
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=ibmg20

Critical Reviews in Biochemistry and Molecular Biology

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/ibmg20

The molecular structure of long non-coding RNAs:
emerging patterns and functional implications

Isabel Chillón & Marco Marcia

To cite this article: Isabel Chillón & Marco Marcia (2020): The molecular structure of long non-
coding RNAs: emerging patterns and functional implications, Critical Reviews in Biochemistry and
Molecular Biology, DOI: 10.1080/10409238.2020.1828259

To link to this article:  https://doi.org/10.1080/10409238.2020.1828259

© 2020 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

Published online: 12 Oct 2020.

Submit your article to this journal 

Article views: 327

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=ibmg20
https://www.tandfonline.com/loi/ibmg20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10409238.2020.1828259
https://doi.org/10.1080/10409238.2020.1828259
https://www.tandfonline.com/action/authorSubmission?journalCode=ibmg20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ibmg20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/10409238.2020.1828259
https://www.tandfonline.com/doi/mlt/10.1080/10409238.2020.1828259
http://crossmark.crossref.org/dialog/?doi=10.1080/10409238.2020.1828259&domain=pdf&date_stamp=2020-10-12
http://crossmark.crossref.org/dialog/?doi=10.1080/10409238.2020.1828259&domain=pdf&date_stamp=2020-10-12


REVIEW ARTICLE

The molecular structure of long non-coding RNAs: emerging patterns and
functional implications

Isabel Chill�on and Marco Marcia

European Molecular Biology Laboratory (EMBL) Grenoble, Grenoble, France

ABSTRACT
Long non-coding RNAs (lncRNAs) are recently-discovered transcripts that regulate vital cellu-
lar processes and are crucially connected to diseases. Despite their unprecedented molecular
complexity, it is emerging that lncRNAs possess distinct structural motifs. Remarkably, the
3D shape and topology of full-length, native lncRNAs have been visualized for the first time
in the last year. These studies reveal that lncRNA structures dictate lncRNA functions. Here,
we review experimentally determined lncRNA structures and emphasize that lncRNA struc-
tural characterization requires synergistic integration of computational, biochemical and bio-
physical approaches. Based on these emerging paradigms, we discuss how to overcome the
challenges posed by the complex molecular architecture of lncRNAs, with the goal of obtain-
ing a detailed understanding of lncRNA functions and molecular mechanisms in the future.

Abbreviations: Acronyms of lncRNAs mentioned in this review: GAS5: Growth Arrest-
Specific 5; HOTAIR: HOX Transcript Antisense Intergenic RNA; LincRNA-p21: Long Intergenic
Non-Coding RNA p21; MALAT1: Metastasis-Associated Lung Adenocarcinoma Transcript 1;
MEG3: Maternally Expressed Gene 3; NEAT1_1: Nuclear Paraspeckle Assembly Transcript 1
short isoform; NEAT1_2: Nuclear Paraspeckle Assembly Transcript 1 long isoform; RepA:
Repeat A; roX: RNA on the X; SRA: Steroid Receptor RNA activator; TERRA: Telomeric Repeat-
containing RNA; XIST: X-Inactive Specific Transcript.
Other abbreviations: 1M6: 1-Methyl-6-Nitroisatoic Anhydride; 1M7: 1-Methyl-7-Nitroisatoic
Anhydride; 5NIA: 5-Nitro-Isatoic Anhydride; AFM: Atomic Force Microscopy; CMCT: 1-
Cyclohexyl-(2-Morpholinoethyl) Carbodiimide metho-p-Toluene sulfonate; DEPC:
Diethylpyrocarbonate; DMS: Dimethyl Sulfate; EM: Electron Microscopy; EMSA:
Electrophoretic Mobility Shift Assays; FPLC: Fast Performance Liquid Chromatography; G4: G-
quadruplex; GNRA: Glutathione Sepharose RNA Affinity chromatography; GR: Glucocorticoid
Receptor; HCV: Hepatitis C Virus; HIV: Human Immunodeficiency Virus; HRF: Hydroxyl Radical
Footprinting; IRAlu: Inverted-Repeat Alu Element; KSHV: Kaposi’s Sarcoma-associated Herpes
Virus; MHV: Mouse Hepatitis Virus; Mod-seq: RNA chemical modification using high-through-
put sequencing; MPS: Massive Parallel Sequencing; NAI: 2-methyl-Nicotinic Acid Imidazolide;
NAI-N3: 2-(azidomethyl)-Nicotinic Acid Acyl Imidazole; NMIA: N-Methyl-Isatoic Anhydride;
NMR: Nuclear Magnetic Resonance; PAN: Poly-Adenylated Nuclear non-coding RNA; PARIS:
Psoralen analysis of RNA interactions and structures; PARS: Parallel Analysis of RNA Structure;
PDB: Protein Data Bank; PTM: Post-Transcriptional Modifications; qRT-PCR: Quantitative Real
Time Polymerase Chain Reaction; RACE: Rapid Amplification of cDNA Ends; RAP: RNA anti-
sense purification; RIP: RNA Immuno-Precipitation; SAXS: Small Angle X-ray Scattering;
SAXSBDB: Small Angle Scattering Biological Data Bank; SEC-MALLS: Size Exclusion
Chromatography coupled to Multi-Angle Laser Light Scattering; SHAPE: Selective 2’-hydroxyl
Acylation Analyzed by Primer Extension; SHAPE-MaP: SHAPE and Mutational Profiling; SINE:
Short Interspersed Nuclear Element; SNP: Single-Nucleotide Polymorphism; SR: steroid recep-
tor; SV-AUC: Sedimentation Velocity Analytical Ultracentrifugation; TE: Transposable Element;
U1 snRNP: U1 small nuclear Ribonucleoprotein.
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Classes of long non-coding RNA
(lncRNA) structures

Mammalian genomes are broadly transcribed beyond
protein coding genes (Carninci et al. 2005; Cheng J

et al. 2005). Currently, the GENCODE database (version
v35) counts 60,656 genes, of which only 19,954 are pro-
tein-coding genes, and 229,580 transcripts, of which
only 84,485 are protein-coding transcripts (Frankish
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et al. 2019, https://www.gencodegenes.org). Among
non-protein coding genes, long non-coding RNAs
(lncRNAs) are a recently-defined category of transcripts
longer than 200 nucleotides (nt) and not translated into
proteins (Rinn and Chang 2012; Bonasio and
Shiekhattar 2014). But, what defines an “lncRNA”
exactly? Non-coding transcripts longer than 200 nt are
ubiquitously expressed in bacteria and archaea, besides
eukaryotes (Weinberg et al. 2009; Weinberg et al. 2010;
Trewhella 2016). Moreover, evolutionarily-conserved
molecular machines, such as ribosomal and spliceoso-
mal RNAs, group I and II self-splicing introns, the tel-
omerase RNA, and RNase P, also represent prominent
examples of >200-nt-long non-coding transcripts (Pyle
2014). However, neither the former large prokaryotic
transcripts nor the latter ribozymes are generally associ-
ated with the acronym “lncRNA”. So, what are the char-
acteristic properties of lncRNAs?

Typically, the term lncRNA is reserved for large
eukaryotic transcripts that play a role in the regulation
of gene expression at either the transcriptional or trans-
lational level (Rinn and Chang 2012). In practice,
lncRNAs collectively gather a very conspicuous number

of transcripts. It is estimated that humans have tens of
thousands lncRNA genes. As of September 8th 2020,
GENCODE v35 annotates 17,957 lncRNA genes and
48,684 lncRNA transcripts (Frankish et al. 2019, https://
www.gencodegenes.org), LNCipedia v5.2 annotates
56,946 lncRNA genes and 127,802 lncRNA transcripts
(Volders et al. 2019, https://lncipedia.org), and
NONCODE v5 annotates 96,308 lncRNA genes and
172,216 lncRNA transcripts (Fang S et al. 2018, http://
www.noncode.org). Thus, lncRNAs inevitably have very
diverse characteristics (Table 1). Based on their loci of
origin, lncRNAs can be classified as enhancer (eRNAs),
intergenic (lincRNAs), promoter-associated (pRNAs), or
genic/intronic RNAs in sense or antisense orientation
(gsRNAs and gaRNAs, respectively) (Bonasio and
Shiekhattar 2014). Based on their cellular localization,
lncRNAs can be nuclear, cytoplasmic, or both (Cabili
et al. 2015). Based on their maturation process, lncRNAs
can be capped, spliced, and polyadenylated, like all
mRNAs transcribed by RNA polymerase II, or monoex-
onic and non-polyadenylated (Bonasio and Shiekhattar
2014). Mechanistically, lncRNAs can act as protein
decoys, protein scaffolds, or protein guides (Rinn and

Table 1. LncRNA classes.
Property Class Example Reference

Locus enhancer (eRNA) N.A.
intergenic/intervening (lincRNA) hLincRNA-p21 (Huarte et al. 2010)

HOTAIR (Rinn et al. 2007)
MALAT1 (Hutchinson et al. 2007)

promoter-associated (pRNA) N.A.
genic/intronic in sense orientation (gsRNA) SRA (Lanz et al. 1999)
genic/intronic in antisense orientation (gaRNA) COOLAIR (Hawkes et al. 2016)

Localization mostly nuclear MEG3 (Cabili et al. 2015)
GAS5 (HeLa cells) (Cabili et al. 2015)

mostly cytoplasmic N.A.
ubiquitous GAS5 (hFF cells) (Cabili et al. 2015)

Maturation capped, spliced and polyadenylated MEG3 (Miyoshi et al. 2000)
monoexonic, non-polyadenylated hLincRNA-p21 (Chillon and Pyle 2016)

Distribution tissue-specific MEG3 (Zhang X et al. 2003)
HOTAIR (Rinn et al. 2007)

ubiquitous MALAT1 (Brown JA et al. 2014)
Expression <10 copy/cell mLincRNA-p21 (Dimitrova et al. 2014)

10-50 copies/cell hLincRNA-p21 (Yang F et al. 2014)
>50 copies/cell MALAT1 (Tripathi et al. 2010)

Timing mostly embryonic XIST (Weakley et al. 2011)
mostly adult N.A.
throughout lifespan MEG3 (Zhou et al. 2007; Kaneko et al. 2014)

Stability short half-life (<2 h) NEAT1 (Clark et al. 2012)
medium half-life (2-16 h) hLincRNA-p21 (Clark et al. 2012)
long half-life (>16 h) MALAT1 (Clark et al. 2012)

Action site cis XIST (Brown CJ et al. 1992)
trans MEG3 (Zhou et al. 2007)

Mechanism decoy GAS5 (Kino et al. 2010)
scaffold HOTAIR (Tsai et al. 2010)
guide XIST (Rinn and Chang 2012)

HOTAIR (Rinn and Chang 2012)
hLincRNA-p21 (Huarte et al. 2010)

Structure compact MEG3? (Uroda et al. 2019)
decentralized Braveheart? (Kim DN et al. 2020)
unstructured XIST RepE? (Smola et al. 2016)

The specific lncRNAs mentioned in this review and their relevant homologues are associated to each class, wherever appropriate (For LincRNA-p21, “h”
indicates the human homologue, “m” the mouse homologue). LncRNA structural classification will require further experimental investigation (indicated by
the symbol “?”). N.A. indicates that none of the RNAs discussed in this work fall in the corresponding category.
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Chang 2012). Some act at their transcription site (in cis),
while others act far from their transcription site (in
trans) (Ulitsky and Bartel 2013). Furthermore, lncRNAs
also have highly variable half-lives (Clark et al. 2012;
Tani et al. 2012) and are expressed at different levels in
the cell (Ulitsky and Bartel 2013; Cabili et al. 2015).
Finally, certain lncRNAs are tissue-specific, others are
ubiquitously expressed (Cabili et al. 2011; Mattioli et al.
2019), and certain lncRNAs are expressed in early devel-
opment, others in adult tissues, and others throughout
the entire life span of a cell or an organism
(Sarropoulos et al. 2019).

The current definition of lncRNAs is thus loose and
combines many different types of RNA. Necessarily,
transcripts belonging to such a heterogeneous class
also possess very diverse properties at the molecular
and structural level. Biochemical and biophysical stud-
ies on specific lncRNA targets are thus needed to
understand their structural diversity.

It actually took more than two decades since the dis-
covery of human XIST and mouse H19 in the early
1990s (Brannan et al. 1990; Brown CJ et al. 1992), before
the functional importance of lncRNA structures started
to be appreciated (Figure 1). LncRNA structures started
to be characterized by chemical and enzymatic probing
(Novikova et al. 2012b; Ilik et al. 2013; Somarowthu
et al. 2015) when the phenotypic investigation of
lncRNA knock-outs showed correlations between these
targets and human pathologies (Wapinski and Chang
2011; Sauvageau et al. 2013) and when an increasing
number of cellular studies connected specific lncRNAs
with well-defined biological pathways (Rinn et al. 2007;
Zhou et al. 2007; Csorba et al. 2014). On the basis of
those early structural studies, the following hypotheses
were initially proposed to classify the lncRNA architec-
tures (Novikova et al. 2012a). LncRNAs may possess a
highly compact tertiary core, similar to ribozymes such
as the ribosome or self-splicing introns. Alternatively,
lncRNAs may possess structured protein binding sites,
arranged in a de-centralized scaffold without a compact
core. Finally, lncRNAs may possess an overall unstruc-
tured architecture, with loosely organized protein bind-
ing domains and several long stretches of disordered
single-stranded RNA (Novikova et al. 2012a). These
three hypotheses need not be mutually exclusive, and
it is likely that there exist examples of lncRNAs for each
of these defined classes (Table 1). Since such lncRNAs
structural classification was proposed by the
Sanbonmatsu lab, however, our understanding of the
lncRNA molecular properties has advanced significantly,
and we have achieved new milestones, including the
characterization of the 3D shape and topology of the

first full-length, native lncRNAs (Uroda et al. 2019; Kim
DN et al. 2020) (Figure 1). Consequently, some new
general principles of lncRNA structural organization are
emerging. Here, we will review experimentally deter-
mined lncRNA structures and the methodologies used
to characterize them, and present a perspective for
future research and innovation in the field of lncRNA
structural biology.

Rationale behind lncRNA structural and
mechanistic studies

The functional importance of lncRNA structures has
been underappreciated until recently, partly because it
has been difficult to assess whether or not lncRNAs are
evolutionarily conserved (Rivas et al. 2017; Tavares et al.
2019). The general paradigm that similar sequences
determine similar structures, and similar structures are
in turn responsible for similar biological functions is
barely applicable to lncRNAs, because evolutionary
pressure does not only act on lncRNA sequence, but
also on their structure, function, and genomic synteny
(Diederichs 2014). As a result, the molecular properties
of homologous lncRNAs often differ significantly
(Chillon and Pyle 2016; Kirk et al. 2018; Noviello et al.
2018). But these considerations should not surprise,
because the sequence-structure-function paradigm has
numerous exceptions in proteins, too (Martin et al.
1998). For example, human a-lactalbumin and chicken
egg-white lysozyme are homologous, sharing 40%
sequence identity and the same structural fold, but lact-
albumin does not possess the hydrolase activity of

Figure 1. Milestones in lncRNA structural characterization.
After the discovery of human XIST and mouse H19 in the
early 1990s, it took almost twenty years before systematic
structural studies on lncRNAs started. Now, the first studies
have been published that characterize full-length, native
lncRNA 3D structures. These studies set the ground for future
high-resolution investigation on these challenging targets.
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lysozyme (Kumagai et al. 1992). Moreover,
“moonlighting proteins” (Jeffery 1999) and
“promiscuous enzymes” (Khersonsky et al. 2006) pos-
sess 100% identical protein sequences, but different
functions. Finally, “chameleon sequences” are polypep-
tides that can adopt different secondary and tertiary
folds depending on the surrounding environment
(Minor and Kim 1996). In short, sequence-structure-
functional relationships are very diverse in biological
macromolecules, and lncRNAs are no exception.

LncRNA structural studies have also been neglected
based on the misconception that lncRNAs must be flex-
ible, unstructured molecules, and – as such – their
structures would not carry functional information
(Zappulla and Cech 2004; Blythe et al. 2016). Indeed,
many large RNAs have flexible regions (Patel et al.
2017). For instance, the group II intron self-splicing ribo-
zyme has required extensive engineering to remove
unstructured regions and enable crystallization (Toor
et al. 2008; Marcia and Pyle 2012; Marcia et al. 2013;
Zhao C et al. 2015; Marcia 2016). Nonetheless, RNA flexi-
bility did not compromise the feasibility of structural
studies, including high-resolution structure determin-
ation (Pyle 2014). In turn, structural characterization of
RNA engineered to maximize structural rigidity has pro-
vided unmatched details on the functional properties
of these transcripts (Manigrasso et al. 2020). As a matter
of fact, also many eukaryotic proteins contain disor-
dered regions, and both their structured and unstruc-
tured segments are functionally important (van der Lee
et al. 2014). Because intrinsically disordered proteins
(IDPs) do not form well-organized hydrophobic cores
typical of structured domains, their functionality follows
different paradigms than those of globular, structured
proteins (van der Lee et al. 2014). But the characteriza-
tion of the structural architecture of IDPs has enormous
potential to provide useful functional and mechanistic
insights (Jensen et al. 2013). It is thus important to per-
form structural studies both on evolutionarily-con-
served and apparently non-conserved molecules, and
independent on whether these targets adopt compact
and globular, or flexible and disordered architectures.

But what is the rationale that justifies structural studies
specifically on lncRNAs? And what can be expected from
such an investigation? The answer to these questions lies
primarily in what we currently know about the function
and mechanism of action of lncRNAs. LncRNAs regulate
fundamental cellular processes playing key roles in epigen-
etics, transcriptional and translational regulation, and scaf-
folding of key subcellular structures or compartments
(Mattick and Rinn 2015). As such, lncRNAs are crucially
involved in human diseases, such as cancers, infections

and developmental disorders (Mattick and Rinn 2015).
Their functions inherently require that lncRNAs recognize
molecular targets in the cell, modulate protein function,
contribute to shaping the nuclear architecture and ensure
correct targeting of transcription and translation factors
(Quinodoz and Guttman 2014). In this context, lncRNA
structures guarantee efficient gene expression regulation
by shaping RNA-protein recognition interfaces and by pro-
viding a scaffold for the assembly of ribonucleoprotein
complexes. Independent of their exact structural architec-
ture, studying the biochemical and biophysical properties
of specific lncRNAs is the only way of experimentally deter-
mining the molecular properties of these targets and of
facilitating their structure-functional understanding.

Evidence of discrete structural organization
in lncRNAs

Interestingly, in vivo genome-wide mapping studies indi-
cate that lncRNAs contain structured regions (Wan et al.
2012; Ding et al. 2014). Moreover, targeted approaches –
some of which have correlated in vivo with in vitro data –
suggest that these structures can be confidently repro-
duced and experimentally probed. Indeed, both in vitro
and in vivo secondary structure probing methods appear
well-reproducible. Experimental replicas are highly corre-
lated (Smola et al. 2016), and there is also high correlation
between different chemical and enzymatic probing meth-
ods. For instance, human MEG3, mouse Braveheart,
mouse RepA, and human HOTAIR were probed with both
selective 20-hydroxyl acylation analyzed by primer exten-
sion (SHAPE) reagents and dimethyl sulfide (DMS), human
SRA was probed with SHAPE reagents, DMS, and RNase
V1, Arabidopsis thaliana COOLAIR was probed with SHAPE
reagents and 1-cyclohexyl-(2-morpholinoethyl)carbodii-
mide metho-p-toluene sulfonate (CMCT) (Novikova et al.
2012b; Somarowthu et al. 2015; Hawkes et al. 2016; Xue
et al. 2016; Liu F et al. 2017; Uroda et al. 2019). For each
of these lncRNAs, the different probing techniques gener-
ally agree by >90% (Kim DN et al. 2020). Remarkably, for
those rare cases where 3D structure homologues of
lncRNA motifs are known, the chemically probed second-
ary structures are compatible with the available high-reso-
lution models (Bindewald et al. 2011; Weeks and Mauger
2011; Chillon and Pyle 2016). Last but not least, lncRNA
structural characterization has guided toward the identifi-
cation of functionally important motifs, which would have
otherwise gone undetected (Xue et al. 2016; Uroda et al.
2019). If the lncRNAs studied by these structural
approaches did not possess a well-regulated structural
pattern, probing data would have been non-reproducible
and would not have correlated to functionally meaningful
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features or to 3D experimental data (Kim DN et al. 2020).
Considering that out of the many thousands of lncRNAs
only a handful has been studied from a structural per-
spective, and that all these structurally-probed lncRNAs
possess well-defined and functionally-meaningful molecu-
lar architectures, it is evident that lncRNA structural stud-
ies will play a major role in the future. However, lncRNAs
present unique challenges and require specific working
pipelines and technologies for their structure-functional
properties to be elucidated at the molecular level in a sys-
tematic way.

Challenges in lncRNA structural studies

Challenges in lncRNA structural studies derive from the
unavailability of robust computational pipelines for

analyzing lncRNA sequences, from the technical limita-
tions posed by the size of lncRNAs on biochemical and
biophysical studies, and from the biological complexity
of lncRNA and lncRNA cellular pathways, which are typ-
ically difficult to probe at the functional level with high-
throughput phenotypic assays (Figure 2).

Computational analysis relies on available databases
that catalog lncRNA sequences and structures.
However, sequence databases are not yet comprehen-
sive, because the number of transcriptomics data is still
limited. For instance, despite the number of lncRNA
genes being significantly higher than that of protein-
coding genes (see above), as of September 8th 2020
Rfam counts only 3,024 entries, mostly derived from
tRNAs, rRNAs, snoRNAs, or snRNAs (Kalvari et al. 2018,
https://rfam.xfam.org), whereas Pfam counts 18,259

Figure 2. Technology and challenges in lncRNA structural investigation. LncRNA structural studies can be performed by bioinformatics,
biochemical assays, secondary and tertiary structure techniques, and functional assays. Each of these approaches have specific inform-
ative potential (listed as “information”) and limitations (listed as “challenges”), but when integrated synergistically they can provide a
comprehensive molecular characterization of the lncRNA target of interest, and unearth molecular properties that transcriptomic and
high-throughput studies would otherwise leave undetected. A color version of this figure is available online.
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entries (El-Gebali et al. 2019, https://pfam.xfam.org).
Lack of annotated lncRNA sequences – particularly
homologous sequences from different organisms –
impairs sequence alignments. Especially in the case of
multiexonic lncRNAs, this limitation implies that puta-
tive homologs need to be identified manually via tar-
geted genomic alignment [i.e. in BLAT (Kent 2002)],
rather than by high-throughput sequence alignments
typically used for proteins [i.e. in BLAST (Altschul et al.
1990)] (Chakraborty et al. 2014; Uroda et al. 2019).
There is also no unique database for depositing experi-
mentally mapped secondary structures, which have
anyway only been determined for a few targets so far.
The low number of annotated lncRNA secondary struc-
tures makes ab initio, sequence-based secondary struc-
ture calculations challenging, because prediction
software does not have access to a sufficient number of
sequences for performing comparative analysis, for
scoring thermodynamic folding parameters, or for train-
ing machine learning algorithms (Zhao et al. 2018;
Singh et al. 2019). For example, the ab initio prediction
of the E.coli 16S rRNA secondary structure results in
only 52% of correctly identified helices, compared to
98% when quantitative, nucleotide-resolution SHAPE
information is used (Deigan et al. 2009). Computational
predictions also suffer from the complexity inherent
in RNA structures, which can interchangeably form
localized or long-range interactions (stem-loops vs
pseudoknots), and admit a wide range of canonical and
non-canonical base-pairs (Leontis et al. 2002), besides
base triplets and other complex tertiary interactions
(Butcher and Pyle 2011). Some software can predict
RNA secondary structures with pseudoknots [pknotsRG
(Reeder and Giegerich 2004), Probknot and ShapeKnots
(Bellaousov and Mathews 2010), IPknot (Sato et al.
2011), Knotty (Jabbari et al. 2018)], while other algo-
rithms can predict non-canonical base pairs [MC-Fold
(Parisien and Major 2008), MC-Fold-DP (Honer zu
Siederdissen et al. 2011), CycleFold (Sloma and
Mathews 2017)], but none of these computational tools
can account for both options (Zhao et al. 2018).
Computational methods become particularly unreliable
when longer sequences need to be analyzed. Folding
an RNA of n nucleotides requires �8n2 bytes of RAM
and computation time increases as n3 (Markham and
Zuker 2008; Hajdin et al. 2010). Thus, some tools
impose a length limit for the analysis, which may be
problematic for analyzing certain lncRNAs. For instance,
RNAfold accepts only RNA sequences up to 7,500 nt for
partition function calculations and 10,000 nt for min-
imum free energy only predictions (Gruber et al. 2015).
These limitations are more pronounced when the

software is embedded in structural prediction pipelines
or when operated via online graphical user interfaces
(GUI). For instance, mFold is limited to 1400 nt long
sequences in GCG (Devereux et al. 1984), while
RNAStructure modules are limited to 200–4000-nt-long
sequences when operated via the online GUI (https://
rna.urmc.rochester.edu/RNAstructureWeb/Information/
Limitations.html). In these cases, a windowed modeling
approach is used by some tools, in which the structure
calculations are broken into stages to increase compu-
tational efficiency (Siegfried et al. 2014). If lncRNA sec-
ondary structure prediction is challenging in the
absence of experimental data, tertiary structure predic-
tion is currently impossible. There is still no experimen-
tal high-resolution 3D structure of any full-length
lncRNA, and the number of lncRNA motifs of known 3D
structure is still extremely limited. In general, only
<0.01% of the >14 million non-coding RNAs collected
in RNAcentral possess experimentally determined 3D
structures, and these represent only �3% of all entries
annotated in the Protein Data Bank (PDB). Mostly, these
structures correspond to short RNAs or RNA fragments
of <200 nt in length. Thus, despite ongoing efforts, cur-
rent de novo RNA 3D structure prediction are accurate
only for short segments (Hajdin et al. 2010; Humphris-
Narayanan and Pyle 2012; Magnus et al. 2019;
Yesselman et al. 2019; Watkins et al. 2020).

Production, purification, and storage of lncRNAs is
also challenging. These targets are difficult to produce
in a homogeneous conformation and canonical meth-
ods used for purification of short RNAs may not be
appropriate. For instance, because of their large size,
lncRNAs are difficult to purify or analyze using electro-
phoretic methods and they require the use of specific
chromatography matrices, generally not commercially
available in prepacked, high-resolution and fast flow
format (Chillon et al. 2015; Uroda et al. 2020).
Biophysical analysis is equally impacted by lncRNA size.
For instance, small-angle X-ray scattering (SAXS) ana-
lysis on human MEG3 (�1600 nt long, 540 kDa in
molecular weight) used scattering data at the limits of
conventional synchrotron beamlines, so SAXS on
lncRNAs larger than MEG3 would require beamlines
adapted to very large macromolecular complexes –

which are rare – or new technological implementation
(Uroda et al. 2019; Uroda et al. 2020). Moreover,
lncRNAs – especially those longer than �1000 nt – do
not tolerate denaturation and refolding or freezing, so
that they are best produced by native purification
methods and stored at room temperature to be ana-
lyzed rapidly (Chillon et al. 2015; Uroda et al. 2020).
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Last but not least, functional assays on lncRNAs may
not always be possible, because cellular and mechanis-
tic data are lacking, or may involve complex cellular or
developmental assays, and thus not be easily perform-
able at the throughput that would be required by struc-
ture-driven mutagenesis (see below). In vitro functional
assays, by contrast, are challenging due to the promis-
cuity of lncRNA interactions with nuclear proteins and
to the difficulty of producing and purifying these pro-
tein complexes (Davidovich et al. 2013; Davidovich
et al. 2015). This is perhaps the most important set-
back because functional probing is a very useful and
informative approach to guide the structural, evolution-
ary and mechanistic analysis of lncRNAs (Bassett et al.
2014; Kashi et al. 2016).

Emerging structural motifs in lncRNAs

Despite these challenges, recent studies have
unearthed common motifs and patterns of lncRNA
structural organization.

Structural motifs that can be identified by
sequence analysis

Certain lncRNA structured motifs have been recognized
by sequence homology, i.e. because of their conserva-
tion with previously characterized viral or mRNA ele-
ments (Figure 3).

A prominent example of a viral structural motif rec-
ognizable at the sequence level is the 30-end triple helix
of the polyadenylated nuclear non-coding RNA (PAN)
produced by the Kaposi’s sarcoma-associated herpes-
virus [KSHV, (Mitton-Fry et al. 2010)]. This triple helical
structure is characteristically recognized by the pres-
ence of two U-rich motifs separated by a stem-loop
structure upstream of the poly(A) tail. It is functionally
important, because it protects the poly(A) tail from deg-
radation by deadenylation, thus conferring stability to
the RNA. In 2012, the Sharp and Steitz groups identified
a PAN-like sequence at the 30-end of human nuclear
lncRNAs MALAT1 and NEAT1 (Brown JA et al. 2012;
Wilusz et al. 2012). Differently from the KSHV mRNA,
neither MALAT1 nor NEAT1 contain a canonical poly(A)
tail. Instead, they possess a genomically-encoded A-rich
tract, which forms the 30-end of the mature lncRNAs
after RNase P cleavage (Wilusz et al. 2008; Sunwoo et al.
2008). However, similarly to KSHV, the MALAT1 and
NEAT1 A-rich motif is preceded by two homologous U-
rich motifs separated by a predicted stem-loop-forming
sequence. This PAN-like motif is highly conserved in
MALAT1 and NEAT1 from humans to reptiles, which
facilitated the identification and 3D structure character-
ization (Brown JA et al. 2012; Wilusz et al. 2012). The
crystal structure of the MALAT1 PAN-like triple helix
showed the presence of characteristic U�A-U triplets
interrupted by a central Cþ�G-C triplet and a C-G doub-
let, thus revealing a key molecular difference between

Figure 3. LncRNA structured motifs identified by sequence analysis. Top) RACE sequencing of hLincRNA-p21 revealed that this
lncRNA comprises IRAlu elements (left: primary structure). Structure probing of these IRAlus in the context of the full-length
hLincRNA-p21 (middle: experimental secondary structure map) surprisingly revealed an architecture similar to that of independ-
ently-transcribed Alus, i.e., the Alu of the 7SL subunit of the signal recognition particle, which has been previously crystallized
(right: crystal structure from PDB 5AOX). Bottom) Identification of a PAN-like triple helix-forming motif in MALAT1 (left: sequence)
fostered the secondary (middle) and high-resolution 3D (right: crystal structure from PDB 4PLX) structure characterization of this
short lncRNA motif. A color version of this figure is available online.
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lncRNA triplexes and the KSHV viral triplex, which is
shorter (Brown JA et al. 2014). This helical reset showed
that RNA triple helices are restricted to a limited num-
ber of successive base triples to avoid steric clashes,
which occur when consecutive stacked base triples
accumulate (Brown JA et al. 2014) (Figure 3).

Like any other gene, lncRNA genes have also been
invaded by transposable elements (TEs), which – simi-
larly to the PAN-like motifs – are also recognizable by
sequence analysis (Lubelsky and Ulitsky 2018). TEs have
been preserved over evolution, likely because they pro-
vide new functionalities to the lncRNAs host, for
instance, controlling their cellular localization (Hu et al.
2016; Carlevaro-Fita and Johnson 2019). The most
abundant TE in the human genome is the Alu retro-
transposon (Alu element). Alu elements are primate-
specific TEs from the short interspersed nuclear element
(SINE) family. They count about 300 nt in length and
generally contain two repeats ancestrally derived from
the 7SL RNA, separated by a short A-rich region, and
ending in a longer A-rich tract (Kriegs et al. 2007;
Deininger 2011). Alu elements are found in nature as
stand-alone transcripts produced by RNA polymerase
III, as well as embedded in mRNA or lncRNAs, which are
instead transcribed by RNA polymerase II (Walters et al.
2009; Kramerov and Vassetzky 2011; Kim EZ et al. 2016).
One example of an Alu-containing lncRNA is the human
lincRNA-p21 (hLincRNA-p21), which contains two
inverted-repeat Alu elements (IRAlus) (Chillon and Pyle
2016). Using chemical probing and structure-driven
covariation analysis, the Pyle lab observed that the
hLincRNA-p21 IRAlus are conserved in sequence and in
secondary structure in primates. The higher conserva-
tion of the Alu elements suggested that these elements
are functionally important for hLincRNA-p21, which is in
line with previous observations that TE sequences
evolve under greater evolutionary constraint than
non–TE sequences in lncRNAs (Kapusta et al. 2013).
Thus not surprisingly, mutagenesis on the hLincRNA-
p21 IRAlu elements showed that disrupting the helical
structure of these motifs affects the cellular localization
of hLincRNA-p21 and prevents this lncRNA from co-
localizing with NEAT1 in specific nuclear bodies called
paraspeckles (Chillon and Pyle 2016). Importantly, com-
pensatory mutagenesis that regenerated the helical
structure of the IRAlus also restored the physiological
cellular localization of this lncRNA (Chillon and Pyle
2016). This IRAlu-mediated mechanism of hLincRNA-p21
nuclear retention may be important during the cellular
stress response, via a yet unknown molecular mechan-
ism. Remarkably, the secondary structure of the
hLincRNA-p21 IRAlus obtained by chemical probing

from this �4kb long lncRNA is nearly identical to that
derived by crystallography for the stand-alone func-
tional Alu element of the 7SL RNA (Ahl et al. 2015;
Chillon and Pyle 2016) (Figure 3).

Specific RNA motifs like G-quadruplexes (G4) are also
recurrent in lncRNAs and can be predicted by sequence
analysis, i.e. using the QGRS Mapper algorithm (Kikin
et al. 2006). These predictions are less robust than pre-
dictions of PAN-like triple helices or TEs, because the
presence of a G4 consensus sequence does not neces-
sarily imply its formation in vivo or a functional role
(Weldon et al. 2017; Yang SY et al. 2018). It is thus
necessary to confirm G4 formation experimentally, i.e.
with 7-deazaguanine-substituted RNA (Weldon et al.
2017) or G4-specific immunoprecipitation and sequenc-
ing (Yang SY et al. 2018), and to assess the functional
contribution of G4 to the particular lncRNA of interest.
In lncRNAs, G4 may affect translation or splicing, as the
G4 present in mRNAs (Weldon et al. 2017), but they
may also increase lncRNA stability (Yang SY et al. 2018),
introduce structural plasticity, or modulate lncRNA
interactions with chromatin-modifying Polycomb repres-
sive complexes (PRCs) (Wang et al. 2017). For instance,
using enzymatic probing and 1H nuclear magnetic res-
onance (NMR) analysis, it was suggested that a G4
structure in equilibrium with a duplex structure regu-
lates the interaction between a minimal construct
derived from human HOTAIR and PRC2 (Wu et al. 2013).
The most prominent G4-containing lncRNAs are the
G-rich telomeric repeat-containing RNAs TERRA, which
varies in size from 0.2–10 kb in humans and mice and is
transcribed from subtelomeric regions toward the
chromosome ends (Azzalin et al. 2007). For this reason,
TERRA transcripts consist of subtelomeric-derived
sequences at their 50 end and terminate with extended
tandem repeats of the sequence UUAGGG [reviewed in
Bettin et al. (2019)]. Due to its repetitive nature, TERRA
can form RNA:DNA duplex structures (R-loops) by
hybridizing to the complementary single-stranded
C-rich telomeric DNA. These hybrid structures partici-
pate in the regulation of the telomere length, as they
promote recombination-mediated elongation after the
inactivation of the telomerase in differentiated cells
(Balk et al. 2013; Arora et al. 2014). However, the tan-
dem repeats of TERRA can also adopt stable parallel-
stranded G4 structures (Xu et al. 2008). The crystal
structure of TERRA G4 showed that this motif differs
from the G4 formed by the telomeric DNA counterpart
because of the presence of the 20 hydroxyl groups,
which can establish not only inter-molecular interac-
tions with water molecules but also intra-molecular
hydrogen bonds (Collie et al. 2010). These TERRA G4
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structures have become particularly attractive from a
biomedical perspective, as their stabilization with small
molecules represents a potential tumor-selective target
for chemotherapy (Hirashima and Seimiya 2015)
(Figure 3).

Finally, lncRNA sequence motifs important for struc-
tural and functional interactions can also be recognized
because of their base complementarity to known func-
tional motifs of other RNAs and/or via consensus
sequence analysis. For instance, recent work has identi-
fied sequences responsible for lncRNA nuclear localiza-
tion (Zhang B et al. 2014; Lubelsky and Ulitsky 2018).
Other studies have revealed that many lncRNAs possess
sequences complementary to a recognition motif of the
U1 snRNP (Yin et al. 2020). The interaction between
these motifs by intermolecular sequence complemen-
tarity modulates the localization of the lncRNA on chro-
matin in a U1 snRNP dependent manner (Yin et al.
2020). The functional implications of such interaction
were studied in detail for human and mouse MALAT1,
whose nuclear localization was disrupted when its inter-
action with U1 snRNP was abolished (Yin et al. 2020).
These results reveal how the lncRNA sequence can spe-
cifically recognize cellular partners and, in turn, connect
lncRNA localization with crucial splicing and transcrip-
tion factors for coordinated regulation of gene expres-
sion (Yin et al. 2020).

In summary, from sequence analysis it may be pos-
sible to identify lncRNA functional motifs, but it is
important to stress that such analysis will likely only
unearth the presence of localized structured domains,
and not be sufficient to comprehensively dissect the
structural-functional relationships of the entire lncRNA
molecule of interest.

Recurrent patterns of lncRNA secondary structure
organization

The majority of functional lncRNA motifs cannot be
detected at the sequence level, but require experimen-
tal investigation of the corresponding lncRNA second-
ary structure. These experiments provide a detailed
cartography of the target and enable the identification
of recurrent lncRNA substructures (Figure 4). Examples
of lncRNAs for which an experimental secondary struc-
ture has been determined are reported in Table 2.

First, these studies have revealed that lncRNAs pos-
sess a modular architecture. Each module is an RNA
domain of several tens to hundreds of nucleotides in
length, which possesses an independently-folding
structure. The modular organization of several lncRNAs,
i.e. human SRA, A. thaliana COOLAIR, and mouse
Braveheart, has been proven experimentally using the
so-called 3S shotgun approach developed in the

Figure 4. LncRNA structured motifs identified by secondary and tertiary structure analysis. Top) Secondary structure probing of
human lncRNA MEG3 (center), revealed the presence of highly conserved intra-molecular interactions, or pseudoknots (comple-
mentary sequences highlighted in the left panel), which are essential for conferring MEG3 a surprisingly compact 3D topology
(AFM image in the right panel) and its ability to stimulate p53-target gene expression. Bottom) Secondary structure probing of
mouse lncRNA Braveheart (middle panel) revealed the presence of a rare RHT motif, named AGIL (sequence highlighted in the
left panel). AGIL is crucial for ensuring Braveheart recognition of its partner CNBP, which is the mechanism by which this lncRNA
promotes cardiomyocyte differentiation and the correct development of the heart. The 3D structure of Braveheart with CNBP has
been studied by SAXS in solution (right panel). MEG3 and Braveheart primary and secondary structures are color coded by exons.
A color version of this figure is available online.
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Sanbonmatsu lab (Novikova et al. 2013). For other
lncRNAs, like human MEG3, structural modularity was
confirmed by structure-based alignments and extensive
functional probing (Uroda et al. 2019). Besides forming
independently-folding units, the secondary structure
modules also often correspond to independent func-
tional units. For instance, in human HOTAIR, the 50-ter-
minal module (domain 1, D1) corresponds to the
portion of this lncRNA devoted to the interaction with
PRC2, whereas the 30-terminal motif (D4) interacts with
lysine demethylase LSD1 (Tsai et al. 2010; Li et al. 2013;
Somarowthu et al. 2015). In certain cases, a close corres-
pondence between the modular boundaries and the
exon boundaries of the target lncRNA has also been
observed, i.e. for mouse Braveheart (Xue et al. 2016)
and human MEG3 (Uroda et al. 2019).

Second, experimental lncRNA secondary structures
describe the architecture of each target in terms of sec-
ondary structure motifs, such as helical stems, internal
and terminal loops, bulges and multi-way junctions
(Lescoute and Westhof 2006; Laing and Schlick 2009)
and critically reveal the presence of non-canonical base
pairs (GU wobble, GA imino or GA sheared), which are
often abundant at functionally important regions
(Leontis and Westhof 2001; Leontis et al. 2002).
Interestingly, the number of these secondary structure
elements in lncRNAs is as high as in rRNAs or ribo-
zymes, proportionally to the length of the RNA, sug-
gesting similar structural complexity (Novikova et al.
2012b; Somarowthu et al. 2015; Chillon and Pyle 2016;

Hawkes et al. 2016; Xue et al. 2016; Lin et al. 2018;
Uroda et al. 2019). For instance, human SRA, which is
organized in four domains, contains 25 helices, 16 ter-
minal loops, 15 internal loops, and 5 junction regions,
together with several CU and CA non-Watson–Crick
pairs (Novikova et al. 2012b); human HOTAIR, which is
also organized in four independently-folding domains,
possess 56 helical segments, 38 terminal loops, 34
internal loops, and 19 junction regions (Somarowthu
et al. 2015); and human MEG3 v1, which forms 5 struc-
tured domains, possesses 16 multi-way junctions, 35
terminal loops, 40 internal loops, and 51 helices (Uroda
et al. 2019). A particularly interesting example of sec-
ondary structural organization is represented by mouse
RepA and human XIST, because RepA is homologous to
the A- and F-repeat units of XIST, but is transcribed as
an independent molecule (Wutz et al. 2002; Zhao J
et al. 2008; Minks et al. 2013). Interestingly, RepA is
composed of three independently-folding modules
radiating from a central junction (Liu F et al. 2017) and
thus differs from the tandem dual stem-loop predicted
model (Wutz et al. 2002) or the dimerization models of
nonconsecutive individual repeats (Maenner et al. 2010;
Duszczyk et al. 2011) proposed for XIST. Specifically, the
RepA structure obtained by the Pyle lab showed that,
within the A-repeat units located in domain 1, only
repeat 5 adopts the dual stem-loop structure, whereas
repeats 1, 2 and 6 form diverse types of stem-loop
motifs, and repeats 3 and 4, and 7 and 8 base-pair with
each other, respectively (Liu F et al. 2017).

Table 2. Examples of lncRNA secondary structure characterization.
lncRNA Species Length (nt) Technique Reference

Braveheart Mouse 588 in vitro SHAPE (1M7), DMS (Xue et al. 2016)
COOLAIR (distal class II.i) A. thaliana 659 in vitro SHAPE (1M7), CMCT (Hawkes et al. 2016)
COOLAIR (proximal class II.i) A. thaliana 419 in vitro SHAPE (1M7), CMCT (Hawkes et al. 2016)
COOLAIR (distal class II.iv) A. thaliana 669 in vitro SHAPE (1M7), CMCT (Hawkes et al. 2016)
HOTAIR Human 2,148 SHAPE, DMS, terbium (Somarowthu et al. 2015)
LincRNA-p21 short isoform Human 2,882 (Alus: �300) in vitro SHAPE (1M7) (Chillon and Pyle 2016)
LincRNA-p21 long isoform Human 3,898 (Alus: �300) in vitro SHAPE (1M7) (Chillon and Pyle 2016)
MALAT1 Human 8,425 PARS, DMS-seq, PARIS (McCown et al. 2019)
MEG3 v1 Human 1,595 in vitro SHAPE (1M7, 1M6,

NMIA), DMS, in vivo
SHAPE-MaP (1M7), ex
vivo SHAPE-MaP (1M7)

(Uroda et al. 2019)

MEG3 v1 Human 1,595 SHAPE-MaP (1M7) (Sherpa et al. 2018)
MEG3 v3 Human 1,924 in vitro SHAPE (1M7,

1M6, NMIA)
(Uroda et al. 2019)

MEG3 v9 Human 1,224 in vitro SHAPE (1M7,
1M6, NMIA)

(Uroda et al. 2019)

NEAT1_1 Human 3,735 Mod-seq (Lin et al. 2018)
NEAT1_1 Mouse 3,176 Mod-seq (Lin et al. 2018)
RepA Mouse 1,630 in vitro SHAPE (1M7), DMS (Liu F et al. 2017)
roX1 D. melanogaster �3,700 in vitro SHAPE (1M7), PARS (Ilik et al. 2013)
roX2 D. melanogaster �600 in vitro SHAPE (1M7), PARS (Ilik et al. 2013)
SRA Human 883 in vitro SHAPE (1M7), DMS,

in-line, RNase V1
(Novikova et al. 2012b)

XIST Mouse 17,946 in vivo targeted Structure-
Seq (DMS)

(Fang R et al. 2015)

XIST Mouse 17,946 in vivo, ex vivo SHAPE-MaP
(1M7, 1M6, NMIA)

(Smola et al. 2016)
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Besides the helical architecture, the topology of
multiway junctions also deserves particular attention,
because it is critical for defining the lncRNA 3D top-
ology and the consequent formation of peripheral
long-range tertiary interactions (Butcher and Pyle 2011;
Zhao C et al. 2015). For instance, in human SRA, the
topology of a four-way junction in D1 is critical for ori-
enting functional stems H4 and H5 and that of a three-
way junction in D3 is critical for orienting functional
stems H15-H17 (Novikova et al. 2012b). In A. thaliana
COOLAIR, a 3-way and a 5-way junctions were shown
to be evolutionarily conserved in Brassicaceae and thus
likely carry functional importance (Hawkes et al. 2016).
In human MEG3, the three-way junction J3 is strategic-
ally formed in D2 to orient the highly conserved and
functional H10 and H11 stems (Uroda et al. 2019).
Notably, the function of multi-way junctions may not
always be evident from or easy to probe by cellular
assays. For instance, mutations in a 5-way junction in
the central module of mouse Braveheart did not reveal
any phenotypic defects (Xue et al. 2016). However, a
more detailed investigation of the Braveheart 3D struc-
ture by SAXS in isolation and in complex with its pro-
tein effector CNBP, suggested that the topology of this
5-way junction may be important for the correct bind-
ing of the protein partner (Kim DN et al. 2020).

While junctions confer rigidity, internal loops are critical
to modulate the flexibility of the helical stems, crucially
determining the potential of the RNA to engage in periph-
eral intra- or inter-molecular interactions (Zhao C et al.
2015). Recurrent internal loop structures that are emerging
as particularly important for lncRNA function are the asym-
metric right-hand turns (r-turns, or RHTs). RTHs are internal
loops characterized by a single-stranded segment of
13–20 nucleotides on the 50-side (N5’) and a single-
stranded segment of 0–4 nucleotides on the 30-side (N3’),
so that N5’/N3’ � 4, respectively (Hawkes et al. 2016).
Adjacent to the loop region, RTHs typically contain pairs of
non-canonical GA or GU interactions (Hawkes et al. 2016).
RTHs are recurrent in the U6 snRNP and pistol ribozyme,
where they act as the receptor for protein PRP24 or for an
intramolecular pseudoknot interaction, respectively
(Hawkes et al. 2016). In lncRNAs, RTHs have been identified
in human SRA (Novikova et al. 2012b), A. thaliana
COOLAIR (Hawkes et al. 2016), and mouse Braveheart (Xue
et al. 2016). In the latter lncRNA, an RTH called the 50

asymmetric G-rich internal loop (AGIL) motif was shown to
be particularly crucial for function by the Sanbonmatsu
and Boyer groups (Xue et al. 2016). Braveheart is an
lncRNA that act in trans to regulate cardiovascular lineage
commitment (Klattenhoff et al. 2013). Deletion of the AGIL
motif by CRISPR/Cas9-mediated homology-directed repair

showed that the AGIL motif is necessary for cardiomyocyte
differentiation, due to its interaction with the single-
stranded G-rich binding protein CNBP, which participates
in cardiac development (Xue et al. 2016) (Figure 4).

Finally, secondary structure elements identified in
lncRNAs may display analogies to other known nucleic
acid motifs and thus give insights into lncRNA functions.
For example, the lncRNA-E2 – which is involved in pluri-
potency maintenance in embryonic stem cells – displays
similarity to a DNA segment recognized by the transcrip-
tion factor Sox2 (Ng et al. 2012; Holmes et al. 2020).
Indeed, this segment recognizes the Sox2 DNA-binding
HMG domain, using a partially overlapping set of amino
acids than that used to interact with DNA, so that the
interaction of Sox2 with DNA or RNA is mutually exclusive
(Holmes et al. 2020). A similar lncRNA-protein interaction
has been described for the recognition of steroid recep-
tors (SRs) by human GAS5, which promotes the inhibition
of the steroid-mediated transcriptional activity (Kino et al.
2010). This repression is mediated through sequence-spe-
cific protein RNA-contacts within an A-form double-helical
structure with a widened major groove, which interacts
with the DNA-binding domain of the SR (Hudson et al.
2014). Protein binding can also be altered due to the pres-
ence of single-nucleotide polymorphism (SNP) or post-
transcriptional modifications (PTMs). For instance, the
presence of an N6-methyladenosine (m6A) in a hairpin-
stem on MALAT1 produces a local structural rearrange-
ment due to the destabilization of the duplex structure in
the vicinity of the modification (Liu et al. 2015). As a con-
sequence, a U-tract is exposed, facilitating the binding of
the m6A reader protein hnRNP-C, which is involved in
several post-transcriptional gene-regulatory processes (Liu
et al. 2015).

Structural elements that dictate the 3D topology
and shape of lncRNAs

Secondary structure analysis may finally reveal potential
topological 3D elements, unpredictable by sequence
analysis and whose characterization requires tertiary
structure analysis (Figure 4). Typical tertiary interactions
in RNA comprise minor groove triples and A-minor
interactions, tetraloop receptor interactions, kissing
loops and pseudoknots, kink and hook turns, ribose zip-
pers, and T-loops (Butcher and Pyle 2011), besides the
triple-helical and G4 structures discussed above.

The most prominent example of lncRNA long-range
tertiary interactions is currently constituted by the
recently determined pseudoknots in human MEG3
(Uroda et al. 2019) (Figure 4). MEG3 is an abundant
alternatively spliced nuclear lncRNA that induces cell
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cycle arrest and apoptosis in adult cells in a p53-
dependent manner (Zhang X et al. 2003; Zhou et al.
2007). The experimentally-determined secondary struc-
tures of three different MEG3 splice variants revealed a
common structural core that is evolutionarily conserved
across mammals (D2-D3) (Uroda et al. 2019). Using an
in vivo p53-dependent cell-based functional assay, two
RNA motifs showed to be necessary for p53 stimulation,
namely a highly-conserved hairpin (H11) in D2 and a
region comprising H25-H27 in D3. Surprisingly, the ter-
minal loop of H11 is complementary to six repeated
sequences in H27, which thus form six mutually-exclu-
sive long-range pseudoknot structures (or “kissing
loops”). This long-range tertiary interaction was con-
firmed by mutagenesis and comparative secondary and
tertiary structure investigation, using SHAPE, hydroxyl
radical footprinting (HRF), sedimentation velocity ana-
lytical ultracentrifugation (SV-AUC), and atomic force
microscopy (AFM) (Uroda et al. 2019; Uroda et al. 2020).
AFM remarkably showed that the formation of the H11-
H27 pseudoknot in MEG3 is essential to fold this
lncRNA into a compact conformation. Compensatory
mutagenesis, coupled with cell-based p53-reporter
assays, finally proved the functional importance of
these MEG3 pseudoknots (Uroda et al. 2019).
Interestingly, MEG3 also displays a GNRA tetraloop, a
putative T-loop (in H10), and multiple bulges (Uroda
et al. 2019), and may form triple helices between a sin-
gle-stranded GA-rich repeat sequence at its 50 end and
genomic DNA at selected loci for chromatin targeting
(Mondal et al. 2015), but the structural and functional
importance of these motifs remains to be characterized
experimentally.

Besides MEG3, long-range tertiary interactions have
also been proposed based on cross-linking results for
mouse RepA (Liu F et al. 2017), and on gel shift assays
for human and mouse NEAT1 (Lin et al. 2018). These
interactions do not correspond to any canonical RNA
tertiary interactions, suggesting that they are either
novel types of interactions or that they are in proximity
of yet unidentified canonical interactions. Also, in this
case, further experimental characterization is needed to
elucidate the precise functional roles of these tertiary
contacts (Liu F et al. 2017; Lin et al. 2018).

Technology and available experimental
pipelines for lncRNA structural studies

The studies discussed above show that structural inves-
tigation on lncRNAs typically requires a combination of
computational, biochemical and biophysical analyses.
While the experimental approaches used to

characterize lncRNAs are individually inherited from
previous studies on large ribozymes (Pyle 2014), these
techniques are often integrated together in unique and
unconventional ways to fit to the specific requirements
and increased complexity of lncRNAs. The recent advan-
ces in secondary structure probing and tertiary struc-
ture analysis have introduced new experimental
opportunities for lncRNA characterization, and it is thus
important to discuss what the informative potential
and current limits of these techniques are (Figure 2).

The computational and experimental approaches
that we revise below are intended for the characteriza-
tion of specific lncRNAs at the molecular level. Suitable
targets for such investigation are lncRNAs that fulfill the
following requirements: (i) their expression in the bio-
logical system of interest has been tested, i.e. by north-
ern blot or transcriptomic approaches (Lowe et al.
2017), (ii) their mature full-length sequence has been
determined, i.e. by rapid amplification of cDNA ends
(50-/30-RACE) or long-read sequencing, including anno-
tation of splicing isoforms (Frohman et al. 1988; Sharon
et al. 2013), and (iii) their genomic and cellular environ-
ment has been analyzed, i.e. by data mining genome
browsers, by studying their cellular localization, and by
confirming their non-coding nature (Kashi et al. 2016).
The correct lncRNA sequence annotation is particularly
important, as changes in the transcript organization will
have a deep effect on structure, inducing local or global
effects with direct consequences on function (Lewis
et al. 2017). Additionally, characterizing the PTMs and
associated proteome of the target lncRNA, i.e. by long
read sequencing, hybridization capture and mass spec-
trometry (Chu et al. 2011; Simon MD et al. 2011; Smith
et al. 2019), would also be beneficial before setting up
an lncRNA structural study, because PTMs can affect
lncRNA structural organization. For example, N6-methyl-
adenosine (m6A) increases the accessibility of its sur-
rounding RNA sequence to bind heterogeneous nuclear
ribonucleoprotein G (hnRNP-G), with implications in the
selection of alternative splice variants (Liu N
et al. 2017).

Bioinformatics tools for analyzing
lncRNA sequences

The first step in the structural characterization of a
lncRNA is the analysis of its sequence. Although bio-
informatics of large RNAs presents many challenges
(see above), several useful pieces of information can be
derived by computation on a novel lncRNA target
sequence, which are informative for the planning of
wet-lab experiments (Figure 2).
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First, sequence analysis determines the molecular
parameters of the target lncRNA, i.e. its molecular
weight, nucleotide composition, and extinction coeffi-
cient. These parameters are critical in deciding which
chromatography column, electrophoresis gel matrices,
and centrifugal filters to use for purification (see below),
to determine the lncRNA concentration at various
stages of purification, and to set up the appropriate
experimental conditions for biochemical and biophys-
ical investigation, i.e. by SV-AUC and SAXS. Several
online tools are available for calculating such parame-
ters from the sequence of the lncRNA of interest (i.e.:
from https://molbiol-tools.ca). Independent of the tool
used, the values obtained in silico are estimates of
experimental values, which can later be obtained by
mass spectrometry or size exclusion chromatography
coupled with multi-angle laser light scattering (SEC-
MALLS) (Uroda et al. 2020), but are sufficient to ensure
data reproducibility, provided that the same parameters
are used consistently, throughout an entire lncRNA
structure project.

Besides molecular parameters, sequence analysis
also informs about SNPs and PTMs. This information
can be obtained by data mining existing databases via
genome browsers, and is important because SNPs and
PTMs often correlate with potentially interesting func-
tional regions, or regions of medical relevance, which
are important targets for functional probing by struc-
ture-based mutagenesis, once the lncRNA structure has
been determined.

Moreover, sequence analysis can be used to identify
conserved homologs of the target lncRNA in different
organisms. This evolutionary analysis, although still lim-
ited by the number of annotated lncRNA sequences
(see above), is critical to enable structure-based covari-
ation studies, once the experimentally-probed second-
ary structure is obtained (Nawrocki and Eddy 2013), and
to guide structure-based mutagenesis and functional
probing. Evolutionary analyses could also lead to the
identification of shorter, more compact, and potentially
more easily tractable lncRNA homologs to facilitate
high-resolution 3D structural analysis. In this respect,
the experience matured in the group II intron field is
informative. Group II introns are self-splicing ribozymes
that range between 400 and >1000 nt in length.
Although the medical implications of fungal introns are
of a more immediate impact for human health and thus
most initial studies targeted the �800-nt long ai5c
intron expressed in fungal mitochondria, the first high-
resolution 3D crystal structures of the intron were
obtained using the bacterial homolog from
Oceanobacillus iheyensis, which is much shorter, i.e.

�400 nt long (Toor et al. 2008; Pyle 2010). Two
approaches can be followed to identify lncRNA
sequence conservation. First, one should mine the Rfam
database to identify families associated with the lncRNA
of interest (Kalvari et al. 2018). Second, using the full-
length sequence of the target, one can use BLAT to
identify putatively homologous regions in the genome
of other annotated organisms, and extract those puta-
tively similar sequences for pairwise or multiple
sequence alignments (Kent 2002; Uroda et al. 2019).
Importantly, before performing experimental probing
on these homologs, one needs to confirm experimen-
tally by transcriptomics analysis and RACE or long-read
sequencing that these lncRNA are actually expressed,
and determine what their exact 50- and 30-boundaries
are (see above).

Finally, some online tools allow for the identification
of known domains, such as PAN-like triple helices or TE-
derived repeat regions like the Alus (see above), or
repeats, which is useful to detect putative intra-molecu-
lar interactions. Identification of repeats can be per-
formed with a number of algorithms, such as
RepeatMasker (http://www.repeatmasker.org), REPuter
(Kurtz et al. 2001), the modules palindrome and equi-
cktandem of the EMBOSS suite (Rice P et al. 2000), or
Dfam, which searches for repeats in genomic DNA
(Hubley et al. 2016).

Procedures to purify and fold lncRNAs

After sequence analysis, the target lncRNA needs to be
produced in pure and homogenous forms for experi-
mental structural studies (Pyle 2014, 2016). This experi-
mental task differs significantly from protein analysis
and from the analysis of short RNAs (Figure 2). For
instance, purification from endogenous sources – which
is typical for proteins – is rarely used for lncRNAs, i.e.
only for structure probing approaches that monitor
folding in the cellular context (i.e. in vivo or ex vivo
SHAPE) or for transcriptome-wide studies (Wan et al.
2012; Ding et al. 2014). In these approaches, the RNA is
extracted by cell lysis and phenol-chloroform phase
separation. Such extraction, which generally involves
denaturation of the target, can also be performed in
mild non-denaturing conditions, i.e. by maintaining
physiological ionic concentrations throughout the pro-
cedure (Smola et al. 2015). However, lncRNA production
is most commonly done by in vitro transcription,
because the levels of endogenous abundance are gen-
erally too low, thus making endogenous purification
inefficient. Importantly, in vitro transcription allows the
production of lncRNAs without tags, which is an
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advantage with respect to the requirements for protein
purification, because under these conditions the target
lncRNAs preserve their native scaffold (Chillon et al.
2015). Importantly, in vitro transcribed lncRNAs lack
PTMs. However, this need not be a limitation. PTMs
generally do not occur homogeneously on the entire
cellular population of a lncRNA. We thus consider
important to first obtain a lncRNA structure map with-
out PTMs, and use such map as a guide to study the
structural and functional effect of modifications at a
later stage. Following in vitro transcription, lncRNAs can
be purified by denaturing or non-denaturing methods.
These procedures have been optimized for large house-
keeping RNAs, such as tRNAs or self-splicing ribozymes
and riboswitches, and can be applied to lncRNAs with
minimal optimization. Denaturing purification studies
that involve heat denaturation steps and refolding and
are employed for small ribozymes with usually high GC
sequence composition (Waldsich and Pyle 2008; Chillon
et al. 2014) can be applied to lncRNAs smaller than
�1000 nt, as proven for human SRA, mouse Braveheart,
and human GAS5 (Novikova et al. 2012b; Hudson et al.
2014; Xue et al. 2016). However, for lncRNAs longer
than 1,000 nt, RNA denaturation and refolding usually
yields inhomogeneous samples, as proven for human
HOTAIR and MEG3 (Somarowthu et al. 2015; Uroda
et al. 2019; Uroda et al. 2020). For these samples, non-
denaturing purification methods are necessary, similar
to those used for the crystallization of tRNAs or the
group II intron (Toor et al. 2008). An lncRNA-customized
non-denaturing purification pipeline typically involves
transcription by T7 RNA polymerase, enzymatic treat-
ments with DNase and proteinase K, purification by
sequential filtering through spin columns (i.e. Amicon
centrifugal filter devices), and a final polishing size-
exclusion chromatography step using a fast perform-
ance liquid chromatography system (FPLC) (Chillon
et al. 2015; Adams et al. 2019; Uroda et al. 2020). This
approach is grounded on the observation that many
RNAs fold co-transcriptionally and that their final fold is
sensitive to the order of events occurring during RNA
synthesis (Frieda and Block 2012; Watters et al. 2016).
Other non-denaturing methods include the use of
tagged RNAs followed by affinity purification (Batey
and Kieft 2007; Said et al. 2009) and purification
through weak anion-exchange FPLC (Easton et al.
2010), which also preserve the co-transcriptionally
folded RNA and avoid folding heterogeneity (Pereira
et al. 2010), but they have not been used for lncRNA
purification yet. These approaches would thus require
testing if the non-native tags affect the lncRNA struc-
tural and functional integrity.

An important factor to consider when purifying
lncRNAs in vitro is the concentration of cations, particu-
larly magnesium, because this parameter crucially
affects lncRNA folding. Too low magnesium concentra-
tions will not ensure folding, while too high magnesium
concentrations may induce sample aggregation. It is
essential to optimize ionic conditions experimentally for
each new lncRNA target, but interestingly it is emerging
that lncRNAs can be studied at near-physiological con-
centrations of mono and divalent cations (�1–10mM
magnesium chloride, �100–150mM potassium chlor-
ide), which closely mimic the intracellular environment
(Uroda et al. 2020). We specifically recommend per-
forming folding studies by titrating magnesium concen-
trations using sedimentation-velocity analytical
ultracentrifugation (Uroda et al. 2020).

Secondary structure analysis: lncRNA mapping
guides folding prediction algorithms

A pure and homogenous population of lncRNA is suit-
able for secondary and tertiary structure characteriza-
tion (Uroda et al. 2020). Secondary structure probing
can be performed with multiple reagents (Figure 2,
Table 2).

Enzymatic vs. chemical probing of lncRNA structure
RNA has been traditionally probed using structure-spe-
cific RNases (Palangat et al. 1998; Beniaminov et al.
2008; Diaz-Toledano et al. 2009). The combined use of
the endoribonucleases RNase T1, which recognizes sin-
gle-stranded RNA at G residues, and RNase V1, which
preferentially cleaves between nucleotides in double-
stranded regions of the RNA without base specificity,
provides an initial estimation of the structural configur-
ation of different viral and house-keeping RNAs (Knapp
1989). The additional use of RNase A, which cleaves at
the 30 side of single-stranded C and U residues,
increases the accuracy of the folding predictions
(Knapp 1989). Although broadly used, there are two
main problems associated with this enzymatic probing
approach. One problem is reproducibility, as secondary-
structure footprinting is achieved using partial diges-
tion with the aforementioned RNases (Merino et al.
2005). Another limitation is the difficulty of quantifying
the extent of the cleavage so that positions are only
classified as either reactive or not reactive (Merino et al.
2005). Moreover, certain RNases are increasingly diffi-
cult to obtain commercially. Due to these limitations,
the modern use of enzymatic probing in RNA secondary
structure determination has been reduced in favor of
complementary techniques, such as chemical probing.
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For instance, the secondary structure of human SRA
and D. melanogaster roX – among the first lncRNAs to
have been probed – included RNase probing data
(Novikova et al. 2012b; Ilik et al. 2013), but no other
lncRNA has been probed enzymatically since then.

Chemical probing allows for more accurate and
quantitative analysis of the reaction products (Costa
et al. 1998; Ruschak et al. 2004; Cordero et al. 2012;
Tomezsko et al. 2020). Some of the chemicals react
with the nucleobase moieties of RNA, such as DMS,
diethylpyrocarbonate (DEPC), and CMCT. These
reagents react largely at nucleophilic positions in the
bases that are not engaged in base pairs, with a prefer-
ence for purines. DMS reacts at N1 in adenosine and N3

in cytidine; DEPC reacts at N7 in adenosine, and; CMCT
reacts at N1 in guanidine and N3 in uridine. Despite the
uneven modification of nucleobases, DMS is still one of
the most broadly used reagents in lncRNA structure
determination. For example, the full-length structure of
mouse Xist was obtained in vivo using DMS, as this
reagent is cell-permeable and reacts rapidly (Fang R
et al. 2015). A different approach exploits the observa-
tion that the reactivity of an RNA ribose hydroxyl group
is particularly sensitive to local nucleotide flexibility.
Thus, the reaction with an appropriate electrophile
forms a 20-O-adduct that can be used to monitor local
structure independent of nucleotide identity (Merino
et al. 2005). The use of these electrophiles coupled with
the detection of the reaction readout at single-nucleo-
tide resolution is the foundation of SHAPE, a technique
developed in the Weeks lab (Merino et al. 2005).
Different SHAPE reagents are available and possess
slightly different properties. One of the first reagents to
be used was N-methylisatoic anhydride (NMIA). NMIA
reacts slowly with its substrate at the 20OH group at
flexible sites in RNA, which translates into a 10-fold dif-
ference between ssRNA and dsRNA and a reduction in
reactivity by diverse local tertiary interactions, including
Hoogsteen paring, base triples, and kissing-loop inter-
actions (Merino et al. 2005). One of the most broadly
used reagents is the NMIA derivative 1M7, which shows
significantly shorter reaction times with respect to
NMIA (1M7 reacts to completion in �70 s whereas
NMIA, in 20min) and a reaction rate independent of
the magnesium concentration. The change in reaction
rate from 0 to 20mM Mg2þ for 1M7 is negligible, while
for NMIA, the change is greater than 2-fold (Mortimer
and Weeks 2007). To distinguish whether constrained
nucleotides are part of base-pairing or tertiary interac-
tions, the use of 1M7 in SHAPE has been comple-
mented with two other chemicals to introduce
structure-selective differential reactivities: NMIA, which

due to its long reactive time, can identify nucleotides in
the rare C2’ endo conformation, and 1-methyl-6-nitroi-
satoic anhydride (1M6), which is able to stack with RNA
nucleobases, identifies long-range stacking interactions
or backbone turns (Steen et al. 2012; Rice GM et al.
2014). The use of the differential SHAPE reactivity has
been successfully applied to the determination of the
secondary structure map of human MEG3 (Uroda et al.
2019). For example, the observation that a key terminal
loop in MEG3 showed low chemical reactivity helped in
the identification of this motif as part of a complex
pseudoknot with a distal portion of the molecule
(Uroda et al. 2019). SHAPE probes can also be readily
used for in vivo probing, similarly to DMS. Among these
reagents, besides 1M7 (Takahashi et al. 2016), also 2-
methylnicotinic acid imidazolide (NAI), 2-(azidomethyl)-
nicotinic acid acyl imidazole (NAI-N3) (Spitale et al.
2015; Lee et al. 2017) and 5-nitroisatoic anhydride
(5NIA) (Busan et al. 2019) can be used, as they display
improved solubility with respect to 1M7 and a higher
signal-to-background ratio (Busan et al. 2019).

Despite the prevalence of SHAPE, most lncRNAs
have been analyzed using multiple probing techniques,
as a tool for cross-validation of the structural reactivity
and to avoid possible sample-specific biases in the
measurements (Somarowthu et al. 2015; Uroda et al.
2019). An alternative validation approach is the so-
called 3S shotgun approach developed in the
Sanbonmatsu lab (Novikova et al. 2013), which was
used to probe human SRA (Novikova et al. 2012b), A.
thaliana COOLAIR (Hawkes et al. 2016), mouse
Braveheart (Xue et al. 2016), human and mouse
NEAT1_1 (Lin et al. 2018), and mouse RepA (Liu F et al.
2017). This approach consists of the production of mul-
tiple overlapping fragments of the target lncRNA, which
are then independently probed along with the full-
length species (Novikova et al. 2013). A comparison of
the reactivity profiles of full-length and fragments ena-
bles the identification of fragments that show similar
reactivity profiles to the full-length RNA. These frag-
ments are likely to adopt a similar structure both in iso-
lation and in the context of the entire target molecule,
and are thus considered to fold as independent mod-
ules or structural domains (Novikova et al. 2012b).

From manual to high-throughput readout
Detection of enzymatic or chemical modifications in the
target lncRNA can be analyzed by primer extension fol-
lowed by RNA or cDNA fragment separation on a poly-
acrylamide gel (Fernandez et al. 2011) and manual or
semi-automated quantification of electrophoretic bands
(Das et al. 2005). The introduction of capillary
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electrophoresis (Mitra et al. 2008) coupled to the auto-
mated quantification of fluorescent peaks (Vasa et al.
2008; Karabiber et al. 2013) considerably reduced the
manual load during the analysis of the structural prob-
ing. Now, the introduction of massive parallel sequenc-
ing (MPS) technologies has accelerated even further the
analysis of structural probing data in an unbiased way,
providing a diversified pool of tools available for
lncRNA study (Table 2). For example, human MEG3 has
been recently studied using SHAPE-Map, a technique
based on the incorporation of non-complementary
nucleotides during cDNA synthesis, which is then meas-
ured by MPS (Sherpa et al. 2018; Uroda et al. 2019).

How to study tertiary structures

Tertiary structure investigation by biochemical and
probing methods
Besides secondary structure architecture, chemical
probing can also be used to inform on the tertiary
structure of the target (Merino et al. 2005). For instance,
the “mutate-and-map read out through next-generation

sequencing” method (M2-seq) introduces mutations
in vitro or in vivo at sites of structural interactions and
analyzes these mutations by DMS-seq and mutational
profiling. Although not yet applied to lncRNAs, M2-seq
has the potential to capture not only secondary but
also tertiary structural interactions, i.e. Watson-Crick
base pairs formed in pseudoknots, connect these struc-
tural motifs to function, and facilitate 3D modeling
(Kladwang et al. 2011; Cheng CY et al. 2017; Kappel
et al. 2020).

Further tertiary structural information can also be
obtained using chemical probes different from those
used in secondary structure mapping (Figure 2,
Table 3).

Nucleotide solvent accessibility, and thus the degree
of tertiary compaction of the target, is commonly meas-
ured using HRF, because hydroxyl radicals are small in
size and highly reactive with surface residues of the tar-
get lncRNA (Swisher J et al. 2001). Hydroxyl radicals are
mostly produced by incubating the target lncRNA with
Fe-EDTA and hydrogen peroxide in solution, because
this technique is inexpensive and easily accessible

Table 3. Examples of lncRNA tertiary structure characterization.
Target Length (nt) Species Technique Accession code Reference

Braveheart (full-length) 588 mouse SAXS SAXSBDB: SASDH93;
SASDHA3; SASDHB3;
SASDHC3; SASDHD3;
SASDHE3; SASDHF3;
SASDHG3; SASDHH3;
SASDHJ3;
SASDHK3; SASDHL3

(Kim DN et al. 2020)

GAS5 (GRE
mimic duplex)

20 (of �4,000) human X-ray crystallography PDB: 4MCE; 4MCF (Hudson et al. 2014)

HOTAIR (full-length) 2,148 human AFM N.A. (Spokoini-Stern et al. 2020)
MALAT1 (PAN-

like motif)
76 (of 8,425) human X-ray crystallography PDB: 4PLX (Brown JA et al. 2014)

MEG3 v1 (full-length) 1,595 human SAXS, AFM Figshare:
https://figshare.
com/
s/e73aff439aeaad
75e456;
https://figshare.
com/
s/a81600774ab
9baed8932;
https://figshare.
com/
s/026d8eb31a
8a4b6910e9;
https://figshare.
com/
s/666c9998f22
d661d72f3

(Uroda et al. 2019; Uroda
et al. 2020)

RepA (full-length) 1,630 mouse Crosslinking N.A. (Liu F et al. 2017)
TERRA (G4) 12 (of 200-10,000) human X-ray crystallography PDB: 3IBK (Collie et al. 2010)
XIST (full-length) 19,281 human in vivo PARIS Sequence Read

Archive: SRP074108
(Lu et al. 2016)

XIST (full-length) 17,946 mouse in vivo PARIS Sequence Read
Archive: SRP074108

(Lu et al. 2016)

XIST (AUCG
tetraloop hairpin)

14 (of 19,281) human NMR PDB: 2Y95 (Duszczyk et al. 2011)

N.A.: not available.
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(Shcherbakova et al. 2006; Uroda et al. 2019).
Alternatively, hydroxyl radicals can be produced by X-
ray exposure, i.e. at synchrotrons (Woodson et al. 2001),
by radiolysis (Ottinger and Tullius 2000), by photolysis
(Sharp et al. 2004), or by peroxynitrite probing (Swisher
JF et al. 2002), but these methods have not yet been
used for lncRNAs. Reactivity can then be measured by
primer extension and capillary electrophoresis, or MPS,
as for SHAPE (see above). HRF studies have the poten-
tial to probe the kinetics of lncRNA folding in the milli-
second scale under time-resolved conditions (Brenowitz
et al. 2002; Shcherbakova et al. 2006), or conformational
differences between different lncRNA species at equilib-
rium (Shcherbakova and Mitra 2009). The latter
approach was used to produce the single-nucleotide
resolution solvent accessibility map of human MEG3 in
different folding states and to prove the in vitro forma-
tion of its functional H11-H27 pseudoknot by compar-
ing wild type and mutated constructs (Uroda
et al. 2019).

While HRF provides solvent accessibility information
and thus a global insight into the folded architecture of
RNA, it does not inform on what residues are specific-
ally involved in mediating long-range tertiary interac-
tions. Such interactions can instead be obtained using
alternative biochemical and probing approaches. On
the one hand, long-range base-pairing can be detected
by RNA antisense purification (RAP) to systematically
map RNA-RNA interactions (Engreitz et al. 2014) or by
psoralen analysis of RNA interactions and structures
[PARIS, (Lu et al. 2016)]. Because its resolution and
throughput are low, RAP has been used so far only to
map interactions of the U1 snRNA with pre-mRNAs (Lu
et al. 2016), but not lncRNAs. Instead, PARIS, which
combines in vivo crosslinking, purification of RNA
duplexes, and proximity ligation, was used to deter-
mine the structure of the A-repeat of human and
mouse XIST, revealing a complex inter-repeat duplex
organization necessary to mediate the interaction with
protein SPEN (Lu et al. 2016). Similar long-range interac-
tions were also detected in human and mouse MALAT1
(Lu et al. 2016). On the other hand, non-canonical ter-
tiary interactions were detected in mouse RepA by UV
crosslinking and primer extension. Three long-range
cross-links between RepA D2 and D3 were identified.
According to this model, D2 and D3 interact and estab-
lish a relatively rigid scaffold, which could facilitate the
proper orientation of RepA for protein binding (Liu F
et al. 2017). Finally, on the basis of the experimentally
mapped secondary structure of human and mouse
NEAT1_1 and of in silico predictions, putative long-
range interactions have been proposed for NEAT1_2.

In vitro gel shift assays were used in this case to assess
the potential of the two putatively-interacting frag-
ments to form a stable complex (Lin et al. 2018).

High-resolution methods
Despite informing on lncRNA globularity and tertiary
structure interactions, chemical probing cannot offer a
direct 3D atomic visualization of the target lncRNA,
which instead requires structural biology approaches.
Of the most frequently-used high-resolution structural
methods, NMR and X-ray crystallography have been
employed successfully on lncRNAs, but so far only
for the characterization of short structural elements
(Figure 2, Table 3).

NMR has been used to solve the structure of a 14-nt
fragment from the �17,000-nt long human XIST [PDB
id. 2Y95, (Duszczyk et al. 2011)]. However, NMR suffers
loss in sensitivity and increased spectral complexity
with large (i.e. > 50 kDa) macromolecular targets (Furtig
et al. 2003). For reference, the largest RNA structure
determined by NMR so far is the HIV-1 core packaging
signal, which counts 155 nt [PDB id 2N1Q, (Keane et al.
2015)]. As a consequence, at least in the immediate
future, the contribution that NMR will offer to the char-
acterization of lncRNA will remain limited to structure
determination of short motifs and their dynamics
(Marusic et al. 2019).

By contrast, X-ray crystallography is, in principle,
applicable to large macromolecules. However, X-ray
crystallography for RNA is more challenging than for
proteins, particularly with respect to construct engin-
eering for obtaining well-diffracting crystals (Wiryaman
and Toor 2017; Gomez and Toor 2018) and to phasing
(Marcia et al. 2013; Marcia 2016). Except for the ribo-
some, the spliceosome, RNase P, and group I and II
introns (Pyle 2014), RNA crystal structures are available
only for short molecules (<200 nt long). In the lncRNA
field, X-ray crystallography has thus only been used so
far to solve the structures of the 76-nt long PAN-like tri-
ple helix from the �8,000-nt long human MALAT1 [PDB
id 4PLX, 3.1 Å resolution, (Brown JA et al. 2014)], of the
12-nt long G4 motif of the �200–10,000-nt long human
TERRA [PDB 3IBK, 2.2 Å resolution, (Collie et al. 2010)],
and of a 20-nt long duplex from the �4,000-nt long
human GAS5 [PDB id 4MCE and 4MCF, 1.9 Å resolution,
(Hudson et al. 2014)]. In the future, X-ray crystallog-
raphy of entire lncRNAs or larger lncRNA domains will
be possible, provided that folded lncRNAs forming
intramolecular tertiary contacts are identified and a
robust, medium-to-high throughput functional assay is
developed to assist structural engineering of crys-
tal constructs.
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Finally, electron microscopy (EM) is another well-
established technique for high-resolution structural
biology, which is gaining momentum, particularly since
the development of direct electron detectors
(Kuhlbrandt 2014). This technique has been used suc-
cessfully in the characterization of RNA-protein com-
plexes, including large ribozymes, i.e. the group II
intron bound to its maturase partner (Haack et al.
2019). Until recently, the pri-miRNA miR-17� 92 and
the SAM-IV riboswitch were the only RNA systems
studied in the absence of any protein, at �20 Å reso-
lution by negative-staining and at 3.7 Å resolution by
cryo-EM, respectively (Chaulk et al. 2011; Zhang K et al.
2019), but the Das and Chiu labs have now demon-
strated that structured RNAs of 100–400 nt in length
can be imaged by cryoEM (Kappel et al. 2020).
However, EM has not been used to solve high-reso-
lution structures of lncRNAs yet. In our hands, predom-
inant challenges consist in the tendency of lncRNAs to
aggregate when deposited either on negative staining
or cryo-EM grids, which prevents obtaining well-defined
reference-free 2d class averages (Uroda et al. 2020).
Specific optimization is likely required to image
lncRNAs by EM in the future [see below and (Uroda
et al. 2020)].

Low-resolution methods and integrated structural
biology approaches
While high-resolution methods have been employed
only on short lncRNA segments, three recent studies
have now succeeded in characterizing the 3D topology
of full-length, native lncRNAs using low-resolution
methods (�15–20Å), such as SAXS and AFM (Figure 2,
Table 3).

Human MEG3 has been studied with an integrated
approach that coupled secondary probing by SHAPE
and tertiary probing by HRF (see above) with the visual-
ization of its 3D shape in solution by SAXS and of its 3D
topology by single-particle AFM in dry mode (Uroda
et al. 2019; Uroda et al. 2020). These 3D approaches,
which are compatible with the inherent structural flexi-
bility and plasticity of full-length, non-engineered
lncRNAs and which are not limited by size, have cap-
tured MEG3 (1,595 nt long) in different structural con-
formations and at different stages of folding, which is
modulated by the formation/disruption of its functional
H11-H27 kissing loop interactions (Uroda et al. 2019;
Uroda et al. 2020). Human HOTAIR has also been
studied by AFM, capturing its dynamics in solution, but
only in an unfolded form, i.e. at magnesium concentra-
tions (0.5mM) significantly lower than those that ensure
compaction in solution (8.6mM) (Spokoini-Stern et al.

2020). Finally, mouse Braveheart (�500 nt long) has also
been imaged in 3D in solution by SAXS, capturing alter-
native folding conformations derived from the modula-
tion of its functional AGIL RHT in the presence and
absence of its binding protein CNBP (Xue et al. 2016;
Kim DN et al. 2020).

Interestingly, the folding behavior of MEG3 and
Braveheart appears rather different. MEG3 shows a dis-
tinct folding transition becoming �10–20% more com-
pact in the presence of magnesium, than when
deprived of magnesium or of its functional pseudoknot
structures (Uroda et al. 2019). Instead, Braveheart, des-
pite being rigid and possessing well-defined modular
domains, adopts an extended conformation that does
not change significantly in the presence or absence of
magnesium or of its interacting partner CNBP (Kim DN
et al. 2020).

Independent of the exact folding behaviors of MEG3
and Braveheart, these studies reveal how integrated
structural biology can powerfully enable the character-
ization of novel classes of very large and difficult-to-
handle biological macromolecules, such as lncRNAs.
Moreover, when coupled with functional assays – as in
the cases of MEG3 and Braveheart – these studies have
enormous potential in identifying functional and evolu-
tionary-conserved regions that would otherwise go
unrecognized. These studies thus have the potential to
prepare the ground for future high-resolution charac-
terization of lncRNAs (Uroda et al. 2020).

Correlating lncRNA structure with
lncRNA function

Functional analysis is crucial for supporting and guiding
structural investigation, but may be challenging for
lncRNAs. As a result, many lncRNA secondary structures
have not yet systematically been probed for function,
i.e. SRA (Novikova et al. 2012b), COOLAIR (Hawkes et al.
2016), RepA (Liu F et al. 2017), and NEAT1 (Lin et al.
2018). However, for at least some lncRNAs, functional
studies are available, and can be performed in vitro, in
cell, or in model organisms, with different experimental
approaches (Figure 5).

In vitro, lncRNA are typically tested for protein bind-
ing, when specific protein partners are known. These
assays ensure that the in vitro purified and chemically
probed lncRNA adopts a functional conformation that
preserves interactions with its known cellular partners.
The same assays can then also be applied to structural
mutants to help identify the precise motifs responsible
for protein recognition. In vitro assays can be performed
using purified lncRNAs and proteins by electrophoretic
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mobility shift assays (EMSA), as for human HOTAIR with
PRC2 (Somarowthu et al. 2015) and mouse Braveheart
with CNBP (Xue et al. 2016); by glutathione sepharose
RNA affinity chromatography (GNRA), as for D. mela-
nogaster roX with MLE (Ilik et al. 2013); or by fluores-
cence polarization, as for human GAS5 with
glucocorticoid receptor (GR) (Hudson et al. 2014). In
vitro assays on purified lncRNAs can also be performed
using cell extracts, i.e. by performing pull-down and
specific antibody detection, when the protein partner is
known, as for human MEG3 with p53 (Uroda et al.
2019), or using microarrays, when the protein partner is
not known, as for initial studies on mouse Braveheart
(Xue et al. 2016). Studies complementary to pull-downs

that also make use of cell extracts are RNA immunopre-
cipitation (RIP) studies. RIP was used to study the bind-
ing of wild type and structure-based mutants of human
MEG3 with p53 (Uroda et al. 2019), mouse Braveheart
with CNBP (Xue et al. 2016), and human GAS5 with GR
(Kino et al. 2010).

A number of approaches are then available to test
the functionality, stability, or localization of lncRNAs
and their corresponding structure mutants in cell. For
instance, the p53 stimulation potential of human MEG3
structural mutants and the GR activation potential of
human GAS5 structural mutants were characterized by
gene reporter assays and by flow cytometric cell cycle/
apoptosis assays (Kino et al. 2010; Hudson et al. 2014;

Figure 5. Approaches for functional probing of lncRNA structures. Left) In vitro assays, such as protein binding assays via RIP/
qRT-PCR (top) or EMSA (bottom), can be used to test the ability of lncRNA structure mutants to recognize their molecular targets
in the test tube. These approaches have been used to probe the structures of Braveheart, MEG3, GAS5, and HOTAIR. Middle)
Cell-based assays, such as cell proliferation assays or cellular localization, can be used if lncRNA structural mutants preserve their
cellular functions. These approaches have been used to probe the structures of MEG3, GAS5, XIST, and hLincRNA-p21. Right)
LncRNA structures can also be probed by genetically engineering structure-based mutations into model organisms and perform-
ing viability or developmental assays. These assays are generally more complex and have lower throughput, and have thus so far
only been used for roX (N/A¼ not available). A color version of this figure is available online.
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Uroda et al. 2019). The cardiovascular lineage commit-
ment potential of mouse Braveheart AGIL mutants was
characterized using flow cytometry, immunofluores-
cence, and qRT-PCR (Xue et al. 2016). The X-chromo-
some inactivation potential of human XIST AUCG
tetraloop hairpin mutants was tested by cell viability
assays (Duszczyk et al. 2011). The RNA stabilization
potential of human MALAT1 PAN-like triple helix
mutants was studied by Northern blots (Brown JA et al.
2014). The ability of D. melanogaster roX mutants to tar-
get the MSL complex was characterized by polytene
chromosomal immunostaining (Ilik et al. 2013). Finally,
the nuclear localization potential of hLincRNA-p21 Alu
mutants was characterized by RNA fluorescence in situ
hybridization (RNA-FISH) (Chillon and Pyle 2016).

Finally, although more elaborate and time-consum-
ing, lncRNA functional assays can also be performed in
organoids or in model organisms, because lncRNA
mutagenesis has the potential to induce functional
phenotypes (Sauvageau et al. 2013). An example of this
functional probing approach is represented by viability
studies performed on D. melanogaster roX mutants dir-
ectly on fly embryos (Ilik et al. 2013).

Applicability of lncRNA methods to other
classes of large RNAs

The importance of lncRNA structural studies and the
correlated technological development is not only useful
for advancing the lncRNA field itself, but it is also syner-
gistic and promotes development in other important
sectors of RNA biology.

For instance, in vivo genome-wide mapping studies
captured not only lncRNAs, but also mRNAs and viral
RNAs, showing their tendency to form structured
regions in the cell (Wan et al. 2012; Ding et al. 2014). In
this context, chemical probing and structural analysis of
coding RNAs could lead to the identification of import-
ant regulatory motifs for translation or cellular localiza-
tion. For instance, TE motifs like the Alu elements are
equally present in coding and non-coding transcripts
(Walters et al. 2009; Kramerov and Vassetzky 2011; Kim
EZ et al. 2016).

Moreover, structural probing methodologies
described here for lncRNAs have also had important
applications in the field of infection biology, particularly
enabling the secondary structure characterization of
the genome of many RNA viruses. For instance, the sec-
ondary structure of the hepatitis C virus (HCV) genome
has been determined by SHAPE and probed by in vivo
replication and infectivity assays (Mauger et al. 2015;
Pirakitikulr et al. 2016), the secondary structure of the

influenza A virus genome has been determined by
in vitro and in vivo DMS-MaP-seq and probed by plaque
assays (Simon LM et al. 2019), the secondary structure
of the genomes of different human immunodeficiency
virus (HIV) strains have been characterized by SHAPE/
SHAPE-MaP (Watts et al. 2009; Lavender et al. 2015),
and the secondary structure of the 50-UTR region of the
mouse hepatitis virus (MHV) – a SARS-CoV-2 related cor-
onavirus – has been characterized by in vitro and in virio
SHAPE and probed by replication assays (Yang D et al.
2015). Certain functional segments of viral RNA
genomes have also been characterized by structural
biology, either at high-resolution, as for the crystal
structure of the beet western yellow virus (BWYV) ribo-
somal frameshifting pseudoknot [PDB id 437D, 28-nt
long, 1.6 Å resolution, (Su et al. 1999)], or at low reso-
lution, i.e. by SAXS and AFM, as in the case of the full-
length HCV internal ribosome entry site (IRES) (Perard
et al. 2013; Garcia-Sacristan et al. 2015). Finally, AFM
has been used to characterize non-naturally-occurring
RNAs, i.e. de novo-designed RNA origami nanostructures
with potential biomedical applications (Lyubchenko
et al. 2011; Yu et al. 2015).

Future directions

Considering the vast number of lncRNAs identified so
far and the rapid development of the field in the last
decade, it can be expected that exciting new opportu-
nities will arise for the molecular and mechanistic char-
acterization of these targets in the future. These future
directions will require a coordinated effort not just of
molecular biologists, biochemists, and structural biolo-
gists but of a broader community that will certainly
include computational scientists, genome and develop-
mental biologists, and possibly pharmacologists
and physicians.

Certainly, with an increasing number of secondary
structures being determined by probing, it would be
important to establish a unique and dedicated open-
access repository for the deposition of secondary struc-
ture probing data and related models. A more system-
atic assessment of secondary structure probing data
quality would also be useful. So far, the statistical ana-
lysis evaluates SHAPE data in terms of signal/noise ratio
(Vaziri et al. 2018), but it would be important to have a
statistical, unbiased procedure to assess the quality of
the derived structure models in terms of their match to
the experimental results. For this purpose, an approach
similar to the Rfactor approach used in crystallography
(Brunger 1997) or Fourier shell correlation (FSC) used in
cryo-electron microscopy (Afonine et al. 2018) could be
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useful. Since probing is often done with complemen-
tary approaches that use different probing agents, a
thorough, robust pipeline to integrate data from differ-
ent sources would also be useful. Pipelines like
RNAStructure (Reuter and Mathews 2010) or SHAPE-
Mapper (Busan et al. 2019), already partly address this
problem, being capable of integrating SHAPE data with
DMS data, but they could be further developed to intro-
duce tertiary structure probes, such as hydroxyl radicals
or crosslinking agents. Specifically, it would be benefi-
cial to integrate these pipelines with tools for lncRNA
structural visualization, such as VARNA (Darty et al.
2009) or the integrative genome viewer (Busan and
Weeks 2017), for lncRNA conservation, such as Infernal
(Nawrocki and Eddy 2013), RScape (Rivas et al. 2017),
and R2R (Weinberg and Breaker 2011), and for lncRNA
3D atomistic modeling, such as ERNWIN (Kerpedjiev
et al. 2015) or RNAComposer (Popenda et al. 2012).
Moreover, for the analysis of heterogeneous, dynamic
lncRNAs, it will be important to customize pipelines
that disentangle complex probing results and derive
conformational ensembles, rather than unique individ-
ual structures, i.e. by principal component or expect-
ation maximization analysis, as already done for large
viral RNAs (Eubanks et al. 2017; Tomezsko et al. 2020).
Finally, it would be necessary to better integrate in vitro
with in vivo probing, which are complementary
approaches. While in vitro probing captures very pure
conformations of the target, in vivo approaches capture
the target in its physiological cellular environment.
Therefore, it should be possible to design pipelines that
combine in vitro and in vivo probing data to discern
structured lncRNA cores preserved in both environ-
ments and thus likely stable and potentially amenable
to high-resolution studies, from lncRNA structural
regions implicated in cellular interactions and subject
to conformational diversity induced by the cellular
environment.

Besides computational improvements, advances in
biochemical approaches will also set important mile-
stones. For instance, improvements and broader applic-
ability of long-read sequencing technology will enable
high-throughput identification of lncRNA PTMs, which
can crucially affect lncRNA structure (see above). The
systematic identification of lncRNA PTMs will in turn
stimulate the development of new technology to
selectively introduce these modifications onto in vitro
purified lncRNAs for biochemical, biophysical and struc-
tural analysis. Moreover, long-read sequencing and in
general transcriptomic approaches will enable high-
confidence identification of lncRNA splicing variability
and enrich lncRNA annotations transcribed in many

organisms. From a structural perspective, these advan-
ces will be significant, because they will improve and
accelerate sequence and structural alignments and thus
the identification of homologous transcripts with
improved structural properties (i.e. shorter unstructured
segments, fewer repeat elements, etc.).

Improvements will also be needed in structural biol-
ogy for 3D visualization and modeling. So far, low-reso-
lution approaches like SAXS and AFM have been the
most successful in visualizing entire lncRNAs (see
above). These approaches are, however, limited by
throughput and imaging resolution, precluding 3D
atomic modeling. High-speed AFM microscopes (Miyagi
and Scheuring 2018) or the advent of highly automated
SAXS beamlines at fourth-generation synchrotrons in
the next decade will possibly improve throughput and
enable to capture a more complete spectrum of lncRNA
conformations, i.e. in different folding states, with dif-
ferent partner proteins, and/or with different mutations.
To improve resolution, it will be necessary to produce
crystallizable lncRNAs or to adapt EM analysis to these
targets. In this respect, optimization of grid preparation
(Palovcak et al. 2018; Naydenova et al. 2019) or vitrifica-
tion with automatized or semi-automatized methods
(Feng et al. 2017; Schmidli et al. 2019) could help
lncRNA deposition on EM supports, preventing their
tendency to aggregate (Uroda et al. 2020).
Improvements in target homogeneity and structural
robustness, i.e. by the production of minimal lncRNAs
functional cores encompassing only the most highly-
structured regions, will also certainly be beneficial, as
recently shown by the Das and Chiu labs for a set of
100–400-nt long structured RNAs (Kappel et al. 2020;
Uroda et al. 2020). Finally, the integration of these dif-
ferent low and high-resolution techniques will be useful
to obtain more complete molecular views of these chal-
lenging targets. For instance, it can be envisaged to use
AFM topographic single-particle images as experimen-
tal constraints to guide the reconstitution of lncRNA 3D
volumes, as for proteins (Trinh et al. 2012; Dasgupta
et al. 2020; Niina et al. 2020).

More broadly, it is tempting to speculate that
lncRNAs may reserve “molecular surprises”, i.e. they
may carry active functions, such as enzymatic catalysis
or metabolite recognition, rather than exclusively scaf-
folding or modulating protein effectors. Considering
their medical implications, proving that lncRNAs have
the ability to recognize small ligands would open the
door to lncRNA-targeted drug development, signifi-
cantly boosting currently ongoing efforts from private
and academic labs to develop RNA-directed com-
pounds (Petrone and DeFrancesco 2018).
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In summary, it is likely that we are just at the begin-
ning of an exciting era of discoveries on lncRNA struc-
tures, functions, and mechanisms. The coordinated
effort of an ever-increasing number of researchers
investigating the molecular properties of specific
lncRNAs will unveil the structural diversity of these
complex targets and promote exciting technological
developments with important fallouts on many differ-
ent sectors of RNA biology.
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