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Abstract

Mammalian RNA complexity is regulated through interactions of RNA-binding proteins (RBPS)
with their target transcripts. High-throughput sequencing together with UV-crosslinking and
immunoprecipitation (HITS-CLIP) is able to globally map RBP-binding footprint regions at the
resolution of ~30-60 nucleotides. Here we describe a systematic way to analyze HITS-CLIP data
to identify exact crosslink sites, and thereby determine protein-RNA interactions at single-
nucleotide resolution. We found that reverse transcriptase used in CLIP frequently skips the
crosslinked amino-acid-RNA adduct, resulting in a nucleotide deletion. Genome-wide analysis of
these cross-linking induced mutation sites (CIMS) in Nova and Argonaut (Ago) HITS-CLIP data
demonstrated deletions in ~8-20% mRNA tags, which mapped to Nova and Ago binding sites on
MRNA or miRNA in the mouse brain. CIMS analysis provides a general and more precise means
of mapping protein-RNA interactions than currently available, as well as providing insight into the
biochemical properties of such interactions in living tissues.

Introduction

The control of mammalian RNA processing is dictated by interactions of several hundred
RNA-binding proteins (RBPs) with their target transcripts 1+ 2. Precisely mapping direct
protein-RNA interactions in living tissues is a key step towards understanding RNA-
regulatory networks underlying normal physiological functions and disease 2 3. Approaches
to define RBP binding sites include mutation analysis # °, in vitro RNA selection

(SELEX) 6-14 RIP 15, and bioinformatic predictions 14 16, which are typically limited in
scale, signal-to-noise, resolution, or applicable experimental conditions. To overcome these
limitations, we have developed cross-linking and immunoprecipitation (CLIP) to isolate
transcript fragments directly interacting with a specific RBP in living organisms 17: 18,
which are then amplified and can be analyzed by high-throughput sequencing (HITS-
CLIP) 1921 |n the past few years, CLIP or HITS-CLIP has been used to generate genome-
wide interaction maps for a diverse set of RBPs, including the mammalian Nova 17: 19. 22, 23
SRSF1 24 FOX-2 25, PTB 26, and TDP-43 27 proteins (reviewed in ref. 21). This technology
has also been successful in isolating Argonaute (Ago)-miRNA-mRNA ternary complexes to
map /n vivo microRNA (miRNA) binding sites 20: 28. 29 |n general, HITS-CLIP allows
identification of footprint regions, i.e., ~30-60 nucleotide (nt) sequences around the peak of
CLIP RNA tag clusters, which represent native RBP binding sites 20 23,
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Further increase in the resolution and efficiency in detecting protein-RNA interactions is of
great interest. For example, significant progress has been made recently on anti-sense oligos
as therapeutic tools, and their success is contingent on pinpointing protein-RNA interaction
sites 30: 31, For this purpose, several modifications of CLIP have been proposed very
recently 21, PAR-CLIP 32 introduces photoactive ribonucleoside analogs (e.g., 4-thiouridine)
into RNA of cultured cells, to enhance the efficiency of cross-linking, and also to map the
actual crosslink sites from thymidine-to-cytidine (T—C) transitions in the resulting cDNA.
However, PAR-CLIP has several potential limitations, including its restriction to cell-based
assays. iCLIP 33-35 js based on the observation that reverse transcriptase (RT) frequently
stops at crosslink sites 36, Such RNAs with RT arrest will be missed by the standard CLIP
method during PCR amplification, but are leveraged in iCLIP to determine the crosslink
sites. iCLIP has been successfully applied to several RBPs 33-35 although the frequency and
precision with which reverse transcription stalls versus bypasses crosslink sites have not
been fully assessed, nor is it clear whether such stalling varies for different cross-linked
amino acids of RBPs, RNA transcripts (e.g., different motifs, or sSnRNAs versus mRNAS), or
experimental conditions (e.g., different temperatures or RTS).

The successful applications of the standard CLIP method to a number of RBPs with distinct
binding specificity 19 20. 24-28 strongly argue that RT efficiently bypasses and reads through
the crosslink sites. Interestingly, anecdotal observations were made from a small set of Nova
CLIP tags that CLIP tags frequently had mutations at the Nova-binding YCAY elements,
likely introduced when RT bypassed the crosslink sites 8. This idea has been applied
recently to determine the interaction sites of several SnoRNAs or ribosomal RNAs (rRNAs)
with RNP proteins 3739, If such analyses could be generally applied to RBP-RNA
interactions, identification of cross-linking induced mutation sites (CIMS) could provide a
global and widely applicable means of mapping the exact sites of protein-RNA interactions.
Here we explore this possibility by developing the systematic CIMS analysis method,
applying it in two different HITS-CLIP experiments to precisely map Nova and Ago-RNA
interaction sites at nucleotide resolution on a genome-wide scale.

Analysis of HITS-CLIP data to identify CIMS

After RBP-RNA complexes are purified in the standard CLIP procedure (Fig. 1a), the bound
RBPs are removed by proteinase digestion. However, due to irreversible UV-crosslinking,
the residual amino-acid-RNA adducts impose a potential obstacle for RT to read through
when RNA fragments are converted into cDNASs. At a certain frequency, RT stops at the
crosslink site, resulting in a truncated cDNA. However, RT can also read through these
sites 17, resulting in either a correct read or an error at the crosslink site, because of
crosslink-induced interference with normal Watson-Crick base-pairing. These cross-linking
induced mutation sites (CIMS) can be recovered by mapping sequenced reads to the
reference genome that allow for deletions, insertions, or substitutions (collectively termed
mutations) which were previously discarded in standard HITS-CLIP data analysis 21. Such
mapping forms the basis of the CIMS analysis described here.

To distinguish cross-linking induced mutations from sequencing or alignment errors, we
analyzed different types of CLIP tag mutations separately. We postulated that cross-linking
induced mutations would occur at specific sites (CIMS) and would be reproducibly detected
in multiple CLIP tags, while technical errors should map to random positions without
reproducibility. Therefore, sites with clustered mutations were identified and the statistical
significance (false discovery rate or FDR) of clustering was evaluated by permutation based
on two parameters, k (the total number of overlapping unique tags at the nucleotide) and m
(the number of unique tags with particular types of mutations at the nucleotide) (Fig. 1b and
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Online Methods). For substitutions, single nucleotide polymorphisms (SNPs) or RNA
editing sites could also result in mutations clustered in the same positions; therefore,
substitutions overlapping with known SNPs were excluded. We also predicted and excluded
potential novel SNPs or RNA editing sites based on the identity of the non-reference allele
(Online Methods).

Deletions, but not substitutions or insertions, represent bona fide CIMS that precisely
mark Nova binding sites

Nova is a neuron-specific splicing factor important for synaptic functions 2 23. 40,41
recognizes clusters of YCAY elements, initially characterized by /n vitroRNA

selection 1911 and confirmed with biochemical and protein-RNA crystallographic

studies 4 2 17,19, 42,43 |n_depth HITS-CLIP data comprising over 80 million raw RNA tags
have mapped Nova-RNA interactions in mouse brain 23, Here we re-analyzed these reads,
focusing on mutations in ~4 million unique CLIP RNA tags obtained after the raw reads
were filtered, aligned to the mouse genome, and collapsed to remove PCR duplicates (Table
1; Online Methods). As a control for sequencing and alignment errors, we used a non-cross-
linked mouse brain mMRNA-Seq dataset composed of ~11 million unique reads obtained by
the same sequencing and analysis pipeline.

We first examined the frequency and distribution of different types of mutations in Illumina
CLIP tags. Comparison of CLIP and mRNA-seq data revealed that substitutions were the
most abundant (0.44 nt per tag vs. 0.31 nt per tag), while insertions were very rare (0.008 nt
per tag vs. 0.008 nt per tag), at a comparable level in both datasets (Table 1). In contrast,
deletions were specifically enriched in CLIP tags compared to mRNA-seq data (0.19 nt per
tag vs 0.004 nt per tag), presumably due to cross-linking. In addition, substitutions in both
datasets and deletions in the mMRNA-seq data showed very similar U-shaped patterns (5" and
3’ biased) in positional distributions relative to the 5" end of sequence reads, which is
characteristic of the sequencing error profile of the lllumina platform 44 (Fig. 2a). In
contrast, deletions in the CLIP data showed a very different positional distribution, with the
highest deletion rate observed between 5-10 nt from the 5” end of the reads (Fig. 2a, top left
panel). This is consistent with the possibility that a Nova binding footprint of ~5-10 nt was
protected in the RBP-mRNA complex from RNase digestion, and hence mutations were
preferentially preserved and detected in these positions.

We then assessed the number of clustered mutation sites (as defined in Fig. 1b) in Nova
CLIP tags. Far more clustered deletion sites were predicted than clustered substitution sites
(24,482 vs. 601 sites, FDR<0.001, or 72,684 vs. 1,092 sites, FDR < 0.1), although
substitutions were ~2 fold more prevalent than deletions, even after removal of substitutions
sites overlapping with known or potential SNPs or RNA editing sites (Table 1 and
Supplementary Table 1 online). This was also evident by examining the distribution of
clustered mutation sites in terms of the number of tags showing deletions or substitutions
(i.e., the parameter m), as a larger proportion of deletion sites had a larger /m (Fig. 2b).
Taken together, our data suggest that clustered deletions constitute a characteristic feature of
bona fide Nova CIMS; in contrast, substitutions are in general dispersed, as expected from
randomly distributed sequencing and alignment errors.

To evaluate how precisely CIMS can define RBP binding sites, we analyzed the high-
confidence set of 24,482 clustered Nova CLIP deletion sites (FDR<0.001, Supplementary
Table 2 online), and calculated the frequency of the high-affinity Nova-binding tetramer
YCAY relative to the deletion sites. A remarkable enrichment of YCAY's was observed, and
the majority of these elements aligned relative to the position of the deletion, especially at
positions =5, =3, 0, 1 and 2. This alignment was such that crosslink sites were predominant
in the first or last Y of YCAYs (Fig. 2c, blue curve). Overall, 82% of deletion sites harbored
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at least one YCAY element starting at one of these five positions, as compared to 6.9%
expected by chance. In particular, 30% of all deletion sites had YCAY at position O (i.e.,
cross-linking at the first Y), representing a 17-fold enrichment compared to flanking
background sequences. This is likely an underestimate because we frequently observed
consecutive uridines near the deletion sites, preventing the unambiguous assignment of the
deletion sites. As a baseline for comparison, we obtained the same set of CLIP tag clusters
harboring deletion sites and re-anchored them at the CLIP tag peak position. Consistent with
our previous analysis 23, we also found very significant enrichment of the YCAY elements
at the CLIP cluster peak position (~6.5 fold), which was, however, substantially lower than
that observed at CIMS and extended into a more dispersed region (+/-25 nt) (Fig. 2c, yellow
curve). Similar results were obtained from even the least robust CIMS with deletion detected
in only one tag (/7=1) (Supplementary Fig. 1 online). These observations suggest that CIMS
analysis greatly improved the resolution of mapping RBP binding sites to the single-
nucleotide level.

As a comparison, we also examined 601 Nova CLIP substitution sites (FDR<0.001) for
YCAY enrichment. In contrast to the deletion sites, these substitution sites showed only
comparable or even lower motif enrichment than sequences around the CLIP tag cluster
peak position (5.7 fold vs. 7 fold) (Fig. 2d), confirming that deletions, but not substitutions
are due to cross-linking induced mutations. The significance of these substitution sites is
unknown, and could reflect RNA editing sites, novel SNPs that pass our filtering procedure,
or other mechanisms.

Estimating the frequency of cross-linking induced mutations

The 0.75 million deletion events were observed from 619,938 of 3.97 million Illumina tags,
giving an estimate that 15.6% unique tags harbor = 1 deletions; among these, 3.3%
(132,357) unique tags have deletions in two consecutive nucleotides (Table 1). However,
due to the small size of Illumina reads (32 nt for the Nova CLIP data) and the modal size of
CLIP’ed RNA fragments around 50 nt, additional crosslink sites might extend beyond the
read lengths (Fig. 2a), resulting in underestimation of the deletion frequency. To address this
concern, we examined a set of Nova CLIP tags derived from 454 sequencing, which
presumably represent full-length CLIP tags 1°. Among the 141,706 unique tags derived from
the dataset, 29,443 tags have deletions of one or more consecutive nucleotides (20.8%) (see
also Table 1). Given that the frequency of deletions caused by sequencing or alignment
errors is at least one magnitude lower (~0.4% in 36-nt tags), based on RNA-Seq data, we
estimate that up to ~20% of Nova CLIP tags harbor cross-linking induced mutations.

We examined the proportion of CLIP clusters that harbor CIMS. For the most robust CLIP
clusters (i.e., clusters with peak height (PH) = 50 tags), CIMS were detected in a majority of
instances (74.6% at FDR < 0.001, 99% for all putative CIMS with n21) (Fig. 3a). For less
stringent CLIP clusters with PH between 10-15 tags, a lower proportion harbored detected
CIMS (16.8% at FDR < 0.001, 76.8% for all putative CIMS), suggesting that a higher
sequencing coverage can further benefit the precise mapping of crosslink sites. We also
compared CLIP clusters broken down into different genomic regions to see if CIMS differ
according to cluster location. In general, clusters in different genomic regions had similar
proportions of CIMS detected (Fig. 3b).

To link CIMS to functional outcomes of Nova-RNA interactions, we examined a set of non-
redundant Nova regulated cassette exons that were either validated by RT-PCR or
confidently predicted by a Bayesian network approach (Fig. 3c and Supplementary Table 3
online) 23. CIMS were robustly detected (FDR<0.01) in over half (54%) of Nova-regulated
alternative exons, or in their upstream or downstream introns, regions important for Nova-
dependent regulation of alternative splicing 1% 43, An additional 40% of targets had putative

Nat Biotechnol. Author manuscript; available in PMC 2012 July 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang and Darnell

Page 5

CIMS with lower stringency, and only 6% of exons had no CIMS detected. An illustrative
example of CIMS near a well-studied Nova target exon is Moval exon 4 (Fig. 3d; see
Supplementary Fig. 2 online for additional examples). This exon is auto-regulated by Nova
through a YCAY cluster spanning exonic sequences and intronic sequences near the 5
splice site 5, consistent with CLIP tags overlapping with the cluster. Interestingly, a CIMS
supported by 20 tags (/m=20) was identified in the intronic part of the cluster (CLIP cluster
PH=26), resulting in deletions of one of the uridines in the sequence UUUCAC. The exonic
part of the cluster, which is important for Nova-dependent splicing as well, does not have
CIMS detected, presumably due to the relatively limited sequencing depth (PH=8). Taken
together, these data demonstrate that CIMS analysis can precisely map Nova-RNA
interactions in a substantial number of cases at the current sequencing depth.

CIMS analysis refines the Nova-binding motif

Single-nucleotide-resolution mapping of RBP binding sites derived from CIMS analysis has
the potential to refine RBP motifs, especially since most RBPs recognize very short and
degenerate sequences. Although Nova is known to bind clusters of YCAY elements
separated by varying number of nucleotides 4 > 10. 11, 17,19, 42,43 ‘the cyrrent model is
qualitative regarding how a number of parameters affect Nova binding affinity /n vivo.

To address this question, we undertook a de novo maotif analysis of sequences immediately
around the 500 top CIMS (=10 to +10, 21 nt) using the GLAM2 program that allows gaps
between aligned motif positions 4°. This analysis revealed a dimeric YCAYN;_4YCAY
motif pattern with several prominent features (Fig. 4a). The presence of U is much preferred
over C in the first or last position of the YCAY element. There was also a strong preference
for U in positions between the two ‘CA’ di-nucleotides. While the two YCAYs in the
dimeric motif could be separated by a spacer of different sizes, a single-nucleotide spacer
resulting in the YCAYNYCAY motif was by far predominant.

To characterize these features more quantitatively and further compare CIMS analysis with
cluster peak analysis, we counted different tetramers conforming to the YCAY consensus in
sequences around CIMS and different control groups. In the 11-nt region around CIMS (-5
to +5) with FDR < 0.001, 52% of YCAY elements are UCAU, followed by UCAC (34%)
and CCAU (13%), with CCAC (1%) being the least frequent tetramer. This was in sharp
contrast to the frequencies of the four tetramers observed in random transcript positions,
which were approximately equal (Fig. 4b). Some previous studies have suggested that there
may be a preference for UV to crosslink certain amino acids and nucleotides, particularly for
thymidines in protein-DNA interactions studied with high intensity lasers 46, although this is
not well established 47. To address whether the over-representation of U relative to C in
YCAY might be due to preferential Nova binding or bias in cross-linking, we examined the
11-nt sequences around the peaks of the same clusters, or a set of the most robust clusters
with PH=15, independent of the presence of CIMS. In both cases, we observed a substantial
over-representation of UCAU (~50%) and under-representation of CCAC (<7%). Moreover,
to further distinguish between preferential cross-linking and Nova binding, we examined
sequences further away from CIMS (upstream sequences between positions =16 and -6, and
downstream sequences between positions 6 and 16). These sites are very unlikely to have
secondary Nova crosslinks in addition to the detected CIMS, due to the relatively low
efficiency (~1-5%) of cross-linking 21. Nevertheless, these regions showed a greater
frequency of YCAY than random (~0.28 versus 0.14 YCAYs per site), likely reflecting
Nova’s tendency to bind YCAY multimers. In both these upstream and downstream
sequences, we again observed that UCAU was the most abundant (45% and 40%,
respectively), with CCAC being the least frequent YCAY sequence (11% and 14%,
respectively) (Supplementary Fig. 3 online), suggesting that Nova has a bona fide preference
for UCAU relative to CCAC. These observations together suggest that /n vivo, UCAU and
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CCAC have the highest and lowest binding affinity to Nova, respectively, with UCAC and
CCAU in between.

We next counted the number of dimeric YCAY motif sites with different spacers
(overlapping YCAYS, or YCAYSs separated by 0-3 nucleotides) in sequences around CIMS
(-5 to +5, 11 nt) with FDR < 0.001 and different control groups. The overall frequency of
dimeric motif sites was the highest in sequences around CIMS (23.9%), and much lower in
all control groups, with the lowest in random positions (0.7%) (Fig. 4c). Importantly, the
relative abundance of dimeric sites with different spacers differed dramatically among
different groups. In sequences immediately around CIMS, 83% of dimeric sites had a single-
nucleotide spacer (YCAYNYCAY), while overlapping YCAYs (YCAYCAY) were largely
depleted (2%), in contrast to their frequency in random positions of the same transcripts
(16% and 44%, respectively). The preference of YCAYNYCAY decreased substantially
around peaks of the same clusters (45%), while the YCAYCAY motif became more
frequent (18%). Of particular interest, when we ignored CIMS and focused on sequences
around peaks of the most robust clusters, the preference of different spacers were more
similar to the random positions (28% and 33% for YCAYNYCAY and YCAYCAY,
respectively) than to sequences around crosslink sites. The preference of different spacers
might be correlated with the arrangement of the three KH-type RNA binding domains in
Nova, although further experiments are required to validate this hypothesis. Nevertheless,
these observations together extend previous in vitro 11 and in vivo data 17: 43, and strongly
suggest that Nova can quantitatively differentiate target sequences with subtle difference in
base composition and motif arrangement, which is obvious only from CIMS analysis that
produces nucleotide-resolution protein-RNA interaction map.

CIMS analysis precisely defines Ago-mRNA and Ago-miRNA interaction sites

To assess whether the features of CIMS might extend more generally beyond the Nova
CLIP data, we next performed CIMS analysis of the Ago CLIP data derived from analysis of
mouse brain 20. Among the 1.2 million unique Ago CLIP tags, we detected 136,000
deletions in 101,092 tags (8.3%) and 917,585 substitutions in 827,127 tags (75.5%).
Consistent with results obtained from Nova CLIP data, analysis of Ago-mRNA CLIP data
demonstrated that cross-linking induced deletions, but not substitutions or insertions, as
judged from the frequency (Table 1a) and positional profiles of mutations (Fig. 5a). We
applied the same permutation-based method and defined 886 CIMS with the most
reproducible deletions (FDR< 0.001) (Table 1b and Supplementary Table 4 online).

We compared the ability to identify miRNA target sites in Ago-mRNA clusters using CIMS
analysis, or methods currently available in which Ago clusters were aligned according to
cluster peaks alone 20: 26, By unbiased de novo motif analysis, we discovered eight
significant motifs in sequences around CIMS (=10 to +10, 21 nt) (Supplementary Fig. 4
online). Among these, five correspond to the seeds of known miRNAs, which rank in the top
20 in abundance according to the number of Ago miRNA CLIP tags, and therefore are
expected to have a significant number of targets in cross-linked mRNAs 20, In contrast,
when we used 21-nt sequences around peaks of the same clusters, we found only the top two
motifs that correspond to miR-124 and miR-9.

To compare the signal-to-noise associated with CIMS and cluster peak analysis more
quantitatively, we next focused on the four top miRNAs (miR-124, miR-9, let-7, and
miR-26) with the most seed enrichment. The base composition of seed match sequences
varies for these miRNAs (miR-124/UGCCUU, miR-9/CCAAAG, let-7/UACCUC, and
miR-26/ACUUGA, corresponding to positions 2—7 of each miRNA), which avoids the
potential complication of preferential cross-linking. When we examined the position of seed
matches relative to the Ago-mRNA crosslink site, we found seed matches were sharply
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enriched in positions immediately around deletion sites, but not substitution sites, compared
to sequences around CLIP cluster peaks, indicating that CIMS analysis greatly improved the
signal-to-noise (Fig. 5b and Supplementary Table 5 online). For example, among the 886
robust deletion sites (FDR<0.001), 100 sites have the miR-124 seed matches located in the
21-nt sequences (—10 to +10) around CIMS, compared to 50 sequences if the same clusters
were anchored at the peak position, and ~4 sites expected by chance (Supplementary Table 5
online, see the complete list in Supplementary Table 4 and examples in Supplementary Fig.
5 online). miRNA seed matches are particularly enriched immediately downstream of the
Ago-mRNA crosslink site, although the position varies to a certain degree for individual
transcripts (Fig. 5b and Supplementary Fig. 6a online). This profile is very similar to that
derived from Ago PAR-CLIP data 32, although our data reflect native Ago-miRNA-mRNA
ternary interactions in mouse brain. We also repeated the analysis with all 20 most abundant
miRNAs that account for ~90% of Ago miRNA CLIP tags in the brain, and obtained very
similar results (data not shown). These data together demonstrate that CIMS analysis of
Ago-mRNA CLIP tag clusters provides a higher resolution for miRNA target detection, and
also underscore the general applicability of CIMS analysis to different RBPs.

We also examined Ago-miRNA crosslink sites in the Ago-miRNA complex. Overall, the
crosslink sites were the most frequent in the middle of miRNAs, between positions 9 and 15,
but rare inside the seed region (Supplementary Fig. 6b online). For example, miR-124 was
cross-linked most frequently at positions 11-12 (GG) and 15-16 (AA, Fig. 5¢). This
observation closely matched structural analysis of the Ago-miRNA-mRNA ternary complex,
which suggested that this segment of miRNA forms hydrogen bonds with Ago, resulting in
preferential cross-linking 48. In addition, a similar crosslink profile was also observed in
PAR-CLIP data 32. Interestingly, individual miRNAs showed distinct sites preferable for
cross-linking with Ago (Fig. 5¢c—f). Even paralogs of the same miRNA family showed
differences in crosslink sites. For example, let-7i was most frequently cross-linked at
positions 12-14 (UUU); for let-7b and let-7c, the CIMS sites extended into flanking
nucleotides (GGUU or GGUUG) (Fig. 5d). Sequence divergence among the paralogs might
account for subtle structural changes in the Ago-miRNA complex, which in turn determined
the position of CIMS observed for each member.

Discussion

Here we present systematic analysis of CIMS to determine protein-RNA crosslink sites from
standard HITS-CLIP data, as a means of mapping RBP binding sites in mRNAs and
miRNAs at nucleotide resolution. CIMS analysis takes advantage of RT errors that are
induced by the presence of cross-linked amino acids. Compared to several modifications of
CLIP that have been used to determine crosslink sites, CIMS analysis does not rely on the
assumption that RT always prematurely stops at the crosslink sites (iICLIP 33-3%), or the
introduction of artificial photoactive ribonucleoside analogs to induce preferential cross-
linking, which entails potential adverse effects such as cytotoxicity 4° and changes in RNA
structure, and currently limits the technique to a cell-based assay not readily applied to
living tissues (PAR-CLIP 32),

We estimate the error rate of RT reading through crosslink sites to be approximately 8—-20%,
providing a balance between sufficient transcription efficiency and fidelity to yield many
unique and accurate RNA tags in each HITS-CLIP experiments, as well as a wealth of
information to determine the exact crosslink sites. The deletion rate appears to vary among
different proteins, as demonstrated in Nova and Ago-mRNA CLIP data, as well as several
other RBPs we analyzed (unpublished data, D. Licatalosi, J.C. Darnell and R.B. Darnell).
This might reflect different amino acids and nucleotides at the protein-RNA interaction
interface. In addition, this parameter might also relate to differences in the processivity or
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mutation rates with different enzymes, for example between AMV and MMLV RTSs (the
latter of which we have used exclusively), which do harbor intrinsically different
thermodynamic characteristics 20, The cross-linking induced mutation frequency in standard
CLIP is lower than that observed from PAR-CLIP, but more meaningful comparisons have
to consider signal-to-noise, which is ~15-50 fold for CIMS analysis (~8-20% crosslinking
mutation rate vs. ~0.4-0.5% background deletion rate due to sequencing or alignment
errors), and 4-5 fold in PAR-CLIP (50-80% cross-linking induced T—C transition vs. 10—
20% spontaneous transitions) 32.

The choice of well-studied proteins such as Nova and Ago allowed us to characterize and
validate identified crosslink sites with independent data sources. In particular, the
effectiveness of CIMS analysis is clearly reflected in the enrichment of Nova binding motif
and miRNA seed matches at CIMS. The majority of Nova CIMS directly overlap with the
high-affinity Nova-binding tetramer YCAY, and are predominantly located in the first and
last positions of YCAY (Fig. 2c). These data are consistent with previous crystallography
analysis, which demonstrated that the CA dinucleotide as well as the flanking nucleotides
maintains tight contacts with the Nova KH domain 42, In addition, the improvement of
resolution facilitated unbiased motif analysis to characterize RBP binding specificity more
quantitatively. For example, previous /n vitro RNA selection experiments revealed a strong
preference for Nova binding to UCAU relative to either CCAU or UCAC, identified
pyrimidines of variable length (up to 4 nt) as the preferred residues between YCAY
elements, with an overall consensus sequence of UCAUY sUCAUY 4NCAU 11, Results
from CIMS analysis showed good agreement with these studies, extending them by
highlighting the preference of Nova binding to a subset of dimeric YCAY motif separated
by a single nucleotide /n vivo. Together with the success of CIMS analysis to identify
miRNA seed motifs de novo, our data suggests general applicability of CIMS analysis to
other less characterized proteins, and its advantage compared to standard methods currently
available.

UV cross-linking apparently induces only deletions, but not insertions or substitutions of
natural ribonucleoside during reverse transcription. We do not know the physical basis for
this bias, nor whether it applies equally to all RNA-protein crosslinks. Previous CLIP studies
of several rRNPs and snoRNPs 37-39 found that cross-linking could induce both deletions
and substitutions; interestingly, retrospective examination of this data showed that while
four crosslink sites of three snoRNP proteins (including two sites cross-linked two different
proteins) were identified by deletions, only one (1/6) was detected by substitutions 38. We
expect studies of additional proteins with distinct specificity may provide a more
comprehensive understanding of fundamental properties of protein-RNA cross-linking,
which will potentially lead to further technological advances.

Online Methods

Data compilation

Nova CLIP data were generated previously using mouse brains by 454 1° and Illumina (32
nt reads) 23 sequencing. Nova splicing targets were defined previously 23. Ago CLIP data
(3236 nt reads) obtained from mouse brains were previously described in ref. 20. mRNA-
Seq data were generated for a separate study by Illumina sequencing (36 nt reads), and a
subset of 18 million reads sampled from 18 lanes (1 million per lane) were used here as a
control.

Mapping reads

Raw Nova CLIP tags 23 and Ago-mRNA CLIP tags 20 resulted from lllumina sequencing
(32-36 nt) were mapped back to the mouse genome (mm?9) by the program novoalign
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(http://www.novocraft.com), using FASTA files as input. This program can perform
exhaustive searches of hits tolerating substitutions, small insertions and deletions,
collectively termed mutations here. It also allows iterative search for shorter matches by
trimming nucleotides at the 3" ends, when longer matches are not possible, presumably due
to lower sequencing qualities or shorter CLIP tags. For this study, we required unambiguous
mapping to the genome with<2 substitutions, insertions or deletions in=25 nt (parameters: -t
85 -1 25 -s 1). To remove potential duplicates resulted from PCR amplifications, we applied
stringent filtering, and collapsed mappable reads with the same starting genomic positions.
Representative unique reads were identified according to the following criteria in order:

i.  The tag with the longest matches;
ii. The tag with minimal mismatches;
iii. Random pick among ties.

This provided a reasonable tradeoff between maximizing the chance of detecting mutations
while minimizing the use of low-quality reads, although it might lose some bona fide
mutations induced by cross-linking in discarded duplicate reads. From these unique reads,
overlapping CLIP tags were then grouped to define CLIP clusters. The position and type of
each mutation in unique reads were recorded to identify cross-linking induced mutations.
Nova CLIP tags sequenced by the 454 platform 12 and control mMRNA-Seq data were also
mapped to the mouse genome by the same procedure.

Due to the small size of miRNAs (18-26 nt), Ago-miRNA tags 20 were mapped to miRNAs
using a two-step strategy to improve sensitivity. In the first step, raw reads were mapped by
blat 51 with modified parameters to identify candidate hits on miRNAs (parameters: -
stepSize=2 -minScore=15 -tileSize=6). In the second step, candidate read-miRNA pairs
identified by blat were re-aligned by the needle program %2 (parameters: -gapopen 20 -
gapext 10) to refine the alignment. We required matches for whole-length miRNA,
tolerating<2 nt truncation at the ends and a maximum of 2 mutations (substitutions,
insertions or deletions).

Modeling and identification of CIMS

For substitutions and deletions detected by read alignment, we used a statistical model to
distinguish clustered mutation sites reproducibly detected in multiple CLIP tags, likely
representing CIMS, and those randomly distributed in CLIP tags, likely representing
sequencing or alignment errors. First, individual mutations on unique CLIP tags were
clustered to identify mutation sites if they had the same genomic coordinates. Each site was
then characterized by two parameters, the total number of overlapping unique CLIP tags kat
that position, and the number of unique tags with mutations (of the particular type) m. We
then assessed whether the observed mutation rate /7 k& for each site was significantly larger
than one would expect from randomly distributed sequencing or alignment errors (Fig. 1b).

To be more specific, the statistical model is based on a permutation strategy to preserve the
non-uniform distribution of CLIP tags in the genome, and also the non-uniform distribution
of sequencing errors with respect to the distance to the 5" end of reads. For each observed
mutation in a read, we kept track of its offset from the 5" end of the read. In the permutation
procedure, each mutation was planted into a randomly picked CLIP tag in a position with
the same offset observed from the original read. We then clustered the permuted mutations
to identify permuted mutation sites, each characterized by the same two parameters, < and
m. A null distribution of m, given k; were estimated empirically. To estimate the false
discovery rate (FDR), we counted the cumulative humber of clustered mutation sites with &
tags at the position and =/mtags with mutations ¢[m,4], and the corresponding cumulative
number of permuted mutation sites ¢y[/m,4]. By definition, the FDR of observing =mtags
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with mutations given a total of ktags is ¢y[m, K]/ m,K]. To get a more precise estimate of
the nulldistribution, the permutation was repeated (/=5 for this study) to increase the
number of permuted mutation sites.

The model above distinguished clustered mutations versus randomly distributed mutations
(due to sequencing or alignment errors), but did not remove substitutions due to known or
novel SNPs, RNA editing sites or clustered mutation sites resulted from other mechanisms.
To address this concern, for substitutions, we first removed those that overlap with known
SNPs (v128, downloaded from UCSC genome browser 53). We then clustered the remaining
substitution events to identify clustered substitution sites, also characterized by the two
parameters kand m, as described above. We noted that for novel SNPs or RNA editing sites,
the non-reference allele is a particular nucleotide, whereas cross-linking induced mutations
will presumably generate different non-reference alleles randomly if a substitution should be
introduced. Therefore, we recorded the number of reads supporting the major non-reference
allele nand the ratio 7/m. The ratio n/mwas expected to ~1 for novel SNPs or RNA editing
sites, and ~1/3 for CIMS. For this work, we removed all substitutions located in sites with 7/
m=0.9 as putative novel SNPs or RNA editing sites. The remaining substitution events were
then clustered again and tested using the permutation method described above.

Motif analysis

De novo matif analysis for Nova was performed using 21-nt sequences around the top 500
CIMS ranked by mand the GLAM2 program (parameters: -a 4 —b 10 —w 10, and the rest
using defaults) #°. This program allows gaps of different sizes between aligned columns, and
is therefore suitable to model YCAY clusters. De novo motif analysis for Ago mRNA data
was performed using 21-nt sequences around all 886 CIMS with FDR<0.001, or around
peaks of the corresponding clusters as a control, and the MEME program (parameters: -mod
zoops -nmotifs 10 -minw 6 -maxw 8, and the rest using defaults) 4. For the cluster peak
analysis, each cluster was included only once, even when it harbored multiple CIMS, to
avoid repetitive counting.

To study the frequency of motif frequency relative to protein-mRNA crosslink sites, the
starting positions of Nova-binding sites (YCAY) or miRNA seed matches (corresponding to
positions of 2—7 of mMiRNAS) were recorded. Background motif frequency was estimated
from control sequences of positions —500~-401 nt and 398-497 nt around deletion CIMS, to
normalize the motif frequency. We also used the 11-nt sequences 500 nt away from CIMS
(positions =505 to -495, and +495 to +505) for comparison of motif frequency with the 11-
nt sequences around CIMS (Fig. 4b,c and Supplementary Fig. 3 online).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overview of CIMS analysis

a. Schematic representation of HITS-CLIP and cross-linking induced mutations. Protein-
RNA complexes are purified by immunoprecipitation and stringent washing, followed by
proteinase K treatment, a broad-specificity enzyme which cleaves peptide bonds. Remaining
cross-linked amino acid(s) attached to RNA, as indicated by the red cross, impose an
obstacle for RT, so that a mutation may be induced (~8-20% frequency; see below) during
reverse transcription of RNA to cDNA. CLIP tags are then PCR amplified and read-out by
high-throughput sequencing.

b. Schematic representation of the CIMS analysis method. Mutations detected during
alignment, indicated by blue triangles, are clustered into discrete sites according to their
genomic coordinates. Each site (cluster) is characterized by the total number of overlapping
unique tags A and the number of tags with particular types of mutations /m at the position. A
permutation-based approach, which preserves the distribution of CLIP tags in the genome
and also the positional bias of mutations relative to the 5" end of reads, is used to evaluate
the statistical significance of clustering for each given kand to estimate the FDR (see Online
Methods for more details).
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Figure 2. Cross-linking induces deletions, but not substitutions that precisely map Nova-mRNA
interactions

a. The positional profiles of deletions (top panels, blue) and substitutions (bottom panels,
green) relative to the 5" end of reads are shown. Analysis of CLIP data is shown on the left
whereas analysis of non-cross-linked mRNA-Seq data is shown on the right as a control.

b. Distribution of deletion sites or substitution sites is shown as a function of the number of
tags supporting the mutation (/7).

¢. Enrichment of YCAY around clustered deletion sites (blue curve) is calculated from the
number of YCAY starting at each position relative to the deletion sites, normalized by the
frequency in flanking sequences. The same CLIP clusters are re-anchored at the CLIP tag
cluster peak to calculate the enrichment of YCAY shown in the yellow curve.

d. Similar to (c) but the enrichment of YCAY around clustered substitution sites (green) or
around CLIP cluster peaks of the corresponding CLIP clusters (yellow curve) is shown.
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Figure 3. Frequency of CIMS in CLIP tag clusters and association of CIMS with Nova regulated
alternative exons

a. The proportion of CLIP tag clusters in genic or extended 3" UTR regions (10k nt
downstream of transcript termination) which harbor CIMS defined with varying stringency
is shown as a function of CLIP tag cluster peak height (PH).

b. Similar to (a) but CIMS are defined with FDR<0.001 and CLIP tag clusters in different
genomic regions are shown separately for comparison.

c. The breakdown of 325 non-redundant Nova-regulated cassette exons is shown, according
to whether they have CIMS in the alternative exon, or upstream or downstream introns that
are important for Nova-dependent alternative splicing regulation. CIMS are defined with
varying stringency, similar to (a).

d. An example (NMoval exon 4) of CIMS that precisely maps Nova-RNA interactions. Top
panel: the Moval gene locus, with the number of CLIP tags and frequency of deletions
shown in blue and red, respectively. Inclusion or exclusion of exon 4 is autoregulated by
Nova °. Middle panel: a zoom-in view of exon4 and flanking intronic sequences. In addition
to CLIP tags and deletions, positions of YCAY elements, scores of bioinformatically
predicted YCAY clusters 23, and cross-species sequence conservation in mammals are
shown. Bottom panel: A further zoom-in view of sequences around the CIMS. YCAY
elements and the nucleotides with deletions are highlighted. Note that although the
alignment algorithm assigned the deletion to the first of the three uridines shown in red, the
actual location could be any of the three nucleotides.
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Figure 4. CIMS analysis refines the Nova binding motif
a. A dimeric Nova binding motif with sites identified in 487 of 500 21-nt sequences (-10 to

+10 nt) around the top CIMS by de novo matif analysis. The two YCAY elements
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(highlighted) are separated by a spacer region (shaded), which is variable in length, but
predominantly 1 nt as depicted in the motif logo. The consensus of the motif is shown above

the logo.

b. U is preferred over C in the first or last position of the Nova binding YCAY element
around CIMS. The overall frequency (top) and composition (bottom) of the four tetramers
conforming to the YCAY consensus are shown for 11-nt sequences around CIMS (-5 to +5
nt around deletion sites, FDR<0.001), 11-nt sequences around CLIP tag peaks of the same

set of clusters with CIMS, 11-nt sequences around CLIP tag peaks of the most robust

clusters independent of CIMS, or random positions in transcripts.
c. A single-nucleotide spacer between the two YCAY elements is preferred for dimeric

Nova binding sites around CIMS. The overall frequency (top) and composition of dimeric
motif sites with a spacer of different sizes (bottom) are shown for 11-nt sequences around
CIMS or sequences around control groups, as in (b).
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Figure 5. Cross-linking induces deletions, but not substitutions, that precisely map Ago-mRNA
and Ago-miRNA interaction sites

a. The positional profiles of deletions (top panel, blue) and substitutions (bottom panel,
green) on Ago mRNA CLIP tags relative to 5" end of reads.

b. Top panel: frequency of miRNA seed matches starting at each position around clustered
deletion sites is shown for four top miRNAs (miR-124, miR-9, let-7, and miR-26) with the
most seed enrichment and abundant in the brain (blue curve). The same CLIP clusters are re-
anchored at the CLIP tag cluster peak to calculate the positional frequency of seed matches
shown in the yellow curve. Bottom panel: similar to the top panel, but the frequency of
miRNA seed matches around clustered substitution sites (green) or around CLIP tag cluster
peak of the corresponding CLIP clusters (yellow curve) is shown.

c—f. Positional frequency of deletions for representative individual miRNAs abundant in
brain: miR-124 (c), let-7i, b, and ¢ (d), miR-9 (e), and miR-26a (f). For each miRNA, the
sequence is shown at the bottom, with inferred crosslink sites highlighted in red.

Nat Biotechnol. Author manuscript; available in PMC 2012 July 19.



Page 19

Zhang and Darnell

'sasayuased ay3 ur umoys si ey Jad suoneinw Jo Jaquinu abesane ay |
¥

(124 YAZA YAZ4 66.'22 7€9'TY8 dI70 VYNYW oby
760'T 9€9 709 960'/8 GPO'STS'T diTD eroN
suonmsqns (q

192'S T02'T 988 Tv8's 200°/22T dI70 VYNYW oby
8992, 8v5'SE 81'vT €2v'/8  S68'YLY diTD eroN

suonslag (¢

70>dad T100>dd4 100°0>dad <u eloL sjeseleq
sfier 4171 Ul saus uoneInw pasalsn|d °q

9v6'88Y'€ (800°0) 8€z'28  (¥00°0) 8TO'PY  (T€°0) 069°2G€'€  9GT'v/6'0T  (104U02) baS-YNYW

720'690'T (€70°0) 68€'ST  (TT'0) 00T'9ET  (92°0) G8G'2T6  6BTT'GTC'T dIT0 YNYw ofy

6v7'69 (Lzo0)sv8'e  (0£0) 1182y (91°0) 06L°CZ 90L'T¥T (¥S¥) dI7D BAON

9zz'LeS'T (800°0) 8G€'ze  (6T°0) G62'2GL  (v¥'0) €25'2GL'T  008'996'E dI7D enoN

suolnenw [elo | suoi8su| suonslad suonnsqns sbey anbiun sjaseleq
, suoneiniy

spead bag-wNYW 10 417D Ul suoneIni ‘e

'sbe1 41710 0By pue eAON Ul S8)IS UOIBINW UOIINIISYNS SNSISA UOIB|ap PaJaisn|d Jo aduedlylubis pue
Aousnbauy sy Jo uosuedwod (g) “(wioreld ¥GF ayr yum pasusnbas sbey anbiun sy'6z Ul Juasald ate suons|ap TT8'zy ‘ojdwexs Joy) suoneinw sjdijnw
aney sbey swos ‘adA) paresipul yoes 1o} Jaquunu €101 8Y1 848 UMOYS SUOIRINW 40 Jaquinu 8y (B) "S81IS uo1leIn paisisnjd pue suoielnw Jo Alewwns

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Nat Biotechnol. Author manuscript; available in PMC 2012 July 19.



