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INTRODUCTION

Abstract

RNAs have emerged as a major target for diagnostics and therapeutics approaches.
Regulatory nonprotein-coding RNAs (ncRNAs) in particular display remarkable ver-
satility. They can fold into complex structures and interact with proteins, DNA, and
other RNAs, thus modulating activity, localization, or interactome of multi-protein
complexes. Thus, ncRNAs confer regulatory plasticity and represent a new layer of reg-
ulatory control. Interestingly, long noncoding RNAs (IncRNAs) tend to acquire complex
secondary and tertiary structures and their function—in many cases—is dependent on
structural conservation rather than primary sequence conservation.

Whereas for many proteins, structure and its associated function are closely con-
nected, for IncRNAs, the structural domains that determine functionality and its inter-
actome are still not well understood. Numerous approaches for analyzing the struc-
tural configuration of IncRNAs have been developed recently. Here, will provide an
overview of major experimental approaches used in the field, and discuss the poten-
tial benefit of using combinatorial strategies to analyze IncRNA modes of action based
on structural information.
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RNA editing (small nucleolar RNAs), or splicing (small nuclear RNAs)
and have been known for quite a long time. More recently, short reg-

With fundamental cellular functions ranging from energy metabolism
to structural components, over signal transduction to being key regula-
tors of gene expression, proteins were attributed great scientific atten-
tion, while—with a few exceptions—the RNA was contemplated as the
inevitable intermediary required for protein production. However, this
picture changed dramatically when high-throughput sequencing data
revealed that more than two-thirds of the human genome are actively
transcribed into RNA but only < 2% actually encodes for proteins.!]
Several classes of shortnon-coding RNAs (ncRNAs) controlling basic

cellular functions such as translation (transfer RNAs, ribosomal RNAs),

ulatory ncRNAs (20-30 nt in length), including microRNAs, endoge-
nous short-interfering RNAs, or piwi-associated RNAs, acting as crucial
regulators of gene expression were also identified.[2! Long noncoding
RNAs (IncRNAs) have lately gained widespread attention and we are
only at the beginning to understand their significant roles for a multi-
tude of cellular processes.

Per definition, INcRNAs are over 200 nucleotides in length, lack a
protein-coding potential, can be spliced, capped, and/or polyadeny-
lated and are localized either in the nucleus or the cytoplasm of the

celll13] LncRNAs are involved in a multitude of biological processes.
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FIGURE 1 Overview of integrative experimental approaches to analyze long non-coding RNA structure

These include (a) interacting with chromatin complexes, and thus con-
tributing to epigenetic gene regulation, (b) serving as modulators of
proteins or multiprotein complexes, (c) binding DNA/RNA-associated
proteins to regulate transcriptional expression, (d) regulating DNA sta-
bility through R-loop and triple helix formation, and (e) contributing to
generation of a higher-order chromatin structure.[4]

Since IncRNAs are not only located in dedicated noncoding gene loci,
but can be part of protein-coding genes, it became clear that under-
standing IncRNA function and modes of action is not only a matter for
RNA biologists, but of wide interest for all fields of life science.

While a rapidly growing number of IncRNAs have been function-

ally characterized, studies unveiling modes of actions of IncRNAs are

still sparse. This lack of knowledge might be due to several pecu-
liarities inherent to many IncRNAs: on average, they display lower
sequence conservation in comparison to proteins across species, show-
ing only portions of conserved bases surrounded by large uncon-
strained sequences and thus complicating functional predictions based
on primary sequence similarity.!>8! A more likely conservation of ncR-
NAs includes conservation on (a) secondary or tertiary structure, (b)
functional features, or (c) syntenic transcription.!:10]

Additionally, low abundance of many IncRNAs adds further com-
plexity to the prediction of modes of action. While several RNAs were
found to have inherent catalytic activity, most IncRNAs function in con-

cert with proteins, thus acting as part of ribonucleoprotein complexes
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(RNPs) to maintain molecular function. Complexation in such parti-
cles strongly influences stability of these RNAs as well as broadens
their functional spectrum.[11] Therefore, the majority of approaches to
analyze modes of actions of INcRNAs are based on interaction studies
with protein complexes, DNA, or RNA. For these reasons, most mech-
anistic studies are done using RNA-protein interaction techniques,
which are largely based on structural insights from protein interaction
partners, which were the focus of recent and comprehensive review
articles.[12-15] Apalysis of RNP-complexes has mostly been protein-
centered due to the usually highly flexible structure of the RNA con-
stituent. Here, we want to bring awareness to potential benefits of
IncRNA-centric structure analyses as a future means to predict IncRNA
modes of action based on structural features rather than primary
sequence conservation.

For many proteins, structure and its functional relevance are
closely connected, whereas for IncRNAs, the structural domains that
determine functionality as well as define its interactome are still
not well understood. Thus, gaining comprehensive understanding of
IncRNA modes of actions might benefit from RNA structural analysis.
Below, we will introduce some of the major approaches for analyz-
ing IncRNA structure and, with the help of some exemplary IncRNAs,
will discuss the potential benefit of using combinatorial approaches
to analyze IncRNA modes of action based on structural information

(Figure 1).

METHODS FOR STRUCTURE DETERMINATION OF
IncRNAs

Inrecent years, a wide range of methods have been developed to assess
the secondary structure of IncRNAs.[16] This selection of methods can
be divided into experimental and computational methods and include,
but are not entirely limited to enzymatic footprinting, chemical prob-
ing, nuclear magnetic resonance (NMR) spectroscopy, and compara-
tive sequence analysis (Figure 1). The selection below is not meant to
be exhaustive, but rather aims at outlining experimental and compu-
tational approaches frequently used and developed in the field. Each
of these approaches have advantages as well as limitations, and can
be combined with molecular biology approaches to gain insights into
IncRNA modes of actions (Table 1).

Purification of IncRNAs for structure determination

The purification and analysis of IncRNAs poses a significant challenge
for analyses of INcRNA structure, particularly if one wants to preserve
the native, structural elements mediating function: Folding of long
RNAs in vivo in many cases is not merely based on thermodynamic
properties of the RNA, but requires the function of endogenous
factors or RNA chaperones, which are not usually present in in vitro
approaches.[46-48]  Additionally, many RNA purification methods
involve heat denaturation and refolding, which can result in misfold-

ing and aggregation of IncRNAs.[4?°0] Therefore, several different
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approaches that avoid RNA denaturation have been developed to
overcome these issues in recent years. Most of those approaches
utilize affinity tags, which are involved in the immobilization of the
target RNAs and ribozymes, allowing for higher specificity during
elution.[51:521 Another method developed by Chillén et al. allows
for IncRNA purification without involvement of RNA denatura-
tion and affinity tag design, thus aiming to better preserve IncRNA
functional elements.[49] After T7 polymerase-based synthesis and
removal of DNA and proteins, the desired RNA is obtained by ultra-
filtration and purified using size-exclusion chromatography.!>3! This
semi-native purification protocol allows analysis of long RNAs with
preserved cotranscriptional folding patterns as well as maintains
potentially functional structural elements.5*! These studies are
yielding fresh insights, such as the cooperative folding of functional
RNAs or the investigation of new functional elements. Methods
that can probe the structure of RNA under complex in vivo like con-
ditions will enhance our understanding of in vivo RNA structural
motifs.

Overcoming the challenges of purification of in vivo or in vivo like
RNAs will allow the field to accomplish the ultimate goal, to understand
how RNA folds in the cell, and thereby might help for the discovery of

yet undiscovered mechanisms of IncRNAs.

Experimental methods

Within the last decade, numerous different probing techniques evolved
to explore the secondary structures of IncRNAs. These can in gen-
eral be divided into enzymatic and chemical probing approaches, which
both can be combined with high-throughput sequencing and consec-
utive bioinformatics analysis. Three-dimensional (3-D) structural solu-
tion is the ultimate goal in macromolecular structure determination, as
it provides atomic resolution data at the molecular level.

Enzymatic footprinting

Enzymatic footprinting is an in vitro approach designed to specifically
cleave either single- or double-stranded nucleotides of radioisotope
labeled RNAs using ribonucleases (RNases) with different specificities.
It can thus be used to map single- versus double-stranded regions of
RNA. The fragmented RNA products are typically analyzed alongside
a sequencing or an alkaline hydrolysis RNA ladder by denaturing poly-
acrylamide gel electrophoresis.[17:18]

PARS (parallel analysis of RNA structure) further advances this
approach by utilizing next-generation sequencing for the analysis of
fragments generated with RNases of different specificities: RNase V1is
typically used to cut base-paired nucleotides and thus digests double-
stranded regions within RNAs, while digestion with RNase S1 results in
specific digestion of single-stranded RNA domains (Table 1). After a fur-
ther fragmentation step, the RNA can be analyzed.I>>] Therefore, the
PARS method gives information about single- or double-stranded con-

formation on a transcriptome-wide scale.[55]
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Frag-Seq (fragmentation sequencing) represents another alterna-
tive footprinting methodology, designed to specifically cleave single-
stranded RNA, followed by analysis of the resulting fragments through
high throughput sequencing.[S"] Of note, the Frag-Seq method appears
to create a bias favoring small RNAs since RNase P1—the nucle-
ase used in this method—preferentially cleaves RNAs < 200 nt
without a further fragmentation step, thus leaving large RNAs
underrepresented.[5¢! In comparison to PARS, the Frag-Seq method
is less time consuming and there is no need for an additional frag-
mentation step. Combining complementary data of PARS and Frag-
Seq could improve the accuracy of genome-wide RNA structure

measurements.!>7]

Chemical probing

Chemical probing makes use of chemicals, which covalently modify
atoms of single stranded or flexible nucleotides. The high variety of
chemicals (DMS, DEPC, Kethoxal, CMCT) allows probing in vivo and in
vitro.[58:18] Reverse transcription introduces mutations into the cDNA,
which subsequently can be mapped. Mostly chemical probing is used
to measure nucleotide reactivity and thus structural analysis relies on
subsequent modeling of the structure.

Recently, in vivo chemical probing strategies were developed,
enabling analysis of RNA structure in its native cellular context includ-
ing endogenous protein binding partners. SHAPE (selective 2’-hydroxyl
acylation by primer extension) is based on selective acylation of all
flexible and thus unpaired groups of nucleotides.[25] Acylation of
nucleotides terminates reverse transcription reactions at modified
sites and thus results in truncated cDNA fragments, which can be
analyzed by sequencing. Several SHAPE reagents have been tested in
order to improve the signal to background ratio,!2”] as well as method-
ical improvements have been developed!(21:59:26.601;

SHAPE MaPl22-24] gllows to identify RNA structures at single-
nucleotide resolution using a combination of SHAPE-Seq and muta-
tional profiling (MaP) techniques. The method can be customized to
interrogate small RNAs, amplicons, or rare RNA species accurately in
a mixture of RNAs. After SHAPE mutations are introduced, RT primers
are selected depending on the RNA type of interest and the respective
RNAs are reverse transcribed. Subsequently, induced mutations can be
analyzed by high throughput sequencing.

The cell SHAPE method(28] was developed to provide accurate
predictions of secondary structures by modifying non-base paired
nucleotides in vivo. The modified RNA is labeled selectively with biotin,
enabling purification by streptavidin pull-down. After pulldown, the
fragmented RNA is reverse transcribed and can be measured with high
throughput sequencing.

A recent development in structure probing methodology is PARIS
(Psoralen Analysis of RNA Interactions and Structures), which relies
on crosslinking of specific RNA base pairs with the highly spe-
cific and reversible nucleic acid crosslinker psoralen-derivative 4’-
aminomethyltrioxsalen.!2%] Subsequent partial RNA cleavage and com-

plete proteinase digestion results in a set of small crosslinked and

directly base-paired RNA fragments. High throughput sequencing
reveals the direct base pairing between fragments. Based on these
reads, models of RNA structures and interactions can be generated
with high specificity and sensitivity.!2?] This method allows for struc-
ture determination of intra- and inter-molecular RNA-RNA interaction
in vivo as well as sequencing of the binding sites and thus helps to
resolve the interaction sites.

Nuclear magnetic Resonance

Precise base-pairing information, however, still requires high-
resolution three-dimensional RNA structures determined by X-ray
crystallography or NMR spectroscopy. NMR spectroscopy is a ver-
satile biophysical and structural biology technique that can readily
probe base pairing and secondary structure in structured regions
of an RNA and thus represents a very powerful tool to solve high-
resolution structures and dynamics of RNAs at single base-pair
resolution.[32] This information can be used to predict secondary
structures. Spectral overlaps due to the similarity in the sugar
backbone and line broadening from the movement of flexible RNA
regions are the biggest drawbacks of NMR due to their high molec-
ular weight.[3% To overcome this problem, the RNA can also be
reduced to smaller substructures and used as restraints in larger
models.[31]

Small angle scattering

Small angle scattering (SAS) is the collective name given to various
techniques, including X-ray (SAXS) and neutron (SANS) scattering,
employed to characterize biological macromolecules, including RNAs.
Radiation is scattered by the randomly oriented sample in solution.!33!
In SAXS, the scattering pattern describes the distribution of electron
density that interacts with X-rays and can be analyzed to provide infor-
mation about the averaged particle sizes and shapes.[3435] The effect
of averaging many randomly oriented molecules is equivalent to aver-
aging all directions of one molecule, hence for example chirality cannot
be determined.[34] Therefore, SAXS methods require combination with
other experimental approaches and/or with computational modeling to
support the results.

Atomic force microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy
(SPM), which can be used for various applications, including imaging
and force-probing biological samples. AFM instruments collect data
to generate images by physically touching the surface of the samples.
In AFM, a molecule is immobilized on a solid substrate, and subse-
quently, the surface is scanned with high precision by an ultra-sharp
tip, mounted at the end of a force-sensing cantilever.[38] The tapping

mode AFM, in which the cantilever is oscillated close to the sample
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TABLE 1 Tools for determining secondary structures of RNA

Tools for determining
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secondary structure of RNAs Description of target Reference
Experimental methods
Enzymatic cleavage, S1 nuclease (in vitro) Cleaves all single stranded nucleotides [17,18]
footprinting
RNAse V1 (in vitro) Cleaves double stranded RNA
RNAse A (in vitro) Cleaves 3’ of single stranded C, U
RNAse T1 (in vitro) Cleaves 3’ of single stranded G
RNAse T2 (in vitro) Cleaves 3’ of single stranded N (with a preference for A)
Hydroxyl radicals (in vitro) Degradation of ribose backbone based on solvent accessibility
In-line probing (in vitro) RNA allowed to degrade over time, single-stranded regions
typically degrade faster than structured regions
Chemical probing DMS (in vitro, in vivo) Methylation of single stranded A, C [17.19,18]
DEPC (in vitro) Modifies single stranded A
Kethoxal (in vitro) Modifies single stranded G
CMCT (in vitro) Acylation of single stranded U and G
SHAPE (in vitro, in vivo) Acylation of flexible 2’OH ribose groups, performed with several [21-25]
different molecules
SHAPE-MaP Acylation of flexible 2’OH ribose groups, performed with several [26-28,25]
different molecules, followed by mutational profiling
IcSHAPE Addition of a custom 2-methylnicotinic acid imidazolide probe in [27.28]
vivo to mark it selectively for biotin tagging
PARIS (in vitro, in vivo) Reversible crosslinking of base paired nucleotides [29]
NMR probe base pairing and secondary structure [30-32]
Small angle scattering provides low-resolution structural information about [33-35]
macromolecules in solution
Atomic force microscopy enables direct visualization by physically probing native, large [36-38]
molecules under biological conditions
Cryo-EM utilize a transmission electron microscope to determine the [Fo=ly
structures of frozen-hydrated samples
Computational methods
Structural modeling Prediction of RNA secondary structures based on thermodynamic, L2l
statistical, or probabilistic properties
Comparative sequence Detection of compensatory mutations, which allow an RNA to [44.45]

analysis

retain its structure and function, despite evolutionary variation

in primary sequence

surface without actually “touching” it, found widespread application
in structural biology, and in particular it has been successfully applied
to image fragile biological objects, including RNA molecules.[37] AFM
has been used to study nucleic acid structures in both fluid and
air[36611 While AFM is limited in resolution compared with X-ray
crystallography or NMR, it enables direct visualization by physically
probing native, large molecules under biological conditions. AFM also
allows statistical analysis of structurally diverse molecules, as shown
for IncRNAs.[®2] Structure determination requires computational
processing of AFM images. In the case of complex RNA molecules,
one of the goals is to identify the RNA sugar-phosphate backbone
structures, from which information can be extracted about the

presence of double- and single-stranded regions, their connectivity,
and mutual orientations.[63] Recently, new protocols were developed
to characterize 3D topology of full length IncRNAs in biologically active
conformations.[61]

Cryo-electron microscopy

Cryo-electron microscopy (cryo-EM) includes a variety of techniques
that utilize a transmission electron microscope to determine the
structures of frozen-hydrated samples.[4! In single-particle cryo-EM,

images of individual biomolecules are collected and subsequently pro-
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cessed to generate 3D reconstructions of biomolecules.[4! In cryo-
electron tomography, images of biomolecules within their native cellu-
lar environment are collected; however, the resolution in this method is
substantially lower than that of all other cryo-EM methods.!37] Single-
particle cryo-electron microscopy may provide a new approach to RNA
structure determination. Recent advances in the technique allow for
high-resolution structure determination of proteins and large RNA-
protein complexes. However, functional noncoding RNA molecules
that are not part of large RNA-protein complexes are in many cases
either too small or too conformationally diverse to characterize with
cryo-EM. However, recent improvements of cryo-EM in combination
with high-throughput biochemistry and computational 3D structure
modeling allowed for RNA-only structure determination.[40!

Computational Methods

Since it was not feasible to experimentally determine the secondary
structure of a large amount of long sequences, the in silico predic-
tion was the only realistic source for studying RNA structure for a
long time. Common approaches for investigating the secondary struc-
ture are comparative methods. They compare evolutionary conserved
regions and identify structural elements. This method requires a large
input of conserved regions, thus limiting its usability for sparsely con-
served IncRNAs. In these cases, the best alternative for computational

prediction is thermodynamics.

Comparative sequence analysis

Comparative sequence analysis (also referred to as phylogenetic anal-
ysis) is used to detect compensatory mutations, which allow an
RNA to retain its structure and function, despite evolutionary vari-
ation in primary sequence,[44] thus identifying functional structural
elements of RNAs based on evolutionary conservation. Compara-
tive sequence analysis algorithms generate models by aligning RNA
sequences based on sequence conservation and single-sequence struc-
ture prediction.!®5] Since an RNA helix can be formed from two sets
of sequences that are not identical to each other, a search for posi-
tions (in an alignment of homologous sequences) that covary to main-
tain Watson-Crick pairing within a potential secondary helix is nec-
essary. The search for coordinated base substitutions in an align-
ment of homologous sequences is called covariation analysis.[¢¢] If
conservation in base pairing could be established, it would provide
a powerful indicator that RNA structure plays a role in aspects of
IncRNA function, although available tools for structure identification
are limited and still have to be improved.[674568] A major challenge
is the lack of sequences, which complicates functional predictions
based on primary sequence similarity. Therefore, lack of covariation
signal in these alignments makes structure prediction for IncRNAs
difficult.[145:68]

Structure modeling

Combination of enzymatic footprinting and chemical probing can be
used as restraints for RNA folding algorithms designed to predict
RNA secondary structure based on thermodynamic, statistical, or
probabilistic properties to obtain secondary structure models with
lowest free energy. The sole usage of RNA folding approaches is in
many cases not sufficient for prediction of IncRNA structures, as they
usually cannot take into account transacting factors such as interacting
proteins, other RNAs, and small ligands, as well as other physiological
conditions.[6?! Consequently, they are mostly used to generate in silico
secondary structural predictions of a given RNA alone. In addition,
computational predictions do not work very well for large RNAs with
complex structural elements such as pseudoknots, kissing loops, or
long-range interactions.[42] Therefore, a commonly used approach
for RNA secondary structure prediction is to divide the RNA in
substructures and then employing scoring functions to evaluate the
probability of folding into these conformations.[43! Applying structural
restraints based on structural features obtained experimentally, based
on approaches described above, therefore tremendously improves
these scoring functions.70.7143]

Hybrid methods

The high variety of IncRNAs in terms of structural flexibility, interac-
tion with other complexes, and stability of these complexes highlights
the need for a careful optimization of methods, as well as selection
of appropriate structure determination and modeling approaches to
match the characteristics of the individual target. Experimental deter-
mination of RNA structures at precise atomic resolution is very diffi-
cult and rather expensive, whereas sequence-based structure deter-
mination is much faster and less expensive. Given the disproportional
growth of RNA sequence information in contrast to the limited gain
of structural information, it seems unlikely that a majority of IncRNA
structures will be solved in the near future solely based on experi-
mental approaches. To address this problem, computational methods
were developed to either simulate the process of RNA structure for-
mation or use information derived from other known RNA structures.
Many computational methods, however, suffer from various limitations
rendering them less reliable for structure prediction of long RNAs.
While a few structures could be solved for IncRNAs, the field is still
suffering from an incomplete understanding of RNA tertiary struc-
tures. In many cases, the limitations of computational and experimen-
tal methods can be overcome by combining these two complementary
approaches. Individual usage of approaches mentioned above might
not entirely capture the dynamic nature of IncRNA structures, whereas
combined complementary data of different approaches has improved
the accuracy of structural predictions and overcome the weaknesses
of separately applied methods or exceed the limitations of a single
method in a number of cases.[723173347174] \Whjle in general, exper-
imentally determined structural information can be used as restraint
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in computational structure prediction models, not all experimental and
computational approaches are compatible with each other.[”4! Many of
these numerous challenges for connecting experimental and computa-
tional methods to determine structures and functions of IncRNAs were
covered in detail in recent articles.[75:69.7¢]

FROM IncRNA STRUCTURE TO FUNCTION

Structure determination of INcRNAs in vivo is very challenging due to
their size and high degree of heterogeneity. Typically, IncRNAs display
poor conservation across species, harboring only portions of conserved
bases surrounded by large unconstrained sequences, which makes
functional predictions purely based on structural prediction hardly fea-
sible. Nevertheless, links between structure and function of IncRNAs
are emerging and lead to the “RNA modular code” hypothesis, whereby
IncRNAs contain distinct structural domains that fold into specific scaf-
folds, which fulfill distinct functions or interact with specific protein
complexes.[77:78]

Structural features of some IncRNAs have been experimentally
determined and led to prediction of their modes of action, some of

which are summarized below:

Xist

Xist, one of the most well-studied IncRNAs, is a 17-kb transcript
responsible for dosage compensation in placental mammals. Xist RNA
coats the inactive X chromosome during early development and thus
represses its transcription.[78] This occurs with the aid of several pro-
tein binding events that take place along the length of the transcript,
and which have been well investigated.[8%79] Chromosomal silenc-
ing is mediated by domains on the 5-end of Xist RNA, called A-
repeats. In their absence, coating of the inactive X chromosome by Xist
still occurs; epigenetic silencing, however, is abolished.[8281] Since A-
repeats serve such a vital role in X chromosome inactivation, their sec-
ondary structure has been extensively investigated, but remains not
fully understood, as at least eight different structural models have been
proposed.[8479.23] A second structural element, the highly repetitive
GC-rich B-repeats, can be found in Xist and was shown to be involved
in the recruitment of the chromatin remodeling complex polycomb
repressive complex 1 (PRC1).18279] Studies also identified many other
proteins binding directly to Xist including SHARP and others.[80:8¢]
Recent research suggests a model where Xist initiates compartmental-
ization and concentration dependent phase separation in vivo.!83:84.80]
Induction of Xist in this model Xist leads to a locally higher concentra-
tion of many Xist-binding proteins, which can interact with each other.
Interaction of many RNA-binding proteins was mediated over repeti-
tive sequences in Xist.[85:90.29.86] This model explains an essential role
for Xist itself in initiation of transcriptional repression. Recent stud-
ies discovered a biphasic process of the A- and B-repeats where the
A-repeats initiate recruitment of the Polycomb complex and the B-

repeats subsequently stabilizes them.[87! Further structural elements
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could be linked to chromatin association of Xist as well as interact-
ing elements with additional RNA-binding proteins.!88] Even though
Xist has been extensively studied, many structural modules are still not
completely understood.[89:90]

RepA

RepA is a mouse IncRNA 1600 nucleotides in size. It is encoded on the
sense strand of the Xist-gene and has been proposed to recruit the
histone methyltransferase of polycomb repressive complex 2 (PRC2)
to the future inactive X chromosome prior to the expression of
Xist.[?2] Additionally, RepA appears to upregulate the expression of
Xist, which then initiates and spreads silencing across the inactive X-
chromosome.[?1] SHAPE and DMS chemical probing of RepA in vitro
identified a defined tertiary architecture that can form autonomously
in the absence of protein partners.[?7] This highlights the importance of
distinct structural elements necessary for the folding of RNAs without
any additional structural restraints of proteins. Phylogenetic analysis
and computational 3D modeling supported these findings, thus poten-
tially the solved structure represents the functional state of RepA/Xist
and helps to design targeted studies of specific structural elements
that will increase the understanding of the complex process of X-

inactivation.[97]

HOTAIR

HOTAIR is 2148 nucleotides long IncRNA associated with Sporadic
Thoracic Aortic Aneurysm through regulation of extracellular matrix
deposition and apoptosis of human aortic smooth muscle cells.[?2] The
5t'end of HOTAIR interacts with chromatin remodeling complexes such
as polycomb repressive complex 2 (PRC2) or the LSD1/ REST/CoREST
complex!78] and leads to silencing of genes on the HoxD cluster.
Structural features of HOTAIR were analyzed in vitro using chemi-
cal probing, thus revealing four independent structure modules.[?3!
These experimentally obtained structures correspond to bioinformat-
ically predicted PRC2-binding domains, and thus verify the previously
observed interaction between HOTAIR and PRC2. Binding of HOTAIR
to PRC2 is mediated by a G-rich region, which closely resembles a
putative quadruplex forming sequence and thus differs from repeti-
tive PRC2 binding elements found in XistA-repeats.[1%] This lack of
consensus may reflect the existence of several INcRNA-PRC2 binding
modes, which may each correspond to distinct functions of the PRC2
complex. More recently using the AFM technique, distinct shapes of
HOTAIR could be observed.[74]

MEG3

The MEG3 IncRNA consists of three distinct structure modules and
represents one of the best-characterized tumor suppressor IncR-

NAs. Loss-of-function analyses showed that module 2 and 3 are
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important for p53 activation.[?>] Mechanistic studies have revealed a
role for Meg3 in epigenetic regulation by interacting with chromatin-
modifying complexes such as PRC2. Based on these findings, MEG3
appears to act as a guide for PRC2 to target chromatin regions in a
process involving triplex formation of the IncRNA with the genomic
DNA at target sites.[?¢] SHAPE-MaP and comparative sequence anal-
ysis show strong structural conservation of functionally important
motifs between species, which overlap partially with the experimen-
tally observed binding sites of PRC2, thus suggesting a conserva-
tion of folding motifs.[1%4] These macroscopic structural motifs were
recently further confirmed as highly conserved structured p53-binding
domains.[97]

Resolving the entire structure of MEG3 and characterizing its inter-
actions based on structural predictions might help to improve our
understanding of its role in tumorigenesis and provide a framework for

RNA-based anticancer therapies.

Braveheart

Braveheart is a 590-nucleotide long IncRNA that regulates cardiovas-
cular lineage commitment by interaction with the Zinc-finger motif-
containing transcription factor CNBP. The secondary structure of
Braveheart was experimentally assessed using SHAPE and DMS prob-
ing in vitro. The IncRNA is organized into a modular structure compris-
ing three domains, consisting of 12 helices, eight terminal loops, five
sizeable internal loops, and a five-way junction.[?8] This 5’ asymmetric
G-rich internal loop (RHT/AGIL motif) in vivo is necessary for the inter-
action with CNBP. This finding is reinforced by recent in vitro SAXS
studies,! 2?1 which also suggest a necessary combinatorial binding of the
RHT/AGIL motif and other structural elements to CNBP.

As shown above, structural analysis could help to find yet uncharac-
terized functional relevant modules as well as protein-binding domains

in several IncRNAs as shown for HOTAIR and Braveheart.

CONCLUSION: FROM INTERACTOME STUDIES TO
STRUCTUROME STUDIES

For proteins, structural methods have been widely used to predict
functions and mechanisms. Similar to proteins, some IncRNAs con-
tain only a single domain, while others appear to harbor multiple dis-
tinct domain structures. Some of these domains have a clearly defined
function associated with them. Such domains, especially those that are
recurrent and conserved, might represent crucial functional elements
of IncRNAs. As mentioned above, several such examples have already
been discovered and helped to elucidate IncRNA modes of action.
Therefore, it is of high importance to combine structure determina-
tion with genetic manipulations to elucidate the functional domains of
IncRNAs. Once increasing numbers of IncRNAs are structurally ana-
lyzed, mapping of domain structures might also be a tool to predict
function or mechanisms of novel and uncharacterized IncRNAs. More-

over, with recent innovations in CRISPR/Cas? technologies, it became

feasible to introduce targeted modifications in IncRNA gene loci in a
streamlined fashion and therefore alter the structure and associated
functions of endogenous IncRNAs. Inserting or deleting specific struc-
tural domains can lead to gain-of-function or loss-of-function IncR-
NAs and subsequently results in a more comprehensive understand-
ing of structural organization of IncRNAs and their impact on modes of
action.

Thus, combining structural knowledge with functional data can sub-
sequently enable the discovery of yet undiscovered mechanisms of
IncRNAs. Resolving IncRNA structures and characterizing its interac-
tions with cellular binding partners will improve our understanding of
IncRNAs in general as well as their role in disease and cancer and might
provide frameworks for RNA based therapies.

The presence of multiple dynamic conformations may need to
be considered, including structural changes induced by interactions
with other molecules. In cells, continuous dynamic rearrangements
of IncRNA conformations could appear in processes, including cell
division, tissue development, or homeostasis. Therefore, the func-
tion of a IncRNA might not merely be defined by its abundance and
stability, but could largely be dependent on the current structure
conformation—similar to proteins with enzymatic activity. One of the
best examples demonstrating the specificity and dynamics of RNA
structures is a riboswitch. Riboswitches are RNA sensors that can
detect changes in cellular stimuliin the absence of other cofactors, such
as proteins.[100.101] Ag such, some of the first riboswitches were discov-
ered based on changes in RNA structure that had been induced by spe-
cific ligands. Furthermore, catalytic RNAs (also known as ribozymes),
such as ribosomal RNA (rRNA) and transfer RNA (tRNA), play a role
in various biological processes, including RNA processing and protein
synthesis.[1012] Given that many IncRNAs appear to contain complex
secondary and tertiary structures, and some of them where already
shown to be important for its function and regulation, it stands to rea-
son that many IncRNAs might act based on dynamic regulation of struc-
ture conformations.

The development of additional integrative in vivo structural
approaches combined with molecular biology/biochemical analyses of
IncRNA function is necessary to understand the additional layer of
complexity introduced through structure-function dynamics of at least
a subset of IncRNAs. Structure, dynamics, and protein interactions can
be predicted by combinatorial structural analysis and soon could allow
prediction of INcRNA modes of action based on the presence of known
functional domains

Given the sheer volume of IncRNAs identified in the human genome,
it will be crucial to extend the development of efficient approaches for
determining the structure and dynamics of large RNAs. This will speed
up the large-scale functional characterization, thus eventually enabling

us to predict IncRNA modes of action based on structural features.
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