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ABSTRACT

The wide prevalence and regulated expression of long noncoding RNAs (IncRNAs) highlight their functional roles, but the
molecular basis for their activities and structure-function relationships remains to be investigated, with few exceptions.
Among the relatively few IncRNAs conserved over significant evolutionary distances is the long intergenic noncoding
RNA (lincRNA) Cyrano (orthologous to human OIP5-AS1), which contains a region of 300 highly conserved nucleotides
within tetrapods, which in turn contains a functional stretch of 26 nt of deep conservation. This region binds to and facil-
itates the degradation of the microRNA miR-7, a short ncRNA with multiple cellular functions, including modulation of on-
cogenic expression. We probed the secondary structure of Cyrano in vitro and in cells using chemical and enzymatic
probing, and validated the results using comparative sequence analysis. At the center of the functional core of Cyrano
is a cloverleaf structure maintained over the >400 million years of divergent evolution that separates fish and primates.
This strikingly conserved motif provides interaction sites for several RNA-binding proteins and masks a conserved recog-
nition site for miR-7. Conservation in this region strongly suggests that the function of Cyrano depends on the formation of
this RNA structure, which could modulate the rate and efficiency of degradation of miR-7.
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INTRODUCTION The structure, biological mechanism, and detailed mo-
lecular function of most lincRNAs remain unknown, with
some exceptions (Li et al. 2016). While genome-wide map-
ping projects provide information regarding their protein,
RNA, and DNA interactions, and polymorphisms, struc-
ture-function information for the majority of lincRNAs is es-
pecially limited (The ENCODE Project Consortium 2012).
Although lincRNAs have a lower propensity for forming
secondary structure relative to messenger RNAs (mRNAs)
(Yang and Zhang 2015), structural probing of the lincRNAs
NEAT1 (Lin et al. 2018), XIST (Pintacuda et al. 2017), MEG3
(Uroda et al. 2019), and HOTAIR (Somarowthu et al. 2015),
for example, reveal that these transcripts can possess intri-
cate secondary structures. A commonly stated but gener-
ally unproven hypothesis is that these secondary
structures are functional, and that structural features are
conserved despite rapid primary sequence divergence.

Long intergenic noncoding ribonucleic acids (lincRNAs)
are defined as non-protein-encoding transcripts longer
than 200 nt that do not overlap with protein-coding genes
(Derrien et al. 2012; Ulitsky and Bartel 2013). At least
30,000 lincRNAs have been identified in the human ge-
nome from large-scale genomic analyses (GENCODE
v29). These RNA polymerase Il transcripts can localize to
either the nucleus or cytoplasm and typically have very
low abundance, often less than one copy per cell (Cabili
et al. 2015; Kleaveland et al. 2018), yet are widely ex-
pressed and regulated in a temporal and tissue specific
manner. LincRNAs evolve very rapidly, yet an increasing
number of them have demonstrable biological functions
in development and disease (Wapinski and Chang 2011),
which includes, but is not limited to, the targeting of chro-
matin-remodeling enzymes to specific genomic loci (Ulit-

sky and Bartel 2013).
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An evolutionarily conserved lincRNA structure

RNA secondary structure can be established through
chemical and enzymatic probing techniques, as demon-
strated decades ago for the ribosome (Stiegler et al.
1981). Prior to 2006, several chemical probing approaches
were utilized to obtain structural information for every nu-
cleotide (Ziehler and Engelke 2001); the development of
selective 2’ hydroxyl acylation analyzed by primer exten-
sion (SHAPE) chemistry, which provides structural informa-
tion on all nucleotides in a single experiment, greatly
enhanced the technique of chemical probing (Wilkinson
et al. 2006). The application of next generation sequenc-
ing (NGS) on probed RNA has enabled genome-wide
structural evaluation of RNA transcripts both in vitro and
in cells (Kwok 2016; Qian et al. 2019). However, the very
low abundance of many lincRNAs makes their investiga-
tion in cells very challenging (Kwok et al. 2013), leading
to the necessity for probing transcripts in vitro through
nondenaturing purification of the RNA (Chillén et al.
2015). The shotgun secondary structure (3S) approach
can be used for secondary structure validation (Novikova
et al. 2013; Chillén et al. 2015), together with positional
covariance (Rivas et al. 2017). Programs such as
CMfinder (Yao et al. 2006), which is a motif discovery pro-
gram driven by comparative sequence analysis, identifies
structural motifs in RNAs based on covariation and evolu-
tionary divergence.

Among the relatively small fraction of lincRNAs possess-
ing primary sequence conservation over significant evolu-
tionary distances is Cyrano (OIP5-AS1 is its human
orthologue), present in a wide range of species from hu-
man to lamprey (Ulitsky et al. 2011; Mallory and Shkuma-
tava 2015). While the lincRNA Cyrano was initially
believed to be critical for embryonic development (this
role was recently shown to be dispensable by Goudarzi
et al. 2019), the transcript acts as a sponge for the RNA
binding protein HuR (Kim et al. 2016) and appears to reg-
ulate cell proliferation and apoptosis in cancer cells
through its association with several microRNAs, especially
miR-7 (Smith et al. 2017; Kleaveland et al. 2018).

Most recently, Cyrano has been shown to target the
microRNA miR-7 for degradation through TDMD (targeted
RNA-directed microRNA degradation) (Kleaveland et al.
2018). MicroRNAs can regulate gene expression by bind-
ing to ncRNAs as well as mRNAs (Bartel 2004), and recruit
Argonaute proteins to induce gene silencing (as part of the
RNA-induced silencing complex [RISC]) (Hammond et al.
2001). The degradation of miR-7 by Cyrano prevents its re-
pression of the circular RNA, Cdrlas (Kleaveland et al.
2018), which plays a key role in neuronal activity (Smith
et al. 2017; Kleaveland et al. 2018).

Regulation of miR-7 by Cyrano occurs through a core of
26 bases, located within the Cyrano transcript, that are
nearly perfectly conserved (96%) in species as divergent
as zebrafish and human. Approximately 100 nt on either
side of this 26-nt stretch are 40% identical between human

and fish (Supplemental Fig. 1A), while a 300-nt region
(which includes the 26-nt core region) is well-conserved
between primates and tetrapods (Supplemental Fig. 1B;
Ulitsky et al. 2011). The 26-nt core is complementary to
microRNA miR-7 in all species for which sequences are
available (Wienholds et al. 2005; Ulitsky et al. 2011), and
mutations within the 26-nt miR-7-binding core resulted in
significantly reduced miR-7 degradation in murine models
(Kleaveland et al. 2018).

These observations prompted us to investigate whether
this functional region of Cyrano, that we refer to as the
300-nt conserved core, would fold into a structure which
might contribute to its miR-7 degradation. To date, no
structural information has been reported for Cyrano
RNA. We show here that the 300-nt core of Cyrano adopts
an intricate secondary structure involving additional nucle-
otides just outside the conserved region, spanning ~600
nt. The 26-nt miR-7 binding sequence is embedded within
a cloverleaf domain that is conserved through positional
covariation in species as distantly related as zebrafish
and humans, which diverged 420 million years ago (Ahl-
berg and Milner 1994), and is recognized by miR-7 and
by several RNA binding proteins. This structural conserva-
tion strongly suggests that the functions of the lincRNA
Cyrano are dependent on the formation of this RNA
structure.

RESULTS

Human Cyrano hosts an SVA retrotransposable
mobile element

We used in vitro SHAPE (Wilkinson et al. 2006) to probe
the secondary structure of the 300-nucleotide conserved
core of Cyrano within a spliced 4.2 kilobase (kb) human
Cyrano transcript (Fig. 1A); this splice variant comprises
four exons and ends in a poly(A) tail (Ulitsky et al. 2011)
and was targeted because it contains the most conserved
region of Cyrano (Kleaveland et al. 2018). SHAPE probing
revealed two important structural details: (i) Based on
sparse SHAPE data restraints (~1500 of 4200 nt probed),
the secondary structure of the 4.2 kb transcript is proposed
to possess a dumbbell shape, with two 2 kb domains sep-
arated by a 250 bp helical domain (Fig. 1B), and (i) the 300-
nt conserved core is located in one of the two domains; the
structure adopted by the 300-nt conserved region does
not fold into an independent domain, but is instead
base-paired with neighboring nucleotides (Fig. 1C).

An NCBI BLASTn search (Altschul et al. 1990) revealed
that the sequence corresponding to the 250 bp double he-
lical region is a SINE VNTR Alu-like (SVA) retrotransposable
mobile element, which is primate specific (Wang et al.
2005). A third region corresponding to an SVA insert was
also identified, predicted to fold independently of the
250 bp helix. Using Cyrano as a query sequence in an
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FIGURE 1. The 4.2 kb human Cyrano transcript adopts a dumbbell-like secondary structure, as calculated by RNAstructure using sparse folding
restraints provided by SHAPE chemical probing, with two structured domains separated by a long double helical retrotransposon insert. (A)
Domain structure of Cyrano; (B) secondary structure of the complete 4.2 kb transcript; (C) expanded view of the secondary structure around
the conserved miR-7 binding site. Regions corresponding to the SVA retrotransposable element are highlighted in blue; the 26-nt conserved re-
gion complementary to miR-7 is highlighted in green and its surrounding region, the 300-nt region conserved in tetrapods and the focus of this

investigation, is highlighted in purple.

NCBI BLASTn search, followed by an alignment with the
Geneious software alignment tool (Kearse et al. 2012),
we were able to locate and identify this SVA element in
at least 19 other primate-specific Cyrano transcripts
(Supplemental Fig. 2). The biological relevance, if any, of
the conserved presence of the SVA element in primates re-
mains to be elucidated. The presence of the SVA retro-
transposable element simplified the structural analysis by
separating human Cyrano into two independent domains
of about 2 kb each (Fig. 1B). We focused our investigation
on the region located between two of the fragmented SVA
elements (nucleotides 1585 and 3282), which possesses
the highest level of sequence conservation across the
length of the transcript and contains the highly conserved
26-nt core fully complementary to miR-7.

In vitro structural probing of Cyrano

The 300-nt conserved core of human Cyrano was revealed
to base-pair with neighboring nucleotides in the 4.2 kb
transcript; using the 3S method, we established that a
600-nt region that encompasses the 26-nt sequence folds
locally without requiring long-range interactions with the
rest of the RNA (Fig. 2A). The SHAPE reactivity profiles of
the 600-nt fragment, transcribed separately and compared
to the same region within the full-length RNA transcript,
are in very good agreement with each other, with a
Pearson coefficient R of 0.74 (Supplemental Fig. 3D).
The human Cyrano 600-nt domain forms an indepen-
dently folded domain consisting of several helices con-
nected by multihelical junctions (Fig. 2A). Nucleotides
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preceding the 5-end of the 300-nt core constitute the cen-
tral section of the independently folded domain, while nu-
cleotides that follow complete the last helix of the
structured domain. Thus, the 300-nt conserved sequence
does not fold independently but requires about 100 flank-
ing nucleotides on either side in order to form a stable sec-
ondary structure.

At the center of the 600-nt domain we observe an RNA
secondary structure resembling a cloverleaf, ~100 nt in
length. This cloverleaf contains three stem—loops that orig-
inate from a common junction. A careful analysis of the
SHAPE data plotted on the secondary structure of the hu-
man cloverleaf (Fig. 3A) demonstrate that the data match
the structure very well. Internal loops, apical loops, bulges
and some neighboring nucleotides, presumably experi-
encing partial conformational flexibility, are reactive, while
helices generally are not, except for nucleotides neighbor-
ing single stranded regions. There are, however, two ex-
ceptions. Between the junction of the cloverleaf and the
internal loop of stem—-loop 2, we observed significant
SHAPE reactivity for several AU base pairs. Since this short
helical region is located between a three-way junction and
an internal loop, it is plausible that this region is partly
open, or “breathing” and the base pairs may be formed
and yet still partly accessible to SHAPE reagents (Kenyon
et al. 2014). We take this observation to suggest the pres-
ence of conformational exchange, or conformational dy-
namics, for this region of the RNA. The same conclusion
can be drawn for the stem—loop around nucleotide 2835,
bridging a multihelical junction and a large internal loop,
and including three bulged nucleotides that interrupt
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FIGURE 2. (A) Secondary structure of the ~600-nt fragment encompassing the stretch of human Cyrano (OIP5-AS1) recognized by miR-7, as cal-
culated using RNAstructure with SHAPE restraints. (B) Secondary structure of the 600-nt fragment encompassing the same stretch of mouse
Cyrano RNA. (C) Secondary structure of a 500-nt fragment including the comparable sequence of zebrafish Cyrano. The experimental SHAPE
reactivity is mapped on each transcript. The 300-nt region, conserved only in tetrapods, is highlighted in purple. (D) Sequence alignment of hu-
man, mouse, and zebrafish Cyrano RNAs. Sequence identity is grouped in colored blocks: green: 100% identity, yellow: 30%-99%, and red:

<30%.

two short helices, which is also the binding site for the
FASTKD2 protein (described below).

To further investigate the secondary structure of this re-
gion of the RNA, we used an orthogonal approach by per-
forming S1 nuclease mapping, an enzyme which only
cleaves single stranded nucleotides, and analyzed these
100 nt in the context of the full-length transcript. The re-
sults are consistent with the SHAPE-generated model
and provide further support for the secondary structure
obtained by SHAPE (Supplemental Fig. 4A).

To further validate the proposed cloverleaf structure, we
used ScanFold (ScanFold-Scan and ScanFold-Fold) to fold
the 600-nt region used in the 3S shotgun approach (An-
drews et al. 2019). This sliding window approach, which
folds the RNA sequentially, 120 nt at a time, revealed the
same cloverleaf structural motifs identified by SHAPE,
with a Z-score <1. The Stockholm format representation
corresponding to these results can be found in
Supplemental Table 2.

The cloverleaf region corresponds closely to the 100 nt
of high conservation between primates and fish. Thus, we
hypothesized that its structure might be conserved as well.
To confirm this hypothesis, we probed an ~600-nt se-
quence encompassing the fragment corresponding to

the cloverleaf domain in mouse and zebrafish Cyrano (us-
ing the 3S approach) and also used comparative sequence
analysis to identify and validate conserved motifs.

SHAPE probing, followed by secondary structure predic-
tion with RNAstructure, revealed that both the mouse and
zebrafish Cyrano RNAs are structured, despite significant
(~60%) sequence divergence (Fig. 2B-D; Supplemental
Fig. 3A,D). Strikingly, the 100-nt cloverleaf structure ob-
served in human Cyrano RNA is also observed in the mouse
and zebrafish transcripts, with minor differences. In zebra-
fish, the first stem-loop possesses a 6-nt apical loop,
whereas in humans and mice, the apical loop contains
only 4 nt; the middle stem-loop possesses an internal
loop, as in the human and mouse transcripts, but the inter-
nal loop contains 8 unpaired nucleotides, while 10 are ob-
served in humans; the final stem-loop is 2 bp longer than in
humansand mice, and possesses a 1-ntbulge. The junction
bringing these three stem-loops together contains more
unpaired nucleotides in zebrafish, especially 5’ to the first
stem—loop. Significantly, the 26-nt conserved core is
base-paired in a similar fashion in zebrafish, mouse, and hu-
man RNAs.

We further used covariation analysis (CMfinder) to query
the presence of double helical regions, under the
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FIGURE 3. The cloverleaf structures surrounding the miR-7 binding site (in green) of Cyrano, as calculated with RNAstructure constrained by
SHAPE probing, rendered side by side, for (A) human, (B) mouse, and (C) zebrafish. The consensus motif discovered by CMfinder is shown in

(D); covarying base pairs are boxed.

hypothesis that there would be evolutionary constraints on
the RNA secondary structure, if the structure was function-
al. Sequence alignment from several species led to the
identification of several double helices consistent with
the SHAPE analysis, highlighting the concordance of
chemical probing and phylogenetic analysis. The consen-
sus secondary structures predicted by CMfinder are in
agreement with our SHAPE-derived secondary structures
(Fig. 3; Supplemental Fig. 4B-E; Supplemental Table 3).
Most notable are the CMfinder results regarding the clo-
verleaf element identified in the SHAPE analysis.

MiR-7 Cyrano interaction

Cyrano was recently shown to direct the degradation of
miR-7 (Kleaveland et al. 2018; Wightman et al. 2018) by
nearly perfectly base-pairing with it (Supplemental Fig.
5A). Using electrophoretic mobility shift assays (EMSA),
we confirmed that miR-7 RNA binds strongly to the clover-
leaf structure within Cyrano (K4 < 100 nM), (Supplemental
Fig. 5B), corroborating previously published in cell cross-
linking data (Piwecka et al. 2017) by providing physical ev-
idence of a direct interaction. We used IntaRNA, an RNA-
RNA interaction prediction program, to predict the energy
and folding architecture of the miR-7:Cyrano complex
(Busch et al. 2008; Wright et al. 2014). The results revealed
favorable minimum free energy for the complex, suggest-
ing that the cloverleaf structure could be opened by miR-7
through a strand invasion mechanism, leaving the nucleo-
tides complementary to the 26-nt conserved stretch single
stranded (Supplemental Fig. 5C).

1238 RNA (2020) Vol. 26, No. 9

In cell structural probing of Cyrano

It is well known that the cellular environment can affect
RNA folding through molecular crowding, high magne-
sium concentrations, post-transcriptional modifications
and protein binding (Leamy et al. 2016; Watters et al.
2016). Thus, we performed SHAPE on human Cyrano ex-
pressed in eukaryotic cells to probe its conformation in
the cellular environment.

We transfected HEK293 cells with human Cyrano RNA
expression plasmid (endogenous Cyrano copy numbers
are too low to generate a robust SHAPE signal), followed
by treatment with the cell-permeable SHAPE adduct
1M7. The in cell results reveal a SHAPE reactivity profile
highly similar to the in vitro data across the 600-nt frag-
ment, suggesting the overall fold proposed in vitro accu-
rately reflects cellular conditions (Supplemental Fig. 6).
However, six regions, accounting for <10% of the RNA,
have different SHAPE reactivity in vitro and in cell (Fig.
4A; Supplemental Fig. 6). We hypothesized that at least
some of the regions where in cell SHAPE reactivity differs
from in vitro SHAPE reactivity would correspond to protein
binding sites, which could reduce access to the SHAPE re-
agents and/or alter the local RNA structure. This hypothe-
sis is supported by the identification of protein binding
sites near many of these regions.

As was done on other lincRNAs (Lin et al. 2018), we used
data available through the ENCODE project and the RBP
database to identify protein binding partners of the
lincRNA Cyrano (Smola et al. 2016). Enhanced cross-link-
ing and immunoprecipitation (eCLIP) data sets found with-
in the ENCODE database (Derrien et al. 2012; Van
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FIGURE 4. (A) Protein binding partners for human Cyrano (orange splashes) identified by eCLIP (ENCODE) or predicted by the RBP database,
mapped onto the secondary structure of the 600-nt fragment of human Cyrano; regions where changes are observed when SHAPE reactivity in
vitro and in cell were compared, are outlined in magenta. (B) CatRAPID heat map prediction of the amino-terminal domain (RRM) of hnRNP G and
its potential binding site within Cyrano, which corresponds to the conserved cloverleaf structure. Red hotspots are indicative of likely protein-RNA
interaction sites. (C) EMSA of the human cloverleaf structure of Cyrano probed with the RRM of hnRNP G, as well as two mutated forms of the RNA
(which disrupt the hnRNP G binding site). (D) Representative gels showing differences in SHAPE reactivity between transcripts mapped in vitro

and in cell for the cloverleaf domain of human Cyrano.

Nostrand et al. 2016) revealed at least 11 proteins (Table 1)
that cross-link to the domain of Cyrano on which this inves-
tigation is focused. Since the eCLIP data in ENCODE cor-
responds to HepG2 and K562 cell-lines, we cross-checked
each of the putative Cyrano protein binding partners’ ex-
pression levels in HEK293 cells; transcripts per kilobase
million (TPM) scores are well above 1.0 for all 11 proteins
(Human Protein Atlas; a TPM value of 1.0 is defined as a
threshold for expression of the corresponding protein).
The TPM scores of each protein, their RNA recognition se-
quences, and known functions, if available, are outlined in
Table 1.

Interaction of Cyrano with hnRNP G

Using the RBP database (Cook et al. 2011) followed by
catRAPID (Agostini et al. 2013) analysis, we identified
several candidate interaction partners that might bind
directly to, or in close proximity to the 26 nt comple-

mentary to miR-7 (Fig. 4B,C; Supplemental Table 4).
We chose to examine the heterogeneous nuclear ribonu-
cleoprotein (hnRNP) G (also known as RBMX) because of
clear differences observed between in cell and in vitro
SHAPE reactivity patterns for the region of the transcript
where RMBX is predicted to bind (Fig. 4D). The apical
loop of the middle stem-loop of the cloverleaf contains
a 5 CCAU 3’ sequence predicted by the RBP database
to bind to the hnRNP G protein. This RNA recognition
sequence was shown to be among the preferred RNA
binding sequences of this protein (Moursy et al. 2014).
hnRNP G has several roles in pre and post-transcriptional
regulation (Soulard et al. 1993; Ravasi et al. 2006;
Shin et al. 2008; Kanhoush et al. 2010). CatRAPID
(Agostini et al. 2013), which estimates the binding pro-
pensity of a protein-RNA interaction, scored the ami-
no-terminal RRM (RNA recognition motif) of hnRNP G
as a strong interaction partner for this region of Cyrano
(Fig. 4B).
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TABLE 1. Summary of proteins identified by eCLIP (ENCODE database) to bind to Cyrano lincRNA, the expression levels of the
corresponding mRNAs in HEK cells (TPM), the RNA sequences they recognize, and their known cellular functions

eCLIP protein TPM in HEK293

RNA recognition

partners cells sequence Known function

RBM22 52.6 UACCGC Promotes an active conformation of the spliceosome catalytic
center

TNRC6A (GW182) 19.1 UGCU, UGCA Translational repression and mRNA decay

DDX6 15.9 Unknown ATPase/helicase activity

ZRANB2 11.6 AGGA, AGGUAA Alters distribution of splice variants

FASTKD2 18.6 Unknown Mitochondrial RNA processing and translation

RBFOX2 45.4 UGCAUG Regulation of alternative splicing

HNRNPA1 1157.2 UAGGGU Regulation of alternative splicing, mRNA stability, and
translation

PUM2 39.9 UGUAUA Post-transcriptional repression

METAP2 149.6 Unknown Tissue repair and protein degradation

EIF4G2 439.6 GUUGCA Translation initiation

FAM120A 57.7 unknown Regulation of Src kinase activity

We expressed and purified the amino-terminal RNA
binding domain of hnRNP G and evaluated its binding af-
finity in vitro for the 100-nt cloverleaf subconstruct of
Cyrano using EMSAs (Fig. 4C). We observed direct bind-
ing to be 0.83+0.36 pM. Upon mutating nucleotides in
the RBMX binding sites to 5 GCAU 3’ or 5 CUAU 3/, bind-
ing was reducedto 9.15 = 1.20 and 10.6 = 3.86 micromolar
for each mutant, respectively, thus corroborating a specific
interaction (Fig. 4C).

Tertiary structural modeling of the cloverleaf domain

To gain further insight into the structure of Cyrano, we
modeled the 3D structure of the 100-nt human cloverleaf
structure (Supplemental Fig. 7A,B). The prediction reveals
a compact conformation stabilized by A-minor interactions
formed by conserved and unpaired Adenines at the four-
way junction, which brings stem-loop 2 into spatial prox-
imity of the basal helix of the cloverleaf. The two outermost
stem—loops (stem—loops 1 and 3), which are coaxially
stacked, are located at the junction of the cloverleaf, seem-
ingly inducing a V-like turn in the RNA structure. The stack-
ing of the two stem—loops may make it possible for miR-7
to bind its complementary sequence (Supplemental Fig.
7C), as this region of the RNA is partially exposed to solu-
tion; the stacked helices may unwind with the aid of RISC-
associated proteins, allowing miR-7 to access and bind to
the 26-nt conserved region. Interestingly, both mouse and
zebrafish adopt similar V-like turns at their junctions, de-
spite sequence divergence from the human transcript
(Supplemental Fig. 7D,E). Further investigation of the pre-
dicted tertiary structure using nuclear magnetic resonance
(NMR) or X-ray crystallography could provide valuable ex-
perimental information to corroborate the model.
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DISCUSSION

It is estimated that <5% of the approximately 30,000 tran-
scribed lincRNAs in human are conserved over significant
evolutionary distances (Ransohoff et al. 2018). Even in
the case of conserved transcripts, sequence conservation
is often limited, making comparative sequence analysis
to establish secondary structure and identify functionally
important domains difficult (Ulitsky and Bartel 2013;
Eddy 2014; Rivas et al. 2017). Rapidly evolving regions of
the genome within primates often map to these transcripts
(Nitsche et al. 2015; Tavares et al. 2019). A common hy-
pothesis is that RNA secondary structure is more con-
served than sequence alone, leading to the frequently
stated but generally untested hypotheses that structure,
rather than sequence, is under evolutionary pressure in
lincRNAs (Hawkes et al. 2016). If these hypotheses were
true, then a structural understanding of lincRNAs would re-
veal functional correlations that might be unobservable
from sequence analysis alone.

We show herein that the lincRNA Cyrano, one of few
noncoding transcripts with recognizable orthologues
over the evolutionary distances separating primates and
zebrafish (Ulitsky et al. 2011), contains a conserved folded
secondary structured element that is maintained over a
long evolutionary history. The cloverleaf-shaped structure
is ~100 nt long and includes a 26-nt sequence nearly
perfectly complementary to miR-7 in all organisms with
recognizable orthologues from zebrafish to human. The
cloverleaf can be modeled to fold into a compact structure
stabilized by interhelical stacking and the likely formation
of conserved A-minor interactions. Examination of se-
guence evolution reveals selective pressure to preserve
the secondary and tertiary structure of this domain through
compensatory mutations and by retaining nucleotides
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required to fold the four-way junction at the center of the
cloverleaf (Supplemental Fig. 7). These compensatory
base changes are few compared to the ribosome, which
has a vastly longer evolutionary history. These observa-
tions support the notion that RNA secondary and perhaps
higher order structure, rather than sequence alone, might
be essential for the function of this lincRNA, as was ob-
served for the lincRNA COOLAIR across divergent plant
species (Hawkes et al. 2016).

Cyrano is known to speed up the degradation of miR-7
(Smith etal. 2017; Kleaveland et al. 2018), thus preventing
repression of the circular RNA Cdrlas (Kleaveland et al.
2018). Repression of miR-7 expression by the complete
lincRNA is significant, 45-fold, while a fragment corre-
sponding to the cloverleaf exerts a more modest, three-
to fourfold influence on miR-7 levels (Kleaveland et al.
2018). Our work shows that miR-7 binds to the conserved
core structure of Cyrano. Perhaps the cloverleaf structure
provides a regulatory role by controlling the loading of
miR-7 onto this RNA through its secondary and three-di-
mensional structure. This hypothesis is supported by muta-
tions made to the cloverleaf (Kleaveland et al. 2018);
deletions and insertions within the cloverleaf domain
lead to reduced regulation of miR-7 (Kleaveland et al.
2018). Secondary structural modeling of the deletions
and insertions also reveals significant changes in the
RNA structure; instead of the RNA adopting compact,
V-shaped structure (which we propose is necessary for
bringing RISC-associate proteins into proximity to the
miR-7 site), we observe an elongated, rod-like conforma-
tion caused by the disruption of the three-way junction
that induces the V-like turn (Supplemental Fig. 8). These
changes lead to a 40% increase in relative miR-7 expres-
sion levels (Kleaveland et al. 2018). Interestingly, the mu-
tant that maintains a secondary structure closest to that
of our predicted cloverleaf shows only a smaller increase
in miR-7 expression. Together, these results suggest a reg-
ulatory repressive role for the conserved structure de-
scribed here.

In addition to intrinsic RNA structural features, IncRNA
function is regulated by the proteins that bind to them. It
is hypothesized that INncRNAs serve as scaffolds that assem-
ble RNA binding proteins (RBP) to regulate gene expres-
sion (Wang and Chang 2011; Ulitsky and Bartel 2013).
Cyrano was recently predicted to harbor binding sites for
at least 37 RBPs (Li et al. 2014); this number is not surpris-
ing, given its length, and other IncRNAs, such as Xist and
NEAT1, are predicted to bind to more than 30 RBPs as
well (Li et al. 2014; Chu et al. 2015). In our study, most dif-
ferences between the SHAPE reactivity profile in cells and
in vitro can be attributed to interactions with proteins, as
was also observed for Xist using SHAPE-MaP (Smola
etal. 2015, 2016). Using both the experimental data stored
in the ENCODE eCLIP database, and the theoretical pre-
dictions of the RBP database, we identified 24 RBPs that

potentially bind to and regulate Cyrano, five of which
(FUS, HuR, PUM2, SRSF1, and TNRCé) are known to bind
to other IncRNAs (Li et al. 2014). Since several of these pro-
tein-binding regions are in close proximity to each other, it
is possible that combinations of these protein binding
events may be anti-cooperative or cooperative; binding
of one protein partner may restrict or allow access of other
proteins by altering the secondary structured domain re-
quired for binding (Becker et al. 2019).

Of the proteins identified to bind to Cyrano by eCLIP,
TNRC6A, DDX6, FAM120A, and PUM2, are known to as-
sociate with Ago proteins (Frohn et al. 2012). DDX6 is an
RNA helicase (Cordin et al. 2006), and TNRC6A functions
in RNA degradation (Behm-Ansmant et al. 2006). PUM2
is implicated in mRNA stability and translation (Van Etten
etal. 2012), and FAM120A binds to IncRNAs preferentially
in the presence of microRNAs and Dicer (Frohn et al.
2012). Our tertiary structural model reveals that the bind-
ing sites of these proteins are all in close proximity to the
miR-7 binding site. Further investigation of these proteins
and their interaction with the Cyrano cloverleaf would pro-
vide a useful starting point for obtaining a more detailed
understanding of how Cyrano regulates miR-7 degrada-
tion, but the presence of a helicase and an RNA degrada-
tion factor is highly suggestive of their role in regulation of
miR-7 by this transcript, and of how the Cyrano structure
brings key degradation factors in close proximity to their
target.

MATERIALS AND METHODS

DNA template preparation

Cyrano DNA plasmids for zebrafish, human, and mouse were
kindly provided by Dr. Alena Shkumatava (Unite de Genetique
et Biologie due Developpement, Institut Curie). The plasmid for
each species was transformed into DH5a cells and extracted
using the Qiagen midi-prep kit. Plasmids were linearized with ap-
propriate restriction enzymes according to manufacturer instruc-
tions (Sall : human, Sacl : mouse, Notl : zebrafish). Linearization
was confirmed on 1% agarose gels.

In order to isolate the DNA template corresponding to the 600-
nt fragment, full length, cut DNA template was subject to poly-
merase chain reaction (PCR) with the Phusion polymerase (NEB)
and with primers synthesized by IDT, containing the T7 promoter
region (bold text on the forward [F] primer) and a poly(A) tail (bold
text on the reverse [R] primer):

Human F: 5-AAGCTTTAATACGACTCACTATAGGGGGA
TATATTCCAGCTGTAGTTGC-3’

Human R: 5-TTTTTTTTTTTTTTTTCTCAGATTTTGACCCC
ACATTT-3

Zebrafish F: 5-AAGCTTTAATACGACTCACTATAGGGA
TCTGCTATAGAGCACTGTGA-3'

Zebrafish R: 5'-TTTTTTTTTTTTTTTITCCAGAATCGTGCAG
CCCTAC-3
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Mouse F: 5-AAGCTTTAATACGACTCACTATAGGGGT
GGCACATTTCCATTTATAGTCT-3'

Mouse R: 5-TTTTTTTTTTTTTTTTAGTGGCTCTCAGTGG
GAA-3

PCR was run according to the manufacturer’s instructions.
Following PCR, the DNA template was evaluated on a 1% agarose

gel.

In vitro RNA transcription and purification

Full-length DNA plasmids for zebrafish and mouse Cyrano were
transcribed in vitro with SP6 and T3 RNA polymerases, respective-
ly (Messenger mega kit, Ambion). Full-length human Cyrano
lincRNA, the 600-nt fragments corresponding to human, zebra-
fish, and mouse RNAs, and the 100-nt fragment were transcribed
in vitro using in house-purified T7 RNA polymerase. RNA tran-
script lengths and purity were confirmed on a 1% agarose gel.
Each RNA was purified by phenol:chloroform extraction, followed
by precipitation with ethanol. When abortive transcripts were ob-
served, RNA was purified on denaturing polyacrylamide gels, fol-
lowed by electro-elution and buffer exchange against water.
Mature miR-7 RNA was purchased from IDT. DNA template for
the 100-nt fragment of human Cyrano was ordered from IDT
and included the SHAPE linker, as previously described
(Wilkinson et al. 2006).

In vitro 1M7/NMIA and S1 nuclease probing

1M7 was synthesized in house as described previously (Turner
etal. 2013); NMIA was purchased from Sigma-Aldrich. SHAPE re-
actions were carried out as described (Wilkinson et al. 2006) and
analyzed by both gel electrophoresis and capillary electrophore-
sis (described below); both methods gave consistent results.
Enzymatic cleavage with S1 (NEB) was performed as described
(Nilsen 2013). Modified or cleaved RNAs were reverse transcribed
using the same primers used for SHAPE and the corresponding
cDNA fragments were analyzed. At least three biological repli-
cates were performed for in vitro probing, and two for SHAPE
probing of RNA transcribed in cells. A table outlining the reagents
and methods used to probe the RNAs can be found in
Supplemental Table 1.

In cell RNA structural probing with 1M7

An amount of 5 ug of human Cyrano plasmid, cloned into the
CMV vector, was transfected into HEK293 cells. Plates were incu-
bated at 37°C for 48 h, before washing and concentrating with
PBS buffer. The cells were then immediately aliquoted equally
into six different tubes, two containing DMSO, one containing
fresh PBS, and three containing 260 mM 1M7 (final concentration
90 mM). The tubes were then incubated at 37°C in a shaker (220
rom) for 8 min followed by treatment with TRIzol to halt the
SHAPE reaction. Cells were treated with chloroform to separate
and extract the RNA before purification using the Zymo RNA
Easy Clean kit. The RNA was diluted to a final concentration of
~10 pg/pL. The amount of cDNA was too low for detection by
capillary electrophoresis. Therefore, we analyzed in cell SHAPE
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data using gel electrophoresis with two biological replicates.
Approximately 8 pg of total RNA was used per SHAPE reaction.
As a control, a reverse transcription reaction on 55 rRNA was
also performed using a 5S specific primer on the DMSO, PBS,
and 1M7 treated samples (data not shown).

Gel electrophoresis

S1 nuclease reactions for in vitro and in cell reactions were ana-
lyzed on 8% denaturing polyacrylamide gels. Gels were run for
5 h (at the 2 h mark, a new set of samples was loaded to gather
information about nucleotides closer to the 3'-end more efficient-
ly) at 70 Watts and 4°C. Gels were then dried under vacuum pres-
sure at 80°C and exposed to a phosphor plate overnight. The
phosphor plates were scanned using a Typhoon 600 imager,
followed by analysis and SHAPE normalization with SAFA
(Semi Automated Foot-printing Analysis) software and with
GelAnalyzer2010 (Das et al. 2005; http://www.gelanalyzer.com,
accessed July 29, 2010).

Capillary electrophoresis

Three primers (one each for human, mouse, and zebrafish
Cyrano), labeled with four of the five dyes from the G5 dye set
(NED, VIC, FAM, PET) were ordered from Life Technologies.
Primers were diluted to 2 pmol/pL in water. The sequences of
each primer were as follows:

Human: 5'-GCTGGTTTCCAGATACCTTATGG-3/,
Mouse: 5-GTGGCACATTTCCATTTATAGTCT-3,
Zebrafish: 5-AATTAACCAAGGTGTGGATACTG-3'.

cDNA fragments were analyzed using a 3130xI Genetic
Analyzer. SHAPE reactivity was analyzed and normalized using
QuSHAPE (Karabiber et al. 2013).

Secondary structure prediction and image rendering

SHAPE reactivity data were incorporated as a SHAPE constraint
file in the RNAstructure folding program, and the 20 lowest ener-
gy structures based on those constraints were generated (Reuter
and Mathews 2010; Lorenz et al. 2016; Spasic et al. 2018).
Structures were calculated with RNAstructure under default sec-
ondary structure options: 310.15 K, maximum loop size of 30,
maximum percent energy difference of 10 and a minimum helix
length of 3. The SHAPE intercept was set at —0.6 and the
SHAPE slope was set at 1.8. No “hard” folding constraints were
used during the calculation to avoid any bias. SHAPE and nucle-
ase foot-printing data have been submitted to RMDB in RDAT file
format.

The structure of Cyrano reported in this manuscript was select-
ed based on a combination of lowest energy, best agreement
with SHAPE reactivity, and agreement with comparative se-
quence analysis. Each structure image presented in this manu-
script was rendered with VARNA (Darty et al. 2009). Higher
energy structures can be provided upon request.
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ScanFold analysis

We used the ScanFold webserver (https:/mosslabtools.bb.iastate
.edu/) to validate local motifs throughout the cloverleaf domain
with the ScanFold-Scan and ScanFold-Fold analysis tools. The se-
quence of the RNA was uploaded in fasta format and default val-
ues were used for window size (120), step size (10),
randomizations (30), temperature (37°C), and shuffle type (mono).

Comparative sequence analysis

CMfinder was used for phylogenetic analysis of Cyrano (Yao et al.
2006). The unaligned sequences evaluated by CMfinder were
gathered from NCBI's Basic Local Alignment Search Tool
(BLAST) (Altschul et al. 1990), corresponding to 51 different spe-
cies. Because alignment methods generally fail when sequence
conservation falls below 60% or is above 85%, not all of the se-
quences obtained from NCBI were used; redundant sequences
were removed until ~70% primary sequence conservation was
obtained, before analysis with CMfinder. The sequences were
then formatted to a FASTA file and run by the cmfinder.pl Perl
script under default conditions. A list of these sequences can be
provided upon request.

3D structure modeling

simRNA and RNAComposer (human/mouse, and zebrafish, re-
spectively) were used to model the tertiary structure of the clover-
leaf domain in human Cyrano using the documentation provided
by the developers (Boniecki et al. 2015; Antczak et al. 2016;
Magnus et al. 2016). No experimental or theoretical restraints
were used to model the structure; the Stockholm format corre-
sponding to the secondary structure predicted by SHAPE served
as the starting input file. FARFAR energy was used to minimize the
models (Cheng et al. 2015). Chimera was used to render the struc-
tural images (Pettersen et al. 2004). Additional details of the sim-
ulations, including relevant commands, configuration
parameters, and RMSD and energy distribution plots correspond-
ing to the Cyrano cloverleaf structure, can be found at: https
://github.com/Dreycey/cyrano_simulations.

hnRNP G expression and purification

The amino-terminal RRM of hnRNP G (RBMX) (containing an ami-
no-terminal 6 x-Histidine-tag followed by a TEV cleavage site) was
expressed in E coli using BL21 competent cells. The cells were
harvested in buffer containing 20 mM Tris, 150 mM, 5 mM B-mer-
captoethanol NaCl, pH 8, followed by purification of the protein
on a nickel column. The His-tag was removed with TEV protease,
followed by a second purification on the same nickel column.
Protein fractions were evaluated by SDS page gel to ensure

purity.

Electrophoretic mobility shift assays (EMSA)

Purified and dephosphorylated cloverleaf Cyrano RNA was
rephosphorylated with Y*2ATP. Varying concentrations of either
miR-7 RNA or RBMX protein were incubated with the Cyrano-de-

rived cloverleaf structure on ice in a binding mixture containing
0.05 M Tris-HCI, 0.05 M KCI, 0.2 M DTT, 1% Triton X-100 for 20
min, followed by the addition of 10% glycerol. Samples were
loaded onto a 6% native polyacrylamide gel and run at 15 W for
1.5 h. Gels were dried and placed in a phosphor imager plate
overnight. The plate was scanned with a phosphor scanner
(Typhoon 9000) and autoradiograms were analyzed with ImageJ
software.

Sequence of lincRNA Cyrano used in this study
Cyrano lincRNA:

Human: (4 Exons, 8706 base pairs) Ensembl ENST0O000
0500949.6

Mouse (3 exons, 8300 base pairs): Ensembl ENSMUSTO0
0001 53581.1

Zebrafish (3 exons, 4606 base pairs): Ensembl ENSDARTO
000013 9872.3

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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