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ABSTRACT 

Biological role for existence of overlapping structures in RNA is possible yet remains very less 

explored. G-rich tracts of RNA form G-quadruplexes while GC-rich sequences prefer stem-loop 

structures. Equilibrium between alternate structures within RNA may occur and influence its 

functionality. We tested equilibrium between G-quadruplex and stem-loop structure in RNA and 

its effect on biological processes using pre-miRNA as a model system. Dicer enzyme recognizes 

canonical stem-loop structures in pre-miRNA to produce mature miRNAs. Deviation from stem-

loop leads to deregulated mature miRNA levels, providing readout of existence of alternate 

structure per se G-quadruplex mediated structural interference in miRNA maturation. In vitro 

analysis using beacon and Dicer cleavage assays indicated that mature miRNA levels depend on 

relative amounts of K
+
 and Mg

2+
 ions suggesting an ion-dependent structural shift. Further in 

cellulo studies with and without TmPyP4 (RNA G-quadruplex destabilizer) demonstrated that 

miRNA biogenesis is modulated by G-quadruplex-stem-loop equilibrium in a subset of pre-

miRNAs. Our combined analysis thus provides evidence for formation of non-canonical G-

quadruplexes in competition with canonical stem-loop structure inside the cell and its effect on 

miRNA maturation in a comprehensive manner. 

INTRODUCTION 

G-quadruplexes are formed in G-rich stretches of nucleic acids. G-quadruplex is one of the 

most widely characterized, biologically relevant non–canonical structures in RNA. Four stretches 

of two or more guanines fold upon each other to form a planar arrangement termed as G-quartet. 

Two or more G-quartets stack upon each other to form three dimensional G-quadruplex 

structures. The metal ions stabilize the inwardly oriented oxygen atoms to stabilize the structure 
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 3

in order of K
+
> Na

+
> Li

+
.
1
 G-quadruplexes are evolutionarily conserved at telomeres and act as 

important regulatory elements in promoters and untranslated regions (UTRs).
2, 3

 Formation and 

stability of these RNA structures is dependent on the presence of different ions under in vitro 

conditions.
4-8  

Functionally, RNA G-quadruplexes act as modulators of gene expression and have 

been shown to regulate a number of processes such as mRNA translation,
 9-12  

telomere biology,
13

 

mRNA localisation,
14

 pre-mRNA splicing
15

 to name a few. Absence of complementary strand for 

RNA makes it more amenable to form secondary structures in comparison to duplex DNA. After 

years of debate, recent evidences by Balasubramanian and group have shown t the formation of 

G-quadruplexes inside the cell further highlighting its role as a biologically relevant 

structure.
16,17 

Simultaneous existence of different overlapping secondary structures in RNA is a possibility 

and equilibrium between them upon specific stimulus might play an important regulatory role 

inside the cell. Till date, very few studies have investigated the equilibrium between G-

quadruplex and hairpin duplex in a population of RNA and if studied have been limited to in 

vitro conditions.
 6,18

 Recently, Balasubramanian and group tested the competition between a G- 

quadruplex and hairpin structure under cellular mimicking but in vitro conditions. NMR studies 

concluded G-quadruplex to be more stable conformer than hairpin in RNA under physiologically 

relevant conditions.
6
 However the occurrence of transition between alternate RNA structures and 

equilibrium between two structures in same RNA molecule inside the cell still remains elusive.  

     Most of the studies with RNA G-quadruplexes are limited to understanding its regulatory 

role in coding mRNAs. With emerging functions of non-coding RNAs in biology, studying the 

role of G-quadruplexes in non-coding repertoire of the cell is a requisite.
 19,20

 MiRNAs are the 

most extensively studied class of non-coding RNAs that regulate gene expression and maintain 
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homeostasis of the cell.
21

 Deregulation of miRNAs has been linked to various physiological 

abnormalities and pathological conditions highlighting their importance as key players in cellular 

playground.
22-25

 Small functional miRNAs are produced by a highly co-ordinated series of 

enzymatic cleavages from its primary form (pri-miRNA) to its mature form (miRNA) via an 

intermediate premature form (pre-miRNA). Pre-miRNAs form a hairpin structure with a duplex 

stem region followed by a terminal single stranded loop. Stem-loop region of pre-miRNA is 

recognized by Dicer, a cytoplasmic enzyme which cleaves it to generate mature miRNAs inside 

the cell.
26,27

 Mature miRNAs are ~20-23 nucleotides long transcripts which bind to their cognate 

mRNA targets and inhibit/regulate the gene expression. Interference with/or deviation from the 

canonical stem-loop structure leads to reduced cleavage by Dicer effectively decreasing mature 

miRNA production. Small molecules effectively decrease miRNA levels by blocking Dicer 

cleavage and hence are considered to be attractive potential therapeutics for various pathological 

conditions characterized by deregulated miRNA levels.
28-30

 
 

     Herein, we examined the equilibrium between Hoogsteen bonded G-quadruplexes and 

Watson-Crick bonded stem-loop in RNA in a more biologically relevant environment (inside the 

cell), using pre-miRNA as a model system. Our combined analysis of in vitro and in cellulo 

studies  report the occurrence of G-quadruplexes in pre-miRNAs and its influence in governing 

the biogenesis of miRNAs in the cell by a “structural interference” mechanism. Similar 

observations have been reported for miR-92b when our manuscript was in preparation.
31

 

However, our study demonstrates both G2 (two stacked G-quadruplexes formed by four runs of 

two guanines separated by intervening bases) and G3 quadruplex (three stacked G-quadruplexes 

formed by four runs of three guanines separated by intervening bases) as metastable switches 

that form inside the cell and regulate pre-miRNA maturation. We further present a more global 
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 5

role for G-quadruplex mediated structural interference in premature miRNAs upon 

destabilization of RNA G-quadruplexes using well characterized porphyrin molecule TmPyP4.  

EXPERIMENTAL METHODS 

In vitro transcription of pre-miRNAs. In vitro transcription of pre-miRNAs was carried out 

using Megascript T7 IVT kit (Ambion) as per manufacturer’s instructions. Briefly, forward and 

reverse primers designed for each pre-miRNA were heated and annealed to form a partially 

complementary double stranded-DNA which was elongated to produce a fully complementary 

double stranded-DNA template with T7 promoter. In vitro transcription was carried out 

overnight at 37 °C in a thermally controlled PCR machine. Template DNA was digested using 

TURBO DNase and RNAs were purified using NucAway columns (Ambion). Pre-miRNAs were 

further checked on polyacrylamide gel electrophoresis for their integrity and purity using 

ethidium bromide staining. The primer sequences used for pre-miRNAs were purchased from 

Sigma Aldrich and are as follows- 

 

Pre-

miRNA 

Forward Primer Reverse Primer 

Quad-pre-

miR-27a 

TAATACGACTCACTATAGGG

GATGGGCAGGGCUUAGCUGCU

UGUGAGCAGGGUCCACACCAA

GUCGUGUUC 

GGGTAGGGCGGAACTTAGCC

ACTGTGAACACGACTTGGTGTG

GACCCTGCTCACAAGCAGCTAA

GCCCTGC 

Stem-loop 

pre-miR-27a 

TAATACGACTCACTATAGCU

GAGGAGCAGGGCUUAGCUGCU

UGUGAGCAGGGUCCACACCAA

CTGGGGGGCGGAACTTAGCC

ACTGTGAACACGACTTGGTGTG

GACCCTGCTCACAAGCAGCTAA
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Molecular beacon based Screening. The design and sequence of the molecular beacon is 

mentioned in Supplementary Scheme S2.  Stem-loop pre-miR-27a and Quad pre-miR-27a was 

heated to 90 °C followed by slow cooling to 37 °C  under different ionic conditions namely 

Magnesium [Mg
2+

]  (1 mM MgCl2),  Potassium [K
+
] (150 mM), Magnesium and  different 

concentrations of potassium [Mg
2+

 + K
+
] (1 mM MgCl2 + 5, 25, 50, 100 and 150 mM KCl) in 10 

mM Tris Buffer (pH-7.4). Further pre-mir-27a was incubated with 0.5 U Dicer (Gel Atlantis) and 

molecular beacon at a concentration of 25 nM for four hours. The fluorescence spectra were 

collected in a Fluorolog spectrofluorometer equipped with a thermally controlled cuvette holder 

at 37 °C. Fluorophore FAM was excited at 492 nm and its emission spectra were recorded from 

510 nm to 535 nm at a slit width of 5 nm. The emission spectrum was further plotted using 

Origin 7.0. Dicer cleavage efficiency was calculated and is represented in Figure 2. 

  For time course kinetics experiment, heat cooled pre-miRNAs were incubated with molecular 

beacon for 10 minutes. Dicer was added and fluorescence was measured at regular intervals till a 

saturation was reached using a Tecan plate reader. The data was analysed using Origin 7.0. 

GUCGUGUUC GCCCTGC 

Pre-let-7e TAATACGACTCACTATAGCC

CGGGCTGAGGTAGGAGGTTGT

ATAGTTGAGGAGGACACCCAA 

CCTGGGGAAAGCTAGGAGGC

CGTATAGTGATCTCCTTGGGTG

TCCTCCTCAACTATACAACC 

Pre-let-7e 

MQ 

(Mutant 

quadruplex) 

TAATACGACTCACTATAGCC

CGAGCTGAGGTAGGAGGTTGT

ATAGTTGAAGAGGACACCCAA 

CCTGGGGAAAGCTAGGAGGC

CGTATAGTGATCTCCTTGGGTG

TCCTCCTCAACTATACAACC 
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 7

Dicer Cleavage Assay. 5′  end  P
32

 labelled pre-miRNA was heated to 90 °C for 2 minutes 

followed by slow cooling to 37 °C under different ionic conditions of magnesium (1 mM 

MgCl2), potassium (150 mM KCl), magnesium and potassium (1 mM MgCl2 and 150 mM KCl) 

in 10 mM Tris buffer (pH-7.4). Dicer enzyme was added at a concentration of 0.5 U and reaction 

was incubated at 37 °C for 90 minutes. Equal volume of gel loading buffer II (Ambion) 

containing 95 % formamide and 18 mM EDTA was used to stop the reaction. The products were 

separated onto a 15 % denaturing PAGE. The gel was exposed overnight and analysed using 

Typhoon FLA 7000 and ImageQuant 5.2 software. 

Enzymatic Footprinting. 5′ end P
32

 labelled pre-miRNA (75000 cpm) was denatured by 

heating to 90 °C followed by slow cooling to 37 °C under different ionic conditions of 

magnesium (1 mM MgCl2), potassium (150 mM KCl), magnesium and potassium (1 mM and 

150 mM potassium) in 10 mM Tris buffer (pH-7.4). RNase T1 (0.05 U) was added and reaction 

was incubated for 10 minutes at 37 °C. Equal volume of Gel loading Buffer II (Ambion) was 

used to stop the reaction followed by snap chill. Digested products were further separated onto a 

15% denaturing PAGE in a sequencing gel apparatus (BioRad). The gel was exposed overnight 

and the image was analysed in a Typhoon FLA 7000 and ImageQuant 5.2 software. 

Circular Dichroism (CD) spectroscopy. CD spectra of all the sequences were recorded using 

a Jasco 815 spectropolarimeter. The samples were prepared by slow annealing (after heating to 

90 ºC for 5 min, followed by programmed cooling at 0.2 ºC/min) in 10 mM Tris buffer (pH-7.4) 

containing magnesium and potassium (1 mM MgCl2 and 150 mM KCl) at strand concentrations 

of 2 µM each. CD scans were collected with increasing temperature and subjected to MCR-ALS 

analysis. The spectra obtained were the average of three consecutive scans for each sample with 

path length of 10 mm and bandwidth of 1 nm. CD spectra for Quad-pre-miR-27a and pre-let-7e 
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 8

were collected from 320-200 nm both in absence and presence of 10 µM of TmPyP4. Further 

analysis was performed using Origin 7.0. 

Multivariate data analysis. Data recorded along melting experiments were analyzed by 

means of Multivariate Curve Resolution based on Alternating Least Squares (MCR-ALS), a soft-

modelling-based multivariate method.
32

 This method has been used extensively to analyze data 

recorded along melting experiments of nucleic acids,
33,34

 genomic data from DNA microarrays
35

 

or image analysis of biological material.
36

  

Briefly, the goal of the method is the resolution of the complex spectroscopic data into the 

contributions of the n individual species or conformations present in the experiment. The method 

provides the distribution profile, which reflects the variation of the concentration of each 

individual species or concentration with increasing temperature, as well as the corresponding 

pure spectra, i.e., the spectrum corresponding to each one of the individual species or 

concentrations. A more detailed description of the method can be found elsewhere and in th 

supplementary section.
32,37

 

Quantitative real-time PCR (qRT-PCR). MCF-7 cells were cultured in DMEM high glucose 

media supplemented with 10 % FBS at 37 °C in a 5% CO2 incubator. MCF-7 cells were seeded 

at a density of 3 x 10
6
 cells per well in a six well plate. Pre-miRNAs were transfected at 

concentration of 100 nM and 50 nM for pre-miR-27a and pre-let-7e respectively.  Cells were 

harvested after 48 hours of transfection and RNA was isolated using Trizol method. cDNA was 

prepared from 1 µg of RNA using MMuLV reverse transcriptase and stem-loop specific primers 

against pre-miRNAs of interest. Quantitative real time PCR was performed using SyBr Green in 

a Roche LightCycler 480. The levels of mature miRNA levels were quantified using specific 

forward primers and universal stem-loop primers against miR-27a and let-7e (sequences given 

Page 8 of 43

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 9

below in the table).  MiRNA levels were normalised to U6 gene as a control. Fold change 

analysis was performed using standard delta delta Ct method.
38

  

For TmPyP4 treatment, 10 µM of TmPyP4 (Sigma) was added to the cells after 24 hours of pre-

miRNA transfection. Cells were grown for 24 hours after TmPyP4 and RNA was isolated using 

Trizol method. Subsequently, qRT-PCR was performed with the transfected and treated MCF7 

cells. 

 

 

Pre-

miRNA 

Stemloop primer Forward Primer 

miR-

27a 

CTCAACTGGTGTCGTGGAGTCGGCA

ATTCAGTTGAGGCGGAACT 

ACACTCCAGCTGGGTTCA

CAGTGGCTAAG 

Let-7e CTCAACTGGTGTCGTGGAGTCGGCA

ATTCAGTTGAGTTCCTTCT 

ACACTCCAGCTGGGTGAG

GTAGGAGGTTG 

U6 

snRNA 

CTCAACTGGTGTCGTGGAGTCGGCA

ATTCAGTTGAGGAATTTGC 

ACACTCCAGCTGGGCGCA

AGGATGACACG 

 

The universal primer sequence for all stem-loop primers is- 

GTGTCGTGGAGTCGGCAATTC. 

Global profiling for quadruplex harbouring pre-miRNAs was performed upon 10 µM TmPyP4 

(a porphyrin compound that destabilises RNA G-quadruplex structure) a treatment of MCF7 

cells for 48 hours. RNA was isolated using Trizol method and cDNA synthesis was performed 

using Human miRnome profiler kit (SBI System Biosciences) and as per manufacturer’s 
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 10

instructions. Primers from human miRnome profiler plates were suspended in a new 384 plate 

and further used to quantify expression changes in miRNAs harbouring PQs in their premature 

forms. Ten miRNAs (including U6 snRNA) with no PQS in their premature forms were used as 

input controls to normalise the data. 

Luciferase Assay. MCF-7 cells were cultured in DMEM high glucose media supplemented 

with 10 % FBS at 37 °C in a 5% CO2 incubator. Cells were seeded (50000 cells/well) in a 24 

well plate and transfection was performed at 70 % confluency. 200 ng of target plasmid was 

transfected per well using Cellfectin 2 (Invitrogen) along with pre-miRNAs. For pre-miR-27a, 

psicheck-2 vector containing 3′ UTR of Prohibitin gene under Renilla luciferase was used as 

target for miR-27a and Firefly luciferase acted as normalising control. For pre-let-7e, vector 

containing 3′ UTR of IL-13 gene cloned under Firefly luciferase was used as a let-7e target and 

Renilla plasmid served as a normalising control. Pre-miRNAs were transfected along with target 

luciferase plasmids. The concentrations employed for Stem-loop pre-miR-27a, Quad-pre-miR-

27a, pre-let-7e and mutant pre-let-7e were 100 nM, 100 nM, 50 nM and 50 nM respectively. 

Cells were harvested after 48 hours of transfection and luciferase levels were quantified using a 

dual luciferase assay (Promega). 

For TmPyP4 treatment, 10 µM of TmPyP4 was added to the cells after 24 hours of pre-miRNA 

transfection. Cells were grown for 24 hours after TmPyP4 and lysate was prepared using 

manufacturers instructions. Subsequently, luciferase assays were performed with the transfected 

and treated MCF7 cells. 

RESULTS 

Experimental design and in vitro evidence of equilibrium shift between alternate 

structures in a synthetic pre-miR-27a.  Pre-miRNAs are cleaved by Dicer enzyme to produce 
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 11

mature miRNAs. Cleavage reaction is structure dependent wherein stemloop structure of pre-

miRNAs is recognised by Dicer for efficient miRNA production. To understand the effect of 

equilibrium and/or a transition between different structures namely G-quadruplex and stem-loop 

in RNA, we chose well characterized premature miR-27a as model RNA molecule. Pre-miR-27a 

does not contain a putative quadruplex sequence (PQS) in its precursor form. Systematic point 

mutations in pre-miR-27a (Stem-loop pre-miR-27a) were designed to introduce a PQS in its 

sequence such that new pre-miR-27a (referred as Quad-pre-miR-27a) can potentially form a G-

quadruplex and alter the canonical stem-loop structure (Scheme 1). Care was taken that both pre-

miRNA sequences-Quad- pre-miR-27a and Stem-loop pre-miR-27a potentially gave rise to same 

mature miRNA sequence and their GC content remains similar. 

     In vitro quantification of mature miR-27a was performed using a molecular beacon 

approach.
39

 A beacon containing a fluorophore (FAM) at one end and a quencher at the other 

was designed with its terminal loop complementary to mature miR-27a sequence. Binding of 

beacon to mature miR-27a separates the fluorophore from quencher resulting in an enhanced 

fluorescence signal (Supplementary figure Scheme S1). Different ions stabilize different 

structures in RNA. Magnesium ions aid in hairpin formation while potassium ions stabilize G-

quadruplexes.
6
 Levels of mature miRNA produced in different ionic conditions were used to 

examine the role of G-quadruplex mediated structural interference on miRNA maturation. A 

time dependent kinetics experiment was performed to check for any differences in Dicer 

cleavage efficiency of Stem-loop-pre-miR-27a and Quad-pre-miR-27a. Under conditions of only 

magnesium (Mg
2+

), kinetics was found to be similar for both the pre-miRNAs but under 

conditions of magnesium and potassium (Mg
2+

 and K
+ 

in conditions of magnesium (Mg
2+

), 

kinetics was found to be different (Figure 1A). Quad-pre-miR-27a showed a lag phase in 
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 12

fluorescence levels as opposed to Stem-loop-pre-miR-27a suggesting that an alternate structure 

may hinder the Dicer processing of Quad-pre-miR-27a. A saturation in mature miRNA level was 

achieved after 3 hours of incubation with Dicer for both pre-miRNAs under different conditions 

(Figure 1).To normalize for the effect of cations, Dicer cleavage of Stem-loop pre-miR-27a and 

Quad-pre-miR-27a was carried out in presence of both magnesium and potassium ions after four 

hours (under saturating conditions). Stem-loop-pre-miR-27a and Quad-pre-miR-27a were 

incubated with beacon under different salt conditions (1 mM Mg
2+

+ varying concentration of K
+
) 

and subjected to Dicer cleavage. In each condition, cleavage activity of Dicer for Stem-loop pre-

miR-27a was normalized to one and compared with Quad-pre-miR-27a. Fluorescence analysis 

revealed that increasing concentrations of K
+
 led to lesser cleavage of Quad-pre-miR-27a than 

Stem-loop pre-miR-27a (Figure 1B). It is known that potassium ions drastically reduce the Dicer 

activity by locking the Dicer-dsRNA complex in a catalytically inactive form thus reducing the 

production of mature miRNAs.
40

 Significantly less levels of mature miR-27a in presence of only 

potassium was attributed to the inhibitory role of potassium ions on Dicer activity 

(Supplementary figure S1A). Normalisation of data to unity for Stem-loop pre-miR-27a did not 

show any significant change between Quad-pre-miR-27a and Stem-loop pre-miR-27a in 

potassium only condition (150 mM KCl) (Supplementary figure S1B). However at 

physiologically relevant concentrations of 1mM Mg
2+

 and 150 mM KCl, less cleavage occurred 

in Quad-pre-miR-27a than Stem-loop-pre-miR-27a (Supplementary figure S1B). Production of 

varying amounts of mature miRNA could be due to reduction in Dicer activity alone or due to 

formation of G-quadruplexes that in turn interfere with cleavage of pre-miRNA. Since the 

reduction in miRNA production was significantly more for Quad-pre-miR-27a as compared to 
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Stem-loop pre-miR-27a, it pointed towards a role of G-quadruplex mediated interference on 

Dicer processing. 

     To validate the results obtained from molecular beacon approach, Dicer cleavage assays 

were performed using radiolabelled Stem-loop pre-miR-27a and Quad-pre-miR-27a. Labelled 

pre-miRNAs were folded and subjected to Dicer cleavage under different ionic conditions (Mg 

[1 mM Mg
2+

], K [150 mM K
+
] and Mg + K [1 mM Mg

2+
 and 150 mM K

+
]. Cleaved products 

were analyzed using denaturing gel electrophoresis and corresponding band intensities were 

calculated. Autoradiograph obtained further corroborated the beacon based results showing 

lower levels of prcleavage product in Quad-pre-miR-27a than pre-miR-27a under physiologically 

relevant salt conditions of 1 mM Mg
2+

 and 150 mM K
+
 (Supplementary Figure S2). Since the 

production of cleavage product is different for Stem-loop pre-miR-27a and Quad-pre-miR-27a; 

reduced Dicer activity due to cation effect alone seemed insufficient to explain this behaviour. 

Varying amounts of cleaved product could be attributed to an equilibrium shift in Quad-pre-miR-

27a between non-canonical G-quadruplex and canonical stem-loop that interferes with Dicer 

cleavage leading to lesser cleaved product for Quad-pre-miR-27a as compared to Stem-loop pre-

miR-27a.  

RNase T1 footprinting reveals formation of G-quadruplex in Quad-pre-miR-27a. To 

reveal the identity of alternate structure formed in Quad-pre-miR-27a, RNase T1 footprinting 

was performed. RNAse T1 cleaves after guanine residues present in RNA. Guanine residues 

involved in formation of structure are constrained and less amenable to T1 cleavage thus leading 

to their protection and less intense bands on the gel.
12

 Quad-pre-miR-27a was heated and 

allowed to fold in different conditions (Mg
2+

, K
+
, Mg

2+
 + K

+
 and Li

+
) before enzymatic probing. 

Lithium ions do not promote or stabilize G-quadruplexes and hence served as control 
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monovalent ions. RNase T1 digestion revealed that guanine residues predicted to be involved in 

G-quadruplex formation in Quad-pre-miR-27a were protected and displayed less intense bands 

on gel in presence of (Mg
2+

 + K
+
) and K

+
 ions. Moreover, protected guanine bands showed a 

decreased intensity in order of K
+
 > Mg

2+
 + K

+
 ions. No protection was observed in presence of 

lithium ions suggesting the existence of a potassium dependent structure per se G-quadruplex 

(Figure 2). 

MCR-ALS analysis resolves and estimates distribution of G-quadruplex and stem-loop in 

pre-miRNAs. UV and CD spectroscopy have been used to assess the formation and stability of 

structures in nucleic acids. However, presence of more than two structural species that are ionic 

dependent may result in a mixture of absorption spectra from both species making it difficult to 

delineate the stability and formation of these structures. CD signature for duplex RNA and G-

quadruplex RNA display positive maxima at 263 nm and negative minima at 240 nm.
41

 Thus 

determining the contribution of G-quadruplex and stem-loop to the CD spectrum for G-

quadruplex containing pre-miRNA is relatively difficult. The structural equilibria and associated 

conformational changes between different nucleic acid structures can be resolved using 

multivariate curve resolution analysis method based on alternating least squares (MCR-ALS).
42

 

MCR-ALS assesses and resolves different possible conformations and estimates their 

distribution profile and pure spectra based on the data collected for multiple wavelengths under 

varying temperature and salt concentrations.
42

 CD melting experiments were performed for 

Quad-pre-miR-27a, Stem-loop pre-miR-27a, pre-let-7e and mutant pre-let-7e in different ionic 

conditions (magnesium [Mg
2+

],   magnesium + potassium [Mg
2+

 + K
+
] and potassium [K

+
]) to 

understand the conformational equilibrium between G-quadruplex and stem-loop and data was 

subjected to MCR-ALS (refer to supplementary for a detailed description of the analysis).  
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 15

      MCR-ALS analysis indicated presence of three components- G-quadruplex [blue], stem 

loop [green] and single stranded structures [pink] for Quad-pre-miR-27a (Figure 3)  Distribution 

profiles for Quad-pre-miR-27a showed presence of G-quadruplex species at physiological 

temperature that unfolds to form stem-loop and single stranded species with increasing 

temperature (Figure 3 panel a). Third component was found to be absent for Stem-loop pre-miR-

27a further supporting a G-quadruplex-stemloop equilibrium shift in pre-miRNA (Figure 3 panel 

c). Pure spectra obtained from MCR-ALS for Quad-pre-miR-27a demonstrated G-quadruplex to 

be the major conformer in comparison to stem-loop structure (Figure 3 panel b). CD spectra for 

duplex and G-quadruplex RNA display a maxima at 263 nm and a minima at 240 nm making it 

difficult to determine the identity and contribution of both structures towards the spectrum.
41

 

Careful analysis of CD melting data at 263 nm showed a broad melting domain for the G-

quadruplex harbouring pre-miRNAs and a sharper melting domain for non-G-quadruplex 

harbouring pre-miRNAs (Supplementary figure S3A). The broad melting domain could be 

attributed to presence of more than two structural species (G-quadruplex and stem-loop) with 

similar CD signature.  

Thus, MCR-ALS resolved and determined the presence of G-quadruplex in pre-miRNAs-

Quad-pre-miR-27a and pre-let-7e and suggested G-quadruplex to be major conformer between 

stem-loop and G-quadruplex at physiological temperature. 

Quadruplex harbouring pre-miR-27a produces less mature miRNA inside the cell. 

Although in vitro studies point towards existence of G-quadruplex in Quad-pre-miR-27a, cellular 

conditions differ considerably from favourable in vitro conditions. Molecular crowding 

conditions may affect structural transitions and have been shown to favour G-quadruplexes over 

canonical Watson-Crick base pairing structures in DNA.
43

 To determine G-quadruplex formation 
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 16

and its regulation of mature miRNA levels inside the cell, quantitative real time PCR (qRT-PCR) 

was performed for miR-27a. Full length pre-miR-27a and Quad-pre-miR-27a were transfected 

into MCF-7 cells and mature miRNA levels were measured using specific stem-loop primers 

against mature miR-27a. U6 RNA was used as a normalisation control. qRT-PCR analysis 

showed less mature miR-27a levels for Quad-pre-miR-27a than Stem-loop pre-miR-27a. A 

difference of more than three-fold was observed between Quad-pre-miR-27a and Stem-loop pre-

miR-27a transfected samples (Figure 4A). The difference in mature miRNA levels points 

towards a possible interference in Dicer processing owing to formation of G-quadruplex in 

Quad-pre-miR-27a as opposed to Stem-loop-pre-miR-27a. 

     To further ascertain the biological significance of G-quadruplex in Quad-pre-miR-27a, 

luciferase assays were performed for miR-27a target- prohibitin. Plasmid containing miR-27a 

target was used to determine the change in luciferase levels upon transfection of Quad-pre-miR-

27a and Stem-loop pre-miR-27a. Luciferase assays showed more reporter luciferase signals in 

Quad-pre-miR-27a than Stem-loop pre-miR-27a (Figure 4B). The resultant increase in reporter 

signal for Quadpre-miR-27a is an effect of deregulated mature miRNA levels owing to 

equilibrium shift thus favoring G- quadruplex population. Luciferase studies hence provided a 

proof for biological role of G-quadruplex in pre-miRNA processing which in turn would regulate 

levels of target mRNA of these pre-miRNAs. Thus presence of putative G-quadruplex sequence 

along with stem-loop prone regions in RNA may form G-quadruplex inside cellular milieu under 

specific stimuli and influence miRNA processing machinery. Similar results have been reported 

recently for miR-92b using luciferase reporter systems.
31

   

In silico analyses of occurrence of G-quadruplexes in pre-miRNAs.  A comprehensive in 

silico analysis was performed across all pre-miRNA sequences using an in house tool – 
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Quadfinder to examine the occurrence of G-quadruplexes in premature microRNAs.
44

 The 

consensus motif used for searching putative quadruplex sequences was based on the total number 

of bases in the loop denoted as Nsum as opposed to the conventional pattern search for G-

quadruplexes. G2 with Nsum ≤ 7 and G3 quadruplexes with Nsum ≤ 22 was used to predict the 

occurrence of stable and metastable G-quadruplexes in pre-miRNA. The cut off values for the 

sum of total number of bases in loop were chosen based upon the experimental results obtained 

Quad-pre-miR-27a (Nsum=22). Biophysical characterizations of G2 and G3 RNA quadruplexes 

from our lab have shown G2U3 (Nsum=9) and G3U15 ((Nsum= 45) to be stable structures with Tm 

values of 30 °C and hence a conservative cut-off of Nsum=7 with a predicted Tm of 37 °C for G2 

quadruplexes.
7
 Bioinformatics’ prediction was also performed with cut off of G2 (Nsum=9) and 

G3 (Nsum=45) (Supplementary table 1). We observed occurrence of overlapping putative G-

quadruplexes in premature miRNAs of mirbase v20.
45

 Data was further filtered to obtain unique 

pre-miRNAs which house at least one putative G-quadruplex in its sequence. Bioinformatics 

analyses predicted presence of 180 G2 (Nsum ≤ 7) and 76 G3 (Nsum ≤ 22) suggesting that 13 % of 

pre-miRNAs harbour atleast one G-quadruplex motif in their sequence (Figure 5A). Prediction 

with G2 (Nsum ≤ 9) and G3 (Nsum ≤ 45) further increased the prediction to 23 % of pre-miRNAs 

housing a G-quadruplex motif. We further analyzed the G-quartets, loop length and composition 

of positive hits to examine the stability of G-quadruplexes. Majority of PQS in pre-miRNAs 

were found to contain shorter loops with a major enrichment of mononucleotide loops suggesting 

a potential existence of stable G-quadruplexes under favourable conditions (Figure 5C and 

5D).
5,7

 More than half of all the putative PQS contain at least two mononucleotide loops further 

strengthening the existence of potential G-quadruplex structures in pre-miRNAs. A more 

comprehensive analysis of positive hits and their loop distribution profiles is provided in 
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Supplementary Table 1 sheet 2-4. The composition of loop nucleotides in all the hits were 

dominated by adenine in order of A > C > U (Supplementary Figure S4). Higher percentage of 

adenines and less cytosines in predicted PQS further suggest that non-canonical structures such 

as G-quadruplexes can form in pre-miRNAs and regulate miRNA production. Bioinformatics 

data was further scrutinized to determine GC content and thermodynamic stability of quadruplex 

harbouring pre-miRNAs and non-quadruplex pre-miRNAs. It was found that although mean 

thermodynamic stability (∆G) remained similar for G-quadruplex pre-miRNAs and non-Quad-

pre-miRNAs, their GC contents differed considerably. Mean GC content of non-Quad-pre-

miRNAs was found to be 48% while G-quadruplex harbouring pre-miRNAs possess a GC 

content of 60% (Figure 5B). Since G-quadruplexes are formed in G rich tracts, it is intuitive that 

pre-miRNAs with higher GC content have evolved structural interference mechanism using G-

quadruplex motifs to regulate the production of mature miRNAs upon specific stimulus and 

requisite of the cell. 

G2 quadruplex in pre-let-7e regulates mature let-7e production. G2 quadruplexes with 

shorter loop size are metastable and possess a thermal stability in range of physiological 

temperature. Let-7e-a G2 quadruplex with Nsum=7 was chosen as a representative to investigate 

the effect of metastable G-quadruplexes on pre-miRNA processing (Supplementary Scheme S2). 

Let-7 family of miRNA is well studied and has been shown to be deregulated in different cancers 

and important biological processes.
46

 Pre-let-7e (quadruplex harbouring) and pre-let-7e MQ (G 

to A mutant for disruption of G-quadruplex) were in vitro transcribed, radiolabelled and 

subjected to Dicer cleavage assay.  Dicer assay showed that under conditions of Mg
2+

 + K
+
, 

mature let-7e production was less in pre-let-7e as compared to pre-let-7e MQ (Supplementary 

Figure S5). Dicer analysis pointed towards the presence and involvement of a potassium 
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dependent structure such as G-quadruplex in pre-let-7e that interferes with Dicer processing 

leading to lesser let-7e production.  

G2 quadruplexes are less stable as compared to G3 quadruplexes. CD melting was performed 

under different ionic conditions and data was analysed using MCR-ALS method. MCR-ALS 

analysis revealed the distribution profiles and quantified the relative concentration of different 

structural species in pre-let-7e and pre-let-7e MQ. MCR-ALS of pre-let-7e showed presence of 

three components- A, B and C (namely G-quadruplex, stem-loop and single stranded RNA) 

(Supplementary figure S6 panel a). Pure spectra analysis further suggested G-quadruplex to be 

the major conformer at physiologically relevant temperatures (Supplementary figure S6 panel b). 

Distribution profiles were similar to Quad-pre-miR-27a suggesting the existence of a G-

quadruplex at lower temperature which unfolds leading to an increase in duplex RNA population 

that in turn melts at higher temperature to form single stranded RNA (Supplementary figure S6 

panel a). Pre-let-7e MQ analysis suggested existence of only two components with a pure spectra 

analysis showed an absence of G-quadruplex signature (Supplementary figure S6 panel c and d). 

CD melting at 270 nm displayed a broad melting domain for pre-let-7e as opposed to pre-let-7e 

MQ with a sharp melting domain (Figure S3B). The broad domain further suggested the 

existence of multiple structural species in pre-let-7e in turn pointing towards G-quadruplex 

formation in pre-let-7e. 

Let-7e being a G2 quadruplex further supports the hypothesis that metastable G-quadruplexes 

form in presence of potassium ions and interfere with Dicer cleavage thus producing less mature 

let-7e under in vitro conditions. However whether G2 quadruplex forms and affects miRNA 

maturation inside the cellular conditions needed to be examined.. To this end, we carried out 
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transfection experiments in MCF-7 cells using full length pre-let-7e (G2 quadruplex) and pre-let-

7e MQ (mutant quadruplex). 

     Pre-let-7e and pre-let-7e MQ were transfected and mature let-7e levels were quantified 

using real time PCR primer specific for mature let-7e. qRT-PCR analysis revealed a difference 

of more than five-fold of mature let-7e levels between pre-let-7e and pre-let-7e MQ transfected 

samples (Figure 6A). This significant change in mature let-7e levels suggests a structural 

interference in Dicer processing due to formation of alternate potassium dependent structure per 

se G-quadruplex in wild type pre-let-7e. We further validated the influence of deregulated let-7e 

levels on its target mRNAs using a reporter plasmid containing IL-13 gene (target of let-7e) 

cloned under Firefly luciferase.
47

 Luciferase assays showed more reporter signals in pre-let-7e 

than pre-let-7e MQ corroborating the effect of G-quadruplex on pre-let-7e and its consequence 

on luciferase levels (Figure 6B). Thus, both in vitro and in cellulo results for let-7e revealed that 

a metastable G2-quadruplex could form in its precursor form and regulate mature let-7e levels 

inside the cell.  

TmPyP4 destabilises RNA G-quadruplexes in pre-miRNAs and modulates production of 

mature miRNA. Selective ligands have been used to stabilize/destabilize G-quadruplexes due to 

importance of these structures as potential anti-cancer therapeutic modules in gene networks.
48

 

Cationic porphyrin TmPyP4 (tetra-(N-methyl-4-pyridyl)porphyrin) is a potent stabilizing ligand 

for DNA G-quadruplexes and has recently been shown to destabilize RNA G-quadruplexes.
48,49

 

A decrease in CD signal strength was observed for both Quad-pre-miR-27a and pre-let-7e RNA 

in presence of 10 µM TmPyP4 treatment confirming the destabilization effect of the ligand on 

RNA G-quadruplex (Supplementary Figure S7). To test the efficacy of TmPyP4 on G-

quadruplexes inside the cells, MCF-7 cells transfected with G-quadruplex and non-quadruplex 
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pre-miRNAs (Quad-pre-miR-27a and Stem-loop pre-miR27a and let-7e and let-7e MQ) were 

treated with 10 µM TmPyP4 and respective mature miRNA levels were quantified by qRT-PCR.  

Pre-miRNAs containing putative G-quadruplexes showed an increase in mature miRNA levels 

upon TmPyP4 treatment suggesting destabilization of G-quadruplexes by porphyrin TmPyP4 

inside the cell.  An increase of more than three-fold was observed for Quad-pre-miR-27a and a 

difference of more than four-fold was observed for let-7e (Figure 7A). A moderate increase was 

also seen in pre-miRNAs which do not contain putative quadruplex motifs which could be due to 

non-specific effects of TmPyP4 treatment.  

Further luciferase assays were performed to assess the functional role of increased mature 

miRNAs upon TmPyP4 treatment. Destabilization of G-quadruplexes in pre-miRNAs by TmPyP4 

leads to more production of mature miRNA and hence decreased luciferase levels for the 

corresponding target genes. Decrease in luciferase levels was found to be more pronounced for 

Quad-pre-miR-27a and pre-let-7e as compared to their non-quadruplex harbouring counterparts-

pre-miR-27a and let-7e MQ (Figure 7B). TmPyP4 mediated deregulation in mature miRNA 

levels and its consequent effect on luciferase levels further provides evidence of G-quadruplex 

occurrence and formation in pre-miRNA and role of equilibrium and transition between alternate 

structures in regulating biological processes. 

Comprehensive analysis of mature miRNA levels for G-quadruplex harbouring pre-

miRNAs upon TmPyP4 treatment. We further went on to characterize the effect of G-

quadruplex in pre-miRNA processing in a more general manner. A high-throughput qRT-PCR 

approach was used to assess the miRNA levels of quadruplex harbouring pre-miRNAs upon 

TmPyP4 treatment. A total of 100 pre-miRNAs harbouring quadruplexes were chosen along with 

ten non-quadruplex harbouring pre-miRNAs (as control). Corresponding mature levels were 
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quantified upon treatment of MCF7 cells with 10 µM TmPyP4. Expression analyses revealed that 

G-quadruplex harbouring pre-miRNAs displayed significantly higher fold changes in their 

mature miRNA production (Figure 8). In contrast, non-quadruplex harbouring pre-miRNAs 

displayed no change or significantly less up regulation in their mature miRNA levels 

(Supplementary Table sheet 5). Thus, TmPyP4, a RNA G-quadruplex destabilizing ligand shifts 

the structural shift towards stem-loop structures and increases the production of mature miRNAs 

in G-quadruplex harbouring pre-miRNAs. Increased mature miRNA levels upon ligand 

treatment suggested a more global role of G-quadruplex mediated structural interference in pre-

miRNA biology and establishes the role of structural shift between overlapping structures in 

RNA to play a key role inside the cell upon specific stimulus. Thus alternate structures such as 

G-quadruplex in pre-miRNAs add another layer of regulation to miRNA biogenesis and in turn 

the overall response of a cell towards its environment.   

DISCUSSION 

RNA folding in vivo differs considerably from in vitro conditions. Different structures can 

coexist and transit within same RNA molecule in response to specific cues as per the cellular 

requirement.
6,18,19

 Multiple overlapping structures can exist within the same RNA molecule and 

these structures may undergo equilibrium shifts favoring one over the other in response to 

varying ionic conditions, molecular crowding, other specific interacting partners and a range of 

stimuli.
19

 MicroRNAs (miRNAs) are small non-coding RNAs that act as silencing molecules 

inside the cell by binding to their cognate mRNAs and regulate gene expression in various 

physiological and pathological conditions.
21-25

 Primary miRNAs (pri-miRNAs) are transcribed 

by RNA Pol II and processed by Drosha to form premature miRNAs (pre-miRNAs). Pre-

miRNAs are exported to cytoplasm and processed by Dicer to produce functional miRNA 
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molecules. Various components of miRNA processing pathways have been targeted to regulate 

miRNA levels and bring about homeostasis inside the cell.
29,30

 In this study, we unravel a G-

quadruplex mediated “structural interference” mechanism present in pre-miRNAs that regulates 

miRNA levels. Canonical stem-loop structure of pre-miRNAs is recognised by Dicer for 

efficient cleavage and production of mature miRNA levels. We observed the occurrence of 

potential G-quadruplexes in pre-miRNA sequences and sought to determine whether equilibrium 

shift between non-canonical G-quadruplexes and canonical stem-loop structures in premiRNAs 

could act as a new regulatory mechanism for governing miRNA levels.  

Synthetic (Quad-pre-miR-27a) and naturally occurring (pre-let-7e) pre-miRNAs containing 

putative G-quadruplexes were examined for their effective role on miRNA levels. Dicer cleavage 

assay using a molecular beacon specific for mature miR-27a demonstrated less production of 

mature miRNA levels in Quad-pre-miR-27a than canonical Stem-loop pre-miR-27a. Presence of 

monovalent and divalent cations such as potassium (K
+
) and magnesium (Mg

2+
) affect various 

structures in RNA such as duplex and G-quadruplexes differently. In this study,we determined 

the influence of physiologically relevant concentrations of potassium and magnesium on G-

quadruplex-Stem-loop equilibrium in Quad-pre-miR-27a. In vitro Dicer cleavage assays 

demonstrated the existence and inhibitory role of a potassium dependent G-quadruplex structure 

in Quad-pre-miR-27a thus lowering levels of mature miR-27a. The total loop length for 

Synthetic Quad-pre-miR-27a was greater than 21 nucleotides (conventional cut-off used in 

potential quadruplex prediction tools) suggesting metastable G-quadruplexes in pre-miRNAs to 

be favoured at physiological conditions and in turn have a functional role in miRNA biology. 

Balasubramanian and group recently attribute G-quadruplex to be the dominant conformer at 

physiologically relevant conditions using NMR studies under varying magnesium and potassium 
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concentrations.
6
 Similar results have also been reported by Basu and group for miR-92b which 

contains a highly stable G-quadruplex in its premature form.
31

  

  G2 quadruplexes with shorter loops are more metastable in nature with their reported thermal 

stabilities in range of physiological temperatures.
7
 These metastable modules could be more 

dynamic inside the cell and hence need to be investigated for their functional roles. We tested the 

feasibility of G-quadruplex stem-loop equilibrium using a G2 quadruplex harbouring pre-

miRNA let-7e. Pre-miRNA let-7e contains a G2 quadruplex with total loop length of seven 

nucleotides. Previous studies from our lab have successfully demonstrated G2 quadruplexes to 

be less stable than G3 quadruplexes in RNA under in vitro conditions.
7
 In this study, Dicer 

cleavage assay using radiolabelled pre-let-7e suggested a role of G-quadruplex in pre-let-7e 

under physiologically relevant concentrations of magnesium and potassium. Although favourable 

in vitro conditions implicate the role of potassium dependent G-quadruplex in miRNA biology, 

we further validated its effect on pre-miRNAs inside the cell.  

Molecular crowding conditions that mimic the cellular environment favour the formation of G-

quadruplexes over DNA duplexes.
43

 Since canonical stem-loop structure is majorly a result of 

Watson-Crick base pairing, role of G-quadruplex inside the cell and its effect on miRNA 

maturation was further examined. Synthetic and natural pre-miRNAs harbouring potential G-

quadruplexes were transfected along with mutant G-quadruplexes and mature miRNA levels 

were quantified using qRT-PCR. In vivo Dicer produced significantly less mature miRNA levels 

for G-quadruplex harbouring pre-miRNAs suggesting the role of structural interference by G-

quadruplex in governing mature miRNA levels inside the cellular milieu. To further test the 

functionality of this G-quadruplex mediated structural interference in pre-miRNA processing, we 

quantified the target levels of G-quadruplex harbouring pre-miRNAs. Mature miRNA molecules 
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target mRNA UTR regions and regulate gene expression levels. Luciferase reporter assays for 

pre-let-7e and synthetic Quad-pre-miR-27a displayed more signals for quadruplex harbouring 

pre-miRNAs in comparison to mutant or no G-quadruplex containing pre-miRNAs. Similar 

observations have been reported recently for pre-miR-92b further supporting the hypothesis of 

structural interference role of G-quadruplex in pre-miRNAs.
31 

To confirm the identity of this 

potassium dependent structure to be a G-quadruplex, transfected cells were treated with TmPyP4. 

Selective ligand TmPyP4 is a RNA G-quadruplex destabiliser that distorts RNA G-

quadruplexes.
48,,49

 Treatment of cells with TmPyP4 resulted in increased miRNA levels possibly 

by shifting the equilibrium between G-quadruplex and Stem-loop towards canonical Stem-loop 

structures which were more efficiently cleaved by in vivo Dicer. Bioinformatic analyses 

predicted the occurrence of G-quadruplexes in 13 % of all premature miRNAs with G2 (Nsum ≤ 

7) and G3 (Nsum ≤ 22), a cut off based on the obtained experimental results.. The total percentage 

increased to 23 % with G2 (Nsum ≤ 9) and G3 (Nsum ≤ 45), a cut off based on the thermal stability 

of RNA G-quadruplexes. To understand and establish the extent of G-quadruplex mediated 

interference in pre-miRNA processing in a more general manner, cells were treated with TmPyP4 

and qRT-PCR was performed to quantify the production of mature miRNAs for 100 putative G-

quadruplex harbouring pre-miRNAs. A significant up-regulation was observed in levels of 

mature miRNAs upon TmPyP4 treatment cementing the role of structural interference 

mechanism of G-quadruplex in pre-miRNAs. Careful bioinformatics analyses of mean folding 

energies and GC content suggests that mean folding energies do not vary much among pre-

miRNAs with and without putative G-quadruplex motifs. However GC content vary 

significantly. Average GC content of pre-miRNAs is 51.3%. Average GC content for pre-

miRNAs harbouring G-quadruplexes is 63.9 % for predicted G2 and 69.12 % for predicted G3 
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quadruplex harbouring pre-miRNAs whereas average GC content for non-quadruplex pre-

miRNAs is 49. 44%. (Supplementary table sheet6) These values clearly suggest that G-

quadruplex in pre-miRNAs may have evolved to act as regulatory switches that form in response 

to appropriate stimulus and influence mature miRNA levels and in turn target mRNAs. Similar 

results have also been reported recently when this manuscript was in preparation by Basu and 

group for miR-92b. Reporter systems validate the role of G-quadruplex as a potential switch that 

regulates levels of miR-92b inside the cell.
31

 We further extend those observations to metastable 

G-quadruplexes both G2 and G3 and also provide a more comprehensive scenario of G-

quadruplex mediated structural interference on Dicer processing and its effect on miRNA 

maturation. 

Interference with miRNA processing pathways is an attractive therapeutic target and various 

small molecules have been used to target oncogenic miRNAs and decrease their levels inside the 

cell.
29,30

 Herein we unravel another layer of regulation for miRNAs inside the cell mediated by 

alternate structure formation in premature miRNAs. Various G-quadruplex 

stabilising/destabilising proteins and other interacting partners could shift the equilibrium 

between G-quadruplex and stem-loop in response to specific stimuli and govern mature miRNA 

levels. Also since these structures are sensitive to ionic change inside the cells, role of alternate 

structures and equilibrium between them for neuronal pre-miRNAs which experience potassium 

flux changes would be worth exploring in future. Role of G-quadruplexes as zipcodes in neurites 

have already been reported
14

 hinting that G-quadruplex effect on neuronal miRNAs is worth 

exploring in future. Thus, this study provide insights into a global role of putative G-

quadruplexes in pre-miRNAs and their influence on mature miRNA levels paving way to 

Page 26 of 43

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 27

understanding the impact of structural interference on miRNA processing pathways and 

production of miRNAs inside the cell. 
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FIGURE LEGENDS 

Scheme 1. A] Stem-loop pre-miR-27a and B] Quad-pre-miR-27a are represented in form of 

stem-loop structures. Nucleotides in capital letters denote the mutations in natural pre-miR-27a 

to introduce a putative quadruplex sequence G3NxG3NxG3NxG3 (G-quartets represented by red 

letters). Mature miR-27a sequence is presented in the blue box region.  

Figure 1. Molecular beacon approach to measure mature miRNA levels. Stem-loop pre-miR-27a 

and Quad pre-miR-27a were folded in presence of 1 mM MgCl2 (Mg
2+

), 1 mM MgCl2 + 150 mM 

KCl (Mg
2+

 + K
+
) and subjected to Dicer cleavage. Mature miRNA levels were measured using 

fluorescence from molecular beacon from time zero till a saturation was reached in the 

fluorescence values, B] Less mature miRNA levels were observed in Quad pre-miR-27a (red) as 

compared to Stem loop pre-miR-27a (blue) after 90 minutes of reaction in 1 mM MgCl2 +150 

mM KCl (Mg
2+

+K
+
) while potassium decreases the Dicer activity significantly for both Quad 

pre-miR-27a and Stem-loop pre-miR-27a. Error bars represent the standard error calculated with 

a p-value < 0.05 for n=3 obtained from Students t-test. 

Figure 2. Quad-pre-miR-27a was folded in presence of different salt conditions and subjected to 

RNase T1 digestion. Samples are- Alkaline hydrolysis ladder (lane AH), T1 ladder (lane T1), T1 

digestion in presence of 1 mM MgCl2 (lane Mg), 150 mM KCl (lane K), 1 mM MgCl2 and 150 

mM KCl (lane MgK) and 150 mM LiCl (lane Li). Protected guanines are marked in the gel and 

denoted in bold letters in Quad-pre-miR-27a sequence. 
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Figure 3. MCR-ALS analysis of Quad-pre-miR-27a and Stem-loop-pre-miR-27a.  Panels a) and 

c) Distribution profiles for Quad-pre-miR-27a (panel a) and Stem-loop-pre-miR-27a (panel c) 

where three different structural species namely G-quadruplex (blue), duplex (green) and single 

stranded (pink) structures are represented. The relative concentration of each of the conformation 

at respective temperature is shown. Panels b) and d) are pure spectra obtained from CD melting 

after resolution of different structural species. 

Figure 4. In cellulo analysis of miR-27a. A] qRT-PCR analysis shows less mature miR-27a 

production in Quad-pre-miR-27a (putative quadruplex) than pre-miR-27a (no quadruplex). U6 

was used as normalization gene. Control denotes untransfected sample with endogenous levels of 

miR-27a. B] Luciferase assay shows more reporter signals in Quad-pre-miR-27a than pre-miR-

27a transfected sample. Prohibitin 3′ UTR was cloned under Renilla gene in dual luciferase 

system wherein Firefly served as normalization control. Plasmid denotes sample containing only 

miR-27a target vector. Data was analysed using one-way ANOVA, n=4, *p value< 0.05 and *** 

p value <0.001.Error bars represent standard error of the samples. 

Figure 5. A] Pie chart distribution of G-quadruplexes in human pre-miRNAs with G2 (Nsum ≤ 7) 

and G3 (Nsum ≤ 22) as consensus motif. B] Bar graph denoting the GC content (in percentage) 

against Mean folding energy (MFE) [kcal/mol]. Bar graphs indicate average GC content to be 

higher in G-quadruplex harbouring pre-miRNAs while average MFE remains more or less 

similar for all pre-miRNAs. C] and D] Loop distribution profiles for G2 (Nsum ≤ 7) and G3 (Nsum 

≤ 22) predicted G-quadruplexes. Mononucleotide and dinucleotide loops are enriched suggesting 

presence of stable G-quadruplexes in pre-miRNAs. 

Page 36 of 43

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 37

Figure 6. In cellulo analysis of G-quadruplex in pre-let-7e. A] qRT-PCR analysis shows less 

mature let-7e production in pre-let-7e (putative quadruplex) than pre-let-7e MQ (no quadruplex). 

Control denotes untransfected sample with endogenous levels of miR-27a. B] Luciferase assay 

shows more reporter signals in pre-let-7e than pre-let-7e MQ transfected sample. IL-13 UTR was 

cloned under Firefly reporter gene and Renilla plasmid was used for normalisation of reporter 

signals. Plasmid denotes sample transfected only with let-7e target vector. Data was analysed 

using one-way ANOVA, n=4, **p value< 0.01 and *** p value <0.001.Error bars represent 

standard error of the samples. Error bars represent standard error. 

Figure 7. TmPyP4 destabilizes RNA G-quadruplexes in pre-miRNAs.  A] Quad-pre-miR-27a 

showed a three-fold increase and pre-let-7e showed an increase of four fold in let-7e levels as 

compared to non-quadruplex harbouring premiRNAs (Stem-loop-pre-miR-27a and pre-let-7e 

MQ) upon 10 µM TmPyP4 treatment. B] Luciferase assay shows more reporter signals in 

Quadruplex harbouring pre-miRNA (Quad-pre-miR-27a and pre-let-7e) as compared to non-

quadruplex premiRNAs (Stem-loop-pre-miR-27a and pre-let-7e MQ) transfected sample. 

Control denotes untransfected sample with endogenous levels of miR-27a and let-7e respectively 

Plasmid denotes sample transfected only with miR-27a and let-7e target vector respectively. 

Data was analysed using two-way ANOVA, n=4, *p value< 0.05 and *** p value <0.001.Error 

bars represent standard error of the samples. Error bars represent standard error. 

Figure 8. Heat map with fold change differences in the mature miRNA levels of G-quadruplex 

pre-miRNAs upon TmPyP4 treatment.  Expression levels changes are plotted as log10 fold 

changes of levels of miRNA upon 10 µM TmPyP4 treatment normalized to control or untreated 

sample. A strong correlation in fold change values was observed in four different treatment sets 

(T1-T4). Colour key in the top left column denotes no change in expression (red) and up-
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regulated miRNAs as black and green depending on change in their levels upon TmPyP4 

treatment. miRNAs denoted in the box served as control miRNAs which did not possess a 

putative G-quadruplex sequence in their premature forms. 
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Scheme 1 
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Figure 4 
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Figure 6 

 

 

 

Figure 7 
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Figure 8 
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Insert Table of Contents Graphic and Synopsis Here 

 

TOC. Putative quadruplex sequences present in pre-miRNA potentially competes with canonical 

stem-loop structures. In cellulo conditions favor G-quadruplex formation which results in 

interference with Dicer cleavage. Mature miRNA levels serve as readout for G-quadruplex 

formation. Less mature miRNA indicates G-quadruplex existence and provides a proof for 

equilibrium shift between G-quadruplex and stem-loop (duplex) RNA structures inside the cell.  
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