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MicroRNAs (miRNAs) are short (20-23 nt) RNAs that are sequence-specific mediators of transcriptional and post-
transcriptional regulation of gene expression. Modern high-throughput technologies enable deep sequencing of such
RNA species on an unprecedented scale. We find that the analysis of small RNA deep-sequencing libraries can be affected
by cross-mapping, in which RNA sequences originating from one locus are inadvertently mapped to another. Similar to
cross-hybridization on microarrays, cross-mapping is prevalent among miRNAs, as they tend to occur in families, are
similar or derived from repeat or structural RNAs, or are post-transcriptionally modified. Here, we develop a strategy to
correct for cross-mapping, and apply it to the analysis of RNA editing in mature miRNAs. In contrast to previous reports,
our analysis suggests that RNA editing in mature miRNAs is rare in animals.

[Supplemental material is available online at http:// www.genome.org.]

In recent years, the use of high-throughput deep-sequencing tech-
nologies has revolutionized transcriptomics research (Kahvejian
et al. 2008; Morozova and Marra 2008; Schuster 2008) and facili-
tated the evolutionary and genome-wide assessment of microRNA
(miRNA) expression (Ruby et al. 2006; Landgraf et al. 2007; Babiarz
etal. 2008; Kuchenbauer et al. 2008; Morin et al. 2008), These short
(20-23 nt) RNA species, which play important roles in transcrip-
tional and post-transcriptional gene regulation, are generally pro-
cessed from long primary transcripts in two steps. First, short
hairpin structures are excised from long primary miRNA (pri-
miRNA) transcripts in the nucleus by the microprocessor complex,
which is composed of the ribonuclease RNASEN (DROSHA) and
the RNA-binding protein DGCR8 (Winter et al. 2009). After export
to the cytoplasm by XPOS (Exportin 5), DICER1 cleaves the hair-
pin to yield an RNA duplex with a characteristic two-base 3’
overhang (Winter et al. 2009). One strand of this duplex, the ma-
ture miRNA, is loaded into a regulatory protein complex, RISC (the
RNA-induced silencing complex), while the other strand is usually,
although not exclusively, degraded (Winter et al. 2009). Mature
miRNAs typically regulate gene expression by binding to messen-
ger RNA 3’ untranslated regions (UTRs) via the “seed sequence”
(nucleotides 2-8) and inducing either transcript degradation or
translation inhibition, although there are also examples of miRNAs
interacting with 5’ UTRs and promoter regions (Lee et al. 2009).
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Several recent studies have reported evidence of adenosine to
inosine (A-to-I) editing in pri-miRNAs (Luciano et al. 2004; Blow
et al. 2006; Kawahara et al. 2008). Such editing can affect the ef-
ficacy of DICER1 and RNASEN processing or lead to transcript
degredation (Gottwein et al. 2006; Obernosterer et al. 2006;
Thomson et al. 2006; Yang et al. 2006; Kawahara et al. 2007b;
Viswanathan et al. 2008). The discovery of A-to-I editing sites
within the region of the pri-miRNA comprising the mature miRNA
led to the enticing hypothesis that A-to-I editing may generally
affect miRNA target selection and stability (Luciano et al. 2004;
Blow et al. 2006). Indeed, tissue-specific editing of bases in the seed
region of the miRNA miR-376a alters the set of genes it silences
(Kawahara et al. 2007a). Similarly, deep sequencing of small RNAs
from three mouse tissues showed extensive nucleotide heteroge-
neity and modifications in mature miRNAs of the let-7 family (Reid
et al. 2008), including internal insertions, deletions, and nucleotide
substitutions. However, most of these sequence variations are dis-
tinct from the A-to-I editing events, suggesting widespread editing
of mature miRNAs by currently unknown RNA processing enzymes.

In this study, we analyze short RNA libraries produced during
a time course of differentiation of THP-1 cells in response to
phorbol-mysterate-acetate (PMA), which mimics macrophage mat-
uration (The FANTOM Consortium and the Riken Omics Science
Center 2009; Taft et al. 2009). These libraries are of sufficient se-
quencing depth to make an accurate assessment of the prevalence
of editing in mature miRNAs. Similar to cross-hybridization in
microarray experiments, short RNA sequences obtained from
deep-sequencing experiments can be inadvertently mapped to
multiple, and sometimes incorrect, loci if there are many similar
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sequences in the genome or if sequencing errors or post-tran-
scriptional modifications occur. Such cross-mapping events can
lead to overrepresented mismatches at specific genome locations
between the genome sequence and the RNA sequence, giving the
appearance of RNA editing. Using a novel strategy to avoid cross-
mapping artifacts, we find that editing of mature miRNAs is rare.
Indeed, reanalysis of murine deep-sequencing data (Reid et al.
2008) suggests that cross-mapping rather than RNA editing is re-
sponsible for the previously observed sequence heterogeneity in the
murine let-7 miRNA family.

Results

The FANTOM4 short RNA libraries

The FANTOM4 project sought to detail the entire genetic network
of a model human monocytic leukemia cell line, THP-1, as it dif-
ferentiated from a monoblast-like to a monocyte-like cell after
stimulation with PMA (The FANTOM Consortium and the Riken
Omics Science Center 2009). As part of this effort, short RNAs, 10
to 26 nt in size, were harvested at eight time points over 96 h and
were reverse-transcribed to produce cDNAs, which were sequenced
using a 454 Life Sciences (Roche) sequencer (Taft et al. 2009). To
analyze editing sites in mature miRNAs, we combined sequences
from all time points into a data set of ~3.5 million short RNAs. To
ensure that miRNA editing could be accurately assessed in this
model, we examined the expression of the adenosine deaminase
(ADAR) and the cytodine deaminase (APOBEC) families of proteins
by microarray and CAGE profiling (The FANTOM Consortium and
the Riken Omics Science Center 2009) and confirmed that they are
expressed throughout the PMA time course (Supplemental Fig. 1).

Cross-mapping in short RNA sequencing libraries

We mapped THP-1 small RNAs to the human genome and iden-
tified all loci where they aligned with the fewest errors. An error
can be a mismatch, an insertion, or a deletion (for details, see
Methods). Small RNAs do not necessarily map uniquely. As shown
in Figure 1, more than half of the short RNAs in the FANTOM4
library map to multiple loci. The ambiguity in the genomic origin
of these RNAs may lead to cross-mapping,
in which a short RNA originating from
one locus is partially or completely as-
signed to a different location. Cross-
mapping complicates an accurate iden-
tification of RNA editing sites, which is
based on an analysis of the mismatches
between the sequenced RNA (i.e., the
deep sequencing tag) and the genome.
However, as shown in Figure 1, 66% of
short RNAs with one mismatch map to
multiple genome locations, making this
analysis nontrivial.

MicroRNAs are particularly suscep-
tible to cross-mapping, as they are short
and tend to occur in families with highly
similar sequences (Bartel 2004). A further
complication is that many mature miRNAs
have single-nucleotide non-template 3’
adenosine or uracil additions (Landgraf
et al. 2007; Kuchenbauer et al. 2008; Jones
et al. 2009; Katoh et al. 2009). Figure 2
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Figure 1. Number of mapping locations. The number of mapping
locations for all FANTOM4 THP-1 short RNA sequences. More than half of
the short RNAs in these libraries map to more than one genome location.

shows an example of cross-mapping between the let-7b and let-7¢
miRNAs, whose mature miRNAs differ by only one nucleotide. Let-
7b with an additional 3" adenosine maps equally well to the let-7b
locus and the let-7c locus. The sequence counts of such multi-
mapping RNAs are usually divided equally between the candidate
genomic loci, assigned arbitrarily to one of the mapping locations,
or discarded altogether (Ruby et al. 2006; Landgraf et al. 2007;
Babiarz et al. 2008; Morin et al. 2008; Taft et al. 2009). In this ex-
ample, short RNAs produced at the let-7b locus, but cross-mapped
to let-7c¢, will lead to overrepresented mismatches at bases where
let-7¢ differs from let-7b, resulting in an alignment that can be
incorrectly interpreted as an RNA editing site in let-7c.

To counter the effects of cross-mapping, we have developed
an expectation-maximization algorithm, described in detail in the
Methods, which assigns weights to the candidate loci of each short
RNA using both the expression level and the alignment between
the RNA and the genome sequence (Fig. 3). At each iteration of the
algorithm, we calculate the expression level from the weighted

let-7c
GTTGAGGTAGTAGGTTGTATGGTTTAGA DNA

miRNA sequence with an
additional 3' adenosine

Read 20 times by
the sequencer

10 reads assigned to
let-7¢

TGAGGTAGTAGGTTG 'GGTTTA
GTTGAGGTAGTAGGTTG 'GGTTTAGA DNA
let-T7c spurious A-to-G

editing site due to
cross-mapping

Figure 2. Cross-mapping in short RNA sequencing libraries. Sequences in green and blue represent
the genome sequence and the RNA sequence, respectively. Mismatches between the genome se-
quence and the RNA sequence are shown in red. A miRNA sequence with an additional 3" adenosine,
either due to post-transcriptional addition (as discussed in the text) or a sequencing error, maps equally
well to the genome loci encoding the human miRNAs let-7b and let-7c. This miRNA sequence was read
20 times in the FANTOM4 time course short RNA libraries. Dividing the sequence counts equally be-
tween these two genome loci leads to a spurious RNA editing site in let-7c. Alternatively, cross-mapping
to unannotated genome regions may give rise to spurious novel noncoding RNA loci.
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Figure 3. Cross-mapping correction strategy. For each short RNA that
can be aligned to multiple genome regions with an equal number of
errors, our strategy to correct for cross-mapping assigns weights to each
candidate mapping location based on the local expression level as well as
the alignment errors. The latter is based on the error profile describing the
probability of an alignment error as a function of the position along
the alignment. Both the local expression level and the error profile are
calculated from the mapped RNAs themselves using an expectation-
maximization algorithm. First, we assign equal weights to all candidate
mapping locations. We then calculate the error profile and the expression
level of each genome location from the complete set of mapped RNA
sequences. This allows us then to recalculate the error profile and the
expression levels. This process is iterated until convergence.

number of RNAs that map at each locus, and assign a probability to
the sequence alignment between the RNA and the genome se-
quence. The latter is calculated using an error profile, representing
the overall prevalence of alignment errors as a function of position
along the alignment. We then calculate the number of RNAs
expected at each candidate mapping location, and choose the
mapping weights in proportion to this value. Upon convergence of
the expectation-maximization algorithm, the sequence counts of
multimapping RNAs are assigned to their candidate mapping lo-
cations according to the mapping weights. To assess the impact of
this approach, we contrast it to an equal-weight strategy. We cal-
culate a weight ratio of an RNA mapping at a candidate mapping
site by dividing the value of the weight obtained in our weighting
strategy by its value under an equal-weight approach (for details,
see Methods). Figure 4A shows the cumulative distribution of these

weight ratios. For more than 75% of the mappings, the cross-map
corrected weight differs from the corresponding equal weight by
more than 25%. Most of the weight ratios are less than one,
whereas a few mappings have a weight ratio much larger than one.
This implies that the cross-mapping correction based on this
weighting scheme establishes a clear preference between the can-
didate mapping locations, which we found to be independent of
the expression level of the short RNA (Fig. 4B).

Identification of editing sites in mature miRNAs

Almost half (43.5%) of the small RNAs in the FANTOM4 time
course can be mapped to loci encoding miRNAs, and 19% can be
aligned to transfer RNAs (tRNAs) (Supplemental Fig. 2). In total,
236 mature miRNAs with a total count of at least 10 were identified
(see Supplemental Table 1). Cross-mapping did not affect the rel-
ative expression values of the majority of miRNAs (Fig. 5; Supple-
mental Table 2).

To search for putative RNA editing sites, each position along
the length of mature miRNAs was analyzed to find the total number
of RNA reads, as well as the number of mismatches. Under the null
hypothesis, mismatches are caused by experimental errors rather
than by miRNA editing. We calculated the tail probability of finding
the mismatches associated with any particular locus using the rate
of experimental errors given by the error profile, and applied the
Bonferroni correction to correct for multiple testing. We rejected the
null hypothesis if the Bonferroni-corrected tail probability at a par-
ticular genome position is less than 0.05, suggesting that the over-
represented mismatches at that position are due to editing (for de-
tails, see Methods). For a typical case in which 100 transcripts of
a given miRNA are sequenced, an editing site can be detected if at
least 10% of the transcripts contain the modified nucleotide.

Table 1 shows all potential RNA editing sites found in the
FANTOM4 short RNA data in mature miRNA sequences, excluding
overrepresented mismatches at the 3’ terminal position, which can
be affected by enzymatic nucleotide additions to the 3’ end (Jones
etal. 2009; Katoh et al. 2009). Without correcting for cross-mapping,
we find 10 genome locations in nine miRNA species in which the
number of mismatches between the RNA sequence and the ge-
nome is statistically significant (P < 0.05). However, only three
mismatch sites remain after correcting for cross-mapping.

To verify that sites of overrepresented mismatches are indeed
caused by cross-mapping rather than miRNA editing, we calculated
the Spearman correlation along the PMA time course between
RNAs that map to the genome with mismatches and highly
expressed RNAs that map unambiguously at each of the candidate
mapping loci. This is an independent verification of the cross-
mapping correction, since the correlation along the time course
depends on the relative expression variation between time points,
but not on the absolute counts of each RNA, whereas the cross-
mapping correction depends on the total count of each RNA sum-
med over the eight time points, but not on the RNA counts at each
time point separately. For each of the potential editing sites, we
identified the most highly expressed perfectly mapping short RNA
at the miRNA site as well as the proposed cross-mapping origin and
calculated the Spearman correlation between their sequence counts
and the counts of the most highly expressed sequence containing
a mismatch at the potential miRNA editing site. As shown in Figure
6, we found that the correlation at the proposed cross-mapping
origin was higher than the correlation at the miRNA locus, in
agreement with our conclusion that the sites with overrepresented
mismatches are caused by cross-mapping rather than RNA editing.
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correction strategy divided by the corresponding weight under an equal-weight strategy (see text for more detail). The more a weight ratio differs from
unity, the larger the cross-mapping correction. (A) The cumulative distribution of the weight ratios, revealing that most weights are reduced in comparison
to the equal-weight strategy, while a few weights are greatly increased. (B) A two-dimensional binning plot of the count of each short RNA sequence and
the weight ratio, using a logarithmic color scheme to represent the number of mapping events in each bin.

As shown in Table 1, cross-mapping typically occurs between
miRNAs of the same family (e.g., miR-27a and miR-27b or miR-18a
and miR-18b), although in miR-1274a, a spurious editing site is
caused by cross-mapping of RNA fragments from a lysine tRNA.
Indeed, this miRNA was previously discovered by deep RNA se-
quencing (Morin et al. 2008), overlaps an annotated ERVK long
terminal repeat, and may itself be a cross-mapping artifact. Simi-
larly, cross-mapping is likely to be responsible for a spurious edit-
ing site in miR-1260. Small RNAs that map to miR-1260 with
a single mismatch can alternatively be mapped to leucine tRNA,
which is expressed almost 80 times higher than miR-1260. As
shown in Supplemental Figure 3, the expression level of leucine
tRNA more than compensates for the alignment with fewer errors
to miR-1260. Indeed, the odds-ratio that this sequence originates
from leucine tRNA instead of miR-1260 is more than 36, strongly
suggesting that the overrepresented mismatches at the putative
editing site in miR-1260 are due to cross-mapping leucine tRNA
sequences rather than miRNA editing.

G-to-C mismatches were found at the tenth residue in 187 of
250 RNAs that map to miR-629. Since no enzyme has been identi-
fied that mediates such editing events, we considered the possibility
that these overrepresented mismatches were due to a nucleotide
polymorphism in the THP-1 genome. Indeed, resequencing of this
genomic region revealed a novel single nucleotide polymorphism
(SNP): A cytosine nucleotide instead of a guanine can be found at
the mismatch location in THP-1 cells (Supplemental Fig. 4).

In miR-376c we found A-to-G mismatches at position 6 of the
mature miRNA in eight out of 10 RNA sequences. This position was
previously identified as an A-to-I editing site (Kawahara et al. 2007a),
and was the only editing site validated by the cross-mapping cor-
rection in mature miRNAs in the FANTOM4 libraries.

In contrast to mature miRNAs, we found 385 genome sites
with overrepresented mismatches in tRNA sequences after cor-
recting for cross-mapping. Most (61%) of these sites are known to
be post-transcriptionally modified (Supplemental Table 3), similar
to what was recently found in an analysis of high-throughput
short RNA sequencing libraries in plants (Ebhardt et al. 2009).

Given the apparent paucity of bona fide editing sites in ma-
ture miRNAs, we reanalyzed the short RNA data (Reid et al. 2008)

that purportedly showed evidence of editing at the ninth position
of murine mature let-7a. Using the same methodology we used to
analyze the FANTOM4 data, we mapped these short RNAs to the
mouse genome and applied the cross-mapping correction strategy.
Supplemental Table 4 shows the alignments between the se-
quenced short RNA and members of the murine let-7 family. The
short RNA sequences that map to the let-7a locus with a mismatch
at the proposed editing position can alternatively be mapped to
miRNA let-7e, with a single mismatch at the 3’ terminal nucleotide.
Our cross-mapping analysis finds an 80% probability that these se-
quences are produced from the let-7e locus instead of the let-7a lo-
cus. This suggests that these sequences originate from the let-7e
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Figure 5. Comparison of miRNA expression before and after cross-
mapping correction. This scatter plot shows the expression of miRNAs
before and after correcting for cross-mapping. With a Spearman corre-
lation coefficient of 0.99, the cross-mapping correction has a minor effect
on the estimated expression of most miRNAs. However, for 14 miRNAs
the relative difference between the estimated expression with and with-
out the cross-mapping correction was larger than 50%. These miRNAs are
circled and shown together with their short RNA counts before and after
the cross-mapping correction.
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Table 1. Overrepresented mismatches in mature miRNA sequences

Without correcting After correcting for

for cross-mapping cross-mapping

Mismatch Origin of

miRNA DNA—RNA Total Mismatched P Total Mismatched P cross-mapping
miR-27b 19:T—C 7707 5586 0 2148 62 1 miR-27a
miR-629 10:G—C 235 172 3 x 1072 250 187 4x 107288 SNP
miR-106a 12:C—T 1528 327 6 X 107242 207 7 1 miR-20a
let-7¢ 17:A—G 174 132 1x 107 25 4 1 let-7b
miR-1260 9:T—G 107 105 6x 107178 160 148 2 X 1072 tRNA-Leu (see text)
miR-1274a 11:A—G 54 39 1x107°3 8 1 1 tRNA-Lys
miR-20b 10:C—T 151 32 2x 1072 86 0 1 miR-17, miR-20a
miR-18b 20:T—A 211 96 2x10°" 40 3 1 miR-18a
miR-20b 12:T—C 151 23 3x 107" 85 0 1 miR-17
miR-376¢ 6:A—G 10 8 3x 1078 10 8 1x107° Known

This table shows all overrepresented mismatches found in mature miRNAs before and after correcting for cross-mapping, except those occurring at the
3’ terminal nucleotide of the mature miRNA, together with the corresponding sequence counts, statistical significance after Bonferroni correction (see
Methods), and the origin of cross-mapping RNAs if applicable. Before correcting for cross-mapping, 10 such potential miRNA editing sites are found. As
shown in this table, eight of these are due to cross-mapping; one additional apparent editing site is due to a single nucleotide polymorphism in the THP-1
genome. The remaining editing site, in the mature miR-376c¢, has been identified previously (Kawahara et al. 2007a).

locus with a single 3’ nucleotide extension, rather than the let-7a
locus with a U-to-G editing event, and that the overrepresented
mismatches in murine let-7a are caused by cross-mapping rather
than RNA editing.

Discussion

Small RNA sequences that cross-map to multiple genome locations
can give rise to spurious alignments that can be interpreted as
novel editing events. miRNAs are particularly likely to cross-map,
since they are short, occur in families with highly similar se-
quences, and may contain nontemplate single-nucleotide addi-
tions on their 3’ end. Previous miRNA microarray probe design
algorithms have attempted to ameliorate the chance of cross-
hybridization between miRNAs with single-base differences (Lee
et al. 2008). Similarly, our strategy aims to mitigate the occurrence
of cross-mapping artifacts in high-throughput short RNA se-
quencing experiments by carefully weighting the assignment of
RNAs to genome loci. Similar strategies have been developed pre-
viously for mapping short sequences obtained from CAGE and
RNA-seq (Jurka 2000; Faulkner et al. 2008).

Alignment errors preferentially occur near the 5’ and 3’ ends
of short RNAs and are likely due to imperfections in the linker li-
gation during the construction of the cDNA library used for se-
quencing and enzymatic nucleotide additions to the 3’ end of
miRNAs (Jones et al. 2009; Katoh et al. 2009), rather than to true
sequencing errors. Cross-mapping caused by such alignment er-
rors, therefore, cannot be resolved by using the per-nucleotide
quality scores of the sequences reads as used in the mapping
algorithms implemented in MAQ (Li et al. 2008) and Bowtie
(Langmead et al. 2009). Mapping our short RNA data set by MAQ
resulted in three new spurious miRNA editing sites due to cross-
mapping, in addition to those shown in Table 1, while the true
miRNA editing site in miR-376c was missed. Using Bowtie resulted
in eight new spurious miRNA editing sites.

Our cross-mapping correction uses both the expression level
and the error profile to assign weights to candidate mapping lo-
cations. Mortazavi et al. (2008) previously developed a weighting
scheme for RNA-seq and SNP detection, in which sequences
mapping to multiple locations are weighted based on the counts of
uniquely mapping sequences in the neighborhood of each can-

didate mapping location. Applying this method to our short RNA
data set resulted in three to eight spurious cross-mapping loci,
depending on which alignment program was used to find the
candidate mapping locations.

Current mapping strategies typically use a hierarchical ap-
proach, which first attempts to map short RNAs to the genome
without any mismatches, then to map the remaining short RNAs
with one mismatch, and continue this process up to some upper

0 | miR-27b |
miR-27b RETa ,
miR-106a | miR-106a o
let-7c
let-7c TeT75 I
i - miR-1260[]
miR-1260 RNAS
i miR-1274a ]
miR-1274a RNALYS I
miR-20b; 10:C—T  — miR-20b 1
i miR-18b
MR8 miR-18a |
i 19T miR-20b[]
miR-20b; 12:T—-C T |
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Spearman correlation

Figure 6. Verification of the cross-mapping correction at spurious
editing sites. Our analysis showed that eight out of 10 sites with over-
represented mismatches in mature miRNAs are due to cross-mapping
rather than true RNA editing sites (Table 1). For each of these miRNAs, we
identified the most abundant RNA that mapped exactly (i.e., without
mismatches) to the miRNA locus and the most abundant RNA that map-
ped to the putative origin of cross-mapping. We also identified the most
abundant RNA mapping to the miRNA locus with one mismatch at the site
of overrepresented mismatches. For this RNA, we calculated the Spearman
correlation along the time course of its counts with the counts of the RNA
derived from the miRNA locus (light gray), and the Spearman correlation
along the time course of the RNA derived from the putative origin of cross-
mapping (dark gray). In all cases, we find that the putative origin of cross-
mapping yields a stronger correlation than the miRNA site, supporting our
conclusion that the mismatched RNA originates from the cross-mapping
locus rather than the miRNA locus.
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limit on the allowable number of mismatches. Due to the large
dynamic range in deep-sequencing libraries, this strategy may not
be optimal. For example, we can reasonably expect the absolute
number of sequences with errors to increase with the sequences
produced at a given locus. Indeed, the most highly expressed short
RNA in the FANTOM4 libraries, which mapped to miR-27a, was
sequenced 107,777 times. With errors preferentially occurring at
the 5’ and 3’ end of the RNA, even a 1% error rate can result in
thousands of short RNAs cross-mapping to a locus elsewhere in the
genome, confounding expression, annotation, or editing analyses,
as illustrated by the example of miR-1260 above. Hence, particularly
for sequences originating from highly expressed loci, the candidate
genome locus with the fewest alignment errors is not necessarily the
best. In general, these kinds of artifacts can be avoided by including
more candidate mapping locations in the analysis, even though the
alignment quality between the transcript and the genome sequence
may be lower. For example, the ELAND mapping software (A] Cox,
unpubl.) reports all candidate mapping loci with up to two mis-
matches, instead of only the locus with simply the best sequence
alignment. Such a strategy could particularly be useful if combined
with a cross-mapping correction strategy, as RNAs would be as-
signed a very low weight at candidate mapping loci where they align
poorly except if they are highly expressed.

The recent revelation that tRNAs can be processed into dis-
crete small RNA species (Kawaji et al. 2008; Elbarbary et al. 2009;
Thompson and Parker 2009; Yamasaki et al. 2009) further com-
plicates the analysis of small RNA deep-sequencing libraries. tRNA-
derived small RNAs are highly expressed and are therefore partic-
ularly prone to produce cross-mapping artifacts, suggesting that
cross-mapping correction is an essential step of deep-sequencing data
analysis. Indeed, tRNAs are also characterized by post-transcriptional
modifications, including CCA additions to the 3’ end of tRNAs and
site-specific nucleotide modifications (Ebhardt et al. 2009), which
cause mismatches between the genome and the sequenced RNA.
An example of the latter is the methylated adenine in the T¥'C arm
of tRNAs, which is frequently read as a uridine in our RNA se-
quencing libraries. Whereas our mapping strategy already takes the
3" CCA sequence tags into account (see Methods), other post-
transcriptional modifications are more difficult to include, as such
modifications and their potential manifestation in short RNA se-
quencing are generally unknown. Examples of miRNAs that align
to mature tRNAs, suggesting that they may be cross-mapping ar-
tifacts, are the human miRNAs miR-720, miR-1274a, miR-1274b,
and miR-1308, and the mouse miRNAs miR-720, miR-1937a, and
miR-1937b.

Few editing events in mature miRNAs in animals

The FANTOM4 time course short RNA libraries are dominated by
mature miRNAs, which occur in miRNA families with highly
similar mature miRNA sequences. Cross-mapping between differ-
ent miRNAs may lead to the artifactual identification of editing or
modification sites, since cross-mapping RNAs originating from
a particular locus will, at the cross-mapped locus, give rise to se-
quence mismatches at specific genome positions.

We found few bona-fide editing sites in mature miRNAs se-
quenced in the FANTOM4 libraries. Overrepresented mismatches
at specific genome positions were, in the vast majority of cases,
caused by cross-mapping short RNAs originating from other miRNAs
or from tRNAs. Similarly, previously identified sites of overrep-
resented mismatches in mature miRNAs (Reid et al. 2008) also
seem to be due to cross-mapping rather than RNA editing. The lack

of editing in mature miRNAs supports the idea that the primary
biological function of miRNA editing in animals is the regulation
of the processing pathway, rather than the targeting of miRNAs
(Kawahara et al. 2007b, 2008).

Methods

THP-1 cell culture, RNA extraction, small RNA library preparation,
and sequencing were described previously (Taft et al. 2009). As the
presence of more than one bead within one droplet in the water/oil
emulsion used for PCR amplification gives rise to multiple counts
of identical reads, only one count was retained for identical reads
to avoid emulsion PCR biases. Potential editing sites in mature
murine miRNAs (Reid et al. 2008) were analyzed using sequences
that were kindly provided by the Gunaratne laboratory (Depart-
ment of Biology and Biochemistry, University of Houston, TX).

Finding candidate mapping sites of small RNAs

We align each sequenced RNA to the genome by minimizing the
number of substitutions, insertions, and deletions in the align-
ment. To enable an unbiased assessment of the occurrence of RNA
editing, we allowed any number of alignment errors between the
RNA and the genome.

We used Nexalign (T Lassmann, unpubl.; http://genome.gsc.
riken.jp/osc/english/software) for alignments with up to one
mismatch, insertion, or deletion. Nexalign is a suffix array-based
method (Manber and Myers 1990) that guarantees to find all full-
length exact matches of a query to a target database. To allow for-
matching with errors, Nexalign generates a library of all sequences
that can be generated from the queries using the user-specified
number of mismatches, insertions, or deletions. All sequences in the
libraries are searched one by one, thus guaranteeing a complete set
of matches within the given number of mismatches, insertions, or
deletions. Per-base quality values are not taken into consideration.

Using Nexalign, we first map the extracted small RNA reads,
using exact matches only, to the human genome (assembly hg18;
NCBI build 36.1) (The Genome Sequencing Consortium 2001;
Kuhn et al. 2009), ribosomal sequences contained in the GenBank
(Benson et al. 2008) record with accession number U13369, and
a collection of human mature tRNAs, which was created by
appending the CCA sequence tag to the 3’ end of each tRNA se-
quence as encoded in the genome (see Supplemental Table 5). This
sequence, which is added post-transcriptionally during the matu-
ration process of tRNAs, is usually not present in the genome. Short
RNA sequences mapping to ribosomal sequences were removed
from the further analysis, while the coordinates of short RNAs
mapping to mature tRNAs were converted to genome coordinates.
The remaining short RNAs were then mapped, using Nexalign, to
the human genome, ribosomal sequences, and mature tRNAs,
allowing for one mismatch, insertion, or deletion, again convert-
ing the coordinates of short RNAs mapping to mature tRNAs and
discarding short RNAs mapping to ribosomal sequences. The
remaining short RNAs were mapped to the genome, ribosomal
sequences, and mature tRNA sequences using BLAST (Altschul
et al. 1990) with the command-line options -p blastn -m 7 -F F -G
10-E6-q-4 -1 5 -W 7 -b 1000000 -v 1000000 -] T. The short RNAs
were then aligned to the regions identified by Blast, extended by
10 bp on both sides, using an in-house global alignment algorithm
to obtain an alignment over the full length of the RNA. Alignments
with the minimum number of errors were retained, where each
mismatch, insertion, or deletion in the alignment was counted as
one error. Without correcting for cross-mapping, the counts of
RNAs mapping to more than one locus with an equal number of
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errors were divided equally between these loci. RNAs mapping to
more than 100 locations were removed from the analysis.

Cross-mapping correction

The mapping procedure described above finds candidate mapping
locations in the genome for each of the RNAs in the data set. For
short RNAs with multiple candidate mapping sites, we apply the
cross-mapping correction to assign weights to each candidate
mapping site.

The cross-mapping correction calculates weights using both
the expression level of each candidate mapping site and the errors
in the alignment between the short RNA and the genome sequence
at each candidate mapping site. The expression level of each can-
didate mapping site depends on the number of short RNAs map-
ping there, whereas the alignment errors are assessed using an error
profile describing the prevalence of errors as a function of position
along the RNA. Since both the expression level and the error profile
depend on the weights assigned to each short RNA, the cross-
mapping correction is necessarily an iterative process.

As the first step of the cross-mapping correction, for each
short RNA r we assign an equal weight w;(r) = 1/m, to each of its m,
candidate mapping locations. The expression level of a candidate
mapping site i is then calculated as

ni= Erlwi(r)C(r% (1)

where the sum extends over all RNAs r that overlap the candidate
mapping site i, and w;(r) is the weight of RNA r mapping to can-
didate mapping site i.

We also calculate the error profile, defined as the relative
frequency of alignment errors as a function of the position k along
the RNA:

Y wi(r)c(r)ai(r; k)

S XTI @
where a;(r; k) equals 1 if there is an alignment error at position k
along the RNA in the alignment of RNA r to candidate mapping
location i, and O otherwise. In practice, we found that the error
profileislarger toward the 5’ and 3’ ends of the RNA, and essentially
flat toward the center of the RNA. We therefore calculate the error
profile at the first, second, and third nucleotide at the 5’ end; the
first, second, and third nucleotide at the 3’ end; and an average p at
all intermediate positions. Supplemental Figure 5 shows the error
profile as calculated for the FANTOM4 short RNA time course data.
Using the error profile, we can now calculate the probability
Pr(r|s;) that transcription of the candidate mapping region i with
genome sequence s; will result in a sequenced transcript r:

H P H (1= pe)s 3)

k:aj(rk)=1 k:a;i(rk)=0

Pr(r|s;) =

where the product extends over all positions k along the alignment.

By multiplying Equations 1 and 3, we find the number n; X
Pr(r|s;) of expected sequences r originating from candidate map-
ping site i. We assign weights to each candidate mapping site in
proportion to this expected number of sequences:

wi(r) = n; X Pr(r|s;)

C Y X Pr(rls;) @
7

where j iterates over all candidate mapping locations of sequence r.

Using these weights, we recalculate the expression level of
each genome location i using Equation 1, the error profile using
Equation 2, the probabilities Pr(r|s;) using Equation 3, and the

weights using Equation 4. We repeat this process until conver-
gence.

For lowly-expressed regions, where the expression level n;
may be due to a single transcript variant, the presence of one
uniquely mapping transcript in any of the candidate mapping
regions will cause all multimapping transcripts to be assigned there
at the exclusion of the other candidate mapping regions. To avoid
such instabilities in the iteration process, we added pseudocounts
equal to /3 n;, equally divided between the candidate mapping

i

regions, to all expression levels n; in Equation 4.

Convergence is reached when the mapping weights w;(r) no
longer change. We stop the iteration as soon as the absolute change
in the weights w;(r) summed over all RNAs r and all candidate
mapping locations i is less than 1. In practice, a much smaller
number of iterations will be adequate. As a case in point, in our
analysis of editing in mature miRNAs, a single iteration is sufficient
to identify all spurious editing sites as such.

The weight ratios shown in Figure 4 were calculated by di-
viding the mapping weights w;(r) by their value under an equal-
weight strategy, resulting in m, w;(r).

Analysis of potential miRNA editing sites

We calculate the number n of RNA sequences for each genome
position in mature miRNAs as well as the number K of the most
prevalent mismatch nucleotides at that position. Under the null
hypothesis, we assume that the mismatches are caused by errors at
a background probability p obtained from the error profiles cal-
culated by the cross-mapping correction. The tail probability is
then calculated as:

tail probability = Xn: <?>pi(1 —p)" (5)
i=k

For non-integer K, n, this can be generalized as
tail probability=1,(k,n — K+1), (6)

where [ is the regularized incomplete beta function.

We apply Bonferroni’s correction for multiple hypothesis
testing based on the number of sites N in mature miRNAs that were
evaluated for the presence of overrepresented mismatches:

Bonferroni-corrected tail probability =1
—[1=I,(K,n—K+1)]V. (7)

Capillary sequencing of the miR-629 region in the THP-I
cell line

Total genome DNA from THP-1 cells was extracted with a DNeasy
Blood & Tissue Kit (Qiagen) according to the manufacturer’s
instructions. The DNA fragments of the miR-629 region were
amplified by PCR using the following two primers: SNP2_F:
5'-AGACAGGACTGTGTAGGGTTGAG-3" and SNP2_R: 5'-CCAA
GAGGGTACTAGCAGATGATG-3'. PCRs were performed in a total
volume of 50 pL, using 0.5 ug of THP-1 genome DNA/1 pL of DNA
polymerase (5 U/pL)/5 pL of 10X reaction buffer/1uL of 2.5 mM
dNTPs/3 wL of 1 uM SNP2_F primer/3 uL of 1 uM SNP2_R primer/
water up to 50 pL. Samples were incubated at 94°C for 7 min, 45
cycles at 94°C for 30 sec/63°C for 30 sec/73°C for 1 min, and at
72°C for 1 min were performed. A total of 10 nL of PCR samples
were separated in 3% agarose gel, and the target band (188 bp) was
cut out and extracted by Gelextraction kit (Qiagen). Capillary se-
quencing was performed using the ABI3100 sequencer according
to the manufacturer’s instructions.
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