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We identify and characterize an RNA G-quadruplex (rG4) structure
motif in the human microRNA 638 (hsa-miR-638). We investigate
the formation and role of this rG4 in vitro and in cells, and reveal
that it inhibits the miR-638 and MEF2C messenger RNA interaction
and controls gene expression at the translational level.

RNA secondatry structures have key roles in fundamental biological
processes, including RNA synthesis, splicing, processing, and
translation."” The guanine (G)rich sequence in RNA can self-
assemble through hydrogen bonds to form G-quartets (Fig. 1A),
which can further stack on each other and are linked by connective
loops to form RNA G-quadruplexes (rG4s) (Fig. 1B).” rG4s are
stabilized by monovalent cations such as K and Na‘, but not
others like Li".* Recently, transcriptome-wide analysis has investi-
gated rG4s in both coding and non-coding (nc) RNAs in the
transcriptome.”” These rG4s have been proposed to control gene
regulation and RNA metabolism and are related to a number of
diseases, such as cancers.®’

miRNAs (or miRs) are a class of small ncRNAs containing
about 22 nucleotides and are widely distributed in plants,
mammals, and several viruses.'® miRNAs are processed from
the cleavage of primary microRNAs (pri-miRNAs) and pre-
miRNAs by Drosha and Dicer."" Each miRNA has a sequence
region (seed region) that is reverse complementary to the
miRNA recognition element (MRE) on the messenger RNA
(mRNA).""*? It was predicted that more than 60% of mRNAs
could be targeted by miRNAs, which control mRNA degrada-
tion, protein translation suppression, and other processes.'**?

Compared with coding rG4s, both the identification and
characterization of nc rG4s have fallen far behind, and it is only
in recent years that research on nc rG4s has gradually
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increased.'*'* Yuan and co-workers showcased rG4 formation
in miR-3620-5p,"> miR-5196-5p,'® and miR-1587,"” and
reported that the stabilization of miR-3620-5p rG4 impedes
the base pairing with its target sequence in vitro."> Our group
has recently performed rG4 computational prediction to iden-
tify 166 human miRNAs with high potential to form rG4 and
experimentally validated an rG4 formation in miR-765 and the
rG4’s potential gene regulatory roles in cells.'® Considering the
significant biological role of miRNA and the prevalence of rG4
in miRNA, huge gaps remain in the study and understanding of
the formation and roles of rG4s in miRNAs in vitro and in cells.

miR-638 is one of the well-studied miRNAs and can regulate
diseases including cancers.’® It was reported that the over-
expression of miR-638 downregulates the myocyte enhancer
factor 2c (MEF2C) expression by targeting the 3’-untranslated
region (UTR) of MER2C mRNA.*° Interestingly, this miRNA
contained putative 1G4 sequences and was also found in the
list that we published earlier.'® Based on its biological signifi-
cance and rG4 forming potential,'®'® we hypothesize that miR-
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Fig. 1 G-quartet and G-quadruplex structure in miR-638. (A) Chemical
structure of a G-quartet, with a potassium ion (K*) in the centre to stabilize
the G-quartet. (B) Two G-quartets stack on each other to form the G-
quadruplex. (C) Comparative sequence analysis of miR-638 in mammalian
species. The seed region is boxed in red.
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638 is an excellent candidate to help uncover the miRNA G4
structural features and its function in the miRNA-guided RNA
silencing pathway. Herein, we first identified the rG4 formation
in miR-638 using biophysical and biochemical assays. Next, we
characterized that rG4 formation in miR-638 can interfere with
the miR-638-MEF2C mRNA interaction in vitro. Last, we showed
that rG4 in miR-638 can control miRNA-regulated gene expres-
sion in cells.

To investigate whether the G-rich sequence is conserved, we
obtained the sequences of miR-638 in miRbase and the
National Library of Medicine, performed comparative sequence
analysis, and found that this putative G-rich sequence is con-
served in several primates (Fig. 1C). To inspect the sequence
further, we employed G4 prediction by G4RNA scanner and
obtained the c¢GcC,>' G4H,*> and G4NN>* scores among the
species (Table S1, ESIt). It was found that all of them have a
high possibility of forming G4s according to the G4ANN, which is
developed specifically for rG4 detection. Interestingly, we found
that hsa-miR-638 had G4 scores above the threshold in all three
programs, suggesting that it is likely to fold into an rG4 motif.

To test if the miR-638 sequence folds into an rG4, various
biophysical and biochemical assays were performed. First, we
designed the miR-638mut oligonucleotide by mutating all
the Gs to As in miR-638, except for those in the seed region
(Table S2, ESIT). N-methyl mesoporphyrin IX (NMM) and Thio-
flavin T (ThT) are well-known G4-specific fluorescent turn-on
ligands.>* We employed these two ligands to carry out a ligand-
enhanced fluorescence assay. Large fluorescence enhancement
was detected for both ligands on miR-638, but not miR-638mut,
when comparing K* over Li" (Fig. 24, B and Fig. S1A, B, ESIY).
Second, we conducted a circular dichroism (CD) assay. The CD
spectrum under K* displayed a more intense positive peak at
around 264 nm and a negative peak at around 240 nm com-
pared with the Li* condition on miR-638 but not miR-638mut
(Fig. 2C and Fig. S1C, ESIY), supporting the formation of a
parallel G4 in miR-638. Third, thermal melting monitored by
UV absorbance (UV-melting) was conducted, and the melting
temperature (T,,) was determined to be 76 °C under 150 mM K"
on miR-638, indicating that the G4 structure is highly thermo-
stable (Fig. 2D). miR-638mut showed no hypochromic shift at
295 nm in UV melting, confirming no G4 formation in this
mutated construct (Fig. S1D, ESIT). Last, SYBR Gold nucleic
acid stain was used to stain both miR-638 and miR-638mut
(Fig. 2E and Fig. S2A, ESIT). We found that the miR-638 bands
migrated slightly faster than miR-638mut on the native gel, and
this could be explained by the fact that the rG4 structure is
folded in miR-638, but not in miR-638mut, thus making
miR-638 compacted and it ran faster. To verify this, RNAs were
stained by NMM, and only miR-638 bands can be visualized on
the gel, which is consistent with our NMM-enhanced fluores-
cence assay (Fig. 2A), further supporting rG4 formation in miR-
638 (Fig. 2F and Fig. S2B, ESIT). Together, these analyses reveal
the formation of rG4 in miR-638 under physiologically relevant
K" conditions and temperature.

To examine the effect of rG4 formation in miR-638 on
miRNA-mRNA target interactions, we performed EMSA assays
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Fig. 2 Biophysical and biochemical assays revealing rG4 formation in
miR-638. (A) and (B) NMM and ThT ligand-enhanced fluorescence on
the miR-638. Spectra under K* showed a 7.5-fold increase in fluorescence
at 610 nm for NMM (A) and a 3.2-fold increase in fluorescence at 486 nm
for ThT (B) compared with the Li*, respectively. (C) The CD spectrum of
miR-638 detected a 3-fold increase in signal in the K* compared with the
Li* at 264 nm, supporting rG4 formation. (D) UV melting on miR-638
showed a hypochromic shift at 295 nm, verifying rG4 formation. The rG4
thermostability under 150 mM K* was at 76 °C. (E) and (F) Native gel
analysis on miR-638 and miR-638mut using SYBR gold (E) and NMM (F)
stain. Both miR-638 (rG4-containing) and miR-638mut (mutated rG4)
could be stained by general nucleic acid stain SYBR gold. Only miR-638,
but not miR-638mut, could be stained by G4-specific stain NMM.

on miR-638 with increasing concentrations of MEF2C mRNA
under K" and Li" conditions (Fig. 3A and B and Fig. S3A and B,
ESIT). The MEF2C mRNA contains the MRE and the flanking
sequences (Table S2, ESIT). EMSA results showed that miR-638
exhibited much weaker binding to MEF2C mRNA under
150 mM K" (too weak to obtain a Ky value) when compared
with 150 mM Li*(Kq = 82.19 + 26.52 nM) (Fig. 3C), highlighting
that the rG4 formation in miR-638 inhibits miRNA binding to
the mRNA target. As a control, we performed the same experi-
ment on miR-638mut, and the binding was found to be similar
under both K" and Li" (Fig. S4, ESIt), which verified that the mRNA
binding inhibition effect observed in the miR-638 construct is rG4-
dependent. We also carried out the EMSA on miR-638 under K
conditions, adding other 4 miRNAs (miR-150-5p, miR-328-5p, miR-
601, and miR-671-5p) as competitors (Fig. S5, ESIt). These four
miRNAs do not contain a seed region to target MEF2C, and our
result showed that miR-638 interaction with MEF2C was not
affected by these miRNA competitors. To support the EMSA results,
we also carried out an NMM-enhanced fluorescence assay on miR-
638 with varying concentrations of MEF2C mRNA under K
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Fig. 3 rG4 formation in miR-638 inhibits miIRNA-mRNA interaction

in vitro. (A) and (B) EMSA gel on miR-638 with MEF2C mRNA under
150 mM K* (A) and 150 mM Li* (B). (C) Binding curves of miR-638 and
MEF2C mRNA under K* and Li*. The binding under Li* is stronger than K*,
suggesting that the rG4 formation in K* perturbed miRNA-mRNA duplex
formation. (D) and (E) NMM-enhanced fluorescence on 0.25 pM miR-638
(D) and miR-638mut (E), with 0-0.5 pM MEF2C mRNA added under
150 mM K*. Spectra at 610 nm gradually decreased with more MEF2C
mMRNA for miR-638, suggesting that the miRNA-mRNA duplex formed and
displayed the NMM away from the miR-638. No significant change in the
spectra for miR-638mut was observed.

conditions (Fig. 3D). Increasing MEF2C mRNA displayed NMM
away from the miR-638, allowing the formation of an miR 638 -
MEF2C mRNA duplex. We found that up to 35% fluorescence
intensity decrease was detected upon MEF2C mRNA addition
(Fig. 3D). As a control, the same experiment was conducted on
miR-638mut and MEF2C mRNA, and no fluorescence change was
observed (Fig. 3E), indicating that the fluorescence change is due to
the miR-638 G4 formation. As a second control, we performed the
assay only on different concentrations of MEF2C (Fig. S6, ESIT) and
observed no fluorescence change. In short, these results clearly
demonstrate that rG4 formation in miR-638 can control miR-638
miRNA and MEF2C mRNA target interaction in vitro.

To assess whether miR-638 binds to MEF2C and affects its
gene expression, we first constructed a short MEF2C plasmid
containing the MRE flanking sequence (Table S2, ESIt). It was
inserted into the 3'UTR of Renilla luciferase in the psiCHECK2
vector, with the Firefly luciferase signal as the internal control
(Fig. 4A, ESIT). The miR-638, miR-638mut, and miR-scramble
were co-transfected with the plasmid. miR-638 and miR-
638mut share the same seed region, but the remaining Gs were
mutated to As in miR-638mut. The results showed that the
luciferase signals in miR-638 and miR-638mut were 2.57 + 0.04
and 2.41 £ 0.03-fold lower than that of miR-Scramble (Fig. S7A,
ESIY), suggesting that the seed region from both miR-638 and
miR-638mut can bind to the MEF2C MRE and resulted in
miRNA-mediated inhibition in gene expression.

To interrogate the impact of miR-638 rG4 formation on
miR638-MEF2C targeting in cells, we incubated the cells with
NMM while co-transfecting the miRNAs and short MEF2C
plasmid. DMSO was added into HEK293T cells as a control.
The normalized luciferase activity was measured to be 1.62 +
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Fig. 4 rG4 formation in miR-638 regulates gene expression in cells. (A)

Schematic of miR-638 targeting on the short MEF2C plasmid and full-
length 3’'UTR MEF2C plasmid. The seed region is marked in red, and the
MRE is in pink. (B) and (C) Normalised average luciferase signal acquired
24 hours post-transfection with the miR-638/miR-638mut/miR-Scramble,
short MEF2C plasmid (B), and full-length 3'UTR MEF2C plasmid (C). Cells
were treated with 40 pM NMM or DMSO in transfection. *** p < 0.001,
** p < 0.01, relative to DMSO controls; NS (not significant), p > 0.05.

0.04-fold higher under NMM conditions than DMSO when cells
were transfected with miR-638 (Fig. 4B). No significant differ-
ence was observed for miR-638mut or miR-Scramble (Fig. 4B).
We reasoned that miR-638 G4 formation is stabilized by NMM,
thus reducing the chance for miRNA-mRNA interaction and
preventing the gene down-regulation mediated by miRNA,
which led to a higher luciferase signal detected. The normal-
ized luciferase signals were reported to be similar for miR-
638mut or miR-Scramble under NMM and DMSO treatment
(Fig. 4B), illustrating that the NMM effect observed for miR-638
and MEF2C interaction is rG4-specific. To test whether this is
acting on the translational or post-transcriptional level, we
performed RT-qPCR to detect the Renilla mRNA level. No
significant difference was noticed for the Renilla mRNA expres-
sion in all groups (Fig. S8, ESIt), underlining that the rG4 in
miR-638 affects gene expression on a translational level.

To mimic the native sequence better in cells, we also
constructed a full-length 3'UTR MEF2C plasmid, including
the 3'UTR of MEF2C (Table S2, ESIT). We performed the similar
reporter gene assay described above (Fig. 4A). Both miR-638
and miR-638mut were shown to impede the MEF2C reporter
gene expression (Fig. S7B, ESIT). For the NMM effect, a 1.42 +
0.03-fold higher luciferase signal is detected under NMM com-
pared with DMSO in the miR-638 group, but not miR-638mut or

This journal is © The Royal Society of Chemistry 2023
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miR-Scramble (Fig. 4C). RT-qPCR was also employed to test the
mRNA level, and no significant difference was detected (Fig. S9,
ESIT). Collectively, miR-638 rG4 can be stabilized by NMM in
both the short and full-length construct, which resulted in the
increased luciferase signal, underscoring that rG4 formation in
miR-638 can lead to translational regulation in cells.

Overall, our computational and comparative sequence ana-
lyses have first suggested that the G-rich sequence in miR-638 is
conserved and has the potential to form an rG4 motif that could
be an RNA structural element in regulating MEF2C gene
expression (Fig. 1 and Table S1, ESI{). Next, we used a combi-
nation of spectroscopic and gel-based assays to reveal the rG4
formation in miR-638 (Fig. 2) and uncover that this rG4 con-
formation interferes with the miR-638 from targeting MEF2C
mRNA in vitro and in cells, which resulted in altered gene
expression at the translational level (Fig. 3 and 4). Previously,
rG4s have been reported in pri-miRNAs and pre-miRNAs, and
they were found to play significant roles in miRNA maturation
and function.?*” Despite the potential importance of mature
miRNA G4 in gene regulation, research on this topic remains
limited to identifying and characterizing the miRNA G4 for-
mation in vitro,">'® with little exploration and investigation
into their functional roles in cells. To fill this research and
knowledge gap, we have taken the key step to study the rG4
effect on the native miRNA-mRNA binding in vitro and uncover
the regulatory role of miR-638 G4 in MEF2C translation in cells
for the first time. Given that there are more than 160 of such
miRNA G4 candidates in the list we published earlier,'® we
think that more rG4s can be experimentally identified and
characterized in functionally important miRNAs in the future,
as these rG4 motifs may be well suited as potential RNA
structural targets for various biological applications. In this
work, we have used miR-638 and MEF2C as a proof-of-concept
example. It was reported in the literature that the up-regulation
and down-regulation of miR-638 were involved in human
cancers,'® and miR-638 could modulate the development of
MEF2C in endometrial carcinoma (EC).>° NMM is one of the
well-studied small molecules shown to bind quadruplexes and
stabilizes the G4 activity in cells,?® and in this work we have
illustrated that NMM could be used to manipulate rG4-linked
gene activity. It is worth noting that many G4 ligands, including
NMM, do not have sufficient specificity to distinguish between
dG4s versus rG4s, let alone individual G4s of interest in the
genome/transcriptome. It will be of great interest to develop
and apply new G4-specific tools to modulate the endogenous
miR-638 G4 and MERF2C in EC and other cancers in the future.

To sum up, our study reveals that an rG4 structure within
miRNA interferes with mRNA recognition, ultimately regulating
gene expression. Using miR-638 and MEF2C as an example, we
demonstrated that miR-638 contains a thermostable 1G4 con-
formation that can compete with miR-638 - MEF2C mRNA
binding, which in turn controls translation. This novel finding
highlights the significance of rG4 structures in miRNAs as
critical modulators of gene expression, and our multidisciplin-
ary approaches presented here enable the further exploration
and study of rG4s in miRNAs and other classes of ncRNAs.
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