAs are 5.5 times less abundant than small
RNAs derived from C/D box snoRNAs in the total RNA
fraction, but are 5.2 times more efficiently picked up by
Ago2. The H/ACA box snoRNA SCARNA15, which has
been shown to be processed into smaller fragments that
act as microRNAs [24], is represented in this library with
3,636 reads, 29% of all reads mapped to H/ACA box
snoRNA loci (see Additional file 12 for a full listing of all
snoRNAs). The C/D box snoRNA with the highest num-
ber of reads in the Ago2 IP library is SNORDIA with
1,140 reads, but the majority of C/D box snoRNAs are
represented by less than 50 reads.

Of all categories of small RNAs, C/D box snoRNA
fragments are those that show the strongest nuclear
retention, and are found in the cytoplasm with only low
frequency [56]. Thus, this physical separation could
account for the low frequency of association between C/
D box snoRNA-derived RNAs and Ago2. We therefore
wondered whether the association of this abundant class
of RNA fragments with Ago2 increases in the mitotic
phase of the cell cycle, when the nuclear membrane is
dissolved. We collected HeLa cells that were in the
mitotic phase through mitotic shake off, immunopuri-
fied Ago2 and again sequenced the Ago2-associated
small RNA fraction. We found that, indeed, the relative
abundance of C/D box-derived fragments in Argonaute
increased in this condition (Table 3), to 0.054% relative
to 0.005%. Nonetheless, these results indicate that C/D
box snoRNAs do not generally carry out miRNA-like
functions, and that the number of H/ACA box snoRNAs
with a dual function is very limited.

Discussion
To gain insight into the processing of snoRNAs and the
functions of snoRNA-derived small RNAs, we performed
PAR-CLIP experiments with snoRNP core proteins. Ana-
lysis of PAR-CLIP reads showed that C/D box core pro-
teins Fibrillarin, NOP56 and NOP58 have a very similar
binding pattern, overlapping with the box elements.
Excluding snoRNA families SNORD113 to SNORD116,
which are multi-copy families and do not have guide
complementarity to rRNAs or snRNAs, snoRNA-LBME-
db currently lists 153 C/D box snoRNAs, of which 40
and 78 have a guide region targeting a known modifica-
tion at the D box and D’ box, respectively. Evolutionary
conservation profiles of the remaining putative guide
regions suggest that most of them are not functional. In
support of this concept, our analysis revealed that C/D
box core proteins cross-linked more effectively to guide
regions that are known to have a target compared to
orphan guide regions.

Combining computational prediction with data from
small RNA sequencing and PAR-CLIP we identified novel
C/D and H/ACA box snoRNAs, and assigned guiding
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snoRNAs to several modifications on rRNAs and snRNAs
that were previously described as orphans. In addition to
these bona fide snoRNAs, we uncovered a group of C/D
box-like snoRNAs that only have a C and a D box as
opposed to the common C-D’-C’-D architecture. These
C/D box-like snoRNAs are only weakly conserved and
most of them are expressed at low levels. The unusual
architecture and the weak evolutionary conservation are
likely reasons why these RNA species have not been uncov-
ered by computational ncRNA gene finders [57]. Some of
the identified C/D box-like snoRNAs are extremely short,
one being only 27 nucleotides in length, leaving hardly
enough space for a guide region. The requirements for C/D
box snoRNA biogenesis appear to be simply the presence
of C and D boxes and a short region of complementarity
flanking these boxes, leading probably to the production of
many snoRNA-like molecules as the C/D box core proteins
scan intronic regions of pre-mRNAs. An interesting lead to
follow in further investigating the potential function of the
C/D box-like snoRNAs originating in the introns of many
genes comes from a recent study conducted in Drosophila,
in which Schubert and colleagues showed that snoRNAs
are required for maintenance of higher-order structures of
chromatin accessibility [58].

In our PAR-CLIP experiments we also repeatedly cross-
linked ncRNAs that are not usual snoRNA targets. We
observed H/ACA box snoRNAs in PAR-CLIP experiments
targeting the C/D box core proteins. Vice versa, we found
C/D box snoRNAs in the PAR-CLIP targeting Dyskerin,
which is an essential component of H/ACA box snoRNPs.
Primer extension assays indicated that these snoRNAs
carry modifications that would be expected from the pro-
tein complexes to which they were cross-linked, but we
were, in general, not able to identify snoRNAs that could
guide these modifications. One drawback may be that in
the case of the 2’-O-methyl primer extension assays we
cannot be sure that it was indeed a 2’-O-methyl modifica-
tion as opposed to any other nucleoside modification that
caused the stoppage of the reverse transcriptase. However,
we can be fairly certain that we identified bona fide pseu-
douridylation sites. Particularly, in the case of SNORD35A
we were able to identify five putative pseudouridylated
residues but no convincing guiding sequence in a known
H/ACA box snoRNA. This suggests either that even more
snoRNAs remain to be identified or that these pseudouri-
dylations are caused by a protein-only mechanism not
requiring guidance by H/ACA box snoRNAs.

The processing patterns of snoRNAs have raised sub-
stantial interest and some controversy in recent years
[30,32,59]. We strikingly found that snoRNA excision
out of the intron follows a well-defined pattern leaving
mature snoRNAs with four to five nucleotides upstream
of the C box, and two to five nucleotides downstream of
the D box, irrespective of the length of the terminal
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closing stem. Our data support the observations of Darzacq
and Kiss [5] that the terminal stem serves to bring the
C and D box elements into close proximity so as to be
more easily recognized by snoRNP proteins, which then
protect the snoRNA from further trimming by the exo-
some, but may not be needed for the functional, mature
snoRNA. This implies that the core proteins actively pro-
tect and stabilize the maturing snoRNA.

We further quantified the abundance of snoRNA-
derived small RNAs in HEK293 cells, and consistent with
other studies [29], we found that small RNAs derived from
the ends of C/D box snoRNAs are indeed abundant.
However, we did not find evidence that these sdRNAs effi-
ciently associate with Ago2 to act as microRNAs, even in
conditions when the accessibility of these sdRNAs to
Ago?2 should be higher, such as in mitotic cells. We thus
conclude that a microRNA-like function of snoRNA-
derived small RNAs is an exception rather than a rule.
Most of the sdRNAs from C/D box snoRNAs originate
from the termini of mature snoRNAs, and hence carry C
and D box motifs. It might be that snoRNA core proteins
are still attached to these fragments, protect them from
total degradation, sequester them in the nucleus and
prevent these sdRNAs from being loaded into Ago2.

Deep-sequencing-based studies revealed a very complex
landscape of transcription and processing of RNAs. The
non-canonical products identified initially in such studies
raises the question of additional, yet unknown, functions
of molecules that have been studied for many years. What
has become apparent more recently, however, is that deep
sequencing allows us to construct a very detailed picture
of the kinetics of processing various classes of RNAs and
of their interactions with proteins that protect them from
degradation. Intersection of many data sets such as those
generated in our study will eventually reveal kinetic and
regulatory aspects of cellular processes at a fine level of
detail.

Materials and methods

PAR-CLIP experiments

PAR-CLIP was performed with HEK293 Flp-In cells
(Invitrogen). Cells were grown in thirty 15-cm cell culture
plates per experiment to approximately 80% confluency.
At 12 h before harvest, 4-thiouridine (Sigma) was added to
the cells to a final concentration of 100 pM. PAR-CLIP
was carried out as described previously [34]. For immuno-
precipitation, antibodies were coupled to protein-A or
protein-G Dynabeads (Invitrogen). Antibodies used against
endogenous proteins were a.-NOP58 (sc-23705 from
Santa Cruz Biotechnology), a.-Dyskerin H-300 (sc-48794,
Santa Cruz Biotechnology), a-Dyskerin C-15 (sc-26982,
Santa Cruz Biotechnology) and o.-Fibrillarin AFBO1 mono-
clonal antibody line 72B9, lot 011 (from Cytoskeleton,
Inc, AFBO1). The a-Ago2 (11A9) monoclonal antibody
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was a gift from Gunter Meister. For PAR-CLIP with
NOP56 we used a HEK293 cell line with a stably inte-
grated FLAG-NOP56 fusion gene and IP was done with
monoclonal a-FLAG antibody M2 from Sigma. For one
Fibrillarin targeted PAR-CLIP the immunoprecipitated
complexes were treated with micrococcal nuclease
(MNase, from New England Biolabs) for 5 min at 37°C
[35]. After SDS-PAGE, gels were blotted onto nitrocellu-
lose membranes to reduce the background from free
RNAs [60]. The PAR-CLIP libraries were prepared as
described in Additional file 13 and submitted to deep
sequencing on an Illumina HiSeq 2000.

The reads obtained from PAR-CLIP experiments were
mapped to the human genome (hgl9 assembly from
UCSC, February 2009) and annotated with the CLIPZ ser-
ver [36]. Reads marked with the CLIPZ annotation cate-
gories ‘fungal’, ‘bacterial,” or ‘vector’ were discarded and
only reads that mapped uniquely to the genome were used
in the analyses. The library size was scaled to 1,000,000 for
all samples to obtain a normalized expression value
(tags per million).

Small RNA sequencing

Small RNA sequencing libraries were prepared from size-
selected RNAs of 18 to 30 nucleotides (sdRNA sequen-
cing) and 20 to 200 nucleotides (sRNA sequencing).
HEK?293 total RNA was extracted and treated with DNase.
Next, 20 units of T4 polynucleotide kinase and 2 ul of
[y-32P] ATP (10 uCi/pl) were used to radiolabel 10 pg of
RNA at the 5-ends. The RNA was separated together with
a radiolabeled 20-nucleotide ladder on a 12% polyacryla-
mide gel, the bands corresponding to 18 to 30 nucleotides
(for sdRNA sequencing libraries) or 20 to 200 nucleotides
(for sRNA sequencing libraries) were excised, the RNA
was extracted overnight in a 0.4-M NaCl solution and
finally precipitated with ethanol. Small RNA libraries were
prepared according to a published protocol [61] and
sequenced on an Illumina HiSeq 2000 instrument, for 36
(sdRNA sequencing) and 150 cycles (sRNA sequenicng
library). Adaptor removal was done with the CLIPZ server,
and the mapping to the human genome was then done
with the Segemehl software (v. 0.1.3) with parameters ‘-D
1 -A 90’ [62]. The Gene Expression Omnibus (GEO)
accession number for the PAR-CLIP and sRNA-seq data
is GSE43666.

Identification of novel C/D snoRNAs and H/ACA snoRNAs
from PAR-CLIP and small RNA sequencing data

For each PAR-CLIP library we inferred binding regions
of the proteins of interest by clustering reads whose cor-
responding loci were at most 25 nucleotides apart. To
annotate known snoRNA and scaRNA genes we first
retrieved sequences from the snoRNA-LBME-db [37],
mapped them to the human genome (a list of motif and



Kishore et al. Genome Biology 2013, 14:R45
http://genomebiology.com/2013/14/5/R45

secondary structure annotated snoRNAs is available in
Additional file 13). The 500 binding regions that accumu-
lated the highest number of reads in each individual CLIP
library, but did not overlap with known snoRNA or
scaRNA genes, ncRNA genes or repeat elements, were
screened for novel snoRNA candidates. We used SnoRe-
port [38] to detect H/ACA box snoRNAs, while for detec-
tion of C/D box snoRNAs we searched for protein-
binding regions that contained motifs corresponding to
the C box (RTGATGA; allowing one mismatch) and to
the two most common D box motifs (CTGA and ATGA).
Sequences that contained both a C box and a D box motif
were extended by ten nucleotides in order to search for a
terminal closing stem. If a compact closing stem com-
posed of at least four canonical base pairs with at least two
G-C/C-G base pairs was found, the sequence was consid-
ered a snoRNA candidate. To evaluate the specificity of
our C/D box snoRNA gene finding approach, we applied
the same procedure to two types of clusters of PAR-CLIP
reads from the NOP58 rep A sample both extended by 25
nucleotides on each side. First were the top 100 clusters
(defined in terms of the number of reads associated with
the cluster) that overlapped with C/D box snoRNA anno-
tation, which served as a positive control. In this set, our
program reported 80 sequences as putative snoRNAs. The
second type of cluster contained the top 100 clusters that
overlap with mRNA exon annotation. These should not
contain snoRNAs, and indeed, we only obtained five puta-
tive C/D box snoRNAs candidates. Similarly low numbers
of snoRNA candidates were obtained from randomized
sequences (not shown). Altogether, these tests indicated
that our method has very good specificity. In contrast,
the number of predictions we obtained from CLIPed
clusters without a known annotation was 11 for the top
100 such clusters.

Candidates that showed expression of at least 1 TPM
per nucleotide in the 20 to 200 nucleotides small RNA
sequencing run (only uniquely mapped reads that covered
at least 50% of the candidate snoRNA sequence were con-
sidered), and had at least 1 TPM per nucleotide in at least
one of the type-specific CLIP libraries were considered
putative snoRNAs. They were consecutively numbered,
and named as ‘ZL#. To further validate the newly found
snoRNAs, we searched for evidence of expression in
recently published small RNA-seq libraries from the
ENCODE project [39]. Files with the genome coordinates
of mapped reads (BAM files) were obtained from the
ENCODE data coordination center at UCSC [63] and
uniquely mapping reads were used for the analysis. In
addition, we selected the 20 candidate C/D box snoRNAs
with the highest read count in our data for validation by
Northern blotting (see Additional file 13 for details on the
experiment). To evaluate the evolutionary conservation of
the putative snoRNAs, we carried out a homology search
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against the vertebrate genomes available in the UCSC gen-
ome browser. Once an initial set of homologs was identi-
fied, we built sequence/structure models and continued
to search for more distant homologs with the Infernal
software [64].

Detection of 2'-O-ribose-methylated and
pseudouridylated residues

To identify 2’-O-methylated residues we used a reverse
transcriptase-based method coupled with polyacrylamide
gel analysis as described in [65]. The method is based on
the observation that cDNA synthesis is noticeably impaired
in the presence of a 2’-O-methyl when deoxynucleotide tri-
phosphate fragments (ANTPs) are limiting [65,66], giving
rise to a characteristic pattern of gel banding immediately
preceding the 2’-O-methyls, with strong bands at low
dNTP concentrations (0.004 mM) [66], becoming weaker
with increasing concentrations of dNTPs.

To map pseudouridines in candidate RNAs we used a
method that relies on chemical modification of RNA
bases with N-cyclohexyl-N’- (4-methyl morpholinium)
-ethylcarbodiimide (CMC) [67]. The method involves
carbodiimide adduct formation with U, G and pseudour-
idine followed by mild alkali treatment, which removes
the adduct from U and G but not from the N-3 of pseu-
douridine. This modification results in the blockage of
reverse transcription one residue 3’ of the pseudouridine
on the sequencing gel. For a detailed description of
assays used to map 2’-O-methyls and pseudouridines
see Additional file 13. As a proof of principle, we first
applied these assays to the spliceosomal RNA U6, which
is known to carry 2’-O-methylated and pseudouridyli-
dated residues. In addition to the well-documented sites,
we also observed novel 2’-O-methyl sites that have not
been previously reported so far (Additional file 14).

To predict C/D box snoRNAs that could guide 2’-O-
methylation, we searched for 8-mer complementarity
(only canonical base pairs allowed) to regions immediately
or one nucleotide upstream of the D and D’ boxes of C/D
box and C/D box-like snoRNAs. To predict H/ACA box
snoRNAs that could guide pseudouridylations, we used
the program RNAsnoop [48]. We first determined for
each H/ACA snoRNA stem an energy cutoff value by run-
ning simulations on 1,000 random sequences of length
100. Only if an RNAsnoop prediction had an energy value
lower than 90% of the random sequences, and at least
three canonical base pairs on each side of the binding
pocket, did we consider it as a hit.

Ago2 immunoprecipitation sequencing of asynchronous
and mitotic cells

Mitotic cells were collected using mitotic shake-off [68,69],
a technique based on the observation that cells become
rounded and more easily detachable from the culture
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vessel as they progress into metaphase during mitosis [70].
Details of the experimental setup are given in Additional
file 13. To be able to confirm microscopically that we col-
lected mitotic cells we used HeLa cells with the human
histone H2B gene fused to green fluorescent protein (see
Additional file 15).

Ago2 was immunoprecipitated from mitotic and asyn-
chronous cells; the Ago2-associated RNAs were extracted
and used to prepare cDNA libraries as described above
[61], which were then submitted to deep sequencing.
Adaptor removal was with the CLIPZ server, and reads
were then mapped with Segemehl as described above. In
the analysis of small RNA libraries (Ago2-IP and HEK293
sdRNA sequencing (18 to 30 nucleotides)), we considered
both uniquely and multi-mapping reads that were anno-
tated based on their mapping to genes in one of the fol-
lowing categories: tRNAs (from the UCSC Table Browser),
microRNAs (from mirBase) and snRNAs (from ENSEMBL
release 59), C/D box snoRNAs and H/ACA box snoRNAs
(curated data set from this work).

Additional material

Additional file 1: Profiles of PAR-CLIPs reads obtained with various
core snoRNP proteins for snoRNAs and scaRNAs. The proteins and
normalized read counts are shown on the y-axis. The snoRNA and
location of boxes are shown at the bottom. Red bars in the profiles
indicate the number of T—>C mutations observed at individual
nucleotides in the PAR-CLIP reads.

Additional file 2: List of novel C/D box, C/D box-like snoRNAs and
mini-snoRNAs obtained in this study.

Additional file 3: List of novel H/ACA snoRNAs or homologs of
known snoRNAs (indicated in the ‘BLAST hits’ column) that were
obtained in this study.

Additional file 4: RNA-seq read profiles from selected ENCODE
small RNA-seq samples along the novel C/D box and H/ACA box
snoRNA loci identified in our study.

Additional file 5: Northern blots for selected novel C/D box
snoRNAs. Among the 20 most abundantly expressed (in the small RNA-
seq data) novel C/D box snoRNAs we could confirm the presence of ZL1,
ZL2, ZL8, ZL11, ZL63, ZL107, ZL116, ZL126 and ZL127 by Northern
blotting.

Additional file 6: Expression of C/D box and C/D box-like snoRNAs
in our small RNA-seq run (20 to 200 nucleotides; sequenced 150
cycles). Only reads that cover at least 50% of the snoRNA locus were
considered.

Additional file 7: SCARNA21 has a C/D box H/ACA box hybrid
structure. (A) Screenshot from the UCSC genome browser showing
conserved C and D box elements. (B) Northern blot probing for H/ACA
box structure only (left) and for the hybrid structure (right).

Additional file 8: Primer extension assays for U2 snRNA. Primer
extension assay reveals a 2'-O-methyl modification site for nucleotide
u47.

Additional file 9: Primer extension assays for non-canonical snoRNA
targets. Primer extension runs reveal 2-O-methyl (A-C) and
pseudouridine (D-G) modification sites in several non-canonical RNAs. (A)
SNORAG61: G50. (B) VTRNA1-2: G30, U31, C33, A34. (C) 7SK RNA: C137,
G139, C141, G148, C150, G151. (D) SNORD16: U52, U55. (E) SNORD35A:
U26, U31, U37, U43, U45, U51. (F) 7SK RNA: U250. (G) 7SL RNA: U226,
U233, U236, U266, U273.
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Additional file 10: Summary of nucleotide modifications detected
by primer extension assays and predicted guide snoRNA-target
interactions.

Additional file 11: Analysis of PAR-CLIP clusters overlapping with
mRNA exon annotation. Shown are genome coordinates, host
transcript and exon identifier, the number of C and D boxes predicted
within the genomic region, snoRNAs to whose guide regions these
mRNA fragments are complementary and the number of (normalized)
reads obtained from the regions in various PAR-CLIP libraries.

Additional file 12: Detailed list of reads mapping to snoRNA loci in
Ago2 IP-seq libraries.

Additional file 13: Supplementary materials and methods. Detailed
information about the experimental methods (PAR-CLIP library
preparation, Northern blotting, primer extension assays, mitotic shake-off
and Ago2 immunoprecipitation and sequencing). In addition, the
annotated C/D and H/ACA snoRNAs used in this study are listed.

Additional file 14: Primer extension assays on spliccosomal RNA U6.
(A) Primer extension assay on spliccosomal RNA U6 detected
documented 2-O-methylation as well as potentially novel 2"-O-
methylation sites. (B) Primer extension assay detected documented
pseudouridine sites in U6. CTRL indicates the untreated sample, +CMC
the sample treated with 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide
metho-p-toluenesulfonate (CMC).

Additional file 15: Asynchronous and mitotic GFP-tagged Hela cells.
Green fluorescent protein appears in green and cell boundaries in
orange. (A) In an asynchronous cell culture only a few cells are in the
mitotic phase, which can be seen from the condensed chromatin and
the rounded cell morphology. (B) Cell obtained with mitotic shake-off.
The procedure enriches for round cells containing condensed chromatin.

Additional file 16: Extended version of Figure 4B showing all
snoRNA genes expressed in HEK293 cells.
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