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Ribosome profiling is widely used to study translation  
in vivo, but not all sequence reads correspond to ribosome-
protected RNA. Here we describe Rfoot, a computational 
pipeline that analyzes ribosomal profiling data and identifies 
native, nonribosomal RNA-protein complexes. We use Rfoot 
to precisely map RNase-protected regions within small 
nucleolar RNAs, spliceosomal RNAs, microRNAs, tRNAs, 
long noncoding (lnc)RNAs and 3′ untranslated regions of 
mRNAs in human cells. We show that RNAs of the same class 
can show differential complex association. Although only a 
subset of lncRNAs show RNase footprints, many of these have 
multiple footprints, and the protected regions are evolutionarily 
conserved, suggestive of biological functions. 

Target sites for individual RNA-binding proteins have been iden-
tified on a transcriptome scale using CLIP-seq (cross-linking and 
immunoprecipitation-sequencing) or PAR-CLIP (photoactivatable 
ribonucleoside-enhanced CLIP) techniques1,2. Two transcriptome-
scale methods for more comprehensive identification of RNA- 
protein interactions in vivo have been described. One approach uses 
UV cross-linking of cells grown in the presence of 4-thiouridine3,4, 
but this is limited to short-range interactions of appropriate stere-
ochemistry to permit UV cross-linking. The other approach involves 
RNase footprinting of RNA cross-linked with formaldehyde5. Both 
transcriptome-scale approaches map the regions of RNA bound by 
proteins in the context of the RNA-protein complex, but they do not 
identify the specific proteins involved. In addition, both methods 
identify bound regions on a population basis, not at the levels of indi-
vidual molecules, and hence cannot distinguish between different 
complexes associated with the same region of RNA.

Sequencing of ribosome-protected RNA, known as ribosome pro-
filing, has been used widely to examine translation in vivo6. In this 
procedure, cell extracts are treated with RNase I to degrade all non-
protected RNA, and the resulting material is subjected to velocity 
sedimentation through sucrose to enrich for material >7–10S (corre-
sponds to a 100–200 kDa globular protein) while removing degraded 
RNA and other low-molecular-weight material. In the course of ribos-
ome profiling experiments, we and others noted that many sequencing  
reads do not correspond to translated regions. Ribosomes are not 
specifically selected during the biochemical isolation procedure, 

and therefore nonribosomal RNA-protein complexes should also be 
present. In ribosome profiling, sequencing reads correspond to ribos-
omes that span the entire translated region and show 3-nt periodicity  
(Fig. 1a). In contrast, sequencing reads corresponding to RNase foot-
prints of nonribosomal RNA-protein complexes should be highly 
localized (Fig. 1a,b). Each RNA species has a percentage of maximum 
entity (PME) value that reflects the degree of localization of sequence 
reads within this RNA (0 represents highly localized and 1 represents 
uniform distribution across the gene), and different types of RNA-
protein complexes have different PME values (Fig. 1b).

Based on these considerations, we developed a computational 
pipeline, Rfoot (Supplementary Software), to systematically identify 
RNA regions protected by nonribosomal RNA-protein complexes. 
Specifically, Rfoot searches for protected RNA regions with at least 
ten sequencing reads that are highly localized and do not show 3-nt 
periodicity. Rfoot is distinct from standard peak-detecting meth-
ods in chromatin immunoprecipitation (ChIP)-seq and CLIP-seq  
analyses that identify, respectively, DNA or RNA regions bound 
by proteins. Rfoot considers read distribution patterns and distin-
guishes between RNA protected by ribosomes, which represent the 
majority of sequence reads, from RNA protected by nonribosomal  
complexes. Unlike analyses of ChIP-seq and CLIP-seq data that 
require peak detection methods to map bound regions from a popu-
lation of molecules of varying size with endpoints having varying 
distances from the protected region, each sequencing read in Rfoot 
analysis corresponds directly to the fully protected region of an  
individual RNA-protein complex.

Rfoot analysis of our previous ribosome profiling data7 from 
two isogenic human cancer cell models (Src-inducible mammary 
epithelial and Ras-dependent fibroblast)8 revealed that 11.3% of 
the sequencing reads correspond to nonribosomal RNA-protein 
complexes. Protected RNA regions, and presumably RNA-protein 
complexes, were observed for virtually all types of cytoplasmic and 
nuclear RNAs: mRNAs (3′ untranslated regions (UTRs)), lncRNAs, 
small nucleolar (sno) RNAs, spliceosomal RNAs, microRNAs 
(miRNAs) and tRNAs. Detection of a given RNA-protein complex 
depends on the abundance of the RNA, the fraction of RNA stably 
bound by proteins throughout the experimental procedure and the 
total number of sequencing reads. Although the sequencing depth 
used here is sufficient to identify RNA-protein complexes from all 
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RNA classes, greater sequencing depth would likely reveal addi-
tional complexes involving mRNAs, miRNAs or lncRNAs that are 
poorly expressed. As expected, different types of RNA-protein com-
plexes protected different lengths of RNAs (Fig. 1c,d), and the same 
complexes were observed when translation was inhibited by either  
cycloheximide or harringtonine.

Small nucleolar (sno)RNAs are primarily nuclear, with the ‘C/D 
box’ class of snoRNAs guiding methylation and the ‘H/ACA box’ 
class guiding pseudouridylation of other RNAs9. We identified 
RNase footprints for 112 C/D box RNAs and 68 H/ACA box RNAs 
(Supplementary Table 1), which represent almost all expressed snoR-
NAs. The protected region of C/D type snoRNAs covers the stem loop 
structure between the C motif (UGAUGA) and D motif (CUGA) 
(Fig. 2a,b). The region between C and D motifs forms an RNA duplex 
with the methylation site of the target RNA10, and is bound by C/D 
ribonucleoproteins9. Notably, although C/D box snoRNAs can form 
symmetric stem loop structures (Fig. 2a), the protected region covers 
the left arm of the snoRNA SNORD105, the right arm of SNORD110, 
both arms of SNORD113–9, and the middle D and C motifs from  
different arms of SNORD87 (Fig. 2b). For H/ACA type snoRNAs, the 
protected regions flank the H box (ANANNA), the single-stranded 
region linking two stem loop structures, and the ACA box located 
in the tail region (Fig. 2c,d). These motifs are bound by the H/ACA 
ribonucleoproteins9. Interestingly, although C/D box snoRNAs can 
form symmetric stem loop structures (Fig. 2a), the protected region 
covers the left arm of SNORD105, the right arm of SNORD110,  
both arms for SNORD113–9, and the middle D and C motifs from 
different arms of SNORD87 (Fig. 2b). For H/ACA type snoRNAs, 
the protected regions flank the H box (ANANNA), the single- 
stranded region linking two stem loop structures, and the ACA box 
located in the tail region (Fig. 2c,d). Reads in SNORA23 are mostly 
in the H box (Fig. 2d), whereas reads in SNORA3 are associated 
more with the ACA box (Fig. 2d). Thus, it appears that RNA-protein  
complexes within an individual snoRNA class can have different  
stabilities or conformations.

Spliceosomal RNAs associate with spliceosomal proteins to form 
small nuclear ribonucleic particles (snRNPs) that are critical for 
RNA splicing11, and we detected RNase footprints for all types of 
spliceosomal RNAs (Supplementary Table 1). For snRNP RNU11, 
the protected region is mainly associated with the Sm site (Fig. 2e), 
a conserved sequence (consensus AUUUGUGG) bound by the SMN 
complex12. For RNU12, protected regions are observed both for the 
Sm site and the 5′ hairpin structure (Fig. 2f) that interacts with branch 
points of pre-mRNA12.

We detected RNase footprints for almost all expressed tRNAs (157 
in Supplementary Table 1). The protected regions are located in the D 
loop and TΨC loop. The D loop is recognized by aminoacyl-tRNA syn-
thases13, whereas the TΨC loop is important for ribosome binding14.  
The read distribution between these loops varies among tRNAs.  
For example, more sequencing reads were observed for the D loop of 
tRNA9 on chromosome 1 (Fig. 2g and Supplementary Fig. 1a), or the 
TΨC loop of tRNA2 on chromosome 12 (Fig. 2h and Supplementary 
Fig. 1b). Thus, as observed for snoRNAs, tRNA-protein complexes 
can have different stabilities or conformations.

We detected RNase-protected regions for 12 miRNAs (Supplementary 
Table 1) that cover the mature miRNA (Supplementary Fig. 2a,b). 
If one transcript encodes two mature miRNAs (e.g., miR21 and 
miR21*), sequence reads were observed over both mature miRNAs 
(Supplementary Fig. 2c). The RNA-induced silencing complex may 
bind to these regions, but it is unknown why RNase footprints are not 
detected for most expressed miRNAs.

The fact that mRNAs are associated with ribosomes makes it 
difficult to identify nonribosomal RNA-protein complexes that 
interact with protein-coding or noncanonical translated regions. 
In this regard, we found 95 protected RNA regions in 3′ UTRs of 
69 mRNAs (Supplementary Table 1). For example, the protected 
RNA sequence in AMD1 3′ UTR also forms a stable hairpin structure 
(Supplementary Fig. 3).

Some lncRNAs interact with polycomb proteins, and it has been 
suggested that these interactions affect chromatin structure and  
transcription15,16. Although we detected RNase footprints for only 
87 (8%) of expressed lncRNAs, this is five times as many footprints 
as observed for 3′ UTRs, even though the number of nucleotides 
in 3′ UTRs is higher than in lncRNAs. Moreover, in this sub-
set of 87 lncRNAs, we identified 208 nonribosomal binding sites 
(Supplementary Table 1), an average of 2.4 footprints/lncRNA.  
For example, the telomerase component TERC contains three nonri-
bosomal protein-binding sites (Supplementary Fig. 4a) that cover the 
H- and CAB-boxes of the small cajal body–specific (sca)RNA domain, 
and a 5′ single-stranded region (Supplementary Fig. 4b), whereas the 
MALAT1 lncRNA showed several RNase footprints at regions tending 
to form RNA hairpin structures (Fig. 2i). Notably, one MALAT1 region 
showed two distinct RNase footprints as defined by different protected 
fragment lengths (Fig. 2i) and a similar situation occurred at other 
lncRNAs (e.g., Supplementary Fig. 5). Distinct RNase footprints over 
the same region could reflect completely different or related RNA- 
protein complexes or alternative conformations of the same complex. 
In addition, some RNA-protein complexes were cell-type specific 
(Fig. 2i and Supplementary Fig. 5). Considering all RNase footprints 
in lncRNAs, PhastCon scores based on 44-vertebrate Multiz align-
ment17 of nucleotide sequences reveals that the conservation level is 
about twofold higher than surrounding sequences (Fig. 2j; Wilcoxon  
rank-sum test P-value < 10−19). Taken together, these observations 
suggest that RNase footprints in lncRNAs may represent RNA-protein 
complexes that carry out biological functions.

Our experimental method differs from a transcriptome-scale 
RNase footprinting approach described previously5, and it is advan-
tageous in several respects. First, by avoiding cross-linking, we are 

20 25 30 35 40
0

10

20

30

40

50

Fragment length (nt)

F
ra

ct
io

n 
of

 r
ea

ds
 (

%
)

c
Canonical ORF

snoRNA SNORD
snoRNA SNORA
Spliceosomal RNA
miRNA
tRNA
lincRNA
3′ UTRs of mRNA

Nonribosomal associates
17%

13%

10%

1%24%

24%

11%

d

a
Translating ribosome

Nonribosomal RNA–protein
complex

3-nt periodicity

Uniform
distribution
Highly localized
distribution 

PME values measuring uniformity
of read distribution

0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

D
en

si
ty

 (
a.

u.
)

mRNA
lncRNA
Small noncoding
RNA

bFigure 1 Identifying nonribosomal RNA-protein–associated footprints.  
(a) Read distribution pattern in translated ORFs and nonribosomal  
RNA-protein complexes. (b) Distribution of PME values across  
transcripts (60-nt window). a.u., arbitrary units. (c) Read fragment length 
(nt) of RNase footprints in types of transcripts. (d) Fraction (in percent) of 
the various types of RNA-protein complexes.

np
g

©
 2

01
6 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



412	 VOLUME 34 NUMBER 4 APRIL 2016 nature biotechnology

l e t t e r s

able to identify native RNA-protein complexes. Cross-linking can 
cause artifacts, although it also enables the detection of less stable 
complexes. Second, whole-cell extracts are subject to a crude puri-
fication step that enriches for RNA-protein complexes and removes 
degraded RNA, thereby eliminating sequence reads corresponding to 
RNA not associated with proteins. In principle, distinct RNA-protein 
complexes could be enriched by fractionation based on molecular 
weight or by immunoprecipitation with an antibody against a specific 
protein (analogous to CLIP-seq). In addition, factors important for 
RNase footprints can be identified by comparing cells depleted of 
an individual factor with their wild-type counterparts. Third, each 
sequencing read corresponds to a complete protected region for an 
individual RNA molecule. By examining the size distribution of the 

protected region of individual RNase footprints, we detected distinct 
RNA-protein complexes for some footprints of MALAT1 and several 
other lncRNAs. In contrast, RNase footprints obtained with the pre-
vious approach represent averages over many molecules such that 
distinct RNA-protein complexes cannot be detected.

Our method can analyze reported and future ribosome profiling 
datasets for RNase footprints on nonribosomal RNA-protein com-
plexes. In this regard, we performed Rfoot analysis on published ribos-
omal profiling datasets from mouse cell lines18,19. In accord with our 
results in human cells, 14.5% of the sequencing reads corresponded 
to nonribosomal RNA-protein complexes, and the PME profiles of the 
mouse (Supplementary Fig. 6a) and human (Fig. 1b) samples were 
similar. Furthermore, RNA-protein complexes representing all types 
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of RNA species are identified in these mouse cell lines, and the relative 
proportion of these types of complexes are roughly comparable to what 
we observed in human cells (compare Fig. 1d with Supplementary 
Fig. 6b). Analyzing translation (ribosome footprints) and nonribos-
omal RNA-protein complexes in the same sample cannot be done by 
other methods. Lastly, we note that most of the RNA-protein com-
plexes identified here have not been described previously. Therefore, 
our method represents a distinct and complementary approach to 
identifying RNA-protein complexes on a transcriptome scale.

MetHods
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Experimental data for the identification of RNA-
protein complexes is available at GEO (GSE65885), and the Rfoot 
package can be downloaded from http://www.broadinstitute.org/
~zheji/software/Rfoot.0.1.tar.gz

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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oNLINe MetHods
RNase-footprinting. BJ fibroblast cell lines (EH, EL and ELR) were cultured 
on Knockout DMEM (Invitrogen) with 10% FBS, medium 199, glutamine and 
penicillin-streptomycin20. The breast epithelial cell line (MCF-10A-ER-Src) 
was grown in DMEM/F12 with 5% charcoal-stripped FBS (Invitrogen) and  
supplements21. Cells were seeded at 1 × 106 cells per 10-cm culture dish and cul-
tured overnight. Cells were tested negative for mycoplasma. MCF-10A-ER-Src  
cells were treated by 1 µM 4-hydroxy-tamoxifen for various time points 
(1, 4 and 24 h) to induce transformation. The cells and tamoxifen induc-
tion were validated by marker gene expression levels based on RNA-seq.  
Cells were pretreated with cycloheximide (100 µg/ml; Sigma-Aldrich) for 90 s 
or harringtonine (2 µg/ml; Santa Cruz) for 5 min, and detergent lysis was then 
performed with flash-freezing in liquid nitrogen. DNase I–treated lysates were 
then treated with RNase I; RNA-protein complexes were enriched by sedimen-
tation through 34% sucrose as previously described for ribosome profiling22. 
Based on the centrifugation parameters, we estimate that complexes >7–10S 
will be significantly enriched by this procedure. The protected RNA fragments  
were prepared for Illumina TruSeq library construction22, and RNase- 
footprinting libraries were sequenced with Illumina HiSeq 2500.

Sequence read mapping and transcription annotations. After removing 
sequence reads corresponding to human rRNA sequences (5S, 5.8S, 18S 
and 28S), we aligned reads to human reference transcriptome and genome 
sequence (hg19) using Tophat23 with default parameters. We obtained  
65 million sequenced reads mapping to a unique location in the genome, and 
these were used for subsequent analyses. Protein coding genes were defined 
by the RefSeq database. Short noncoding RNAs were defined by RefSeq and 
GENCODE databases24. lincRNAs were defined by a union set of RefSeq, 
GENCODE lncRNAs24 and Human Body Map lincRNAs25. We required a 
lncRNA to have introns, or otherwise, to have length greater than 500 nt, and 
not overlap with a protein coding gene in the same strand.

Rfoot to identify nonribosomal RNase footprints. We used the middle posi-
tion of a sequence read to represent the genomic location of the protected 
RNA. As nonribosomal protein-associated fragments are highly localized, we 
developed a method named Percentage of Maximum Entropy (PME) to meas-
ure the uniformity of read distribution in a defined region (see below). Low 
values indicate highly localized distribution in the region, whereas high PME 
values indicate that reads are evenly distributed. For each transcript, we used a 
scanning window of 60 nt, and calculated the PME value in each window. The 
60-nt window size was chosen to optimize separation between nonribosomal 
protein-associated regions and translated ORFs (Fig. 1a,b). We excluded the 
regions with high PME values (PME > 0.6) and translated regions (based on 
RibORF7) with predicted probability > 0.5 to minimize the false-negative rate. 
For the remaining genomic regions, we clustered reads located within 5 nt.  

We considered a nonribosomal protein-associated site to have >10 reads with 
>3 reads in the peak site. To further remove reads corresponding to translation, 
we excluded regions showing 3-nt periodicity considering locations supported 
by most reads, even if these reads are not in an intact candidate ORF.

PME to measure uniformity of read distribution. For a candidate win-
dow, suppose total read number is N, the region length is L nt. We divided 
the window into smaller regions based on N and L in the following way.  
If N > L/3, we define a region length as 3 nt. Otherwise, a region length is 
defined as floor ((L/3)/N). For each region i, we calculated the fraction of reads 
in the region: P(Xi) = Ni/N, where Ni represents number of reads in region i. 
The entropy value is defined as: 

H X P X P Xi i
i

n
( ) ( ( ) * log ( ))=

=
∑ 2
1

We then calculate the PME value as PME = H(X)/max(H). max(H) represents 
the entropy value assuming the reads are perfectly evenly distributed across 
the window.

Identify nonribosomal RNA-protein complexes in mouse cells from 
published ribosome profiling data. We downloaded two published mouse 
ribosome profiling data sets (GSE60426 and GSE62134) from the GEO data-
base18,19, and used the Rfoot algorithm to identify nonribosomal RNA-protein 
complexes (Supplementary Fig. 6). To compare the mouse and human data 
sets, we used 65 million uniquely mappable reads from the published mouse 
data sets. We note that the apparent small number of spliceosomal RNA-pro-
tein complexes in the mouse data sets likely reflects poor annotation, not a 
meaningful biological difference.
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