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Secondary structure is a principal determinant of lncRNA function, predominantly regarding scaffold formation and in-

terfaces with target molecules. Noncanonical secondary structures that form in nucleic acids have known roles in regulating

gene expression and include G-quadruplexes (G4s), intercalated motifs (iMs), and R-loops (RLs). In this paper, we used the

computational tools G4-iM Grinder and QmRLFS-finder to predict the formation of each of these structures throughout

the lncRNA transcriptome in comparison to protein-coding transcripts. The importance of the predicted structures in

lncRNAs in biological contexts was assessed by combining our results with publicly available lncRNA tissue expression

data followed by pathway analysis. The formation of predicted G4 (pG4) and iM (piM) structures in select lncRNA se-

quences was confirmed in vitro using biophysical experiments under near-physiological conditions. We find that the ma-

jority of the tested pG4s form highly stable G4 structures, and identify many previously unreported G4s in biologically

important lncRNAs. In contrast, none of the piM sequences are able to form iM structures, consistent with the idea that

RNA is unable to form stable iMs. Unexpectedly, these C-rich sequences instead form Z-RNA structures, which have

not been previously observed in regions containing cytosine repeats and represent an interesting and underexplored target

for protein–RNA interactions. Our results highlight the prevalence and potential structure-associated functions of nonca-

nonical secondary structures in lncRNAs, and showG4 and Z-RNA structure formation in many lncRNA sequences for the

first time, furthering the understanding of the structure–function relationship in lncRNAs.

[Supplemental material is available for this article.]

The discovery of long noncoding RNAs (lncRNAs) has revolution-
ized scientific understanding of the genome and has led to an ex-
plosion of research into the complex mechanisms that regulate
gene expression. Currently, lncRNAs are broadly defined as any
RNA >200 nt in length that does not encode for a protein, and it
is well understood that lncRNAs display substantial diversity in
all aspects, ranging from genomic location to post-transcriptional
processing, tissue expression, and function (Chillón and Marcia
2020). Despite the rapid rate of identification of novel lncRNAs,
their cellular roles remain poorly characterized. Although
lncRNAs generally have poor evolutionary conservation at the nu-
cleotide level, short sequences of lncRNAs have been retained,
whichwas attributed to their potential roles in folding and second-
ary structure formation (Pegueroles and Gabaldón 2016). In some
cases, structural motifs in lncRNAs are conserved, providing fur-
ther incentive for researchers to explore this area (Johnsson et al.
2014; Tavares et al. 2019). In the past decade, key roles of second-
ary structure in many lncRNAs have been identified, particularly
regarding the formation of scaffolds and functional interfaces
with target molecules (Uroda et al. 2019; Simko et al. 2020). The
single-stranded nature of RNA allows the formation of various sec-
ondary structures such as hairpin loops, triplexes, and double-
stranded helices, including A-RNA and Z-RNA, that contribute to
the stability and function of the molecule. Despite this, many sec-
ondary structures in RNA, particularly noncanonical structures,
are significantly less well characterized than their DNA counter-

parts. In this study, we focus on the formation of G-quadruplex
(G4), intercalated-motif (iM), R-loop (RL), and Z-RNA noncanoni-
cal secondary structures in lncRNA.

G4s form in certain guanine-rich regions through the self-as-
sembly of guanines into planar quartets, which are stacked into a
three-dimensional structure. G4 formation can alter gene expres-
sion by inhibiting initiation complex binding at mRNA tran-
scripts, recruiting splicing-associated RNA-binding proteins, or
influencing the subcellular localization and stability of RNA mol-
ecules. Prior studies have experimentally validated the formation
and functional importance of G4s in a few individual lncRNAs;
however, little is known in comparison to their counterparts in
mRNA and DNA (Biffi et al. 2012; Matsumura et al. 2017; Simko
et al. 2020; Bhatt et al. 2021). The roles of G4s in lncRNAs have re-
cently been reviewed (Tassinari et al. 2021). Another tetrameric
structure, iMs are found in cytosine-rich regions and form when
hemi-protonated cytosine base pairs (C+⋯C) intercalate and stack.
The existence of RNA iMs in vivohas been contested owing to pref-
erential formation at low pH and notably poorer stability in com-
parison to DNA iMs, attributed to the presence of the 2′-hydroxyl
group in the ribose sugar (Lacroix et al. 1996). These are crucial
factors to consider when investigating the relevance of iMs in bio-
logical systems. However, immunocytochemistry with an iM
structure-specific antibody (iMab) revealed a decrease in iMab
foci after RNase treatment, possibly corresponding to the
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degradation of RNA iMs, and thus, their formation warrants fur-
ther investigation (Zeraati et al. 2018).

RLs are triplex structures consisting of an RNA–DNA hybrid
and the resulting displaced ssDNA strand. RLs are implicated in
DNA replication and repair pathways, and aberrant RL formation
can result in DNA damage and replication stress (Crossley et al.
2019; Petermann et al. 2022). Most RLs form during transcription
as the nascent RNA anneals with the template DNA strand behind
RNA polymerase II (RNA pol II). Many lncRNAs are transcribed by
RNA pol II andmay bemore likely to form RLs owing to the lack of
cotranscriptional processing, which actively resolves these struc-
tures; however, RLs in lncRNAs have not been thoroughly investi-
gated (Schlackowet al. 2017; Crossley et al. 2019; Yang et al. 2020).

Z-RNA is a left-handed double helix form of DNA and RNA
commonly studied in poly-GC repeat sequences in which the al-
ternating syn–anti conformation of bases shapes the sugar-phos-
phate backbone into a zig-zag pattern. The biological roles of Z-
RNAhave been increasingly studied in the past few years, with par-
ticular focus on their interactions with the RNA-editing enzyme
adenosine deaminase RNA specific (ADAR; also known as
ADAR1) protein (Herbert 2019; Lee et al. 2019; Nakahama and
Kawahara 2021). Notably, Z-RNA structures influence the ade-
nine-to-inosine (A-to-I) editing ability of ADAR with downstream
effects on autoimmune diseases and encephalopathy (Koeris
et al. 2005; de Reuver et al. 2021; Nakahama et al. 2021; Tang
et al. 2021; Zillinger and Bartok 2021; Jiao et al. 2022). Despite
these advances, little is known regarding Z-RNA formation in dif-
ferent sequences, and the understanding of Z-RNA is lacking in
comparison to that of Z-DNA.

Several different transcriptome-wide experimental tech-
niques developed in the past five years have supported the forma-
tion of endogenous RNA G4s (rG4s) in human cells. The work of
Guo and Bartel (2016) suggested very low rG4 structure formation
in cells using dimethylsulfate (DMS) profiling of RNA; however,
they did not account for structure folding or unfolding during
the experimental procedure. In contrast, Yang et al. (2018) and
others showed the prevalent but transient formation of rG4s in
the transcriptome by first cross-linking the structures in cells be-
fore extracting the RNA (Kwoket al. 2016). Regardless, information
on rG4s in lncRNAs is rarely included, instead focusing on poly(A)-
enriched or cytoplasmic RNAs (Guo and Bartel 2016; Kwok et al.
2016; Yang et al. 2018; Varshney et al. 2021).

In contrast to rG4s, minimal experimental data on RNA iM
formation in human cells currently exist and their formation in
vivo is debated, largely owing to their poor stability (Lacroix
et al. 1996; Collin and Gehring 1998; Snoussi et al. 2001; Zeraati
et al. 2018). The genomic distribution of RLs has been previously
determined by multiple groups; however, varying results have
been reported depending on the different methods used such as
DRIP-seq, RNase H1 ChIP, S9.6 ChIP, and CUT&TAG (Wahba
et al. 2016; Chen et al. 2017, 2019; Sanz and Chédin 2019;
Wang et al. 2021; Lin et al. 2022). One proposed explanation for
these discrepancies is that two distinct classes of RLs exist: relative-
ly short ones (median length,∼200–300 bp)mapping to transcrip-
tional start sites (TSSs) and along GC-rich gene regulatory regions,
and ones that are distributed along transcribed gene bodies down-
stream from the TSS with much longer median lengths of ∼1.5 kb
(Castillo-Guzman and Chédin 2021). Each have different proper-
ties and are preferentially detected by different methods
(Castillo-Guzman and Chédin 2021). Experimental techniques
to map structures throughout the lncRNA transcriptome have
proved difficult owing to the low levels of lncRNA expression, lim-

itations associated with the required sequencing depth, and large
variability in results from different cell lines and different biologi-
cal contexts owing to the high tissue and cell type specificity of
lncRNAs.

In this study, we compare the frequency of computationally
predicted G4 (pG4)-, iM (piM)-, and RL (pRL)-forming sequences
across the lncRNA transcriptome with the protein-coding mRNA
transcriptome using G4-iM Grinder and QmRLFS-finder. Both
G4-iM Grinder and QmRLFS-finder are suitable for predicting
RNA secondary structures and offer a wider range of detection
for the structures of interest in comparison to many other RNA
structure prediction tools. Despite the advances in availability
and effectiveness of G4 prediction tools and the updates to the hu-
man reference transcriptomes, predictions of G4s in the lncRNA
transcriptome have not been specifically addressed since 2012,
and lncRNA G4s are, in general, less studied than their mRNA
counterparts (Jayaraj et al. 2012). We additionally investigate the
frequency of the predicted structures in different tissues using
the lncRNA spatial atlas (lncSpA) “integration” lncRNA tissue ex-
pression data set and explore the potential functions of these tis-
sue-associated lncRNA secondary structures (Lv et al. 2020). We
then validate the formation of pG4 and piM structures for a select
number of lncRNA sequences through a series of in vitro biophys-
ical experiments.

Results

Predicted G4, iM, and RL formation in the human transcriptome

We first predicted the formation of G4, iM, and RL structures
throughout the lncRNA transcriptome from the GENCODE v34
database using G4-iM Grinder and QmRLFS-finder algorithms. A
total of 48,479 transcripts across 17,960 unique genes from the
GENCODE lncRNA v34 database and 103,155 transcripts across
20,368 genes from the GENCODE mRNA v36 database were en-
tered into the G4-iM Grinder and QmRLFS-finder prediction algo-
rithms (Jenjaroenpun et al. 2015; Frankish et al. 2019; Belmonte-
Reche and Morales 2020). For G4-iM Grinder results, a score
threshold of 40 or more was set to define pG4s and a score thresh-
old of −40 or less was set to define piMs as used previously
(Belmonte-Reche andMorales 2020). No score parameter as amea-
sure of the likelihood of RL formation in vitro or in vivo is provided
by QmRLFS-finder, and thus, all pRL-forming motifs identified
were included for subsequent analysis. In total, 6645 pG4-, 8032
piM-, and 6299 pRL-forming motifs were detected across 2964,
3388, and 1852 unique lncRNA genes, respectively, compared
with 29,049 pG4s, 49,429 piMs, and 41,770 pRLs across 7912,
9182, and 7292 unique genes in mRNA (Table 1). Within both da-
tabases,most genes were found to contain fewer than 20 structures
(Fig. 1A). Of note, we detected almost three times more pG4-form-
ing sequences in lncRNA than the previous in silico lncRNA G4
predictions study, which detected 2394 total quadruplex-forming
motifs usingQuadfinder (Jayaraj et al. 2012). This increase is attrib-
uted to the properties ofmodernG4 prediction algorithms, such as
Quadron, G4RNA Screener, andG4-iMGrinder, which detect non-
canonical G4-forming sequences by allowing the presence of bulg-
es and longer loops, and the increasing size of the annotated
lncRNA transcriptome (Garant et al. 2017; Sahakyan et al. 2017a;
Belmonte-Reche and Morales 2020). The even larger number of
predicted iMs is surprising given that RNA iMs tend to be unstable
(Lacroix et al. 1996). As a control, theG4-iMGrinder andQmRLFS-
finder predictions were repeated after scrambling the sequence for
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each lncRNA. As expected, a reduction in the number of predicted
structures was observed with 1286 pG4s, 2752 piMs, and 672 pRLs
detected, confirming a strong dependence of the nucleotide se-
quence over other factors such as transcript length, structure den-
sity, or nucleotide composition.

To account for the notably higher number of transcripts/
genes in the input data set for mRNA compared with the lncRNA
data set, we calculated the percentage of unique transcripts and
genes with predicted structure formation and observed a higher
percentage of mRNA genes and transcripts containing predicted
structures than lncRNA across all structure types (Table 1). The dif-

ference between lncRNA andmRNAwas least pronounced in pG4s
with a 2.35-fold increase, whereas the percentage of genes with
piMs and pRLs was altered by 2.39- and 3.47-fold, respectively.
Furthermore, the percentages of pG4- and pRL-containing tran-
scripts are more similar within mRNAs, at 19.43% and 17.11%, re-
spectively, compared with lncRNAs, at 10.36% and 5.87%. Next,
we investigated the location of the predicted structural motifs in
relation to the parent transcript (Fig. 1B). For lncRNA, a higher
density of putative structure motifs was observed at the 5′-end of
the transcripts, whereas mRNA transcripts contained peaks at
both the 5′- and 3′-ends, representing the 5′ and 3′ untranslated

Table 1. Total number and percentage of predicted structures: pG4s, piMs, and pRLs from lncRNA and mRNA data sets

Structure
type

Total predicted
structures

Unique
genes

% of input
genes

Unique
transcripts

% of input
transcripts

Unique
structures

lncRNA G4 6,645 2964 16.50 5,023 10.36 4,462

iM 8,032 3388 18.86 6,077 12.54 5,101

RL 6,299 1852 10.31 2,845 5.87 4,836

mRNA G4 29,049 7912 38.82 20,046 19.43 14,054

iM 49,429 9182 45.08 27,543 26.70 20,172

RL 41,770 7292 35.80 17,649 17.11 24,622

A

C D E F

B

Figure 1. Comparisons between predicted structures in lncRNA and mRNA data sets. (A) Line graph showing the density of each structure in unique
genes. The number of structures is limited to a maximum of 40 in a single gene for clarity (for full graph, see Supplemental Figure S1A). (B) Line graph
showing the distribution of pG4, piM, and pRL structures across transcript length (5′ to 3′). Figure legend same as for panel A. (C,D) Boxplots showing
the density of pG4s within the transcript (C) and the total percentage of the transcript consisting of pG4s (D) for the complete lncRNA and mRNA tran-
scriptomes. Outliers removed for clarity, full graph in Supplemental Figure S1B,C. (E,F) Boxplots showing the density of pG4s within the transcript (E) and
the total percentage of the transcript consisting of pG4s (F) for the lncRNAs andmRNAs with near-equivalent transcript length and GC content. For length
standardization in C and E, the number of pG4/piM/pRL structures within a given transcript was divided by the transcript length to get the number of
structures per base and then multiplied by 200. The number of bases used here is arbitrary and does not affect comparisons made between lncRNA
and mRNA data sets.
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regions (UTRs) of the transcripts. Comparing structure types, the
incidence of piMs showed the most even distribution, whereas
pG4s were preferentially localized at both the 5′- and 3′-ends for
mRNA but only the 5′-end for lncRNA. G4s at the 5′ and 3′ UTRs
of mRNAs are known to play regulatory roles in cap-dependent
translation, post-transcriptional processing, and RNA localization
(Lyu et al. 2021). pRLs showed the highest density at the 5′-end
and lowest density at the 3′-end out of all the structures examined,
in agreement with previous experimental studies mapping RLs
near transcription start sites (Dumelie and Jaffrey 2017).

As the average length of mRNA transcripts is higher than that
of lncRNA transcripts and given the large variation of lncRNA
lengths, we standardized the number of each structure type pre-
dicted by the transcript length and percentage of nucleotides in-
volved in the structure formation (Fig. 1C,D; Supplemental Fig.
S1B,C). The number of structures per 200 nucleotides (nt) was
used for length standardization as this is generally considered
the minimum length for a lncRNA (Statello et al. 2021).
Although there is a larger fraction of mRNAs containing one or
more predicted G4s, iMs, and RLs, the lncRNA transcripts that
did contain predicted structures had a higher density of pG4-
and pRL-forming sequences (Table 1; Fig. 1C; Supplemental Fig.
S1B). mRNA transcripts had a slightly higher density of piM-form-
ing sequences. Next, we calculated the percentage of nucleotides
of any given transcript involved in structure formation for each
structure type and noticed a significantly higher proportion for
RLs in both lncRNA and mRNA (Supplemental Fig. S1C). This re-
sult was expected as the median RL length of approximately 300
bases is significantly longer than the length of theG4 and iM struc-
tures, and RLs can also form from nascent RNA, therefore involv-
ing most of the newly generated transcript (Malig et al. 2020).
The mean percentage of nucleotides throughout the transcript in-
volved in structure formation was higher in lncRNA for all struc-
ture types investigated (Fig. 1D; Supplemental Fig. S1C).

Additionally, as inherent differences in the transcript length
and sequence composition of the lncRNA and mRNA transcripts
may impact the prediction results, we compared subsets of
14,637 lncRNA and 13,695 mRNA transcripts with near-equiva-
lent transcript length (600–2000 nt) and GC content (41%–50%)
(Supplemental Table S1). In comparison to the whole-transcrip-
tome results above, the number and percentage of pG4- and
piM-containing transcripts are notably more similar between
lncRNAs and mRNAs (1.08× and 0.84× difference from lncRNA
tomRNA, respectively) than pRLs, which remained approximately
3.4× less frequent in lncRNA than mRNA. A similar trend was ob-
served when examining the number of predicted structures nor-
malized to transcript length, with a similar density of pG4s and
piMs between lncRNAs andmRNAs, whereas mRNAs had a higher
density for pRLs (Fig. 1E; Supplemental Fig. S2A). The percentage
of nucleotides in each transcript involved in structure formation
was higher in mRNA than in lncRNA for all structure types exam-
ined (Fig. 1F; Supplemental Fig. S2B).

As any given RNA can potentially contain multiple different
structures in different locations or compete with other structure
types in overlapping sections, it is important to investigate these
intersections to get a more comprehensive idea of the overall
RNA structure. Furthermore, this concept is not accounted for in
the total number or percentage of genes given in Table 1. We
thus identified subsets of genes that contained only one structure
type and subsets in which multiple types of structures were pre-
dicted to form in both the lncRNA andmRNA data sets. The distri-
bution of the structure types showed marked differences between

the lncRNA and mRNA data sets: 61.8% of lncRNAs contained
only a single type of predicted structure in contrast to the
mRNAs, which are more likely to be able to form multiple types
of secondary structures, representative of the different functions
of the structures (Supplemental Fig. S1D,E). Specifically, in
lncRNA, of the 3338 genes containing at least one piM, 1291
also contained at least one pG4. Secondary structures in mRNA of-
ten tend to hinder translation, whereas in lncRNA, they act as to-
pological marks recruiting proteins and other binding partners
(Gaspar et al. 2013; Zampetaki et al. 2018; Mauger et al. 2019;
Chillón and Marcia 2020; Graf and Kretz 2020; Varshney et al.
2021). The low numbers for the combination of pRL- and piM-
forming sequences in the same gene were expected given the pro-
pensity of RLs to form within G-rich sequences as opposed to C-
rich sequences.

As G-rich sequences are known to be essential for both G4
and RL formation and both G4-iM Grinder and QmRLFS-finder
use this feature to predict structure formation, we additionally in-
vestigated overlaps in the sequences between pRLs, pG4s, and
piMs in both the lncRNA and mRNA data sets (Supplemental
Fig. S3). We found that 48.9% of the pRL-forming sequences had
an overlap of at least 1 nt with pG4-forming sequences, but only
7.1% overlapped with piM-forming sequences. pRL-pG4 overlap-
ping regions also involved more nucleotides, whereas a maximum
of 4 nt overlapped for RLs and iMs. Similar results were seen for the
mRNA data set. As a control, we also examined the frequency of
overlap between pG4 and piM sequences and detected only nine
instances representing 0.1% of each data set, with a maximum
overlap of 1 nt, as expected given the requirement for highly G-
rich or C-rich sequences to predict a G4 or iM, respectively.

The G4-iMGrinder algorithm also provides a score relating to
the probability of the identified sequence to form the structure of
interest; however and most importantly, its accuracy for RNA
structures has not been experimentally validated. No such score
parameter is currently included in the QmRLFS-finder algorithm
for RLs. No significant differences were observed between the score
distribution of pG4s and piMs between lncRNA and mRNA or be-
tween the different structure types, indicating a similar likelihood
of formation (Supplemental Fig. S3A).

Structure-containing lncRNA tissue expression and pathway

analysis

An interesting property of lncRNAs is their high tissue specificity
relative to other forms of RNA (Cabili et al. 2011; Hon et al.
2017). We compared our G4-iM Grinder and QmRLFS-finder re-
sults with the lncSpA integration lncRNA tissue expression data
set to examine if the presence of noncanonical structures correlat-
ed with a particular tissue type. Out of the 17,960 lncRNA genes
from the GENCODE human v34 database, 7497 (41.7%) were pre-
sent in the lncSpA tissue data set, of which 2152 were identified in
our structure predictions data. All tissues with more than 10 asso-
ciated lncRNAs contained numerous lncRNAs with at least one
predicted noncanonical secondary structure, indicating potential
roles of G4s, iMs, and/or RLs in lncRNA function across a diverse
range of tissue and therefore cell types. The testes and brain were
identified as tissues with the highest number of predicted struc-
ture-containing lncRNAs (Supplemental Fig. S3). Importantly,
the testis and brain are tissues in which the majority of lncRNAs
have been characterized, in part owing to their significant overex-
pression of lncRNAs relative to other tissues, and thus, the number
of structure-containing lncRNAs was normalized to the total
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number of lncRNA genes represented in each tissue from the
lncSpA data set (Supplemental Fig. S5). Complex tissues such as
the brain and pituitary contained high numbers of both lncRNA
genes and predicted secondary structures (Supplemental Figs. S4,
S5). Previous studies have identified ∼40% of all lncRNAs are spe-
cifically expressed in the nervous system, and the involvement of
lncRNAs in brain-related disorders, including pituitary adenoma,
is increasingly evident (Derrien et al. 2012). Furthermore, many
rG4s are known to be implicated in the development and progres-
sion of numerous neurodegenerative conditions (Simone et al.
2015; Wang et al. 2021). The secondary structures in lncRNAs
identified in this paper represent potential biomarkers and thera-
peutic targets for these diseases. We also examined the likelihood
of the pG4s andpiMs to form in the given tissues by comparing the
G4-iM Grinder Score parameter; no distinct pattern was observed,
with all tissues showing similar means and distributions
(Supplemental Fig. S6).

We explored the biochemical pathways associated with the
lncRNA genes containing pG4, piM, or pRL secondary structures
through Gene Ontology (GO) pathway analysis. Thirty-one of
the 5459 genes have known functions, including the highly stud-
ied lncRNAs NEAT1, MALAT1, XIST, H19, and MEG3. Given the
low rate at which lncRNAs are annotated and functionally charac-
terized, these low counts are not surprising. Furthermore, 2152 of
these lncRNA genes had tissue annotation, of which 11,mostly ex-
pressed in the brain followed by the testis and pituitary, have
known cellular functions (Table 2). A small number of these
lncRNAs that have been previously linked to particular biological
pathways were also detected in the placenta, skin, colon, small in-
testine, and heart (Table 2). Secondary structures within these
pathway-associated lncRNAs have previously been shown to coor-
dinate lncRNA–protein interactions, highlighting their impor-
tance for function (Pintacuda et al. 2017; Uroda et al. 2019;
Simko et al. 2020; Ghosh et al. 2022). Additionally, the formation
of a DNAG4 in theH19 gene has been shown to regulate transcrip-
tion of the H19 lncRNA with functional consequences (Fukuhara

et al. 2017). Our prediction results indicate an rG4 also forms in
theH19 lncRNA andmay have functional consequences; however,
further in vitro and in vivo experiments are required to validate
this. Our predictions identified a piM in the CDKN2B-AS1
lncRNA. Previously, Ou et al. (2020) showed that CDKN2B-AS1
can form an RNA–DNA triplex structure with the CDKN2B gene
promoter instead of, or potentially in competition with, the
predicted iM. Taken together, these data highlight the connection
between secondary structure formation in lncRNA and its impor-
tance to the biological functions of lncRNA. As more lncRNAs
are characterized, examining structure as a regulatory and func-
tional mechanism becomes increasingly relevant.

Biophysical experiments confirm prevalent G4 formation in

lncRNA

For biophysical testing of lncRNA pG4s, we relaxed the G4-iM
Grinder score threshold to 20 or more and MinNRuns to three to
include nontraditional G4s with mismatches, bulges, and alterna-
tive loops, which may present with a lower score. This lower
threshold has previously been used to identify pG4s in SARS-
CoV-2 and other viral genomes with “medium” probability of in
vitro formation and thus explore the correlation between score
and structure stability (Belmonte-Reche et al. 2021). An additional
75,639 pG4s were detected across 23,278 transcripts in 8300
unique genes. To validate structure formation from the predic-
tions, we ran various in vitro biophysical analyses on 10 pG4
and seven piM lncRNA sequences across different score brackets,
nucleotide compositions, G/C runs, and lengths. Candidate pG4
sequences were selected based on a mix of their high prevalence
throughout the transcriptome and distribution across different
score brackets. As the formation of RNA iMs is contested, candidate
piMs were selected based onmotifs with the highest probability of
in vitro formation determined by the most negative scores that
were not poly(C) repeat sequences. The minimal rG4/iM motif
was used without any flanking nucleotides. pRL sequences were

Table 2. Tissue expression and Gene Ontology (GO) pathway analysis of selected lncRNA genes containing pG4, piM, or pRL structures

Gene symbol Ensembl Gene ID
Predicted

structure type(s) Tissue(s) Main pathway(s) identified

MIAT ENSG00000225783 G4, iM, RL Brain,
pituitary

Cell fate specification/commitment, differentiation

H19 ENSG00000130600 G4, iM, RL Placenta Metabolism of purines, oxidative stress, ATP metabolism, hepatocyte
apoptosis

ELFN2 (lncRNA
variant)

ENSG00000243902 G4, iM, RL Brain, testis Regulation of protein dephosphorylation

HOTAIR ENSG00000228630 G4 Testis, skin Epigenetic silencing of gene expression

MYCNOS ENSG00000233718 G4, iM Testis Negative regulation of protein phosphorylation

LINC01783 ENSG00000233421 G4, RL Testis Molecular adaptor activity—targets miRNA to promote cancer-
associated pathways

LINC03126 ENSG00000228549 G4, RL Testis Molecular adaptor activity

SNAP25-AS1 ENSG00000227906 iM Brain,
pituitary

SRP-dependent cotranslational protein targeting to membrane
(endoplasmic reticulum), signal sequence recognition

CDKN2B-AS1 ENSG00000240498 iM Colon, small
intestine

Epigenetic silencing of gene expression

GJD2-DT ENSG00000250007 iM, RL Brain, heart,
pituitary

SRP-dependent cotranslational protein targeting to membrane
(endoplasmic reticulum), signal sequence recognition

TAB2 (lncRNA
variant)

ENSG00000228408 RL Brain MYD88-dependent TLR signaling pathway, JNK cascade, response to
IL1 regulation of I kappa B kinase/NF-kB signaling, MAPK signaling
pathway
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not tested owing to experimental constraints regarding the RNA–
DNA hybrid nature of the structure and difficulties associated
with the length of the sequences. Details of all sequences tested
are given in Table 3.

We initially investigated the formation of G4 structures in the
lncRNA pG4 oligos alongside three positive control G4 sequences
(TRF2, ALS-FTD, TERRA) and a mutated negative control non-G4
sequence (TRF2mut) using Thioflavin T (ThT) andN-methyl mes-
oporphyrin IX (NMM) fluorescence assays. Both ThT and NMM
are known to increase in fluorescence upon binding to a quadru-
plex (Xu et al. 2016; McBrayer et al. 2019). All tested sequences
showed significantly increased fluorescence over the negative con-
trol (P<0.0001) and had similar fluorescence signals to the posi-
tive control sequences, strongly suggesting G4 formation in all
tested lncRNA sequences (Fig. 2A).

To corroborate these results, we performed a fluorescence res-
onance energy transfer melting competition (FRET-MC) assay to
detect G4 formation (Luo et al. 2021). The competition assay mea-
sures the ΔTm of a fluorescent control G4, F21T, in the presence of
excess test lncRNAoligo upon addition of PhenDC3G4-stabilizing
ligand (Fig. 2B). If a G4 forms in the test oligo, PhenDC3 binds to
the excess test oligonucleotides, leading to a decrease in the level of
F21T G4 stabilization and thus ΔTm, expressed as a low (close to
zero) S-factor. We first confirmed the Tm of F21T in the presence
of all competitors without PhenDC3 was equal to the F21T alone
as a baseline, confirming that the addition of the competitor itself
does not impact the Tm of F21T (Supplemental Fig. S7). With
PhenDC3, all lncRNA oligos tested except CCDC26, MIR9-3HG

(1), and LINC03125 showed G4 formation with a decrease in the
F21T ΔTm, similar to the positive controls TRF2, ALS-FTD, and
TERRA (Fig. 2C). For the TRF2 mut negative control, no change
in the F21T ΔTm was detected (Fig. 2C). CCDC26, MIR9-3HG (1),
and LINC03125 resulted in smaller decreases in Tm, with the melt-
ing curves in between the positive and negative controls (Fig. 2C,
D). Mirroring the melting curves, most of the lncRNA pG4 oligos
had an S-factor value close to zero, indicating G4 structure forma-
tion, whereas the TRF2mut negative control had an S-factor value
of 0.91, close to the F21T alone control (1.00) (Fig. 2D,E; Luo et al.
2021). CCDC26 had a negative result in this experiment, and
MIR9-3HG (1) and LINC03125 lncRNA pG4 sequences showed
inconclusive results with S-factors of 0.72, 0.55, and 0.48, respec-
tively (Fig. 2D,E). In combination with the ThT and NMM fluores-
cence results for these lncRNA sequences, we suggest that these
G4s may have lower stability or exist in competition with an alter-
nate secondary structure such as a hairpin. It is also possible that
the resultingG4smayhave reduced affinity for PhenDC3.We con-
sider this hypothesis unlikely as two other ligands, NMMand ThT,
bind reasonably well to these structures.

To further validate and characterize G4 formation, we per-
formed isothermal difference spectra (IDS), thermal difference
spectra (TDS), UV-melt, and circular dichroism (CD) (Fig. 3). The
lncRNA sequences SSU72-AS1, LINC02780, MIR9-3HG (2), SOX2-
OT, MIR9-3HG (1), and LINC00470 all displayed the characteristic
G4 peaks in IDS and TDS at ∼245 and ∼275 nm and the trough at
∼295 nm (Fig. 3A,B; Mergny et al. 2005; Timmer et al. 2014). IDS
for SNHG14 and MIAT resulted in negative Δ absorbance values

Table 3. Sequences of oligonucleotides used for biophysical studies

RNA Sequence (5′ to 3′) No. of bases No. of G/C runs Score (Grinder/G4H)a

SNHG14 GAGGCUUUGGGGUCUGGGCAGGG 23 4 46/1.56

LINC02780 GGGAGGCUGAGGUGGG 16 3 44/1.64

SSU72-AS1 GGGCGUGGUGGCGGG 15 3 45/1.68

SOX2-OT GGGAGAGGGAAUGGGAGGGUAGAAGAAGGGGG 32 5 54/1.84

MIAT GGGCCUGGGGAGGGGGCCUGGG 22 4 61/2.08

LINC00470 GGUGGUGGAGGGAGCCCUGGGUCGAGUGG 29 5 30/0.92

CCDC26 GGGUUCCUAGGUGAUAGGGUGUGG 24 4 32/1.00

LINC03125 GGAGGCUCUUCUUUAGGGGAGAGAGGGAAAUGGG 34 4 38/1.20

MIR9-3HG (1) GGGACUUGGCAGGGGACCUGGG 22 3 45/1.44

MIR9-3HG (2) GGGGGAUGGGGAACAGGGCUGUGAAUGGG 29 4 56/1.88

ALS-FTD GGGGCCGGGGCCGGGGCCGGGG 22 4 67/2.36

TERRA AGGGUUAGGGUUAGGGUUAGGG 22 4 50/1.64

TRF2 CGGGAGGGCGGGGAGGGC 18 4 67/2.22

TRF2 mut CGUGAGUGCGCUGAGGGC 18 1 N/A/0.61

F21T FAM-GGGTTAGGGTTAGGGTTAGGG-TAMRA 21 4 50/1.71

CYP4F26P CCCUCCCUCCCAGCCCCAUGAUUACCCC 28 5 −58/−2.04

LY86-AS1 CCCCAAACUGCCCCUGCUCCCCUCUCCCCC 30 4 −64/−2.28

TMEM72-AS1 CCCCACAGGCCCUCCCCUCCCC 22 4 −66/−2.44

SLC12A5-AS1 CCCCCAACCCCCUCCGCCCGCCCGCCCCC 29 5 −73/−2.72

LNC-LBCS CACCAUCCCCCCCACCCCCCCACCCCACCC 30 5 −66/−2.88

GATA6-AS1 CCCCGACCCCACCCCCUACCCCCCGCCC 28 5 −76/−2.96

MYO3B-AS1 CCCGCCCCGCCCCGCCCCCCACCCCC 26 5 −80/−3.16

Tel21 CCCTTACCCTTACCCTTACCC 21 4 −50/−1.71

aPrediction tools: (Grinder) G4-iMGrinder, (G4H) G4 Hunter.
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Figure 2. Fluorescence-based assays detecting G4 formation in lncRNA pG4 oligos. (A) ThT and NMM fluorescence normalized to sequence length. (B)
Schematic of G4 FRET-MC experiment. (i) Initially, the F21T fluorescent G4 and nonfluorescent pG4 oligo (competitor) undergo a melt curve in the ab-
sence of the G4-stabilizing ligand, PhenDC3, and the Tm of the F21T G4 is determined. Next, the melt curve is performed in the presence of PhenDC3 to
determine the ligand-induced stabilization of F21T, ΔTm. (ii) In the event that the competitor does not form a G4, the PhenDC3 ligand stabilizes the F21T
G4, and the ΔTm remains unchanged. (iii) In the event of a G4 forming in the competitor, the PhenDC3 ligand stabilizes the competitor, and the ΔTm of the
F21T is reduced. In all cases, only the Tm of the F21T fluorescent G4 is measured. (C ) Nonlinear fit of normalized F21T melt curves ± competitor oligos with
PhenDC3. Horizontal dotted line at y=0.5, vertical dotted lines at Tm of F21T in each sample. (D) Table showing ΔTm of F21T upon addition of PhenDC3±
competitors, S-factor, and G4-iM Grinder score of samples. (E) S-factor analysis showing the relative PhenDC3-induced stabilization of F21T ± competitors.
Samples with results positive for G4 formation highlighted in green, inconclusive or intermediate G4 formation highlighted in yellow, and negative for G4
formation highlighted in red.
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for all wavelengths measured and could not be properly normal-
ized; raw data are provided in Supplemental Figure S8. Because of
the high stability of rG4s, it is possible that a quadruplex structure
in these sequences was forming in the “unfolded” condition with-
out K+ and thus skewed the shift in absorbance. We determined
the topology of the G4 structures using CD (Fig. 3C; Kypr et al.
2009). All sequences displayed a CD spectra characteristic for par-
allel quadruplexes, indicated by a negative peak at ∼245 nm and a
dominant positive peak at ∼265 nm, as is expected in RNA owing
to the increased steric hinderance from the ribose backbone (Fig.
3C; Paramasivan et al. 2007; Kypr et al. 2009). Finally, we exam-
ined the thermal stability of the G4s with a UV-melt assay at 260
nm (Fig. 3D). As expected for rG4s, all the tested sequences showed
high stability, with the lowest Tm at 69.0°C and highest Tm at
78.9°C in the presence 10 mM K+ (Fig. 3C; Supplemental Fig.
S9). In cells the concentration of K+ is approximately ten times
higher, which would further stabilize the structures, increasing
the likelihood of their formation in vivo and suggesting that the
G4s are important to the lncRNA functions. The CCDC26 and
LINC03125 sequences had some of the highest Tm values, suggest-
ing that the high S-factor values for these lncRNA sequences from
the FRET-MC competition assay are more likely owing to reduced
affinity to PhenDC3 rather than low stability. To detect the forma-
tion of intermolecular G4 formation in the samples, the lncRNA
pG4 sequences were resolved with 20% native polyacrylamide

gel electrophoresis, stained with ThT and NMM to visualize G4s,
and counterstained with SYBR safe gel stain for total nucleic acids
(Supplemental Fig. S10). Multiple bands were seen for lanes corre-
sponding to LINC00470, MIR9-3HG (2), and SNHG14, which indi-
cate the formation of multiple structures or multimeric G4s in the
sample.

Overall, eight of the 10 lncRNApG4 oligos tested formed aG4
structure evidenced by the ThT and NMM fluorescence, FRET-MC
competition assay, TDS, IDS, and CD regardless of the differences
in score, lengths, and nucleotide composition of the sequences, in-
dicating that the majority of the pG4s identified in the lncRNA
prediction data set are highly likely to form. Two of the sequences
selected are present inmultiple lncRNAs, suggesting that theymay
have a specific role in contributing toward lncRNA interactions
with other molecules such as protein binding partners.
Specifically, the sequence selected for LINC02780 is also present
in 104 other lncRNAs, and the sequence selected for SSU72-AS1
is present in 66 other lncRNAs (Supplemental Table S2). Given
the enrichment of lncRNAs in repeat elements and transposable el-
ements (TEs) of the genome, we further investigated the preva-
lence of the computationally predicted lncRNA pG4 motifs
within these regions using the RepeatMasker database retrieved
from the UCSC Genome Browser (Kent et al. 2002; Smit et al.
2015; Mattick et al. 2023). In the top 10 most common pG4 se-
quences (with G4-iM Grinder parameters set to score 20 or more;

A

C D

B

Figure 3. pG4 lncRNA oligos show characteristic features of rG4s. (A) IDS showing normalized ΔA from 220 to 330 nm between unfolded (no K+) and
folded (10 mM K+) conditions at 37°C. (B) TDS showing normalized ΔA from 220 to 330 nm between unfolded (95°C) and folded (37°C) in 10 mM K+

buffer. (C) CD spectra from 210 to 350 nm for G4 topology. (D) UV melt showing normalized absorbance at 260 nm from 90°C to 25°C, cooled at a
rate of 1°C/min. Colored dashed lines show nonlinear fit of normalized data. Individual melt profiles (raw data) and Tm for each oligo tested are given
in Supplemental Figure S10.
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MinNRuns, three or more), up to 56.7% of the occurrences were
harbored within repeat elements (Supplemental Table S3). In com-
parison, an average of 20.1% of all the lncRNA pG4s identified
with the same G4-iM Grinder parameters were contained within
repeats. Additionally, under high-confidence G4-iM Grinder pa-
rameters (score 40 or more; MinNRuns, four or more), an average
of 34.2% of lncRNA pG4s were harbored in repeat elements com-
pared with 25.8% for mRNA pG4s. These results may indicate a
role for rG4 structures in functions of lncRNAs that are mediated
by highly evolutionarily conserved repeat domains by facilitating
lncRNA interactions with proteins.

Z-RNA formation in C-rich piM sequences

Our G4-iM prediction results identified a very high frequency of
potential iM-forming sequences. This is surprising because RNA
iMs have previously been reported to have very poor stability in vi-
tro and their in vivo formation is highly debated (Lacroix et al.
1996; Snoussi et al. 2001). To account for this, we selected
lncRNA sequences with highly negative G4-iM Grinder scores
(−58 to −80) for biophysical studies to maximize their probability
of formation. In contrast to the G4 results, none of the C-rich, piM
RNA oligos displayed the characteristic TDS or CD peaks expected
for iMs under any of the pHs tested, indicating that even these
strong-scoring candidates do not form stable iM structures (Fig.
4; Supplemental Fig. S11). These results agree with the existing lit-
erature reporting the poor thermal stability of RNA iMs, attributed
to the steric hindrance caused by juxtaposed 2′-OH groups of the
ribose sugars in the narrow grooves of the RNA (Collin and
Gehring 1998). Our observations indicate that G4-iM Grinder
grossly overestimates the ability of RNA sequences to form iM.

The TDS spectra at pH 5.5 and pH 6.0 are consistent with a Z-
form nucleic acid structure with characteristic peaks at ∼245 and
∼275 nm and with the trough at ∼295 nm (Fig. 4A,B; Mergny
et al. 2005). To form this left-handed double helix, the transcript
may fold in on itself or form intermolecular structures (Herbert
2019). Increasing the pH to 7.0 destabilized the Z-RNA structure
as shown by the loss of the 295-nm trough (Fig. 4C), indicating a
role of pH-dependent cytosine protonation in Z-RNA formation.
IDS, which detects structure formation upon addition of stabiliz-
ing cations, specifically K+ for G4s, was not performed for these
samples as cations do not specifically stabilize or induce formation
of iMs and Z-RNA, with pH and other environmental factors being
more important for iMs, and Z-RNA structures are known to be sta-
bilized by cytosine methylation or other modifications that alter

the conformation of N-glycosidic bonds (D’Ascenzo et al. 2016;
Abou Assi et al. 2018; Guédin et al. 2018). However, IDS and
TDS provide the same information on G4 folding. CD spectra for
the piM samples are similar to previously reported experimental
CD spectra for Z-RNA, with positive values at ∼260 to ∼280 nm
and negative values at ∼230 to 240 nm (Supplemental Fig. S11;
Miyahara et al. 2016). Z-RNA has mostly been studied in GC-rich
sequences, particularly poly-GC repeats; however, their formation
in C-rich sequences such as those tested here is significantly less
studied. A few studies have shown Z formation in nucleic acids
with non-poly-GC sequences, including Z-DNA formation in a
nonalternating sequence with chemically modified cytosines
(Wang et al. 1985). More recently, Z-like conformations have
been found inmany published RNA crystal structures with varying
sequences, including CpC inwhich the 3′-cytosine is found in syn-
and anti-conformation in equal measure, indicating the potential
for C-rich sequences to exist in the alternating syn–anti pattern
characteristic for Z-RNA (D’Ascenzo et al. 2016). Duplexes of C-
rich RNA have been previously reported to form over iMs owing
to greater stability (Collin and Gehring 1998). Additional hydro-
gen bonds from the ribose sugar 2′-OH and cytidineO2 interacting
withwatermolecules increase the stability of the structure (Placido
et al. 2007). In addition, the protonated cytosines at the lower pH
conditions tested may be able to offset the negative charge of the
RNA backbone, allowing some of the cytosine bases to be in syn-
confirmation.

Discussion

Several potential G4, iM, and RL motifs were found in lncRNA us-
ing structure prediction algorithms. The density of these unusual
structures was higher than in mRNA, suggesting potential roles
of these motifs in noncoding RNAs. At a transcriptome-wide scale,
G4 and RL structures may play a greater role in lncRNA function
over iMs, which did not form in vitro, and may be more function-
ally relevant than inmRNA as they are predicted to occur at a high-
er density in lncRNA. However, further experimental work is
required given the presence and in vitro formation of structural
motifs does not necessarily attribute in vivo formationor function-
al significance within cells. More piM structures were detected
than pG4s, despite the proportion of guanines and cytosines being
∼25% each as expected in both the lncRNA and mRNA transcrip-
tomes. This may be because of a somewhat looser sequence re-
quirement for piM identification compared with pG4s; however,

A B C

Figure 4. TDS of C-rich (predicted iM) lncRNA oligos show pH-dependent Z-RNA secondary structure formation. TDS showing normalized difference in
absorbance from220–330 nmbetween unfolded (90°C) and folded (20°C) conditions in 10mM sodium cacodylate buffer at pH 5.5 (A), pH 6.0 (B), and pH
7.0 (C). Tel26 (dashed line) shows positive control DNA iM.
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we stress that these predictions do not account for many local en-
vironmental factors that have a greater effect on iM formation
thanG4 formation, such as pH (Irving et al. 2022). Thus, although
a greater number of piMs than pG4swere identified, the number of
actual iMs formed under physiological conditions is likely to be
less, especially after factoring in results from the biophysical exper-
iments in this study.

Nonetheless, G4-iM Grinder predictions were found to be
fairly accurate for G4s as validated by our biophysical studies.
The majority of lncRNAs tested here have not been previously re-
ported to contain G4s. For example, in this paper, we show for
the first time the formation of a highly stable G4 structure within
the LINC00470 and SOX2-OT lncRNAs in vitro, whichmay play an
important role in their functions. In the past five years, LINC00470
has been identified to coordinate glioblastoma cell autophagy,ma-
lignancy in gastric cancer cells, endometrial cancer progression,
and proliferation and metastasis in melanoma, highlighting the
biological relevance of this lncRNA in various types of cancer
(Liu et al. 2018a,b; Yan et al. 2020; Huang et al. 2021; Yi et al.
2021). SOX2-OT lncRNA regulates the expression of a key tran-
scription factor and oncogene, SOX2, a critical factor in maintain-
ing pluripotency and embryonic and neural stem cells (Schaefer
and Lengerke 2020; Mirzaei et al. 2022). Consequently, SOX2-OT
participates in tumorigenic pathways for multiple cancer types,
including lung cancer, pancreatic ductal adenocarcinoma, glio-
blastoma, osteosarcoma, triple-negative breast cancer, and more
(Hou et al. 2014; Shahryari et al. 2015; Shafiee et al. 2016;
Su et al. 2017; Zhang et al. 2017; 2022; Teng et al. 2019; Zhan
et al. 2020; Herrera-Solorio et al. 2021; Liu et al. 2021; Mirzaei
et al. 2022). Additionally, SOX2-OT plays an important role in
vertebrate development and is inversely correlated with SOX2 ex-
pression in embryonic stem cells during neurogenesis and differ-
entiation of neural cells (Knauss et al. 2018; Messemaker et al.
2018). rG4s are similarly associated with cancers and stem cell dif-
ferentiation and development, suggesting that the formation of
the structure is likely to play a role in the disease association of
LINC00470, SOX2-OT, and other lncRNAs (Varshney et al. 2020;
Tateishi-Karimata and Sugimoto 2021; Ghafouri-Fard et al. 2022;
Lyu et al. 2022; Zyner et al. 2022).

We identified several pG4 motifs that occur multiple times
across different lncRNAs, which may permit multimerization to
form higher-order structures and facilitate lncRNA–lncRNA inter-
actions through the formation of intermolecular G4s (Frasson
et al. 2022). Notably, intermolecular G4s can be sensitive to local
RNA concentration, which may be limited to regions of high local
transcription for lncRNAs that are often lowly expressed in vivo
(Jain and Vale 2017). Predicting and validating the formation of
intermolecular G4s remains challenging, with recent advance-
ments fromG4RP-seq (Yang et al. 2022). Additionally, highly prev-
alent pG4 sequences were found to be strongly associated with
repeat regions and transposable in the human genome. Many pre-
vious studies have revealed the regulatory role of genomic repeats
in lncRNA transcription, and repetitive elements within multiple
lncRNAs have been shown to play important roles in their func-
tions (Kapusta et al. 2013; Johnson and Guigó 2014; Fort et al.
2021; Mattick et al. 2023). Notably, G4 structures have previously
been reported in TEs of the human genome and are particularly
prevalent in evolutionarily young short interspersed nuclear ele-
ments (SINEs) and long interspersed nuclear elements (LINEs), in
which they have been proposed to play a role in regulating tran-
scription and genome evolution (Lexa et al. 2014; Sahakyan
et al. 2017b; Makova and Weissensteiner 2023). In vertebrate

RNAs, evolutionarily conserved structures were found to overlap
with SINE, LINE, and simple repeats; however, investigations
into specific secondary structures within these regions and their
functional roles remain unclear (Seemann et al. 2017).

In contrast to the pG4s, the G4-iM Grinder predictions were
not accurate for iMs, likely a consequence of the iM search param-
eters initially designed for DNA and not for RNA. Extreme caution
is therefore needed when using G4-iM Grinder for RNA iMs. This
software predicted a higher number of iMs than G4s in both
mRNA and lncRNA, but even the highest-scoring iM candidates
failed to form a stable iM structure under favorable conditions in
vitro. Additionally, although the similar score distribution of
pG4s and piMs indicated a similar likelihood of formation accord-
ing toG4-iMGrinder, the large difference in the stability of the dif-
ferent structures is not accounted for in this parameter. rG4s are
known to have greater thermal stability to their DNA counterparts,
whereas the opposite is true for iMs (Collin and Gehring 1998;
Saccà et al. 2005; Zaccaria and Fonseca Guerra 2018).
Technologies assessing the cellular functions of iM structures
have only just started to emerge, and it is possible that the devel-
opment of new techniques combined with tailoring pre-existing
experiments (e.g., ChIP-seq, RIP-seq, CLIP-seq) to target iMs will
reveal more information on the potential existence—or inexis-
tence—of these structures in RNA.

The piM lncRNA sequences instead formed a Z-RNA structure,
as shownby characteristic Z-RNA features inTDS spectra. Z-RNA for-
mation in these C-rich sequences was unexpected but is supported
by the greater stability ofC-rich RNAduplexes over RNA iMs, aswell
as a prior study in DNA in which Z-DNA is shown to form in chem-
ically modified or non-GC repeat sequences (Wang et al. 1985;
Collin and Gehring 1998). In cells, Z-RNA formation in these se-
quences may be different as a variety of physiological factors such
as long-range RNA–RNA interactions and Z-RNA-binding pro-
teins come into play. Given that Z-RNA interactions with proteins,
specificallyADAR, have been shown to be important inRNAediting
and human diseases, identifying these structures in alternative RNA
types and sequences warrants further investigation. Although there
are currently no predictive algorithms for Z-RNA, Z-hunt andDeepZ
predict Z-DNA formation usingdifferent approaches (Ho et al. 1986;
Beknazarov et al. 2020). Z-hunt evaluates sequences based on the
energetic parameters of neighboring dinucleotides for B-DNA to
Z-DNA transition, whereas DeepZ uses a deep learning approach
by analyzing both Z-hunt predictions with results from various ex-
perimental studies, including ChIP-seq, epigenomics, and chroma-
tin organization (Ho et al. 1986; Beknazarov et al. 2020). DeepZ
predictions of Z-DNA-forming regions in the human genome iden-
tified introns as the largest subset followed by 5′ UTRs and promot-
ers, indicating a role of these structures in regulating gene
expression and potential Z-RNA formation in intronic noncoding
RNAs (Beknazarov et al. 2020). Further work to assess Z-RNA forma-
tion from these intronic regions and the stability of the Z-RNA se-
quences identified in this study will provide better understanding
of Z-RNA formation in the noncoding transcriptome.

In summary, we provide a comprehensive data set of predict-
ed noncanonical secondary structures throughout the long non-
coding transcriptome and connect these results to potential
lncRNA functions. Complementing the predictions data with bio-
physical studies, we showed that G4-iM Grinder predictions were
generally correct for RNA quadruplexes, and we validated forma-
tion of G4s in many lncRNAs for the first time. In contrast, we de-
tected the formation of Z-RNA in C-rich sequences wrongly
predicted to form iM by G4-iM Grinder.
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Methods

Secondary structure predictions

lncRNA andmRNA transcript sequences andmetadatawere down-
loaded from the GENCODE human database v34 and v36,
respectively (Frankish et al. 2019). We implemented the G4-iM
Grinder algorithm to detect pG4- and piM-forming sequences
throughout the transcriptome using RNA parameters: DNA=F,
Complementary= F. The score threshold was set to 40 or more
for G4 structures and −40 or less for iMs. A more positive score in-
dicates a higher likelihood for G4 formation, and a more negative
score indicates a higher likelihood for iM formation (Belmonte-
Reche and Morales 2020). pRL-forming regions were identified us-
ing QmRLFS-finder (Jenjaroenpun et al. 2015). All downstream
analyses were conducted in RStudio (R Core Team 2023). lncRNA
tissue expression data were downloaded from the lncSpA v2.0 in-
tegration data set (Lv et al. 2020). Pathway analysis was performed
using the clusterProfiler R package (Wu et al. 2021). Genomic re-
peat regions from RepeatMasker were retrieved from the UCSC
Genome Browser (Kent et al. 2002; Smit et al. 2015).

Oligonucleotide preparation

Ten pG4 and seven piM sequences were selected across different
score brackets for in vitro biophysical testing to confirm the struc-
ture formation. Synthetic RNA oligonucleotides mimicking these
sequences were purchased from Eurogentec (Belgium) at 40-
nmol scale with RP-HPLC purification and stock solutions pre-
pared at 100 µM in nuclease-free water. The minimal G4/iMmotif
was used, without flanking nucleotides or modifications. The se-
quences of tested pG4 andpiMmotifs and all positive andnegative
controls used are provided in Table 3.

G4 fluorescence assays

ThT and NMM fluorescence assays were performed in 96-well
plates using a M1000 Pro (Tecan) plate reader (Xu et al. 2016).
G4 oligos were diluted to 7.5 µM in K100 buffer (100 mM KCl,
10 mM lithium cacodylate at pH 7.2) and annealed by heating
for 5 min at 95°C, before being cooled to room temperature
(∼25°C) over 2 h. G4-forming TRF2, ALS-FTD, and TERRA oligos
were used as positive controls, and TRF2mutwas used as a negative
control. For each sample, 3 µM oligo was incubated with 2 µM of
the fluorescent ligand (either ThT or NMM) in K100 buffer for
10 min at 25°C. Each sample was tested in duplicate with a final
volume of 100 µL per well. Fluorescence emission was measured
at λex = 420 nm, λem =490 nm for ThT and λex = 380 nm, λem=
610 nm for NMM.

FRET-MC assay

FRET-MC experiments were performed in 96-well plates using a
CFX96 RT-PCR instrument (Bio-Rad), as previously described
(Luo et al. 2021). pG4 oligos were diluted to 7.5 µM in K10 buffer
(10 mM KCl, 90 mM LiCl, 10 mM lithium cacodylate at pH 7.2)
and annealed by heating for 5 min at 95°C and then cooling to
room temperature over 2 h. The G4-forming TRF2, ALS-FTD, and
TERRA oligoswere used as positive controls and TRF2mut as a neg-
ative control. For each sample, 3 µM of oligo was incubated with
0.2 µMof carboxyfluorescein (FAM)-tagged F21Thuman telomeric
G4 oligo in the presence and absence of 0.4 µM of the G4-stabiliz-
ing ligand PhenDC3 (De Cian et al. 2007). The F21T sequence is
provided in Table 3. Samples were incubated for 5 min at 25°C be-
foremeasuring the fluorescence of F21T FAM-tag at 0.5°C intervals
as the samples are heated to 95°C at 0.5°C/min. Formation of a G4
in the test oligo was confirmed by a decreased Tm of F21T in the

presence of PhenDC3 owing to the excess test oligo pG4 outcom-
peting the binding between PhenDC3 and the fluorescent F21T
G4, leading to decreased stabilization of the F21T G4. Each exper-
imental conditionwas tested in duplicatewith a final volume of 25
µL in K10 buffer. A schematic of the experiment is provided in
Figure 2B.

IDS, TDS, and UV-melt

pG4 oligoswere diluted to 3 µM in 10mM lithium cacodylate buff-
er (pH 7.0) and heated for 3 min to 95°C before cooling to room
temperature over 2 h. piM oligos were diluted to 3 µM in 10 mM
sodium cacodylate (pH 5.5, 6.0, or 7.0) and similarly heated and
cooled to anneal structures All measurements for IDS, TDS, and
UV-melt were performed on a Cary 300 spectrophotometer
(Agilent Technologies) (Mergny et al. 2005; Timmer et al. 2014).

IDS

Absorbance spectra from 220 to 335 nm for pG4 oligos were first
measured in the absence of stabilizing cation. KCl was then added
to each sample to a final concentration of 10 mM and absorbance
spectra measured again after 30-min incubation at room tempera-
ture. IDS are presented as the arithmetic difference between the
unfolded (no KCl) and folded (with 10 mM KCl) spectra. All spec-
tra were measured at 37°C.

TDS

The folded G4 oligonucleotides in 10 mM KCl, 10 mM lithium
cacodylate buffer (pH 7.0) were then used for TDS, determined us-
ing the arithmetic difference between the absorbance spectra from
220 to 335 nm at 95°C (unfolded) and 37°C (folded). Samples were
held for 5 min at 95°C to ensure structures were fully unfolded be-
fore taking measurements. piM oligos were tested in 10 mM
sodium cacodylate buffer (pH 5.5, 6.0, and 7.0) at 20°C (folded)
and 90°C (unfolded).

UV melting

pG4 samples used in TDS experiment described above were slowly
cooled from 95°C to 25°C at 0.5°C/min and absorbance at 260 nm
taken every 1°C.

Circular dichroism

Strand concentrations of the sequences were adjusted to reach an
absorbance of 0.8 at 260 nm according to their predicted extinc-
tion coefficient ɛ. pG4 samples were diluted in K10 buffer and
piM samples in 10 mM sodium cacodylate (pH 5.0 and 6.0).
Samples were heated at 65°C and allowed to cool to room temper-
ature. The CD spectra were recorded at room temperature with
three acquisitions per sample, 100 nm/min scanning speed, and
1.0-nm bandwidth.

Native PAGE

pG4 oligos (2 µM) in 50mMKCl and 50mMTris (pH 7.0) were an-
nealed by heating for 5 min at 90°C and then slowly cooling to
room temperature for 2 h. A 20% (w/v) polyacrylamide gel was first
prerun for 30 min at 90 V in 1×TBE buffer with 10 mM KCl, after
which samples were run at 90–100 V for ∼3 h. After migration, the
gel was incubated in a 0.5-µM ThT solution for 15 min with gentle
agitation, protected from light, and visualized at λex = 490 nm, λem
=520 nm. The gel was immediately counterstained with 1× SYBR-
safe in 1× TBE buffer for 40min and visualized at λex = 510 nm, λem
=530 nm.
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