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ABSTRACT

Interactions between biological entities are key
to understanding their potential functional roles.
Three fields of research have recently made par-
ticular progress: the investigation of trans RNA–
RNA and RNA–DNA transcriptome interactions and
of trans DNA–DNA genome interactions. We now
have both experimental and computational methods
for examining these interactions in vivo and on a
transcriptome- and genome-wide scale, respectively.
Often, key insights can be gained by visually inspect-
ing figures that manage to combine different sources
of evidence and quantitative information. We here
present R-CHIE, a web server and R package for vi-
sualizing cis and trans RNA–RNA, RNA–DNA and
DNA–DNA interactions. For this, we have completely
revised and significantly extended an earlier version
of R-CHIE (1) which was initially introduced for visu-
alizing RNA secondary structure features. The new
R-CHIE offers a range of unique features for visual-
izing cis and trans RNA–RNA, RNA–DNA and DNA–
DNA interactions. Particularly note-worthy features
include the ability to incorporate evolutionary infor-
mation, e.g. multiple-sequence alignments, to com-
pare two alternative sets of information and to in-
corporate detailed, quantitative information. R-CHIE is
readily available via a web server as well as a cor-
responding R package called R4RNA which can be
used to run the software locally.

INTRODUCTION

The recent years have seen a few conceptual novelties.
Since a few years, it is now possible to directly examine
cis and trans RNA–RNA interactions in vivo and on a
transcriptome-wide scale (2–5). This not only gives us a
glimpse into a so-far well-concealed universe of RNA sec-
ondary structure features in vivo, but also enables us for
the first time to probe direct trans RNA–RNA interac-
tions more widely and without the need for a corresponding
anchor protein or RNA. The corresponding initial proto-
cols (2–5) still offer scope for improvement, both in terms
of systematic biases and efficiency bottlenecks, but already
yield transcriptome-wide evidence for direct trans RNA–
RNA interactions that often link two or more transcripts.
Raw data is typically supplied in terms of so-called du-
plexes, i.e. pairs of short, contiguous stretches of some-how
interacting nucleotides deriving from the same or two sep-
arate transcripts, rather than in terms of direct evidence for
specific base-pairs at nucleotide resolution. These raw du-
plexes, however, do not retain information on which biolog-
ical transcript(s) they derive from. It is therefore currently
largely up to the computational interpretation to convert
these raw duplex data into evidence for specific cis or trans
base-pairs between distinct biological entities of the tran-
scriptome. This remains computationally and conceptually
challenging (6).

Also the well-established protocols for SHAPE-like prob-
ing of RNA secondary structures in a transcriptome-wide
manner in vivo do not yield direct evidence for specific base-
pairs, but only reactivity values for individual nucleotide po-
sitions within transcripts. Any raw SHAPE data thus still
needs to be processed and computationally interpreted us-
ing sophisticated methods in order to derive evidence for
specific cis base-pairs or entire RNA secondary structures
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that could be made by a biological transcript at any specific
point in time (7,8).

Overall, however, we have clearly entered the era of
transcriptome-wide RNA structure and RNA–RNA inter-
action studies in vivo and thus require adequate tools for
visualizing and interpreteting these data.

On the genomic side, the last two decades have seen an
increasing range of novel methods to investigate genome in-
teractions in vivo. The emerging view is that many genomes
in vivo, including the human genome, have a distinct struc-
tural state that may change upon a changing in vivo envi-
ronment.

Based on the original idea of chromatin conformation
capture (3C) (9), the structure state of a genome can in-
vestigated on a genome-wide scale via 4C (10), 5C (11),
GCC (12) and Hi-C (13–17) as well as via genome archic-
tecture mapping (GAM) (18). While the techniques derived
from 3C are based on the ligation of (mostly of pairs of) in-
teracting DNA segments and digestion, GAM works con-
ceptually differently and involves no ligation-step. Rather,
thin two-dimensional slices of frozen cells are extracted and
their single nuclear profiles extracted via laser microdissec-
tion before their individual DNA content is sequenced. By
collecting data from many slices from a single frozen probe,
the method ought to probe the population of cells and their
nuclei at randomly distributed orientations. The underlying
assumption is that pieces of genomic regions deriving from
the same nuclear profile should have a higher chance of di-
rectly interacting than pieces that rarely co-segregate. Com-
pared to 3C-derived methods, the resolution of GAM is lim-
ited by the thinness of the slices (currently around 200 nm),
but has the conceptual advantage of being able to readily de-
tect genome interactions beyond pairs of genome segments.
Compared to 3C-derived methods, the raw data from GAM
requires different computational analyses in order to de-
duce quantitative evidence for actual genome interactions.

There also exist by now a number of new studies investi-
gating trans RNA–DNA interactions between the transcrip-
tome and its genome, see e.g. (35).

Similarly to RNA structure and trans RNA–RNA tran-
scriptome interactions, trans RNA–DNA and DNA–DNA
interactions can be illustrated in a conceptually similar
manner. In both cases, the biological entities (RNA tran-
scripts or chromosomes) can be visualized in terms of linear
lines (even if they actually correspond to circular RNAs or
chromosomes). In all cases, their interactions involve one,
two or several of these entities of the same (RNA–RNA
or DNA–DNA) or different (RNA–DNA) kind. All types of
interactions may comprise evidence for mutually exclusive
pairwise interactions that need to be visualized. And all cis
and trans features should be based on quantitative evidence
(whether experimental or computational) that should be in-
cluded in the corresponding figures. The main difference be-
tween the different types of cis and trans interactions is in
scale and resolution, RNA structure and trans RNA–RNA
interactions are typically studied at near-nucleotide resolu-
tion, whereas trans RNA–DNA and genome interactions
are typically only known up to a few tens of kilobases, i.e.
four to five order of magnitude difference.

While raw, large-scale data sets relating to trans RNA–
RNA, trans RNA–DNA and genome interactions are typ-

ically best analysed and interpreted using computational
methods utilising principled mathematical concepts in ma-
chine learning or artificial intelligence, the human brain
is often still best at readily identifying relevant features
and interesting patterns in figures that manage to com-
bine different sources of quantitative evidence into one
picture. This was and is our key motivation in designing
R-CHIE.

There already exist a number of tools for visualiz-
ing trans RNA–RNA interactions, see Table 1. Likewise,
there already existing several programs for visualizing
trans DNA–DNA interactions. There is, however, not yet
a tool for visualizing trans RNA–DNA features. Plus, all
existing tools either cater for trans RNA–RNA or for
trans DNA–DNA interactions, but not both.

Building on the unique features of R-CHIE’s first release
as a visualization tool for RNA secondary structure, we
set out to significantly expand its scope to also visualize
new large-scale trans RNA–RNA, trans RNA–DNA and
trans DNA–DNA data sets. Compared to existing tools, the
unique properties of R-CHIE can readily be summarized and
highlighted, see Table 1 for an overview.

The new version of R-CHIE is the only tool capable of
visualizing data involving multiple biological entities, e.g.
multiple transcripts linked via trans RNA–RNA interac-
tions, multiple chromosomes engaged in genome interac-
tions or multiple transcripts involved in RNA–DNA inter-
actions with a genome. As with RNA secondary structure
features, we also expect trans RNA–RNA, trans RNA–
DNA and genome interactions in vivo to depend on a mix-
ture of intrinsic properties and extensic properties. Intrinsic
properties, i.e. features encoded in the biological sequences
themselves, may include the RNA’s potential to form certain
RNA structure features or the DNA’s ability to engage in
a range of potential genome interactions, whereas extrinsic
properties may comprise proteins, ions or other additional
biological entities that may also influence the formation of
the actual RNA structure, trans RNA–RNA, trans RNA–
DNA or genome interaction in vivo. In order to investigate
and highlight the presence or absence of some key intrin-
sic properties such as the amount of evolutionary conserva-
tion, multiple-sequence alignments (MSAs) corresponding
to the biological input entities can readily be integrated into
the figures using R-CHIE. In the case of cis and trans RNA–
RNA interactions, this includes the ability to highlight dis-
tinct evolutionary patterns such as the covariance. We have
extended the popular concept of comparison plots in the
original version of R-CHIE (originally called ‘overlapping
plots’ in (1)) to trans RNA–RNA, RNA–DNA and genome
interactions. Given two alternative sets of these interactions
for the same set of input sequence(s), R-CHIE will first com-
pute common and distinct features and then illustrate them
seperately. Figures based on these comparison plots allow
users to readily assess the sensitivity and specificity of com-
putational predictions with respect to known features or,
for example, to compare data deriving from two different
experimental conditions or from two competing prediction
methods.

We make R-CHIE available via several means: via an easy-
to-use web-server http://www.e-rna.org/rchie/
that generates figures on the fly and showcases several rele-
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vant examples, as well as dedicated R-package R4RNA for
downloading and usage on a local computer.

MATERIALS AND METHODS

RNA secondary structure features

The new version of R-CHIE continues to offer the full func-
tionality of the initial version of R-CHIE (1) in terms of vi-
sualizing RNA secondary structure features. In particular,
the six key existing types of diagrams (single structure, dou-
ble structure, comparison structure, single structure covari-
ation, double structure covariation and comparison struc-
ture co-variation) continue to be supported. They essen-
tially allow any user to visualize and compare one or two
sets of RNA structure features with or without showing one
or two corresponding multiple sequence alignments. Most
importantly, R-CHIE continues to offer users the possibil-
ity to visually encode quantitative information on invid-
ual RNA structure features such as helices or individual
base-pairs. Examples of colouring schemes include colour-
ing by P-values (to encode estimation of the reliability of
RNA structure predictions), by covariance (to encode in-
formation on the evolutionary support via a corresponding
multiple-sequence alignment), by primary sequence conser-
vation or any other user-defined quantitative scheme whose
values can be assigned to individual RNA structure fea-
tures.

Trans RNA–RNA interactions

A novel feature in the new release of R-CHIE is that it now
supports the visualization of trans RNA–RNA interactions.
By definition, trans RNA–RNA interactions involve base-
pairs between two or more RNA sequences. As trans inter-
acting RNAs may also comprise RNA structure features,
i.e. cis base-pairs linking pairs of nucleotides within the
same RNA, R-CHIE allows the joint visualization of both,
cis and trans RNA–RNA interactions. In particular, users
can now readily illustrate two sets of features concerning the
same sequence, e.g. a set of known reference features and a
set of predicted features or two alternative sets of predicted
features, even if these features comprise trans RNA–RNA
interactions or more than two interacting RNAs, see Fig-
ures 1–3.

We extended the concept of these plots to so-called com-
parison plots, a unique and useful feature in R-CHIE, that
allows for the automatic comparison of two alternative sets
of cis and trans features. For this, R-CHIE first computes
common and distinct features between the two sets of in-
formation and then illustrates them separately. These com-
parison plots thereby enable, for example, the straightfor-
ward and intuitive assessment of the sensitivity and speci-
ficity of a prediction method, see Figure 4, or the compar-
ison of features between two different experimental condi-
tions. These comparison plots can either be made with all
involved RNAs shown next to eachother along a single hor-
izontal line in the manner depicted in Figure 1 or by high-
lighting one of several RNAs as reference by depicting it on
its own as the bottom as shown in Figure 4.

Any of the types of plots for illustrating RNA structure
and trans RNA–RNA interactions can be combined with

the possibility to shown corresponding multiple-sequence
alignments for each sequence. Naturally, for different in-
put sequences, this may involve different sets of species at
different evolutionary distances. Technically, R-CHIE han-
dles these differences automatically when generating the re-
quested figures. We decided, however, to allow the user to
adjust key parameters in order to further optimise the lay-
out of the figure, if needed.

DNA–DNA genome and RNA–DNA transcriptome interac-
tions

Conceptionally, genome interactions are very similar to
cis and trans RNA–RNA interactions. Both involve se-
quences (RNA or DNA) for now both depicted as linear
sequence despite the existance of circular RNA and DNA
genomes and circular RNAs. Most importantly, both in-
volve pair-wise interactions (RNA–RNA, RNA–DNA or
DNA–DNA) between one chunk of sequence and another
chunk of sequence of the same or different type (RNA,
DNA). The key difference between cis and trans RNA–
RNA interactions and typical information on RNA–DNA
and DNA–DNA interactions is their scale. For cis and
trans RNA–RNA interactions, we typically have infor-
mation on individual base-pairs at nucleotide resolution,
whereas current information on cis and trans DNA–DNA
and RNA–DNA interactions is currently typically supplied
at a resolution of at most 1 kilobase (kb) (19,35), where one
contiguous sequence interval interacts in some kind with an-
other contiguous sequence interval of the same length. R-
CHIE readily extends to cis and trans RNA–DNA and DNA–
DNA interactions and now offers the ability to provide a
multitude of useful types of figures, see Figures 5 and 6 for
trans DNA–DNA interactions and Figure 7 for trans RNA–
DNA interactions.

Table 1 provides an overview of the functionality of R-
CHIE compared to existing programs for visualizing genome
interactions. We here highlight only features unique to R-
CHIE. Two concepts are particularly note-worthy. One is
R-CHIE’s ability to readily compare two set of information
on genome interactions, both trans DNA–DNA as well as
trans RNA–DNA interactions. These can either be illus-
trated in a straightforward manner, see Figure 5 or via so-
called comparison plots which first compute common and
distinct features and then illustrate them separately, see Fig-
ure 6. Another unique concept of R-CHIE is its ability to
visualize evolutionary information alongside genome inter-
actions. This is primarily achieved by showing correspond-
ing multiple-sequence alignments (MSAs). By default, these
MSAs are illustrated in a way which colour-codes key evo-
lutionary features such as primary sequence conservation
and gaps at nucleotide resolution within the interacting re-
gions. In addition to this color-coding within the MSA it-
self, the user can choose to colour the interacting arcs ac-
cording the extent and type of the underlying evolution-
ary support within the interacting regions of the MSA, e.g.
in terms of primary sequence conservation or co-variation.
For this feature to be useful in practice, however, the reso-
lution of the experimental procedure that was employed to
derive genome interaction data has to be of the same order
of magnitude as the evolutionary information to be visual-
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SRSF3 RPS5 U83b NOP14

Figure 1. Figure depicting the interactions between snoRNA U83B and multiple targets (4,21,22). For the targets, we only show the sub-sequence surround-
ing the target side (with 10 nt on either side of the target side): SRSF3 (5210:5240), RPS5(457:493), NOP14 (1111:1150). The corresponding sequences
were downloaded from ENSEMBL (22): U83B (ENSEMBL gene ID ENSG00000209480), SRSF3 (ENSG00000112081, sequence interval (5210:5240)), RPS5
(ENSG00000083845, sequence interval (457:493)), NOP14 (ENSG00000087269, sequence interval (1111:1150)). Arcs depict sequence positions interacting
via a base-pairs. Arcs marked in colour highlight clashing interactions.

U69 18S ACA10 ACA31

Figure 2. Figure showing the interactions between 18S rRNA (RFAM family RF01960, first 350 nt out of 1869 bases) and H/ACA box snoRNAs U69
(RF00265), ACA10 (RF00264) and ACA31 (RF00322). RNA structure features and sequences derived from RFAM (21), trans interactions extracted from
SNORNABASE (24) (https://www-snorna.biotoul.fr/). Each arc depicts a pair of sequence positions interacting via a cis or trans base-pair. Arcs marked in
colour highlight clashing interactions.

ompC MicC

Figure 3. Figure showing the interactions between mRNA ompC (sequence interval (400, 500) out of 1800 bases, no secondary structure information
available) and sRNA MicC (23). As usual, each arc depicts a pair of sequence positions interacting via a cis or trans base-pair. Arcs marked in colour
highlight clashing interactions.

ized in the corresponding MSA. These two unique features
can be also be combined into plots which show the same
MSA in two different ways, one for each of the two cor-
responding sets of genomic information. In that case, each
MSA illustrates the evolutionary support (or lack thereof)
for each set of genomic information. In particular when
combined in a comparison plot, these unique R-CHIE fea-
tures can readily highlight parts of an MSA that require im-
provement (in terms of alignment quality) or parts of a pre-
diction that are poorly supported by evolutionary evidence.
For this, users can, for example, optionally zoom into se-
lect features that are particularly trustworthy (e.g. in terms
of estimated P-value or experimental evidence) by imposing
a corresponding quantitative threshold on the feature to be
visualized, see Figure 5. In that case, users can choose to de-
pict the select genome interactions as arcs rather than in the

usual heatmap, see Figure 5. As for trans RNA–RNA inter-
actions, figures illustrating genome interactions can readily
handle more than two input sequences. And, as discussed
before in the context of cis and trans RNA–RNA interac-
tions (see Figure 4), it is also possible to visually highlight
one of the input sequences as a reference sequence in the
context of genome interactions.

The new R4RNA R package

The new version of R-CHIE now operates on R code that
makes full use of the data.table library in R, thereby
significantly increasing the computational efficiently with
which operations on large set of data can be processed while
simultaneously yielding more compact source code that it
easier to write, read and maintain. For this, we essentially

https://www-snorna.biotoul.fr/
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Figure 4. Comparison plot illustrating the common and distinct features of two sets of predicted cis and trans RNA–RNA interactions involving the same
three non-coding RNAs as in Figure 1. Here, the 18S rRNA sequence is highlighted as reference and shown below, snR41 (left) and snR128 (right) are
shown on top. The left part of the figure illustrates the sensitivity of the predictions w.r.t. the first set of predictions which serves as a reference: true positive,
i.e. correctly predicted, cis and trans base-pairs are highlighted in green. False positives, i.e. known features that are missing from the prediction, are shown
in black. The right part of the figure highlights the specificity of the predictions (and would be devoid of arcs and lines in case of perfect specificity). Any
false positive cis and trans features are shown as blue arcs and lines, respectively. They correspond to the RNA structure and trans RNA–RNA interactions
that are not part of the reference, but only part of the second set of predictions. The color-coding within the MSAs is according to the same legend as in
Figure 1.

Figure 5. Plots showing two Hi-C sets for human chromosome 10 and 11 from two different experiments, data set 1 (top) (25,26) and data set 2 (bottom) (27),
depicted in the usual manner via a heatmap. The left part of the figure shows all genome interactions from both experiments, whereas the right part of the
figure shows the strongest genome interactions for each experiment, filtered based on the 1% top-ranking trans interactions in experiment separately. In
each part of the figure, the left horizontal line corresponds to chromosome 10, the right one to chromosome 11.
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Figure 6. Plots showing the two experimental Hi-C data sets as in the right part of Figure 5. The left part of the figure here is identical to the right part of
Figure 5, but now depicts the strongest interactions in terms of arcs linking the two interacting genome segments rather than a heatmap. The right part of
the figure here shows the same interactions in terms of a comparison plot, where common genome interactions are shown in non-black on top (the color
of each non-black arc reflects the maximum interaction strength of the genome interactions from both experiments), genome interactions that are only
part of experiment 1 are shown in black on top, and genome interactions that are only part of experiment 2 are shown below.

14000

6000

1000

300

0

Figure 7. Figure showing the interactions between the chromosomal DNA and its expressed RNA for human chromosome 1 (35). A high reactivity (see the
legend on the plot) can be observed for interacting segments (horizontal line). A base amount of interactions with a much lower reactivity can be observed
for all of chromosome 1 (large area coloured in shades of blue). In addition, a large segment of zero reactivity can be observed (bands in dark blue) which
corresponds to the 1q12 band region of chromosome 1.

re-wrote the original R4RNA R package underlying R-
CHIE (1) and signficantly extended its functionality.

As R-CHIE figures can now involve multiple input entities
(one or several RNA or DNA sequences; or one or multi-
ple multiple-sequence alignments) and their interactions, it
was necessarily to extend our original definition of the helix-
format in which input information on cis and trans features
is supplied. Please see the R4RNA manual and R-CHIE web
server for the concise and extended helix-format definition.

Existing users of R-CHIE can be reassured that the existing
functions will continue to work with the helix-format def-
inition so far. Information on the input sequences or their
multiple-sequence alignments continues to be specified in
terms of a fasta input file whose headers link information
on the sequences to information on the respective cis and
trans features in the helix input file.

The output of R-CHIE corresponds to a file in png- or pdf-
format for each figure. The web server generates this out-
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Table 1. Comparison of key features of R-CHIE and existing visualization packages. Trans RNA–RNA interactions are interactions involving base-pairs
between two RNA transcripts. R-CHIE is the only tool capable of visualizing trans RNA–RNA interactions involving more than two transcripts (multiple
entities) and of showing a multiple-sequence alignment (MSA) alongside information on RNA structure and trans RNA–RNA interaction features (MSA
plot). Also, R-CHIE can explicitly highlight the extent of covariance within an MSA underlying RNA structure and trans RNA–RNA interaction features
(covariance) which is key to quickly assessing the extend (or lack of) significant evolutionary support for individual cis or trans base-pairs. Another useful
feature in that regard, which is supported both by RILOGO and R-CHIE, is the ability to compare two multiple-sequence alignments for the same RNA
structure or trans RNA–RNA interaction features (compare two MSAs). Information on genomic interactions such as those obtained via Hi-C experiments
or GAM can also be visualized with R-CHIE now (cis DNA–DNA and trans DNA–DNA interactions), including the visualization of quantitative informa-
tion on the respective interaction strength (interaction strength). One key unique feature of R-CHIE are comparison plots (comparison plot) for which the
communalities and differences between two alternative sets of features (e.g. predicted features versus reference features or experimental condition 1 versus
experimental condition 2) are first calculated and then visualized. Of all the tools listed, R-CHIE is unique in that it combines the ability to both visualize
RNA structure (cis RNA–RNA interactions) and trans RNA–RNA interaction features (which usually comprises nucleotide-specific information) as well
as information on cis and trans RNA–DNA and DNA–DNA interactions, which is often more coarse-grained involving intervals of several kilobases

Tool

trans RNA–
RNA

interactions

cis
RNA–RNA
interactions

trans DNA–
DNA

interactions

cis
DNA–DNA
interactions

trans RNA–
DNA

interactions
Multiple
entities

MSA
plot

compare
two

MSAs covariance
Interaction

strength
comparison

plot

RILOGO (28) � � –– –– –– –– –– � –– –– ––
MARIO TOOLS (29) � � –– –– –– � –– –– –– –– ––
3D GENOME

BROWSER(30)
–– –– � � –– –– –– –– –– � ––

GITAR (31) –– � –– –– –– –– –– –– –– � ––
GenomicInteractions
(32)

–– –– � � –– –– –– –– –– � ––

RNAFDL(33) –– � –– –– –– –– –– –– –– –– ––
VARNA(34) –– � –– –– –– –– –– –– –– � �
R-CHIE � � � � � � � � � � �

put on the fly, typically requiring on the order of seconds
to produce the figure. For every request, the web server dis-
plays the corresponding command-line underlying the gen-
eration of the figure. Novice users of R-CHIE can thus start
with the examples provided for the different kinds of plots
on the web-server and then explore additional features. In
addition to these examples, the web server now also features
mini-tutorials that can be readily explored online. For us-
ing R-CHIE on a local computer, the user needs to install
the R4RNA R package as well as R itself on a local com-
puter (R is freely downloadable from http://r-project.org/
for all major operating systems). Once locally available, the
generation of figures with R-CHIE can be seamlessly inte-
grated into existing computational pipelines for analysing
data sets.

RESULTS AND DISCUSSION

We here present a new computational method for visu-
alizing cis and trans RNA–RNA, RNA–DNA as well as
DNA–DNA interactions. For this, we have significantly ex-
tended and technically completely revised an earlier ver-
sion of R-CHIE that was initially published as a tool and
web-server for visualizing RNA secondary structure infor-
mation. The new version of R-CHIE offers a multitude of
novel and unique types of figures that allow users to ex-
plore and understand their data in a more intuitive manner
than via a purely numerical data analysis. This is primarily
due to R-CHIE’s ability to visualize key functional features
such as RNA structure features, trans RNA–RNA, cis and
trans RNA–DNA as well as DNA–DNA interactions along-
side corresponding colour-coded quantitative information.
This information can, for example, correspond to theoreti-
cally estimated P-values, experimentally derived interaction
strengths or different types of evolutionary support and can
readily be adapted to each user’s particular types of evi-

dence and visualization needs. Particularly noteworthy are
the so-called comparison plots in R-CHIE that allow users
to (first automatically compute and then directly) visualize
the communalities and differences between two alternative
sets of features, such as predicted features versus reference
features or features that have been derived from two differ-
ent experimental conditions. R-CHIE is also the most flexi-
ble tool when it comes to visualizing trans features involv-
ing more than two interacting entities, whether they be in-
teracting RNA transcripts or interacting chromosomes or
trans RNA–DNA interactions.

R-CHIE is readily accessible via our web-server at https:
//www.e-rna.org/r-chie and the corresponding R package
R4RNA that can be downloaded from our web-server. We
welcome suggestions and feedback from the research com-
munity. We intend to officially submit the completely re-
vised R4RNA package to the BIOCONDUCTOR (20) reposi-
tory in near future.

ACKNOWLEDGEMENTS

We thank Sheng Zhong and Zhangming Yan from the Uni-
versity of California San Diego, USA, for sharing the RNA–
DNA interaction data for Figure 7 from (35) with us. We also
gratefully acknowledge the Alfred Ritter GmbH & Co. KG
for inventing the ‘Die Feine 61%’ chocolate variety which
sustained our nocturnal coding activities and helped focus
our minds.

FUNDING

Helmholtz Association, Germany (to I.M.M.); M.M. grate-
fully acknowledges a PhD stipend from the Max Delbrück
Center for Molecular Medicine in the Helmholtz As-
sociation, Berlin, Germany. Funding for open access
charge: Meyer group.

http://r-project.org/
https://www.e-rna.org/r-chie


e105 Nucleic Acids Research, 2020, Vol. 48, No. 18 PAGE 8 OF 8

Conflict of interest statement. None declared.

REFERENCES
1. Lai,D., Proctor,J.R., Zhu,J.Y.A. and Meyer,I.M. (2012) R-chie: a web

server and R package for visualizing RNA secondary structures.
Nucleic Acids Res., 40,e95.

2. Lu,Z., Zhang,Q.C., Lee,B., Flynn,R.A., Smith,M.A., Robinson,J.T.,
Davidovich,C., Gooding,A.R., Goodrich,K.J., Mattick,J.S. et al.
(2016) RNA duplex map in living cells reveals higher-order
transcriptome structure. Cell, 165, 1267–1279.

3. Aw,J.G.A., Shen,Y., Wilm,A., Sun,M., Lim,X.N., Boon,K.-L.,
Tapsin,S., Chan,Y.-S., Tan,C.-P., Sim,A.Y.L. et al. (2016) In vivo
mapping of eukaryotic RNA interactomes reveals principles of
higher-order organization and regulation. Mol. Cell, 62, 603–617.

4. Sharma,E., Sterne-Weiler,T., O’Hanlon,D. and Blencowe,B.J. (2016)
Global mapping of human RNA–RNA interactions. Mol. Cell, 62,
618–626.

5. Ziv,O., Gabryelska,M.M., Lun,A.T.L., Gebert,L.F.R.,
Sheu-Gruttadauria,J., Meredith,L.W., Liu,Z.-Y., Kwok,C.K.,
Qin,C.-F. et al. (2018) COMRADES determines in vivo RNA
structures and interactions. Nat. Methods, 15, 785–788.

6. Stefanov,S.R. and Meyer,I.M. (2018) Deciphering the universe of
RNA structures and trans RNA–RNA interactions of transcriptomes
in vivo: from experimental protocols to computational analyses. In:
Rajewsky,N, Jurga,S and Barciszewski,J (eds). Systems Biology, RNA
Technologies. Springer, Cham, pp. 173–216.

7. Deigan,K.E., Li,T.W., Mathews,D.H. and Weeks,K.M. (2009)
Accurate SHAPE-directed RNA structure determination. Proc. Natl.
Acad. Sci. U.S.A., 106, 97–102.

8. Sukosd,Z., Knudsen,B., Kjems,J. and Pedersen,C.N.S. (2012) PPfold
3.0: fast RNA secondary structure prediction using phylogeny and
auxiliary data. Bioinformatics, 28, 2691–2692.

9. Dekker,J., Rippe,K., Dekker,M. and Kleckner,N. (2002) Capturing
chromosome conformation. Science, 295, 1306–1311.

10. Simonis,M., Klous,P., Splinter,E., Moshkin,Y., Willemsen,R., de
Wit,E., van Steensel,B. and de Laat,W. (2006) Nuclear organization
of active and inactive chromatin domains uncovered by chromosome
conformation capture-on-chip (4C). Nat. Genet., 38, 1348–1354.

11. Nora,E.P., Lajoie,B.R., Schulz,E.G., Giorgetti,L., Okamoto,I.,
Servant,N., Piolot,T., van Berkum,N.L., Meisig,J., Sedat,J. et al.
(2012) Spatial partitioning of the regulatory landscape of the
X-inactivation centre. Nature, 485, 381–385.

12. Rodley,C.D.M., Bertels,F., Jones,B. and O’Sullivan,J.M. (2009)
Global identification of yeast chromosome interactions using genome
conformation capture. Fungal Genet. Biol., 46, 879–886.

13. Rao,S.S.P., Huntley,M.H., Durand,N.C., Stamenova,E.K.,
Bochkov,I.D., Robinson,J.T., Sanborn,A.L., Machol,I., Omer,A.D.,
Lander,E.S.M et al. (2014) A 3D map of the human genome at
kilobase resolution reveals principles of chromatin looping. Cell, 159,
1665–1680.

14. Zhang,Y., Wong,C.-H., Birnbaum,R.Y., Li,G., Favaro,R., Ngan,C.Y.,
Lim,J., Tai,E., Poh,H.M., Wong,E. et al. (2013) Chromatin
connectivity maps reveal dynamic promoter-enhancer long-range
associations. Nature, 504, 306–310.

15. Dixon,J.R., Selvaraj,S., Yue,F., Kim,A., Li,Y., Shen,Y., Hu,M.,
Liu,J.S. and Ren,B. (2012) Topological domains in mammalian
genomes identified by analysis of chromatin interactions. Nature, 485,
376–380.

16. Sexton,T., Yaffe,E., Kenigsberg,E., Bantignies,F., Leblanc,B.,
Hoichman,M., Parrinello,H., Tanay,A. and Cavalli,G. (2012)
Three-dimensional folding and functional organization principles of
the Drosophila genome. Cell, 148, 458–472.

17. Lieberman-Aiden,E., van Berkum,N.L., Williams,L., Imakaev,M.,
Ragoczy,T., Telling,A., Amit,I., Lajoie,B.R., Sabo,P.J.,
Dorschner,M.O. et al. (2009) Comprehensive mapping of long-range

interactions reveals folding principles of the human genome. Science,
326, 289–293.

18. Beagrie,R.A., Scialdone,A., Schueler,M., Kraemer,D.C.A.,
Chotalia,M., Xie,S.Q., Barbieri,M., de Santiago,I., Lavitas,L.-M.,
Branco,M.R. et al. (2017) Complex multi-enhancer contacts captured
by genome architecture mapping. Nature, 543, 519–524.

19. Belaghzal,H., Dekker,J. and Gibcus,J.H. (2017) Hi-C 2.0: an
optimized Hi-C procedure for high-resolution genome-wide mapping
of chromosome conformation. Methods, 123, 56–65.

20. Gentleman,R., Carey,V., Bates,D., Bolstad,B., Dettling,M.,
Dudoit,S., Ellis,B., Gautier,L., Ge,Y., Gentry,J. et al. (2004)
Bioconductor: open software development for computational biology
and bioinformatics. Genome Biol., 5, R80.

21. Kalvari,I., Argasinska,J., Quinones-Olvera,N., Nawrocki,E.P.,
Rivas,E., Eddy,S.R., Bateman,A., Finn,R.D. and Petrov,A.I. (2018)
Rfam 13.0: shifting to a genome-centric resource for non-coding
RNA families. Nucleic Acids Res., 46, D335–D342.

22. Yates,A. D., Achuthan,P., Akanni,W., Allen,J., Allen,J.,
Alvarez-Jarreta,J. et al. (2020) Ensembl 2020. Nucleic Acids Res., 48,
D682–D688.

23. Chen,S., Zhang,A., Blyn,L.B. and Storz,G. (2004) MicC, a second
small-RNA regulator of Omp protein expression in Escherichia coli.
J. Bacteriol., 186, 6689–6697.

24. Lestrade,L. and Weber,M. J. (2006) snoRNA-LBME-db, a
comprehensive database of human H/ACA and C/D box snoRNAs.
Nucleic Acids Res., 34, D158–D162.

25. Rao,S.S., Huntley,M.H., Durand,N.C., Stamenova,E.K.,
Bochkov,I.D., Robinson,J.T., Sanborn,A.L., Machol,I., Omer,A.D.,
Lander,E.S. and et,al. (2014) A 3D map of the human genome at
kilobase resolution reveals principles of chromatin looping. Cell, 159,
1665–1680.

26. Sanborn,A.L., Rao,S.S., Huang,S.-C., Durand,N.C., Huntley,M.H.,
Jewett,A.I., Bochkov,I.D., Chinnappan,D., Cutkosky,A., Li,J. et al.
(2015) Chromatin extrusion explains key features of loop and domain
formation in wild-type and engineered genomes. Proc. Natl. Acad.
Sci. U.S.A., 112, E6456–E6465.

27. Rao,S.S., Huang,S.-C., St Hilaire,B.G., Engreitz,J.M., Perez,E.M.,
Kieffer-Kwon,K.-R., Sanborn,A.L., Johnstone,S.E., Bascom,G.D.,
Bochkov,I.D. et al. (2017) Cohesin loss eliminates all loop domains.
Cell, 171, 305–320.

28. Menzel,P., Seemann,S.E. and Gorodkin,J. (2012) RILogo: visualizing
RNA–RNA interactions. Bioinformatics, 28, 2523–2526.

29. Nguyen,T.C., Cao,X., Yu,P., Xiao,S., Lu,J., Biase,F.H., Sridhar,B.,
Huang,N., Zhang,K. and Zhong,S. (2016) Mapping RNA–RNA
interactome and RNA structure in vivo by MARIO. Nat. Commun.,
7, 12023.

30. Wang,Y., Song,F., Zhang,B., Zhang,L., Xu,J., Kuang,D., Li,D.,
Choudhary,M.N.K., Li,Y., Hu,M. et al. (2018) The 3D Genome
Browser: a web-based browser for visualizing 3D genome
organization and long-range chromatin interactions. Genome Biol.,
19, 151.

31. Calandrelli,R., Wu,Q., Guan,J. and Zhong,S. (2018) GITAR: an
open source tool for analysis and visualization of Hi-C data.
Genomics Proteomics Bioinformatics, 16, 365–372.

32. Harmston,N., Ing-Simmons,E., Perry,M., Baresic,A. and Lenhard,B.
(2015) GenomicInteractions: an R/Bioconductor package for
manipulating and investigating chromatin interaction data. BMC
Genomics, 16, 963.

33. Hecker,N., Wiegels,T. and Torda,A.E. (2013) RNA secondary
structure diagrams for very large molecules: RNAfdl. Bioinformatics,
29, 2941.

34. Dary,K., Denise,A. and Ponty,Y. (2009) VARNA: Interactive
drawing and editing of the RNA secondary structure. Bioinformatics,
25, 1974.

35. Yan,Z., Huang,N., Wu,W., Chen,W., Jian,Y. et al. (2019)
Genome-wide colocalization of RNA–DNA interactions and fusion
RNA pairs. Proc. Natl. Acad. Sci. U.S.A., 116, 3328.


